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ABSTRACT: Mitochondria are central organelles in cellular metabolism, orchestrating energy production, biosyn-
thetic pathways, and signaling networks. Nicotinamide adenine dinucleotide (NAD+) and its reduced form (NADH)
are essential for mitochondrial metabolism, functioning both as redox coenzymes and as signaling agents that help
regulate cellular balance. Thus, while its major role is in energy production, NAD+ is widely recognized as a metabolic
cofactor and also serves as a substrate for various enzymes involved in cellular signaling, like sirtuins (SIRTs),
poly (ADP-ribosyl) polymerases (PARPs), mono (ADP-ribosyl) transferases, and CD38. Sirtuins, a family of NAD+-
dependent deacetylases, are critical in this regulatory network. SIRT3 removes acetyl groups from and enhances
the activity of key enzymes that participate in fatty acid breakdown, the tricarboxylic acid (TCA) cycle, and the
electron transport chain (etc), thereby enhancing mitochondrial efficiency and energy production. Mitochondrial
NAD+ biosynthesis involves multiple pathways, including the de novo synthesis from tryptophan via the kynurenine
and the salvage pathway, which recycles nicotinamide back to NAD+. Moreover, NAD+ concentrations influence
mitochondrial dynamics such as fusion, fission, and mitophagy, which are essential for preserving mitochondrial
integrity and function. NAD+ also modulates the balance between glycolysis and oxidative phosphorylation, influencing
the metabolic flexibility of cells. During NAD+ depletion, mainly in metabolic disorders, cells often shift towards
anaerobic glycolysis, reducing ATP production efficiency and increasing lactate production. This metabolic shift is
associated with various pathophysiological conditions, including insulin resistance, neurodegeneration, and muscle
wasting. This review explores the multifaceted functions of NAD+ in regulating mitochondrial metabolism. It highlights
the underlying causes and pathological outcomes of disrupted NAD+ metabolism while exploring potential therapeutic
targets and treatment strategies.

KEYWORDS: Nicotinamide adenine dinucleotide; mitochondria; mitochondrial dysfunction; metabolic syndrome;
glycogen storage disorders

1 Introduction
Nicotinamide adenine dinucleotide (NAD+) plays a crucial role as a coenzyme in various cellular

metabolic processes, and contributes to redox processes and energy metabolism by transporting electrons
and hydrogen ions. It also functions as a substrate for enzymes that regulate DNA repair, gene expression,
and signal transduction [1]. NAD+ serves a dual function, acting both as a cofactor in metabolism and as
a mediator in cellular signaling, making it indispensable for maintaining cellular homeostasis, growth, and
survival [2]. Numerous mitochondrial processes depend on NAD+ and its phosphorylated form, NADP.
These redox reactions involve the reversible exchange of a hydride ion on the nicotinamide group of NAD(P),
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enabling the interconversion between their oxidized (NAD+, NADP) and reduced (NADH, NADPH) states
of the nucleotides. NAD+ plays a crucial role in metabolic pathways, cycling between its reduced (NADH)
and oxidized (NAD+) forms to shuttle electrons and protons during reactions like glycolysis and oxidative
phosphorylation. During catabolic reactions, NAD+ accepts electrons, forming NADH, which drives ATP
production in mitochondria and helps regulate the cellular NAD+/NADH balance, a key indicator of
metabolic status. Meanwhile, its phosphorylated form, NADPH, is essential for anabolic pathways, like
fatty acid and cholesterol biosynthesis [3,4]. NAD+ functions as a key substrate for various enzymes that
participate in posttranslational modifications, notably poly-ADP ribose polymerases (PARPs), cyclic ADP
ribose synthases (CD38/CD157), and sirtuins participate in DNA repair, calcium signaling, and cellular
metabolism regulation, respectively [5–9]. There are seven isoforms of Sirtuin (SIRT1–7), which are NAD+
dependent proteins that deacylate lysine residues in histones and various cellular proteins, distributed across
different subcellular locations. Reversible acylation affects various cellular pathways, influencing protein
properties like subcellular localization, enzyme activity, and protein interactions, and plays an important
role in regulating many cellular functions [10–12]. PARP enzymes are NAD+ consuming enzymes primarily
involved in DNA repair, with additional roles in various cellular processes. PARP1 and PARP2 are the main
isoforms responsible for most cellular PARP activity and have been the primary focus of research [5,6].
The dependence of key metabolic enzymes on NAD+ levels offers a promising avenue to modulate their
activity for potential health benefits. This possibility has driven increasing interest in NAD+ metabolism
over the past decade, highlighting the therapeutic potential of NAD+ boosting strategies. Disruptions in
NAD+ homeostasis can impair cell signaling and mitochondrial function, and lead to the development
of various conditions, including cardiovascular disease, type 2 diabetes, neurodegenerative disorders, and
cancer. Mitochondria generate the majority of cellular ATP in the inner membrane through the electron
transport chain (etc) and ATP synthase. The tricarboxylic acid (TCA) cycle and fatty acid oxidation are
essential metabolic pathways that occur within the mitochondrial matrix. Additionally, NAD+ is integral to
amino acid breakdown, ketone body synthesis, heme production, the urea cycle, and calcium regulation.
Given the central role of mitochondria in energy metabolism and the consequences of their dysfunction,
understanding the mechanisms that sustain mitochondrial health is critical. This review explores how
NAD+ influences mitochondrial activity and considers its potential as a therapeutic approach for treating
different diseases.

2 NAD+ Biosynthesis and Substrates
In mammals, NAD+ is synthesized via two primary routes: de novo and salvage pathways. These

processes rely on four key substrates: the amino acid l-tryptophan (Trp), Vitamin B3 (nicotinic acid, NA),
nicotinamide (NAM), and nicotinamide riboside (NR) [13–16] (Fig. 1). In the de novo pathway, NAD+
synthesis begins with the tryptophan (Trp), a dietary amino acid, which undergoes catalytic conversion
to N-formylkynurenine. In this initial step, catalysis takes place by either indoleamine 2,3-dioxygenase
(IDO) or tryptophan 2,3-dioxygenase (TDO), which serves as the first rate-limiting reaction. Through a
sequence of four enzymatic processes, N-formylkynurenine is converted to α-amino-β-carboxymuconate-
ε-semialdehyde (ACMS). Due to its inherent instability, ACMS, either by complete enzymatic oxidation or
non-enzymatic cyclization, produces quinolinic acid. The second key step in the pathway is the enzymatic
conversion of quinolinic acid into nicotinic acid mononucleotide (NAMN) by quinolinate phosphoribosyl
transferase (QPRT). NAMN is then converted into nicotinic acid adenine dinucleotide (NAAD) through the
action of one of three isoforms of nicotinamide mononucleotide adenylyl transferase (NMNAT). In humans,
NMNAT1 is primarily located in the nucleus, whereas NMNAT2 is in the Golgi complex and cytosol, and
NMNAT3 is present in both the mitochondria and cytosol [17]. The last step of the de novo pathway is the
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amidation of NAAD by NAD synthase (NADS) [18]. Though this pathway provides only a small portion of
the total NAD+ pool, it plays a significant role in pellagra, a condition caused by a deficiency in tryptophan
(Trp) and nicotinamide (NAM), typically due to inadequate dietary intake. It leads to symptoms such as
diarrhea, dermatitis, and dementia, and can be fatal if left untreated. However, the condition can be effectively
managed through supplementation with tryptophan or niacin (NA, NAM, or NR). In mammals, the primary
source of NAD+ is the salvage pathway, also known as the Preiss-Handler pathway, which utilizes dietary
niacin as its key precursor.

Figure 1: NAD+ biosynthesis pathway in a mammalian cell. The salvage pathway recycles NAD+ from NAM, a
byproduct of NAD+ consumer enzymes like sirtuins, PARPs, and CD38. Nicotinic acid phosphoribosyltransferase
(NAPRT) converts NAM to nicotinamide mononucleotide (NMN), which NMNAT then converts into NAD+. NR
feeds into this pathway via NRK, which converts NR to NMN. Quinolinic acid (QA) is formed by conversion of
tryptophan, then NAMN by QAPRT in the de novo pathway. Conversion of NA and NAR to NAMN via NAPRT and
NRK, respectively, takes place in the Preiss-Handler pathway. NMNAT enzymes play a central role across all pathways,
converting NMN or NAMN into NAD+ or its precursors. NADS finalizes the process by converting NAAD+ to NAD+
(created with BioRender.com)

NA transforms NAMN through the catalytic action of the enzyme nicotinic acid phosphoribo-
syltransferase (NAPRT). Following this step, NAMN is converted into NAD+ through a sequence of
reactions facilitated by the enzymes NMNAT and NADS. Simultaneously, NAM and NR are converted into
nicotinamide mononucleotide (NMN) with the help of enzymes nicotinamide phosphoribosyltransferase
(NAMPT) and nicotinamide riboside kinase (NRK). NMN is then transformed into NAD+ through the
action of NMNAT [19]. Sirtuins are NAD+-dependent enzymes essential for regulating metabolism, stress
adaptation, aging, and circadian rhythms. These enzymes are distributed across distinct areas within the cell:
SIRT1, SIRT6, and SIRT7 are primarily found in the nucleus; SIRT3, SIRT4, and SIRT5 reside within the
mitochondria; while SIRT1, SIRT2, and SIRT5 are present in the cytoplasm. Sirtuins actively influence various
cellular pathways. Under normal physiological conditions, SIRT1 and SIRT2 together utilize approximately
one-third of the cell’s total NAD+. Their activity, influenced by NAD+ levels, rises during fasting and calorie
restriction, with SIRT1 and SIRT2 consuming significant NAD+ under basal conditions [12,20,21]. SIRT1 also
drives NAD+ oscillations via the NAMPT salvage pathway, linking sirtuins to circadian rhythms [22–24].

http://BioRender.com
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Primarily known for deacetylating lysine residues, sirtuins also catalyze modifications like succinylation and
ADP-ribosylation [25]. Nuclear sirtuins aid DNA repair and genomic stability [20], while mitochondrial
sirtuins regulate mitochondrial function, with SIRT1 enhancing biogenesis and mitophagy [20]. SIRT1 plays
a role in promoting the formation of new mitochondria by removing acetyl groups from the transcriptional
co-activator peroxisome proliferator-activated receptor-γ co-activator 1α (PGC-1α), a key regulator of energy
metabolism, and also facilitates the removal of damaged mitochondria through mitophagy. Through these
functions, SIRT1 plays a vital role in preserving mitochondrial quality [26–28]. SIRT7, a recently identified
sirtuin, is primarily localized in the nucleolus and is abundantly expressed in the blood, bone marrow, liver,
spleen, and testes [29]. Its enzymatic activity primarily involves NAD+ dependent deacetylation but also
includes desuccinylase, defatty-acylase, debutyrylase, deglutarylase, decrotonylase, and NAD+ independent
RNA deacetylase (ac4C) activities [30–34]. The human PARP family consists of 17 distinct enzymes, which
exhibit either poly- or mono-ADP-ribosylation activity, functioning as important regulators of various
cellular processes. In this process, NAD+ is split into NAM and ADP-ribose, with ADP-ribose forming
polymers through PARylation, catalyzed by PARP enzymes [35]. Within this group, PARP1, PARP2, and
PARP3 are located in the nucleus and play critical roles in the DNA repair process. Notably, PARP1 accounts
for nearly 90% of the total PARP activity initiated in response to DNA damage [6,36]. Upon activation,
PARP1 attaches ADP-ribose polymers to itself, histones, and various target proteins by PARylation, recruiting
DNA repair machinery to damage sites [37]. PARP1 is a major consumer of NAD+, linking its activation to
decreased NAD+ levels and inhibited SIRT1 activity. This competition between PARP1 and SIRT1 for NAD+,
driven by PARP1’s higher affinity and catalytic efficiency, affects cellular metabolism, particularly during
DNA damage [38,39]. Elevated PARP1 activity is associated with aging and pathologies such as xeroderma
pigmentosum, progeroid syndromes, and Cockayne syndrome [40–43]. Studies showed that PARP inhibitors
or mice lacking PARP1/2 have revealed elevated NAD+ levels, boosted SIRT1 activity, better mitochondrial
performance, and resistance to insulin insensitivity and obesity caused by a high-fat diet [43–45]. While
PARP2 shares similar roles with PARP1, contributing ~10% of total PARP activity, and PARP3 also aids
DNA repair, their influence on NAD+ homeostasis and metabolism is less pronounced [46,47]. The roles
of other PARPs (PARP4–PARP17) remain largely unexplored but are likely minor in NAD+ regulation.
Focusing on PARPs, particularly PARP1, presents a potential approach for addressing the age-associated
decrease in NAD+ levels and the related dysfunctions. CD38 and CD157 are multifunctional surface enzymes
that exhibit both ADP-ribosyl cyclase activity and glycohydrolase properties, enabling them to participate
in a variety of cellular signaling pathways. CD38 mainly breaks down NAD+ to produce nicotinamide
(NAM) and ADP-ribose, in addition to synthesizing cyclic ADP-ribose (cADPR), a key Ca2+-mobilizing
messenger [48]. Under acidic conditions, CD38 catalyzes a base-exchange reaction, forming NAAD(P) by
substituting NAM in NAD(P) with NA. These metabolites, along with cADPR, play crucial roles in Ca2+
signaling and cellular processes like immune activation and metabolism [49,50]. CD38 also uses NMN as
a substrate, while CD157 consumes NR, suggesting potential for targeted inhibition of these enzymes to
enhance NAD+ precursor efficiency, particularly in aging [51,52]. CD38 is a transmembrane protein that
is upregulated during inflammation, whereas CD157 is a GPI-anchored protein present in hematopoietic
and various other tissues. Beyond enzymatic roles, both act as cell receptors [53]. CD38 interacts with
CD31, affecting immune cell movement and actively contributing to the proliferation of chronic lymphocytic
leukemia [54]. It also supports antimicrobial defense, possibly by restricting bacterial access to NAD+. CD157
plays a role in the movement of neutrophils and monocytes by interacting with integrins and the scrapie-
responsive gene 1 (SCRG1). This interaction supports the renewal and differentiation of stem cells [55].
However, its functions in cellular biology and aging remain underexplored.
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3 Mitochondria and NAD+

A significant portion of the cellular NAD+ pool is localized within mitochondria. In isolated mito-
chondria, NAD+ serves as a substrate in the synthesis of mono-ADP-ribosylation and cyclic ADP-ribose
(cADPR), activated under oxidative stress [56]. Reduced forms like NADPH, however, are not involved in
these signaling pathways. The localization of enzymes responsible for NAD+metabolism, whether within the
mitochondrial matrix or on the outer mitochondrial membrane, remains debated. Under normal conditions,
mitochondrial matrix NAD+ levels remain stable and are unaffected by cytosolic ATP variations. Studies
show that calcium (Ca2+) addition depletes mitochondrial NAD+ via permeability transition pore (PTP)
opening, a process linked to increased ion permeability, matrix swelling, and mitochondrial membrane
potential (Δψm) collapse [57,58]. PTP opening releases NAD+ into the intermembrane space, where reactive
oxygen species (ROS) and oxidative conditions enhance its hydrolysis by NADase [59]. This disruption
further oxidizes pyridine nucleotides and uncouples oxidative phosphorylation. After PTP opening, NAD+
undergoes degradation, recovery, or signaling pathways. Degradation yields metabolites like ADP-ribose
and AMP, which cannot be resynthesized into NAD+. Recovery may involve ATP generation from ADP-
ribose, while signaling pathways include ADP-ribosylation and cADPR synthesis. Transient PTP opening
may also facilitate NAD+ flux across the inner mitochondrial membrane, contributing to mitochondrial
NAD+ turnover [60,61].

4 Role of NAD+ in Metabolism and Mitochondria Dysfunction
NAD+ and its metabolites, such as NADP, NADH, and NADPH, are essential in controlling cellu-

lar metabolic processes and the generation of energy. Serving as a cofactor in various redox reactions,
NAD+ facilitates metabolic processes in specific compartments, such as glycolysis in the cytosol and the
TCA cycle, oxidative phosphorylation (OXPHOS), fatty acid breakdown, and amino acid degradation
in the mitochondria. In glycolysis, NAD+ is converted to NADH through the action of glyceraldehyde
3-phosphate dehydrogenase (GAPDH), facilitating the transformation of glucose into pyruvate [62]. Inside
the mitochondria, during the TCA cycle, NAD+ is converted into NADH at multiple stages as acetyl-
CoA undergoes oxidation, resulting in the release of carbon dioxide. NADH generated during metabolism
transfers electrons to complex I of the electron transport chain (etc), driving ATP production via oxidative
phosphorylation (OXPHOS). The balance between NAD+ and NADH regulates key enzymes, including
NAD kinase, GAPDH, pyruvate dehydrogenase, isocitrate dehydrogenase, α-ketoglutarate dehydrogenase,
and malate dehydrogenase. In contrast, the NADPH/NADP ratio is maintained at high levels in both the
cytosol and mitochondria to support a reducing environment. NADP, existing in its oxidized (NADP)
or reduced (NADPH) forms, acts as a redox pair, collectively referred to as NADP or NADP(H). NAD
kinase (NADK) catalyzes the phosphorylation of NAD+ to form NADP [63]. NADPH is crucial for anabolic
processes and protecting cells against oxidative damage. It serves as a cofactor for P450 enzymes that
help detoxify harmful compounds, supports glutathione reductase in keeping glutathione in its reduced
form during oxidative stress, and provides the necessary substrate for NADPH oxidase, which generates
reactive oxygen species (ROS) during immune responses [64,65]. The role of NAD+ is studied in various
diseases by using genetically modified mice and through interventions aimed at replenishing NAD+ using
its biosynthetic precursors [66,67]. NAD+ is essential for the activation of sirtuins, a family of enzymes that
depend on NAD+ to perform deacylase and ADP-ribosyl transferase activities, which are key for maintaining
cellular integrity. As NAD+ levels decline with age, sirtuin activity diminishes, resulting in mitochondrial
dysfunction, redox imbalance, and damage to cellular proteins, lipids, and DNA [68,69]. These alterations
lead to chromosomal instability, gene mutations, and the onset of chronic diseases, including cancer [70].
Reduced sirtuin activity is closely linked to age-related disorders, as enzymes such as SIRT1 help slow aging by
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catalyzing histone deacetylation and controlling important transcription factors [71,72]. Intracellular NAD+
levels are significantly influenced by nutritional and environmental factors. As NAD+ levels go down, sirtuin
activity compromises epigenetic chromatin structures and mitochondrial metabolism in our research, we
reported that histone H3K27 acetylation can be inhibited by SIRT1 [73] was elevated in the chromatin of
glycogen storage disease type 1a (GSD1a) patients’ fibroblasts [74]. This increases ROS production, causing
oxidative stress, declined ATP production, and heightened inflammation, further exacerbating cellular
injury [75]. Shifts in metabolic activity, which rise during early life and decline with age, correlate with
reductions in NAD+, though the precise mechanisms driving this decline remain elusive. The enzyme
CD38, a NADase, has been linked to age-related NAD+ depletion and is a promising target for therapies
aimed at mitigating age-related diseases [76]. The depletion of nuclear NAD+ accelerates mitochondrial
dysfunction, including impairments in OXPHOS [77]. Understanding how declining NAD+ levels interact
with oxidative stress, inflammation, and DNA damage is critical to unraveling the molecular basis of aging.
Studies increasingly link age-related illnesses and comorbidities to NAD+ dependent metabolic changes.
Measuring NAD+ dynamics in vivo may offer valuable insights into redox potential alterations and their
connections to aging and associated pathologies (Fig. 2).

Figure 2: NAD+ metabolism imbalance and mitochondrial dysfunction: PARP is activated by stress or aging due to
DNA damage, further reduced NAD+ levels and causing mitochondrial dysfunction, which disturb mitochondrial
biogenesis, mitophagy, apoptosis and increased ROS resulting aging, neurodegeneration, glycogen storage disorders
(GSDs) and metabolic syndromes (MetS). Disturbance in Sirtuins activity decreases NAD+/NADH level, causes
mitochondrial dysfunction, and promotes tumorigenesis (created with BioRender.com)

http://BioRender.com
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5 NAD+ Metabolism Imbalance and Disorders

5.1 Metabolic Disorders
Excessive body weight, insulin dysfunction, elevated blood pressure, and irregular lipid profiles are

major contributors to the development of metabolic disorders such as type 2 diabetes (T2D) and heart-related
diseases [71,78]. The concentration of NAD+ regulates the activity of enzymes involved in various energy
metabolism pathways, which in turn influences a wide array of downstream cellular functions. Regulating
the intracellular NAD+ levels offers a promising therapeutic approach for treating metabolic syndrome and
related conditions [79]. High NADH levels can induce reductive stress, raising cellular reactive oxygen
species (ROS) and promoting insulin resistance, insulin insufficiency, and cell damage. Restoring NAD+
levels may help restore redox balance and improve diabetes-related outcomes [80]. Disruptions in SIRT1
signaling, which is regulated by NAD+, are connected to the development of insulin resistance and type 2
diabetes (T2D), as SIRT1 plays a critical role in positively regulating insulin signaling at multiple levels [81].
NAMPT regulates insulin secretion by synthesizing NAD+ in pancreatic cells. Impaired glucose tolerance in
NAMPT(+/−) mice was rescued with NMN, which also improved glucose tolerance and lipid profiles in T2D
mice models [82]. In mice with type 2 diabetes, NR demonstrated protective effects on the nervous system
by enhancing glucose metabolism, decreasing weight gain and liver fat accumulation, and preventing nerve
damage [83]. However, NAD+ precursors like NAM may produce toxic catabolites, especially in diabetes,
warranting combinatorial therapies like polyphenols or insulin sensitizers [84]. Under hyperglycemic
conditions, increased glucose flux through metabolic pathways leads to NADH overproduction, causing
excess ROS and contributing to insulin resistance [85]. Inhibiting mitochondrial complex I with agents
like rotenone or NDUFA13 knockdown improved glucose homeostasis and alleviated hyperglycemia by
modulating NADH levels and NAD+/NADH ratios [86]. Excess body fat disrupts mitochondrial enzyme
function, leads to metabolic inflexibility, and significantly increases the risk of developing type 2 diabetes
and heart-related conditions. In adipose tissue, obesity disrupts mitochondrial and NAD+ homeostasis,
leading to tissue enlargement and dysfunction in the metabolism of lipid and glucose, which contribute to
metabolic disorders [87]. NAD+ biosynthesis in adipose tissue relies on NAMPT expression, which is reduced
in obesity [88]. The exact role and physiological relevance of extracellular NAMPT (eNAMPT) are still
under discussion. However, a recent preclinical study revealed that its release from adipocytes is controlled
by SIRT1-mediated deacetylation, this supports the preservation of NAD+ levels in the hypothalamus by
delivering NMN directly to the region [89]. NAMPT deficiency in adipose can lead to tissue fibrosis, reduced
plasticity, and impaired mitochondrial respiration [88].

5.2 Glycogen Storage Disorders (GSDs)
GSDs represent a set of genetic disorders resulting from enzyme deficiencies involved in glycogen

synthesis or breakdown. Mitochondrial dysfunction can worsen the metabolic disturbances associated with
defective glycogen metabolism, contributing to more complex health issues in GSD patients [90]. A study
found a reduction in the enzymatic activity of NADH dehydrogenase and lactate dehydrogenase (LDH),
along with a reduced NAD+/NADH ratio, across all types of GSDs [91]. The reduced activity of hepatic
SIRT1/PGC-1α signaling leads to mitochondrial dysfunction, contributing to the onset of hepatocellular
adenoma/carcinoma (HCA and HCC) in GSD type Ia [92]. Oxidative stress occurs when ROS accumulate,
overwhelming the cell’s antioxidant defenses and causing damage to essential macromolecules, impaired
mitochondrial functions, and leading to development of metabolic syndrome (MetS) [75]. The activation of
PGC-1α, triggered by elevated AMP levels through AMPK and increased NAD+ via Sirtuin-1, helps alleviate
cellular oxidative stress by boosting the production of mitochondrial antioxidant enzymes [93], therefore,
PGC-1α is an important therapeutic target in metabolic syndrome (MetS). A study used L-G6pc-/-mice, a
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model for GSD type 1a, liver-specific deletion of G6Pase-α caused an accumulation of inactive, acetylated
PGC-1α and mitochondrial dysfunction. When SIRT1 was overexpressed, it facilitated the deacetylation and
activation of PGC-1α, leading to a decrease in acetyl-PGC-1α levels, restored expression of etc., components,
and improved mitochondrial complex IV activity. This suggests that the impaired SIRT1-PGC-1α signaling
pathway plays a critical role in the mitochondrial dysfunction observed in GSD type 1a [92]. Autophagy or
mitophagy is essential for lysosomal glycogen degradation disturbed in GSDs. A study by Cho et al. showed
that in adult mice with liver-specific deletion of G6pc, reduced expression of SIRT1 and its downstream target
FOXO1 was closely linked to impaired autophagy. Although reactivating the SIRT1 pathway successfully
restored autophagic activity, it failed to correct other metabolic defects. This suggests that, in GSD type Ia,
multiple signaling pathways beyond SIRT1-driven autophagy are likely compromised [94].

5.3 Aging
A drop in NAD+ concentrations is a hallmark of the aging process and is linked to the onset

of numerous age-associated disorders. This reduction is linked to mitochondrial dysfunction, including
reduced mitochondrial DNA integrity, volume, and functionality, often driven by increased reactive oxygen
species (ROS) accumulation [95,96]. Cellular senescence is a key feature of aging, and the connection
between NAD+ metabolism and senescence is multifaceted. Low NAD+ levels can lead to DNA damage
accumulation and mitochondrial dysfunction, which may accelerate the onset of senescence [97,98]. Beyond
mitochondrial changes, additional mechanisms exacerbate NAD+ depletion with age. One key contributor
is the heightened function of enzymes that utilize NAD+, mainly PARP1 and sirtuins like SIRT1 [99,100].
SIRT7 plays a crucial role in preserving physiological balance and protecting against aging by ensuring
genomic integrity. A decrease in SIRT7 disrupts metabolic stability, hastens aging, and raises the risk of age-
related diseases such as cardiovascular and neurodegenerative disorders, pulmonary and kidney diseases,
inflammation, and cancer [29]. PARP1 is essential for maintaining DNA integrity through repair processes
by recruiting repair proteins to sites of damage [101,102]. However, chronic activation of PARP1 triggered by
DNA damage or inflammation rapidly depletes cellular NAD+ stores. This reduction in NAD+ suppresses
SIRT1 activity, leading to increased acetylation of PGC-1α and decreased mitochondrial transcriptional factor
A (TFAM) levels, impairing mitochondrial biogenesis and function [103]. Together, these changes amplify
cellular dysfunction, DNA damage, and age-related diseases. Additional factors contributing to NAD+
decline include increased CD38 expression, circadian rhythm disruption that lowers NAMPT expression,
and persistent PARP activation due to chronic metabolic stress or inflammation [51,104,105]. Encouragingly,
studies reported that inhibiting PARP1 activity can restore NAD+ levels and improve mitochondrial function.
In experimental models, inhibiting PARP1 pharmacologically or deleting it genetically increases mitochon-
drial content and oxidative metabolism, highlighting its potential as a therapeutic target [36,41,42,45].
Strategies to replenish NAD+ levels, such as NAD+ precursor supplements like NR or NMN, have shown
promising benefits [18]. Supplementing with NR boosts NAD+ concentrations and enhances mitochondrial
performance, and provides protection against metabolic disorders [18,106]. These effects are partly mediated
by sirtuin activation, particularly SIRT1 and SIRT3. For instance, NR increases superoxide dismutase 2
(SOD2) expression through SIRT1 activation, promoting FOXO1 deacetylation and activity. Additionally,
NR promotes the activation of mitochondrial genes, supports the renewal of muscle stem cells, helps
postpone aging-related decline in neural and melanocyte stem cell populations, and promotes lifespan
extension in mice [13,107,108]. It also restores the function of intestinal stem cells (ISCs), aiding tissue
repair and mitigating age-related decline in gut health [109]. Similarly, NMN supplementation counters
age-associated physiological decline by improving energy metabolism, enhancing insulin sensitivity, and
optimizing lipid profiles. NMN has been shown to restore mitochondrial oxidative capacity, increase
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capillary density, and support vascular health in aged models, further demonstrating its potential as an
anti-aging therapy [110–112].

5.4 Neurodegenerative Disorders
Mitochondrial dysfunction in neurons plays a key role in the progression of age-related neurode-

generative diseases. Aging accelerates the generation and accumulation of reactive oxygen species (ROS)
caused oxidative stress leading to DNA damage and compromised mitochondrial function [113]. In dis-
orders linked to NAD+ depletion, therapeutic strategies such as NAD+ precursor supplementation, PARP
inhibitors (PARPi), or sirtuin activators show potential for restoring mitochondrial function, enhancing
neuronal health, and improving cognitive outcomes [114,115]. Axonal degeneration, a hallmark of numerous
neurological diseases, plays a pivotal role in disease progression and survival. Delaying this process could
significantly mitigate disease severity. Activation of sterile alpha and TIR motif-containing protein 1 (SARM1)
leads to axon breakdown by locally depleting NAD+ within the nerve fibers. In contrast, overexpression
of NMNAT1 effectively blocks this pathway, preserving axons by preventing SARM1-mediated NAD+
depletion [116]. Alzheimer’s disease (AD) is an advanced neurodegenerative disorder marked by cognitive
decline and memory impairement due to loss in function of neurons, pathological sign is the accumulation
of amyloid-β (Aβ) protein, forming plaques that disrupt neurotransmission, cause synaptic loss, and drive
cognitive deficits [117]. Therapeutic strategies targeting mitochondria show promise in alleviating AD pathol-
ogy [118,119]. Elevated NAD+ levels reduce Aβ oligomer toxicity, improve cognitive function, and prevent
neuronal death in experimental models [120]. NAD+ precursors, such as NMN and NR, have demonstrated
neuroprotective effects. NMN reduces mitochondrial dysfunction, Aβ production, synaptic loss, and JNK
pathway activation, while NR decreases amyloid plaques, enhances synaptic plasticity, improves cognitive
function, and repairs DNA damage in preclinical studies [121,122]. Niacin deficiency, linked to aging and
dementia, may contribute to AD progression and offer protection by lowering both serum and cellular
cholesterol concentration [123]. Nicotinamide (NAM) has shown additional benefits, such as reducing tau
phosphorylation, restoring cognition, and alleviating oxidative stress in AD models. A study ex vivo reported,
treatment with NAM decreased ROS, lipid peroxidation, and oxidation of protein while improving the
mitochondrial ability to maintain redox balance in rat synaptosomes exposed to A(1e42) [124,125]. Inhibiting
CD38, an NAD+ consuming enzyme, also holds potential. CD38 deletion reduces Aβ plaque burden and
improves spatial learning in AD mouse models [126]. Parkinson’s disease (PD) is marked by characterized by
the progressive loss of dopamine-producing neurons in the substantia nigra, leading to dopamine depletion
in the striatum and motor symptoms such as bradykinesia [127–129]. Metabolic imbalances, including a
significant reduction in the NAD+/NADH and NAD+/NADP ratios (niacin index), are commonly observed
in PD [130]. Supplementation of Niacin has demonstrated potential in managing PD symptoms. Low-dose
niacin effectively modulated the niacin index and G-protein coupled receptor 109A (GPR109A), improving
motor and cognitive functions without adverse effects [131]. Nicotinamide (NAM) has been shown to exert
both protective and harmful effects on the nervous system in PD. NAM supplementation addressed the
mitochondrial loss of function in PD models of Parkin and PINK1, highlighting its potential as a therapeutic
approach [132]. Furthermore, Nicotinamide riboside (NR) enhanced mitochondrial performance in neurons
generated from stem cells of patients with PD, prevented motor deficits, and protected dopaminergic neurons
in fruit fly models [133].
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5.5 NAD+ in Cancer
Cancer cells primarily depend on aerobic glycolysis instead of oxidative phosphorylation (OXPHOS),

exhibiting heightened glucose uptake and glycolytic activity, with lowered activity of the pyruvate dehydro-
genase enzyme, leading to a diminished transformation of pyruvate into acetyl-CoA [134], recent studies,
however, has indicated that oxidative phosphorylation (OXPHOS) is elevated in some cancer types [135,136].
Elevated NAD+ levels enhance anaerobic glycolysis by stimulating the activity of GAPDH and LDH, thereby
supporting cancer cell proliferation [137]. Overexpression of NAMPT and increased NAD+ level observed
in several cancers which promote cancer cell survival [138]. The oncogene c-MYC plays a pivotal role in
regulating NAMPT expression, promoting glycolysis and lactate production, and driving the Warburg effect.
Inhibitors targeting NAMPT deplete NAD+ levels, disrupting key metabolic processes including glycolysis,
the TCA cycle, and OXPHOS, resulting in the proliferation of cancer cell retardation [139,140]. NAD+ plays
an important role in controlling cellular energy generation, maintaining genomic integrity, supporting DNA
maintenance mechanisms, and facilitating intracellular signaling [141]. Adequate NAD+ can counter early
malignant changes by promoting repair, stress adaptation, halting cell division, and triggering programmed
cell death, thereby maintaining genomic stability and preventing mutations and the development of cancer.
Conversely, in the context of cancer development and therapy, elevated NAD+ concentrations can promote
malignancy by supporting growth, drug resistance, and sustained cellular function, while decreased NAD+
level may reduce DNA damage caused by oncogenes and hinder tumor development [142,143]. Sirtuins play a
crucial role in both cancer development and prevention by regulating genes that are involved in DNA repair
and cellular maintenance [144]. SIRT1 activity is influenced by the NAD+/NADH ratio; AMPK boosts SIRT1
activity by increasing cellular NAD+ levels, leading to the deacetylation and regulation of downstream targets.
On the other hand, Reduced NAD+ availability impairs SIRT1 activity, limiting its capacity to deacetylate
key tumor suppressors like p53, thereby disrupting crucial functions such as halting cell division, initiating
programmed cell death, and promoting cellular self-digestion [145,146]. Excessive use of intracellular NAD+
by PARP enzymes diminishes its accessibility for sirtuins, compromising the deacetylation of critical tumor
suppressors such as p53 [147], its mutations can drive the proliferation of cancer cells by enabling them
to thrive in environments with limited nutrients. SIRT2 and SIRT3 function as key regulators that help
prevent tumor formation. SIRT2 acts as a tumor suppressor by maintaining chromosomal integrity during
cell division, controlling the microtubule structure, enhancing FOXO-mediated DNA binding and gene
activation, and protecting cells from oxidative damage by boosting antioxidant enzymes like manganese
superoxide dismutase (MnSOD), glutathione peroxidase, and catalase [148–150]. SIRT3 reduces ROS by
activating antioxidant defenses through MnSOD and regulating HIF-1 [151,152]. Low levels of Nicotinamide
(NAM), serves as NAD+ precursors, support SIRT1 function, whereas buildup of NAM can inhibit SIRT1
activity, potentially leading to adverse effects [153]. SIRT2 overexpressed in gastric cancer and hepatocellular
carcinoma and in other cancers also [154–156], boosts production of NADPH and stimulates leukemia cell
growth by deacetylation and activation of glucose-6-phosphate dehydrogenase (G6PD) [157].

6 Therapeutic Options and Future Direction
Cumulative findings from extensive preclinical and clinical investigations have shed light on the

multifaceted roles of NAD+ and its dependent enzymes in regulating aging processes, synaptic remodeling,
neurodegeneration, and tumorigenesis. Although NAD+ precursor supplementation is a common strategy
to elevate NAD+ levels, its effectiveness may be influenced by factors such as inconsistent cell uptake,
chemical stability, appropriate dosing, and the risk of adverse effects. Song et al. (2023) recently summarized
the negative outcomes associated with high NAM (nicotinamide) doses, highlighting that elevated NAM
can disrupt genomic stability, deplete cellular methyl reserves, and contribute to insulin resistance due
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to the buildup of methylated NAM derivatives [112]. Modulating the enzymes and pathways responsible
for NAD+ degradation has emerged as a highly promising approach in current therapeutic research. In
particular, the inhibition of crucial enzymes like PARPs and NADases, including CD38 and CD157, is gaining
significant attention, offers significant potential for treating age-related diseases linked to declining NAD+
levels. PARP1 inhibitors like olaparib and rucaparib are widely used either in combination with chemotherapy
or as standalone treatments for cancer. These agents increase tumor susceptibility to DNA damage but are
constrained by their toxicity [158,159]. Studies showed SIRT7 levels and activity decline in various tissues
with aging, making it a promising therapeutic target for promoting longevity [160–162]. On the other hand,
CD38, a key NADase in mammals, plays a major role in the reduction of NAD+ levels with age, highlighting
its potential as a therapeutic target. Several CD38 inhibitors are either available or under development, with
some demonstrating its ability in vivo enhancement of NAD+ levels. For example, the natural flavonoid
apigenin enhances NAD+ concentrations in human cells and mouse liver, helping to regulate glucose and
lipid balance in obese mice model [163]. Apigenin has been reported to downregulate expression of CD38,
resulting in an increased NAD+/NADH ratio and promoting SIRT3-dependent antioxidant defense within
the mitochondria of diabetic rat kidneys [164]. Similarly, Luteolinidin, another flavonoid known to inhibit
CD38, elevates NAD+ levels and offers protective effects to the heart.and endothelial tissues with ischemic
myocardial condition in mice [165], Luteolin was found to reduce symptoms of autism spectrum disorders
(ASD) in a study involving 50 children aged 4 to 10 years (42 boys and 8 girls) with autism. The children
were administered luteolin at a dose of 100 mg per capsule, with one capsule given 10 kg/body weight
every day with food [166]. Moreover, 4-aminoquinoline derivatives, including compound 78c, act as CD38
inhibitors and effectively raise NAD+ concentrations in the muscle, liver, and heart tissues of mice. In aged
mice, 78c mitigates age-related NAD+ decline, improves metabolic function, reduces DNA damage, and
enhances muscle performance [167,168]. Non-alcoholic fatty liver disease (NAFLD) is a common liver disease
caused by the deposition of fat and the condition advancing to liver cirrhosis over time, hepatocellular
carcinoma, cardiovascular complications, chronic kidney disease, and other systemic manifestations. CD38
plays a key role in regulating Sirtuin 1 activity, thereby influencing inflammatory responses [169]. In a study,
treatment with 78c was shown to improve glucose intolerance and insulin resistance in NAFLD CD38 KO
mice model [76]. Hematopoietic stem cells (HSCs) possess the unique ability to both replicate themselves
and maintain their population over time, generating identical stem cells, and for differentiation into various
blood cell lineages, encompassing both myeloid and lymphoid cells. However, the regenerative capacity of
HSCs declines with age. In a recent study, 24-month-old wild-type mice were treated with 78c for 8 weeks,
resulting in an increase in NAD+ levels in HSCs [170]. Numerous clinical studies have investigated the
impact of NR supplementation on human health (Table 1). Initial studies demonstrated that NR increases
the level of NAD+ in blood plasma and peripheral blood mononuclear cells (PBMCs) [171]. Nicotinamide
riboside (NR) supplementation was also found to elevate NAAD levels in PBMC. A randomized, double-
blind, placebo-controlled clinical study reported NRPT, a formulation combining NR with pterostilbene
(PT), in 120 healthy individuals aged 60 to 80 years. Participants were assigned to three groups: placebo,
standard (1X), or double-dose (2X) of NRPT, and received daily supplementation for eight weeks. The results
demonstrated a significant, dose-dependent increased NAD+ levels in blood with supplementation of NRPT.
An increase of approximately 40% in NAD+ levels was observed in the standard (1X) and about 90% in
the double dose (2X) of the NRPT group after 4 weeks, compared to both the placebo and baseline [172].
A PK study, conducted with eight healthy participants, investigated the oral administration of NR across
varying doses over nine days. The dosing regimen began with daily dose of 250 mg for the first two days,
thereafter 250 mg two times a day on 3rd and 4th day, on days five and six doses increased up to 500 mg
twice daily, and finally ended with 1000 mg two times a day on 7th and 8th day of the study. On the 9th
day of the study, participants underwent a whole day PK analysis after receiving a single dose of 1000 mg
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NR. Results from the study suggest NR enhances NAD+ levels and shows promise as a therapeutic option
for addressing mitochondrial dysfunction [173]. In a study, a total of 24 healthy older adults (11 males and
13 females) were included. After chronic NR supplementation, systolic blood pressure and arterial stiffness
were observed to be lowered, while acute NR supplementation improved exercise performance [174]. A 12-
week trial in obese men (BMI > 30, ages 40–70) found no adverse events but observed no improvements
in insulin sensitivity or glucose metabolism after 1000 mg NR supplementation twice daily or placebo [175].
Our group evaluated the effect of GHF201, a glycogen reducing compound and potential therapeutic agent
for GSDs, in GSD1a patients’ primary fibroblasts cells and L-G6pc-/-knockout mouse model. GHF201
has been shown to enhance oxygen consumption rate (OCR), mitochondrial ATP generation, lysosomal
activity, and autophagy. It has been observed that fibroblasts from various GSD1a patients exhibit significant
inhibition of key transcriptional regulators, such as PGC1α and transcription factor EB (TFEB), which
govern mitochondrial biogenesis and lysosomal function, respectively. Additionally, the metabolic axis
involving pAMPK-SIRT1-NAD+/NADH is notably suppressed, alongside elevated SIRT1-inhibitable histone
H3K27 acetylation in chromatin within these fibroblasts. Treatment with GHF201 effectively reduced the
heightened histone acetylation. Furthermore, GHF201 demonstrated its therapeutic benefits beyond patient-
derived fibroblasts, alleviating GSD1a-related symptoms in a liver-specific inducible mouse model. This
included reductions in liver glycogen and G6P levels, alongside increases in liver and serum glucose concen-
trations [74]. There remain unresolved questions surrounding the pharmacokinetics, pharmacodynamics,
tissue targeting, optimal dosing, and long-term safety associated with sustained elevation of NAD+ levels
through supplementation, whether using NAD+-consuming enzymes’ precursors or inhibitors. All NAD+
precursors including NMN, NAM, NR, NA, and tryptophan, have been shown to enhance intracellular
NAD+ levels; but their suitability for human use remains unclear. These precursors, naturally present in foods,
differ in potency, biosynthetic pathways, and enzymatic preferences, which influence their efficacy [64].
Further research is necessary to gain deeper insights into the subcellular localization, tissue targeting,
and effectiveness of NAD+ level enhancement in humans. While NAD+ precursors are typically well-
tolerated, their prolonged use raises questions about safety. Moreover, further clinical studies are crucial to
comprehensively determine their safety and potential therapeutic benefits in combating aging, as well as a
range of neurological and metabolic conditions. The future of NAD+ research in mitochondrial metabolic
regulation is promising and diverse. Age-related NAD+ decline is closely associated with mitochondrial
dysfunction and metabolic diseases. Future studies should investigate how NAD+ modulation influences
mitochondrial quality control, mitophagy, and biogenesis. Additionally, sirtuins (SIRT1, SIRT3, SIRT5)
play a key role in deacetylating metabolic enzymes and regulating mitochondrial function. Research will
further explore how NAD+ supplementation can selectively activate sirtuins to enhance mitochondrial
metabolism. The relationship between NAD+, ROS, and antioxidant defense mechanisms across different
cell types and disease states remains a crucial area of study. Given that many cancers exhibit altered NAD+
metabolism, future investigations will assess how targeting NAD+ biosynthesis impacts tumor growth,
immune responses, and metabolic adaptability. Furthermore, NAD+-based therapies hold potential when
combined with chemotherapy or immunotherapy to improve clinical outcomes. Developing non-invasive
techniques to monitor NAD+ levels in real time will be a priority, providing better insights into metabolic
status in diseases such as diabetes, neurodegeneration, and cancer.
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Table 1: Clinical studies of NAD+ precursors and their efficacy in healthy elderly and individuals with diseases

Clinical
studies

Disease Design Dose Outcomes Limitations References

Flavonoids
luteolin and

quercetin

Autism
spectrum
disorders

(ASD)

50 children
aged 4 to 10

years (42 boys
and 8 girls)

1 capsule per 10 kg
of body weight per
day. Total 100 mg of

flavonoids
(luteolin-66.6 mg

along with
quercetin and rutin

Significant
improvements

observed in
Vineland Adaptive
Behavior Scales (to
assess changes in

adaptive
functioning)

Lacks a placebo
control, small

sample size

[166]

NRPT
(nicotinamide
riboside and

pterostilbene)

To assess the
safety and
efficacy of

NRPT-
containing

nicotinamide
riboside (NR)

and
pterostilbene

(PT)

120 healthy
adults aged
60–80 years

Total four groups.
1. Placebo 2. Low
dose: 250 mg NR

and 50 mg of PT 3.
Mild dose: 500 mg
NR and 100 mg PT
4. High dose: 1000

mg NR and 200 mg
PT

NRPT 1X group
showed a ~40%
and 2X group
~90% elevated
NAD+ levels in

blood

Older adults
(60–80 years)

and short
duration

[172]

Nicotinamide
riboside (NR)

To assess
NAD+ levels in
blood by phar-
macokinetics

study

8 healthy adults
(2 males and 6
females) aged

21–50 years

A single dose of
1000 mg NR orally

Significant increase
in whole-blood

NAD+
concentrations

Small sample
size, study
design and

demography

[173]

NR Safety and
efficacy of

nicotinamide
riboside (NR)
supplementa-

tion

24 healthy
middle-aged

and older
adults

500 mg of NR twice
daily

NR
supplementation

effectively
increased NAD+

level in blood

Small sample
size and short
study duration

[174]

NR NR supple-
mentation in

obese, insulin-
resistant

40 healthy aged
between 40 and

70 years

2000 mg of NR
daily or a placebo

for 12 weeks

NR
supplementation
did not improve

insulin sensitivity,
glucose

metabolism

Small sample
size and a short

intervention
duration of 12

weeks,
included only

obese and
insulin-
resistant

men

[175]

7 Conclusion
NAD+ is a vital regulator of mitochondrial metabolism, essential for energy production, redox balance,

and cellular adaptation. NAD+ alternates between its oxidized and reduced forms (NADH) to facilitate the
process of glycolysis, the TCA cycle, and the OXPHOS, ensuring mitochondrial membrane potential and
efficient energy generation. Dysregulated NAD+ levels impair these processes, contributing to metabolic
inflexibility and mitochondrial dysfunction, hallmarks of aging and metabolic diseases. Beyond energy
metabolism, NAD+ influences mitochondrial biogenesis, dynamics, and quality control via NAD+ dependent
enzymes like sirtuins. SIRT1 and SIRT3 enhance mitochondrial function by regulating key metabolic
pathways, promoting fatty acid oxidation, antioxidant defenses, and stress resilience. NAD+ also supports
autophagy and mitophagy, crucial for clearing damaged mitochondria and maintaining cellular health under
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metabolic stress. Reduced NAD+ levels, common with aging, disrupt inter-organellar communication, gene
regulation, and DNA repair, exacerbating cellular dysfunction. Therapeutic strategies, including NAD+
precursors like nicotinamide riboside and inhibitors of NAD+ consuming enzymes, show promise in
restoring mitochondrial health. However, the dual role of NAD+ in cellular health and disease, such as
cancer, necessitates precise interventions. In summary, NAD+ is pivotal for mitochondrial and systemic
metabolic health, offering a promising target for treating mitochondrial-related disorders while requiring
careful therapeutic optimization.
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Abbreviations
NAD+ Nicotinamide adenine dinucleotide oxidized
NADH Nicotinamide adenine dinucleotide reduced
NADP+ Nicotinamide adenine dinucleotide phosphate oxidized
NADPH Nicotinamide adenine dinucleotide phosphate reduced
OXPHOS Oxidative phosphorylation
ETC Electron transport chain
ROS Reactive oxygen species
Trp l-tryptophan
NA Nicotinic acid
NAM Nicotinamide
NR Nicotinamide riboside
NMN Nicotinamide mononucleotide
NAAD Nicotinic acid adenine dinucleotide
NMNAT Nicotinamide mononucleotide adenylyltransferase
NAPT Nicotinic acid phosphoribosyltransferase
NAMPT Nicotinamide phosphoribosyltransferase
NRK Nicotinamide riboside kinase
AMPK Adenosine monophosphate-activated protein kinase
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator-1alpha
FOXO1 Forkhead box protein O1
PARPs Poly-ADP ribose polymerases
IDO Indoleamine 2,3-dioxygenase
TDO Tryptophan 2,3-dioxygenase
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ACMS α-amino-β-carboxymuconate-ε-semialdehyde
QPRT Quinolinate phosphoribosyl transferase
NADS NAD synthase
NAPRT Nicotinic acid phosphoribosyltransferase
NMN Nicotinamide Mononucleotide
QA Quinolinic acid
SCRG1 Scrapie-responsive gene 1
PTP Permeability transition pore
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GSD Glycogen storage disease
TFAM Mitochondrial transcriptional factor A
SOD2 Superoxide dismutase 2
ISCs Intestinal stem cells
SARM1 Sterile alpha and TIR motif-containing 1
GPR109A G-protein coupled receptor 109A
MnSOD Manganese superoxide dismutase
G6PD Glucose-6-phosphate dehydrogenase
ASD Autism spectrum disorders
NAFLD Non-alcoholic fatty liver disease
OCR Oxygen consumption rate
TFEB Transcription factor EB
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