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Abstract Nicotinamide adenine dinucleotide (NADþ)/reduced NADþ (NADH) and nicotin-
amide adenine dinucleotide phosphate (NADPþ)/reduced NADPþ (NADPH) are essential metab-
olites involved in multiple metabolic pathways and cellular processes. NADþ and NADH redox
couple plays a vital role in catabolic redox reactions, while NADPH is crucial for cellular anab-
olism and antioxidant responses. Maintaining NAD(H) and NADP(H) homeostasis is crucial for
normal physiological activity and is tightly regulated through various mechanisms, such as
biosynthesis, consumption, recycling, and conversion between NAD(H) and NADP(H). The con-
versions between NAD(H) and NADP(H) are controlled by NAD kinases (NADKs) and NADP(H)
phosphatases [specifically, metazoan SpoT homolog-1 (MESH1) and nocturnin (NOCT)]. NADKs
facilitate the synthesis of NADPþ from NADþ, while MESH1 and NOCT convert NADP(H) into
NAD(H). In this review, we summarize the physiological roles of NAD(H) and NADP(H) and
discuss the regulatory mechanisms governing NAD(H) and NADP(H) homeostasis in three key as-
pects: the transcriptional and posttranslational regulation of NADKs, the role of MESH1 and
NOCT in maintaining NAD(H) and NADP(H) homeostasis, and the influence of the circadian clock
on NAD(H) and NADP(H) homeostasis. In conclusion, NADKs, MESH1, and NOCT are integral to
various cellular processes, regulating NAD(H) and NADP(H) homeostasis. Dysregulation of these
enzymes results in various human diseases, such as cancers and metabolic disorders. Hence,
strategies aiming to restore NAD(H) and NADP(H) homeostasis hold promise as novel therapeu-
tic approaches for these diseases.
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Introduction

Nicotinamide adenine dinucleotide (NADþ)/reduced NADþ

(NADH) and nicotinamide adenine dinucleotide phosphate
(NADPþ)/reduced NADPþ (NADPH) are indispensable mole-
cules in various metabolic processes, such as biosynthesis,
consumption, recycling, and conversion in cells.1,2 Addi-
tionally, NAD(H) and NADP(H) are directly implicated in an
array of cellular activities, including mitochondrial energy
generation, redox metabolism and homeostasis, signal
transduction, genomic stability, gene expression regula-
tion, antioxidation, circadian clock management, immu-
nity, and inflammation.1,2 Dysregulation of NAD(H) and
NADP(H) homeostasis can trigger numerous pathological
changes, ultimately leading to various human diseases.

Physiological roles of NAD(H)

NADþ and NADH form a critical redox couple, central to
controlling energy metabolism.3 NADþ gains a charged
hydrogen molecule (Hþ) and two electrons to convert to
NADH, while NADH, serving as a donor of Hþ and electrons, is
converted back to NADþ.4 This NADþ-NADH cycling is essen-
tial for the continuous flow of Hþ and electrons in the cytosol
and mitochondria, contributing to adenosine triphosphate
(ATP) generation through the electron transport chain.4

NADþ also functions as an essential co-substrate for non-
redox NADþ-dependent enzymes (also referred to as NADþ-
consuming enzymes), including sirtuins (SIRTs), poly
(adenosine diphosphate-ribose) polymerases (PARPs),
CD38, CD157, and sterile alpha and toll/interleukin-1 re-
ceptor motif-containing 1 (SARM1).1 These enzymes cleave
NADþ to produce nicotinamide, ADP-ribosylation (ADPR), or
cyclic ADP ribose (cADPR), crucial for various post-synthetic
modifications of essential macromolecules.5 For instance,
SIRTs, found in different cellular compartments, cleave
acetyl groups from lysine residues of histones or other
proteins and break down NADþ to produce ADPR and nico-
tinamide.6 PARPs use NADþ as a co-substrate to add
monomer or polymer ADPRs to target proteins,7e9 crucial
for DNA damage response and genome stability.10e12 Addi-
tionally, cADPR synthetases (CD38, CD157) cleave NADþ to
release cADPR, a critical calcium-mobilizing second
messenger that modulates key cellular processes such as
metabolism and immune cell activation.13e17

Physiological roles of NADP(H)

NADPþ and NADPH constitute another critical redox pair,
influencing a wide array of biochemical reactions. While
NADPþ functions as a coenzyme for NADPþ-dependent
dehydrogenation reactions, NADPH acts as a donor of Hþ

and electrons, participating in antioxidative stress re-
sponses and various anabolic reactions.2 It provides the
necessary reducing equivalents for the synthesis of
antioxidant molecules and essential biological macromole-
cules, such as fatty acids (catalyzed by fatty acid synthase
(FASN)), steroids (cholesterol and nonsterol isoprenoid
synthesis catalyzed by 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR)), amino acids, and nucleotides.2,18,19

NADPH is utilized by enzymes like glutathione reductases
and thioredoxin reductases to maintain the reduction of
antioxidant molecules like glutathione and TRX-(SH)2,
reducing harmful hydrogen peroxide or other peroxides to
harmless H2O.

20,21 It also supports drug and xenobiotic
metabolism through cytochrome P450 reductases.22 In
addition, mitochondrial NADPH offers reducing equivalents
for proline synthesis, a critical step in the de novo biosyn-
thesis of certain amino acids. This process is catalyzed by
pyroline-5-carboxylate synthase (P5CS) and pyroline-5-
carboxylate reductases (P5CR).23,24 Furthermore, NADPH is
also a crucial factor in folate metabolism, as it is utilized by
dihydrofolate reductase to catalyze the reduction of dihy-
drofolate to tetrahydrofolate (THF). This pathway is indis-
pensable for the de novo biosynthesis of thymidylate,
purine, methionine, and certain essential amino acids.25

Additionally, ribonucleotide reductase consumes NADPH
during DNA replication, catalyzing the reduction of ribo-
nucleotide 50-diphosphate to deoxyribonucleotide diphos-
phate, which is further converted to deoxyribonucleotide
triphosphate to fuel DNA replication (Fig. 1).2,26

Beyond supplying reducing equivalents, NADPH also con-
tributes to the generation of reactive oxygen species
(ROS).27 NADPH oxidases transfer two electrons from cyto-
solic NADPH to extracellular oxygen to produce superoxide
anion radicals, which are crucial for neutrophils antimicro-
bial defense during the respiratory burst (Fig. 1).27e29

In summary, maintaining a balanced regulation of
NAD(H) and NADP(H) homeostasis is essential for normal
cellular functioning. Any disruptions in this balance can
lead to various pathological conditions and human diseases.
NADD synthesis and conversions between
NADD, NADH, NADPD, and NADPH

NADD synthesis

NADþ is a pivotal molecule involved in the biosynthesis of
NADH, NADPþ, and NADPH. In mammalian cells, three
distinct pathways contribute to NADþ synthesis. First,
NADþ can be synthesized de novo from dietary tryptophan
via the kynurenine pathway.30 Second, NADþ can be pro-
duced from the vitamin B3 family through the Preiss-
Handler pathway.1 The third pathway, known as the salvage
pathway, contributes to the majority of cellular NADþ. This
pathway recycles nicotinamide, a byproduct generated by
NADþ-consuming enzymes such as SIRTs, PARPs, CD38,
CD157, and SARM1. Furthermore, it recycles nicotinamide
riboside, nicotinamide, and nicotinamide mononucleotide
absorbed from dietary sources (Fig. 1).31,32
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Figure 1 NADþ synthesis and conversions between NADþ, NADH, NADPþ, and NADPH. NADþ can be synthesized from tryptophan
via the kynurenine pathway or from nicotinic acid (NA) via the Preiss-Handler pathway. It can also be generated from nicotinamide
(NAM), nicotinamide riboside (NR), and nicotinamide mononucleotide (NMN) through the salvage pathway. NADþ is consumed by
NAD-consuming enzymes (such as SIRTs, PARPs, CD38, CD157, and SARM1), producing NAM as a byproduct. NADþ is reduced to NADH
by receiving Hþ from glycolysis, fatty acid oxidation (FAO), and the tricarboxylic acid (TCA) cycle. NADH is then oxidized back to
NADþ by donating Hþ during oxidative phosphorylation (OXPHOS), generating ATP and converting pyruvate to lactic acid.
Furthermore, NADH is exchanged between the cytosol and mitochondria through the malate-aspartate shuttle and glycerol-3-
phosphate shuttle, supporting OXPHOS in mitochondria. NADþ can be phosphorylated directly by NADK to generate NADPþ. Sub-
sequently, NADPþ is reduced to NADPH by various enzymes like glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate
dehydrogenase (6PGD), and malic enzyme 1 (ME1) in the cytoplasm, by isocitrate dehydrogenase 2 (IDH2), glutamate dehydro-
genase (GLUD), nicotinamide nucleotide transhydrogenase (NNT), and malic enzyme 3 (ME3) in mitochondria, and by cytosolic
methylenetetrahydrofolate dehydrogenase 1 (MTHFD1)/aldehyde dehydrogenase 1 family member L1 (ALDH1L1) and mitochondrial
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)/aldehyde dehydrogenase 1 family member L2 (ALDH1L2) in folate-medi-
ated one-carbon metabolism. Conversely, NADPH is oxidized to NADPþ by providing reducing equivalents during antioxidant pro-
cesses and biosynthesis. Enzymes like glutathione reductases (GR) and thioredoxin reductases (TRXR) use NADPH to maintain the
reduced form of glutathione (GSH) and TRX-(SH)2, respectively, reducing H2O2 or other peroxides to H2O. The enzyme cytochrome
P450 reductases use NADPH as a cofactor in drug and xenobiotic metabolism. NADPH also provides reducing equivalents for fatty
acid synthesis through FASN, for cholesterol and nonsterol isoprenoids synthesis through HMGCR, and for proline synthesis through
pyroline-5-carboxylate synthase (P5CS) and pyroline-5-carboxylate reductases (P5CR) in mitochondria. Dihydrofolate reductase
(DHFR) also utilizes NADPH in folate metabolism to catalyze the reduction of dihydrofolate to tetrahydrofolate (THF). Ribonu-
cleotide reductase (RNR) uses NADPH to catalyze the reduction of ribonucleotide 50-diphosphate (NDP) to deoxyribonucleotide
diphosphate (dNDP). Additionally, NADP(H) can be converted back into NAD(H) under the catalysis of NADP(H) phosphatases like
NOCT and MESH1. Furthermore, NADPþ can be converted to nicotinic acid adenine dinucleotide phosphate (NAADPþ) by CD38 and
ADP-ribosyl cyclase, triggering Ca2þ release.
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Conversions between NADD and NADH

The interconversion between NADþ and NADH primarily
occurs via the action of NADþ-dependent dehydrogenases
during cellular metabolism, such as glycolysis, the tricar-
boxylic acid cycle (also known as the Krebs cycle), and fatty
acid oxidation (FAO). For instance, in glycolysis, the
oxidation of glyceraldehyde-3-phosphate to 1,3-bisphos-
phoglycerate by glyceraldehyde-3-phosphate dehydroge-
nase accompanies the reduction of cytosolic NADþ to
NADH.33 Similarly, within the tricarboxylic acid cycle, the
oxidative decarboxylation of isocitrate by isocitrate
dehydrogenase, a-ketoglutarate by a-ketoglutarate dehy-
drogenase, and malate by malic enzyme coincides with the
reduction of mitochondrial NADþ to NADH.34e36 In FAO,
hydroxyacyl-CoA dehydrogenase catalyzes the oxidation of
straight-chain 3-hydroxyacyl-CoAs, coupled with the con-
version of mitochondrial NADþ to NADH.37

In reverse, NADH can be converted back into NADþ via
NADH-dependent oxidases, such as lactate dehydrogenase
and respiratory chain complexes. Under aerobic conditions,
NADH generated in mitochondria can directly transfer
electrons to the electron transport chain.4 However, cyto-
solic NADH is unable to cross the mitochondrial inner
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membrane. Instead, it utilizes the malate-aspartate shuttle
or glycerol-3-phosphate shuttle, to transfer electrons to
the electron transport chain, leading to the regeneration of
NADþ from NADH.38,39 Under anaerobic conditions, when
mitochondrial respiration is compromised, the cytosolic
reduction of pyruvate to lactate pairs with the regeneration
of NADþ from NADH, facilitating glycolysis (Fig. 1).4,40

Conversions between NADPD and NADPH

NADPH, acting as a crucial donor of Hþ and electrons, plays a
vital role in antioxidative stress responses and anabolic re-
actions.2 It can be produced from NADPþ by various de-
hydrogenases, including glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydroge-
nase, which are involved in the pentose phosphate
pathway41; NADPþ-dependentmalic enzymes (malic enzyme
1 in the cytosol and malic enzyme 2/3 in the mitochondria),
which catalyze the transformation of malate to pyruvate,
producing NADPH42,43; and NADPþ-dependent isocitrate de-
hydrogenase (isocitrate dehydrogenase 1 in the cytosol and
isocitrate dehydrogenase 2/3 in the mitochondria), which
catalyzes the conversion of isocitrate to a-ketoglutarate,44

accompanied by the generation of NADPH. Additionally,
NADPþ-dependent glutamate dehydrogenase facilitates the
transamination of glutamate intoa-ketoglutarate, leading to
NADPH formation.45 Among these metabolic activities, the
pentose phosphate pathway contributes to the largest
portion of cytoplasmic NADPH production,46,47 accounting
for approximately 10%e20% of glucose consumption.48,49

Furthermore, within folate-mediated one-carbon meta-
bolism, methylenetetrahydrofolate dehydrogenase 1 in the
cytosol and methylenetetrahydrofolate dehydrogenase 2 in
the mitochondria catalyze the oxidation of 5,10-methylene-
THF to form 10-formyl-THF. Similarly, 10-formyl-THF de-
hydrogenases (aldehyde dehydrogenase 1 family member L1
in the cytosol and aldehyde dehydrogenase 1 family member
L2 in the mitochondria) catalyze the oxidation of 10-formyl-
THF. These reactions coincide with the reduction of
NADPþ to NADPH.41,50,51 Additionally, NADPþ can also be
converted to NADPH through nicotinamide nucleotide
transhydrogenase, a protein embedded in the mitochondrial
inner membrane that accepts electrons from NADH. Nico-
tinamide nucleotide transhydrogenase plays a significant
role inmaintaining NADPH levels, contributing to almost 45 %
of total NADPH production in the mitochondrial pool
(Fig. 1).52

Conversions between NAD(H) and NADP(H)

NADþ can be directly phosphorylated by NAD kinases
(NADKs), enzymes that transfer a phosphate group from ATP
to the 20 position of NADþ, thus generating NADPþ.53

Approximately 10% of cellular NADþ is converted into
NADPþ.54 Conversely, NADP(H) can be converted back into
NAD(H) by NADP(H) phosphatases, such as nocturnin (NOCT)
andmetazoan SpoT homolog-1 (MESH1).55e58 This conversion
allows the cells to adjust their metabolic requirements
accordingly (Fig. 1).

In conclusion, NAD(H) and NADP(H) play distinct roles in
cellular metabolic processes, with NAD(H) participating in
catabolism and NADP(H) contributing to cellular anabo-
lism.2,33 It is noteworthy that higher organisms exhibit
spatiotemporal redox heterogeneity, a characteristic
prominently displayed by NAD(H) and NADPH.56,59e64 The
conversions between NAD(H) and NADP(H), regulated by
NADKs, MESH1, and NOCT, are crucial for various physio-
logical and pathological cellular activities. Dysregulation of
these enzymes is associated with various human dis-
eases.23,57,58,65 In the following sections, we will explore
recent advances in the research on the regulatory mecha-
nisms of these enzymes.
NAD kinase, a key enzyme for NADPD synthesis
from NADD

Molecular properties of NAD kinase

NADKs belong to a newly identified superfamily of kinases,
along with 6-phosphofructokinases, diacylglyceride ki-
nases, and sphingosine kinases. These kinases are distin-
guished by a conserved GGDG motif. Within the NADK
family, there are two distinct orthologs: cytosolic NAD ki-
nase (cNADK, also known as NADK or NADK1) and mito-
chondrial NAD kinase (mNADK, also recognized as
NADK2).66e68 Both cNADK and mNADK share essential fea-
tures: a GGDG motif, an NE/D short motif, and a glycine-
rich conserved domain II, all crucial for substrate binding
and activation.66 However, mNADK contains an exclusive N-
terminal mitochondrial targeting sequence, which directs
its localization to the mitochondria.67

Despite these commonalities, the two NADKs show
striking differences in higher-order structure. cNADK forms
a tetramer composed of two identical dimers.66,68 In
contrast, mNADK forms a dimer with two-fold symmetry,
mediated by a unique helical extension at amino acids
325e365.69 This helical extension (encoding alpha-helices
a8 and a9), known as elements conserved in mitochondrial
kinases of animals (EMKA), is present in mNADK from
drosophila to humans but absent in cNADK.69,70 Mechanis-
tically, EMKA prevents the side-by-side dimerization of
mNADK dimers into a tetrameric structure. This is achieved
by generating a long hairpin formed of two helical segments
(327e340 and 350e364) that interact with their equivalent
counterparts from the second aptamer.69,70 This structural
distinction between the cNADK and mNADK results in
different activation patterns. Tetrameric cNADK is cooper-
atively activated through oligomerization, while mNADK is
constitutively active, ensuring its functionality even in
mitochondria-deficient conditions.69,70
Physiological function of NAD kinases

NADKs, including cNADK and mNADK, serve as the key en-
zymes responsible for the de novo synthesis of NADPþ in
mammalian cells. They transfer the phosphate group from
ATP to the 20 position of the ribose ring attached to the
adenine part in NADþ, producing NADPþ.53 While studies
suggest that mNADK can phosphorylate both NADþ and NADH
using either ATP or polyphosphate as the phosphate source
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(as observed in bacteria and archaea), it predominantly
prefers NADþ and ATP as substrates in mammalian cells.66,67

NADKs play pivotal roles in regulating energymetabolism,
antioxidative stress, proline synthesis, and cell
growth.24,71,72 For instance, in Saccharomyces cerevisiae,
the combined knockout of cytosolic NAD kinase-UTR1 and
mitochondrial NAD kinase-POS5 resulted in synthetic
lethality.73 In mice, systemic cNADK knockout led to either
embryonic or preweaning lethality.74 In pancreatic b-cells,
cNADK plays an indispensable role in glucose-stimulated in-
sulin secretion, as NADPH acts as a coupling mediator.75 In
fact, studies have shown a 30% increase in glucose-stimu-
lated insulin secretion upon overexpression of cNADK, and
cNADK knockdown induces a significant inhibition of the
secretion in a pancreatic insulinoma cell line.76 Moreover, in
Drosophila, the depletion of NADK impairs lipid storage and
mitochondrial functions,65,77 highlighting its significance in
metabolic regulation.

mNADK has garnered significant interest due to its role in
protecting cells from harmful oxidative stresses and regu-
lating FAO by modulating mitochondrial NADPH biosyn-
thesis.71 Defective mNADK results in reduced NADPH levels,
leading to a significant accumulation of ROS.4,71 Increased
ROS levels can partly influence the activity of SIRTs and alter
the transcription of downstream genes, such as cyclic
adenosine monophosphate responsive element-binding pro-
tein H (CREBH), peroxisome proliferator-activated receptor-
a (PPARa), and peroxisome proliferator-activated receptor
gamma coactivator 1-a.72 CREBH and PPARa can regulate
mitochondrial FAO, which is crucial for energy generation
during starvation.72,78 In summary, a decrease in mNADK
activity can lead to elevated ROS levels and FAO dysfunction,
contributing to insulin tolerance and hepatic
steatosis.71,72,79

Some studies suggest that mNADK deficiency does not
affect the folate metabolic pathway or increase oxidative
stress,23,24 revealing a potential area for further exploration.
Two recent studies have shed light on the significant role of
mNADK in promoting proline biosynthesis, essential for syn-
thesizing nucleotides and proteins during growth.23,24 In the
mitochondria, P5CS converts glutamine-derived glutamate
to pyrroline-5-carboxylate (P5C), and P5CR further reduces
P5C to proline. The production of P5C through P5CS is a
bottleneck stage and relies heavily on mNADK activity and
NADPH level.80 mNADK-deficient cells become proline
auxotrophic, indicating its critical role in proline produc-
tion.23,24 Genetic deficiencies in mNADK have severe con-
sequences. Homozygous mNADK knockout in mice results in
embryonic lethality, while severe genetic mNADK deficiency
in humans leads to neurological and developmental impair-
ments, causing conditions such as encephalopathy, micro-
cephaly, epilepsy, and early death between four months and
five years after birth.81e83

Regulation of cNADK

Transcriptional regulation of cNADK

cNADK is subject to transcriptional regulation, as well as
degradation mediated by miR-690 in M2-polarized bone
marrow-derived macrophages (BMDMs). This process aids in
the maintenance of macrophage repolarization from an M1
to an M2 state. Up-regulation of miR-690 in BMDMs leads to a
significant decrease in cNADK expression, promoting anti-
inflammatory effects.84 Notably, miR-690 is abundant in
exosomes released by M2-polarized BMDMs, which can
transport it to the liver and adipose tissue. In these tissues,
miR690 inhibits cNADK, resulting in improved glucose intol-
erance and insulin resistance.84 Treatment with exosomes
from M2-polarized BMDMs has been shown to stimulate
glucose uptake and alleviate obesity-associated inflamma-
tion in adipose tissue of obese mice fed a high-fat diet.84

Kupffer cells, which are hepatic macrophages, also exhibit
high levels of endogenous miR-690.85 This miR-690 enhances
Kupffer cell self-proliferation by inhibiting cNADK.86 More-
over, Kupffer cells can also shuttle miR-690 to neighboring
hepatic cells or hepatic stellate cells through secreted exo-
somes, leading to cNADK inhibition in these cells. The inhi-
bition of cNADK mediated by miR-690 can alleviate fibrosis
and inflammation in models of nonalcoholic steatohepatitis
(NASH). Mice with Kupffer cell-specific miR-690 knockout
showed enhanced fibrosis and other NASH characteristics.86

While the role of cNADK and its regulation by miR690 in
obesity-associated glucose intolerance, insulin resistance,
fibrosis, and inflammation are evident, the precise molec-
ular mechanisms involved in these processes require
further investigation (Fig. 2). Understanding these intricate
regulatory mechanisms may offer potential therapeutic
targets for obesity-related metabolic disorders and liver
diseases.
Posttranslational regulation of cNADK

The N-terminal region of cNADK, which is relatively poorly
conserved throughout deuterostome evolution, functions as
a major activity regulator through posttranslational modi-
fications (PTMs) or protein interactions.85 Removal of the N-
terminal region (amino acids 1e87) leads to enhanced
enzyme activity, suggesting that it functions as an auto-
inhibitory domain in the native protein.65 Notably, PTMs of
cNADK predominantly occur in this N-terminal region,
implying the existence of regulatory pathways that modu-
late cNADK enzyme activity by relieving or enhancing its
self-inhibitory conformation.

One significant regulator of cNADK is the AKT protein
kinase, which phosphorylates cNADK at serine 44, 46, and
48 in the N-terminal region. This phosphorylation releases
the self-inhibitory structure, leading to increased cNADK
enzyme activity and enhance NADPþ production.65,87

Although wild-type and phospho-mutant cNADK exhibit
comparable basal enzymatic activity, in vitro phosphory-
lation by AKT only escalates the catalytic activity of wild-
type cNADK. Conversely, a cNADK mutant lacking the N-
terminal region exhibits constitutively increased basal ac-
tivity.65 These findings propose that the AKT-NADK axis
directly stimulates NADPþ production through phosphory-
lation, relieving the N-terminal autoinhibition.65

In the context of cellular anabolism, the growth factor-
stimulated phosphoinositide 3-kinase (PI3K)-Akt signaling
network advances cellular anabolism by either directly
phosphorylating key metabolic enzymes or through tran-
scriptional regulation.88 These key anabolic processes



Figure 2 miR-690 inhibits cytosolic NAD kinase (cNADK). In
M2-polarized bone marrow-derived macrophages (BMDMs),
miR-690 targets cNADK mRNA for degradation. Additionally,
miR-690 can be transported via exosomes to the liver and ad-
ipose tissue, where it inhibits cNADK, leading to improved
glucose tolerance and insulin resistance. Kupffer cells, char-
acterized by high levels of endogenous miR-690, employ it to
inhibit cNADK, promoting their self-proliferation. Furthermore,
Kupffer cells can transmit miR-690 to neighboring hepatic cells
or hepatic stellate cells via exosome secretion. This leads to
cNADK inhibition in these cells, thereby mitigating fibrosis and
inflammation in nonalcoholic steatohepatitis models.
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regulated by this network include the biosynthesis of nu-
cleotides, lipids, and amino acids, which require abundant
reducing equivalents in the form of NADPH.88 To meet this
demand, AKT directly phosphorylates cNADK, enhancing its
enzyme activity and stimulating NADP(H) production. This
signaling axis provides a precise mechanism to modulate
the availability of reducing power in response to growth
factor stimulation (Fig. 3).

Protein kinase C (PKC) also contributes to the phos-
phorylation of cNADK at serine 46 and 64.89,90 Activated
KRAS, a well-known oncogenic driver for various tumors,
such as pancreatic ductal adenocarcinoma (PDAC) and
colon adenocarcinoma (COAD),91,92 enhances cNADK
enzyme activity via PKC, boosting NADPþ generation and
promoting PDAC progression.90 Additionally, PKC-mediated
cNADK phosphorylation and subsequent NADPþ production
are essential for the neutrophil respiratory burst response,
enhancing the resistance to invading microorganisms
(Fig. 3).89

A robust correlation exists between the product of
NADPþ, nicotinic acid adenine dinucleotide phosphate, and
Ca2þ signaling.15 The activation of calmodulin-dependent
protein kinase II enhances NADPþ production by
phosphorylating cNADK at serine 64.85 Studies propose that
glucose-stimulated Ca2þ signaling may regulate cNADK ac-
tivity to augment insulin secretion in pancreatic insulinoma
cell lines, thus influencing glucose-stimulated insulin
secretion (Fig. 3).76 This suggests a potential link between
Ca2þ signaling, NADPþ metabolism, and insulin secretion in
response to glucose levels.

G6PD stimulates cNADK

cNADK undergoes stimulation through its interaction with
G6PD at the N-terminus, resulting in increased activity and
promoting the production of NADPþ.93,94 This elevation in
NADPþ facilitates the conversion to NADPH. Interestingly,
elevated expression of G6PD contributes to anchorage-in-
dependent growth of immortalized human cells in vitro and
is associated with tumorigenicity in animals (Fig. 3).93,94

These findings suggest a potential role of G6PD-cNADK
interaction in cellular processes related to cell growth and
tumorigenesis.

cNADK mutation

An intriguing gain-of-function screening study identified a
low-frequency mutant, known as I90F, which is implicated
in promoting tumorigenesis in PDAC.95 Structural analysis of
cNADK suggests that the I90F mutation, located at the
dimer-dimer interface of cNADK, may broaden the cNADK
dimer interface. Consequently, this leads to an increase in
cNADK enzymatic activity and NADP synthesis, promoting
reductive biosynthesis and reinforcing antioxidative stress
defenses in PDAC (Fig. 3).95

Regulation of mNADK

Transcriptional regulation of mNADK

In mice, the expression of mNADK mRNA is influenced by
nutritional status. Fasting leads to an elevation of mNADK
mRNA levels in the liver and adipose tissue, while a high-fat
diet intake results in the opposite effect.96

Posttranslational modifications of mNADK

The regulatory roles of PTMs in mNADK have been eluci-
dated through biochemical and structural analysis. Evi-
dence suggests that negatively charged PTMs (such as
phosphorylation and acetylation) can modify local confor-
mations at active sites or neutralize the positive charge on
the lysine side chain, thereby influencing the binding of
negatively charged molecules such as ATP, NADþ, and
NADPþ. These modifications subsequently affect mNADK
enzyme activity.69 For example, acetylation at lysine 304
hinders NADþ from binding to mNADK, and acetylation at
lysine 76 interferes with ATP binding.69 Moreover, phos-
phorylation at serine 188 prevents the phosphate group of
ATP from transferring to NADþ. Replacing serine with
aspartate, glutamate, or even alanine at position 188 of
mNADK suppresses its activity.97 In conclusion, both phos-
phorylation and acetylation are crucial in regulating mNADK



Figure 3 Regulation of NADK activity at the protein level. The growth factor-stimulated phosphoinositide 3-kinase (PI3K)-Akt
signaling induces phosphorylation of cytosolic NAD kinase (cNADK) by AKT at serine 44, 46, and 48. Additionally, activated KRAS
signaling, such as the gain-of-function mutant KRAS G12V, can phosphorylate cNADK at serine 46 and 64 by PKC. Phosphorylation at
serine 44, 46, and 48 promotes the release of cNADK’s N-terminal autoinhibitory conformation, enhancing its enzyme activity and
boosting the production of NADPþ. Calmodulin-dependent protein kinase II (CaMKII) increases cNADK enzyme activity by phos-
phorylating it at serine 64. Glucose-6-phosphate dehydrogenase (G6PD) stimulates cNADK activity by binding to its N-terminus. The
gain-of-function mutant (I90F) augments cNADK enzymatic activity by broadening the dimer interface of cNADK, stabilizing the
tetrameric organization. Conversely, phosphorylation at serine 188, along with acetylation at lysine 76 and 304, inhibits mNADK
activity by blocking substrate binding. Overnutrition, as seen in a high-fat diet (HFD), represses mNADK activity by S-nitrosylating
(SNO) mNADK at cysteine 193.
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catalytic efficiency, and play an essential role in mito-
chondrial NADP(H) production, proline synthesis, and cell
proliferation (Fig. 3).

S-nitrosylation, similar to phosphorylation and acetyla-
tion, modulates numerous functions of mNADK by altering
its enzymatic activity.71 Nutrition overload inhibits mNADK
activity through S-nitrosylation at cysteine 193, leading to
decreased mitochondrial NADP(H) levels and increased
cellular ROS levels.71 This inhibition also results in insulin
resistance and metabolic disorders, characterized by
decreased fat oxidation in mice, partly due to reduced
protein levels of key metabolic regulators or enzymes
through acetylation modification, such as CREBH, PPARa,
and peroxisome proliferator-activated receptor gamma
coactivator 1-a.98 Recent studies have shown that the
interaction between the transcriptional regulators CREBH
and PPARa regulates FAO and lipolysis by controlling the
expression of the metabolic hormone FGF21.99 However,
suppression of the CREBH-PPARa axis leads to hepatic
steatosis, induced by the inhibition of mNADK activity
following high-fat diet, thus elevating ROS levels.99

Furthermore, SIRTs, a class of NAD-dependent nutrient-
sensing deacetylases sensitive to ROS, facilitate the
degradation of ROS via the proteasome.98 Reduced ATP and
cyclic adenosine monophosphate levels due to SIRT3 defi-
ciency hinder the CREBH-activated glucagon pathway,
exacerbating fasting-induced hepatic steatosis.100 This may
partly explain why mNADK deficiency increases suscepti-
bility to NASH and hepatocellular carcinoma (Fig. 3).

Further investigation is needed to comprehensively
grasp the regulatory mechanisms and molecular functions
of mNADK, given that PTMs can disrupt substrate binding
and affect enzyme activity, thereby impacting mNADK’s
functionality.

MESH1 and NOCT in NADP(H) conversion to NAD(H)

Maintaining precise regulation of NADP(H) and NAD(H)
levels is critical for metabolic homeostasis. In addition to
cNADK, which is well-characterized to convert NADþ into
NADPþ, two recently identified phosphatases, MESH158 and
NOCT,55e57 play significant roles in converting NADP(H)
back into NAD(H). Both enzymes hydrolyze the 20-phos-
phate group of NADP(H) to generate NAD(H) and a
phosphate.56,58

MESH1 is a cytosolic NADPH phosphatase in mammals,
and it shares homology with the bacterial (p)ppGpp hy-
drolase SpoT.101 Under stress conditions, MESH1
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dephosphorylates cytoplasmic NADPH to produce NADH,
relying on Mn2þ as a cofactor.58,101 This process reduces the
glutathione which is used to detoxify lipids and prevent
cells from ferroptosis.102 Previous studies have highlighted
that MESH1 promotes ferroptosis, and the expression of
MESH1 may increase under conditions that induce ferrop-
tosis, such as erastin treatment or cystine deprivation.58

On the other hand, NOCT is considered a circadian gene,
with its mRNA distributed widely throughout the body.103 It
is a member of the CCR4 family of endonuclease-exonu-
clease-phosphatase enzymes and boasts an evolutionarily
conserved leucine zipper-like motif at the N-terminus.55

Depending on the translation initiation sites, NOCT can be
classified into two isoforms: one is translated from the
mitochondrial targeting sequence and transported to the
mitochondria; the other is constitutively expressed and
remains in the cytoplasm, attaching to the membranes of
other organelles via N-terminal glycine myristoylation.56,57

The expression level of mitochondrial NOCT fluctuates
rhythmically, peaking during the early dark phase.56,57 This
rhythmic cellular localization of NOCT indicates that the
circadian clock regulates NADP(H) levels within specific
cellular regions at different times.56 Changes in mitochon-
drial NADP(H) levels can have broad metabolic implications.
For example, increased mitochondrial NADP(H) may protect
NOCT knockout mice from developing hepatic steatosis
when on a high-fat diet.104 The NADPH concentration near
the endoplasmic reticulum is also essential for the activity
of cytochrome P450 enzymes anchored to the endoplasmic
reticulum.105 The N-terminus of NOCT contains a conserved
leucine zip-like motif that is vital for maintaining the en-
zyme’s stability and structural integrity, and it regulates
the substrate binding flexibility and, consequently, the
phosphatase activity.55 Deleting the N-terminus or LZ-like
helix alters the folding, stability, and conformation of the
NOCT protein, ultimately impacting the rate of NADP(H)
conversion to NAD(H) and an inorganic phosphate. Addi-
tionally, there are other hypotheses regarding NOCT’s
regulation of NADPH. For instance, NADH produced through
the dephosphorylation of NADPH by NOCT might serve as a
substrate for the electron transport chain, potentially
increasing the spare respiratory capacity and providing
more energy for consumption during wakefulness. More-
over, local oxidation may modify the N-terminus of NOCT,
affecting its dephosphorylation activity. However, further
studies are necessary to understand the precise roles of
NOCT in regulating NADPH.
Regulation of NAD(H) and NADP(H) homeostasis by
the circadian clock

NADþ plays a central role in metabolic pathways, influencing
cellular redox balance and energy regulation. Itsmetabolism
is closely intertwinedwith the circadian rhythm, exhibiting a
24-h rhythmicity due to circadian rhythms.60,106e111 The
conversion of nicotinamide into nicotinamide mono-
nucleotide and subsequently into NADþ is facilitated by
nicotinamide phosphoribosyltransferase (NAMPT, the rate-
limiting enzyme for the NADþ salvage pathway) and nico-
tinamide mononucleotide adenylyltransferases, respec-
tively. The circadian clock gene complex, circadian
locomotor output cycles kaput (CLOCK), and basic helix-
loop-helix ARNT-like protein 1 (BMAL1) regulate NAMPT,
activating its promoter every 24 h and enhancing
NADþ production.108,110 NADþ-dependent histone deacety-
lase SIRT1 suppresses the circadian transcription of core
clock genes such as cryptochrome 1, period 2, and BMAL1 via
rhythmic deacetylation; this process may further decrease
NADþ levels by inhibiting NAMPT expression.112,113

In mice with a deficient circadian clock (bmal1�/� or
clockD19/D19), intracellular NADþ levels in the liver are
significantly reduced.106,108 Conversely, altered NADþ levels
can impact the circadian clock, as demonstrated in CD38-
deficient mice, where increased NADþ levels lead to
abnormal circadian behavior and metabolism (Fig. 4).114

Additionally, cNADK exhibits an oscillatory rhythmic
expression pattern, peaking during the early dark
stage.110,111 Consequently, NADPþ synthesis also follows a
similar oscillatory rhythmicity. Similarly, mitochondrial
NOCT regulates the reversible conversion of NADP(H) into
NAD(H) with an oscillatory rhythmic expression pattern,
peaking during the early dark stage.56,110 It is crucial to
measure the conversion of NADP(H) into NAD(H) in mito-
chondria to understand the significance of NOCT’s oscilla-
tory expression pattern.56 However, measuring
mitochondrial NAD(H) and NADP(H) levels regulated by
circadian rhythms remains challenging (Fig. 4).
Targeting NADD and NADPD synthesis in human
diseases

The synthesis of NADþ and NADP(H) is critical for a wide
range of cellular functions and holds significant implications
for human health and disease. NADþ synthesis, regulated by
enzymes such as NAMPT and nicotinamide riboside kinase
1/2, plays a key role in various biological processes,
including energy metabolism, DNA repair, and gene
expression, acting as a cofactor for SIRTs and PARPs.115

Dysregulation of NADþ synthesis can disrupt cellular func-
tion and has been linked to aging, neurodegenerative dis-
eases, and cancer.116e118 On the other hand, NADP(H)
synthesis, primarily governed by NADKs, is essential for
redox balance and the detoxification of ROS, with impli-
cations for metabolic disorders, inflammation, oxidative
stress-related diseases, and cancer.119e121 Targeting the
synthesis of NADþ and NADP(H) represents a promising and
innovative strategy for cancer therapy and the manage-
ment of various other human diseases.3,122

NAMPT, the key enzyme involved in the salvage pathway
of NADþ synthesis, has been found up-regulated in various
types of cancer, including COAD,123 ovarian cancer,124

breast cancer,125 and melanoma,126 and is associated with
poor prognosis.127e129 Inhibiting NAMPT has been shown to
reduce NADþ levels, leading to cancer cell death and
impeding tumor growth.127 Several NAMPT inhibitors, such
as FK866, GMX1778, CHS828,130 and OT-82,124 have been
developed and are currently undergoing clinical trials to
assess their efficacy in treating various types of cancer.131

Nicotinamide riboside kinase 1/2 are enzymes involved in
the alternative NADþ synthesis pathway that phosphory-
lates nicotinamide riboside to form NADþ. Their modulation
has been explored as a therapeutic strategy for various
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diseases, including cancer, neurodegenerative disorders,
and metabolic diseases.132 Targeting nicotinamide riboside
kinase 1/2 has the potential to regulate NADþ levels, thus
impacting essential cellular processes such as metabolism,
DNA repair, and cellular signaling.133

NADKs, through their role in phosphorylating NADþ to
NADPþ, contribute to the synthesis of NADPH, which is
essential for various cellular functions, including lipids and
nucleotides biosynthesis, maintenance of redox balance,
and the detoxification of ROS. Dysregulation of NADKs can
potentially lead to metabolic disorders, inflammation,
oxidative stress-related diseases, and cancer, making these
enzymes attractive targets for therapeutic intervention in
various human diseases.119,121

cNADK in cancer

NADKs, as the key regulators of NADPH levels, have
emerged as promising targets for cancer therapy. Aberrant
up-regulation of cNADK expression or activity enables
tumor cells to overcome restricted redox homeostasis and
acquire the necessary nucleotide precursors by elevating
NADPH levels, which are crucial for tumorigenesis and
cancer development.2,93,94 Moreover, NADPH acts as a
cofactor for generating D-2-hydroxyglutarate, an oncogenic
metabolite derived from a-ketoglutarate prevalent in iso-
citrate dehydrogenase mutant cancers.134,135 The Cancer
Genome Atlas data have revealed that cNADK is overex-
pressed in various tumors and correlates negatively with
patient prognosis.136,137 Additionally, the gain-of-function
I90F mutant in cNADK is positively correlated with the
progression of PDAC.95 Silencing cNADK reduces NADPH
pools and inhibits cancer cell growth in diffuse large B-cell
lymphoma and COAD.138 In metastatic breast cancer cells,
increased cNADK levels enhance metastatic ability through
epigenetic regulation of the cNADK promoter by the histone
H3.3 variant.137 In Notch1-driven Jurkat cells, cNADK
silencing leads to significantly elevated ROS levels, making
cNADK a potential therapeutic target for Notch1-driven T-
ALL.139 These findings highlight the therapeutic potential of
cNADK, both in its wild-type and specific mutant variants,
for cancer treatment.

Growth factor-stimulated PI3K-Akt signaling promotes
cellular anabolism either by the direct phosphorylation of
key metabolic enzymes or through transcriptional regula-
tion.88 These key anabolic processes, including nucleotide,
lipid, and amino acid synthesis, require abundant reducing
equivalents in the form of NADPH. To meet this demand,
AKT directly phosphorylates cNADK, enhancing its enzyme
activity and increasing NADP(H) production. Activated PI3K-
AKT signaling is a prominent feature of many tumors.87 AKT
phosphorylates cNADK at serine 44, 46, and 48, releasing
the N-terminal autoinhibitory conformation to boost the
activity of cNADK, thus facilitating NADPþ production and
supporting rapid tumor proliferation.65,87

The gain-of-function mutation (G12V) in KRAS, a key
oncogenic driver in various tumors like PDAC and COAD,
alters tumor metabolic flux.91,92,140 Through PKC-mediated
phosphorylation, activated KRAS can enhance cNADK ac-
tivity by phosphorylating serine 46 and 64, thus promoting
NADPþ production and contributing to PDAC tumorigenesis
and progression.89,90
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Given the critical role of cNADK in cancer, targeting this
enzyme has gained attention in cancer therapy.136 Thio-
nicotinamide, a dual inhibitor of cNADK and G6PD, reduces
intracellular NADPH, leading to an increased ROS.138,141,142

This depletion of NADPH escalates oxidative stress in cancer
cells, reduces the supply of nucleic acid essential for DNA
replication and also inhibits other NADPH-dependent pro-
cesses, including fatty acid synthesis.94,138 In xenograft
mouse models of COAD and diffuse large B-cell lymphoma,
thionicotinamide treatment inhibited tumor development
and sensitized cells to various chemotherapeutic drugs,
including methotrexate, gemcitabine, docetaxel, and iri-
notecan.138 Moreover, methotrexate, a first-line anti-
rheumatoid arthritis drug and anticancer chemotherapy
agent, was recently confirmed as a cNADK inhibitor.53,72

Methotrexate treatment rapidly decreased cNADK activity
in the normal liver.53 Nicotinamide riboside can be used to
mitigate the hepatotoxicity caused by methotrexate
(Fig. 5).
NADKs in metabolic diseases

cNADK in metabolic diseases

Hepatic NADþ deficiency is a target for therapeutic inter-
vention in NASH.143 Interestingly, studies have suggested
that cNADK levels are increased in liver cells of NASH pa-
tients, concomitant with reduced NADþ levels.86 Notably,
cNADK has been identified as a target for miR-690, and up-
regulation of miR-690 leads to reduced cNADK levels.84,86

This miR-690-mediated inhibition of cNADK has shown
promising results in mitigating fibrosis and inflammation,
thus slowing down disease progression in NASH models.84,86

Kupffer cells, the liver’s resident macrophages, express
high levels of endogenous miR-690, which enhances their
autoproliferation by inhibiting cNADK.85,86 Moreover, miR-
690 can be shuttled to other nearby hepatic cells or hepatic
stellate cells through secreted exosomes, providing an
additional mechanism for reducing fibrosis and inflamma-
tion in NASH models (Fig. 2).86

mNADK in metabolic diseases

Conversely, mNADK plays a critical role in preventing severe
hepatic steatosis and hypertriglyceridemia.71,72 Knocking
out mNADK in hepatocytes results in lower NADPH levels
and increased ROS levels, leading to impaired downstream
gene transcription, such as CREBH and PPAR, causing de-
fects in FAO.71 The combination of elevated ROS and
defective FAO contributes to the progression of NASH
(Fig. 6A).

Additionally, the loss of mNADK results in increased
levels of lysine and carnitine in the plasma of mice or some
patients, disrupting proline biosynthesis and subsequent
cell proliferation and contributing to various dis-
eases.23,24,72,83 Proline deficiency, possibly caused by
mNADK mutations discovered in a subset of patients, has
been implicated in neurological developmental disorders
(Fig. 6A).83 Proline levels also affect collagen production in
patients with osteosarcoma and chondrosarcoma, and
proline supplementation has been shown to compensate for
decreased collagen production in fibroblasts deficient in
mNADK.23 However, excessive proline can also be detri-
mental. For instance, idiopathic pulmonary fibrosis is
associated with elevated mNADK expression and excessive
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collagen deposition (Fig. 6B).23 Therefore, maintaining a
balance of mNADK and proline metabolism is crucial to
health.
MESH1 and NOCT in human diseases

Dysregulation of MESH1, a metazoan homolog of the bac-
terial SpoT protein, plays a significant role in the progres-
sion of human diseases, particularly in conditions related to
cancer and oxidative stress. MESH1 knockdown triggers a
set of survival mechanisms resembling the bacterial strin-
gent response, including cell proliferation arrest, alter-
ations in the transcriptome, and induction of endoplasmic
reticulum stress pathways.101,144 One critical finding is
MESH1’s impact on TAZ repression, a crucial effector of the
Hippo pathway that regulates cell proliferation and organ
size.144 MESH1 also modulates ferroptosis by controlling the
degradation of NADPH, a central metabolite in redox ho-
meostasis.58 Consequently, MESH1 dysregulation can
potentially contribute to various pathological conditions
associated with dysregulated ferroptosis, such as neuro-
toxicity and acute renal, hepatic, and cardiac injuries
(Fig. 6C).58 Despite some gaps in our current knowledge,
MESH1 represents a potential therapeutic target for stress-
related diseases and cancer.

Dysregulation of NOCT, a clock-controlled protein, and
NADPH phosphatase, could potentially influence several
aspects of human health and disease. Disruptions in NOCT
function may lead to disturbances in metabolic and circa-
dian rhythms, potentially contributing to metabolic disor-
ders such as obesity, diabetes, and nonalcoholic fatty liver
disease.57,145 This is likely due to the role of NOCT in energy
metabolism, body weight regulation, and insulin sensing.57

Moreover, NOCT dysregulation may affect cellular redox
status, as it regulates protein glutathionylation, a process
that protects proteins from oxidative damage.56 Given
NOCT’s role in managing NADPH levels, which in turn in-
fluence ROS levels, its dysregulation could impact diseases
related to ROS signaling and oxidative damage.56 These
results suggest that NOCT dysregulation could enhance
susceptibility to diseases related to oxidative stress. Addi-
tionally, NOCT dysregulation could contribute to bone-
related diseases such as osteoporosis and neurological dis-
orders due to its involvement in osteoblast differentiation
and regulation of neuronal genes, respectively.145 More
research is necessary to fully understand the precise roles
of NOCT and its implications for human diseases.

Conclusion and prospects

Maintaining the homeostasis of NAD(H) and NADP(H) is
crucial for cell proliferation and metabolism, with NADþ

governing redox reactions (catabolism) and NADPH driving
cell anabolism. NADKs are currently the only known en-
zymes facilitating the conversion of NADþ to NADPþ, while
MESH1 and NOCT have recently been identified as the two
phosphatases capable of reversing NADP(H) to NAD(H). The
interconversion between NAD(H) and NADP(H), regulated
by NADKs, NOCT, and MESH1, plays a crucial role in cellular
physiological and pathological activities. Abnormal regula-
tion of these enzymes is implicated in various diseases.
Therefore, investigating the relationship between the
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abundance/activity of NADKs/NOCT/MESH1, and the
cellular levels of NAD(H)/NADP(H) under varying conditions
may shed light on their regulatory mechanisms and
networks.

Despite significant recent advances in our understanding
of NAD(H) and NADP(H) homeostatic regulation, many
questions remain unanswered and require systematic
exploration in the future. For instance, how do organisms
sense the balance of NAD(H) and NADP(H) pools? Besides
the recently discovered SLC25A51,146e148 which molecules
mediate NADþ transport from the cytoplasm to the mito-
chondria, considering cell membranes are impermeable?
Are there other transporter proteins facilitating the trans-
port of NAD(H) and NADP(H)? Do eukaryotes possess other
organelle-specific NADKs, such as those for peroxisomes
and the endoplasmic reticulum? How does the regulation of
NADKs vary across different tissues and under diverse
physiological or pathological conditions? Are there addi-
tional regulatory mechanisms involving PTMs? What are the
molecular mechanisms governing the oscillatory rhythms of
cNADK and mitochondrial NOCT in the circadian rhythm?

As key enzymes regulating NAD(H) and NADP(H) ho-
meostasis, NADKs have been proposed as drug targets for
disease treatment. However, with the recent discovery of
counter-responsive enzymes MESH1 and NOCT, modulating
NADPH supply in reverse is now feasible. Additionally,
considering the rhythmic regulation of NOCT, elucidating its
regulatory mechanisms, and developing targeted therapy
might represent a novel approach to cancer treatment.
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