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Abstract

Significance: Pyridine dinucleotides, nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP), were discovered more than 100 years ago as necessary cofactors for fer-
mentation in yeast extracts. Since that time, these molecules have been recognized as fundamental players in a
variety of cellular processes, including energy metabolism, redox homeostasis, cellular signaling, and gene
transcription, among many others. Given their critical role as mediators of cellular responses to metabolic
perturbations, it is unsurprising that dysregulation of NAD and NADP metabolism has been associated with the
pathobiology of many chronic human diseases.

Recent Advances: A biochemistry renaissance in biomedical research, with its increasing focus on the meta-
bolic pathobiology of human disease, has reignited interest in pyridine dinucleotides, which has led to new
insights into the cell biology of NAD(P) metabolism, including its cellular pharmacokinetics, biosynthesis,
subcellular localization, and regulation. This review highlights these advances to illustrate the importance of
NAD(P) metabolism in the molecular pathogenesis of disease.

Critical Issues: Perturbations of NAD(H) and NADP(H) are a prominent feature of human disease; however,
fundamental questions regarding the regulation of the absolute levels of these cofactors and the key determi-
nants of their redox ratios remain. Moreover, an integrated topological model of NAD(P) biology that combines
the metabolic and other roles remains elusive.

Future Directions: As the complex regulatory network of NAD(P) metabolism becomes illuminated, sophis-
ticated new approaches to manipulating these pathways in specific organs, cells, or organelles will be developed
to target the underlying pathogenic mechanisms of disease, opening doors for the next generation of redox-
based, metabolism-targeted therapies. Antioxid. Redox Signal. 28, 180-212.
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Introduction adenine dinucleotide (NAD) from cozymase and demon-

strated its critical role in hydrogen transfer during fermen-

IN 1929, S1rR ARTHUR HARDEN and Hans von Euler-Chelpin
were awarded the Nobel Prize in Chemistry for ‘‘their
investigations on the fermentation of sugar and fermentative
enzymes.”” In 1906, Harden, with his coinvestigator William
John Young, demonstrated that fermentation by yeast re-
quires a heat-stable dialyzable substance, which they termed
cozymase (81). In 1923, von Euler-Chelpin, with his col-
league Karl Myrbick, determined the structure of cozymase
to be a nucleoside sugar phosphate (Fig. 1) (248). Over the
subsequent decades, Otto Warburg isolated nicotinamide

tation (254). During this time, he also discovered a second
cozymase, nicotinamide adenine dinucleotide phosphate
(NADP) (Fig. 1). Arthur Kornberg, Jack Preiss, and Philip
Handler made key discoveries to elucidate the biosynthetic
pathways for NAD (128, 191, 192), while others would tie
these molecules into familiar bioenergetic pathways, gly-
colysis, the tricarboxylic acid (TCA) cycle, and electron
transport chain.

More recently, new discoveries have demonstrated the
fundamental role of these molecules linking metabolism to
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FIG. 1. Chemical structures of NAD and NADP. Over
one century ago, NAD and NADP were identified as critical
factors for fermentation by yeast and named ‘‘cozymase’ |
and II, respectively. These nucleoside sugar phosphate
molecules were subsequently found to play a key role in
hydride transfer reactions during fermentation.

cellular signaling events to coordinate adaptive responses
to environmental changes with marked impacts on many
aspects of human health and disease. This review will
build from fundamental molecular pathways in NAD(P)
biosynthesis and metabolism to the cellular biology of these
molecules thereby providing a molecular context for under-
standing their pathobiological roles in a variety of human
diseases. After more than a century of investigation, pyridine
dinucleotides continue to offer exciting new biological in-
sights and therapeutic opportunities.

Sources and Sinks of NAD(P)
Biosynthesis of NAD(P)

Mammalian cells synthesize NAD from tryptophan de novo
or from preformed precursors (nicotinic acid, nicotinamide,
nicotinamide riboside, or nicotinic acid riboside) via salvage
pathways (Fig. 2). In the de novo pathway, NAD is synthesized
from the tryptophan degradation product, quinolinic acid.
Quinolinic acid is converted by quinolinate phosphoribosyl-
transferase to nicotinic acid mononucleotide (NAMN). NAMN
subsequently enters the salvage pathway for NAD synthesis.
Notably, tryptophan is a poor precursor for NAD biosynthesis
in vivo as its downstream metabolites are typically diverted
to other pathways by the enzymatic activity of o-amino-f-
carboxymuconate-¢-semialdehyde decarboxylase (ACMSD).
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Only when the enzymatic capacity of ACMSD is overwhelmed
does tryptophan metabolism yield quinolinic acid for NAD
biosynthesis (103). One might speculate that this represents
a mechanism for weakly coupling nutritional status to NAD
biosynthesis, as tryptophan is an essential amino acid and, thus,
would only be present in sufficient quantities to overcome the
capacity of ACMSD when dietary supply is high.

Compared to de novo biosynthesis, salvage pathways play
a much more important role in mammalian NAD production.
These pathways vary slightly depending on the precursor
utilized. In the Preiss-Handler pathway, nicotinic acid from
dietary sources is converted to NAMN by nicotinic acid
phosphoribosyltransferase (NAPRT). Subsequently, nico-
tinamide mononucleotide adenylyltransferase (NMNAT)
adenylates NAMN to form nicotinic acid adenine dinucleo-
tide (NAAD). NAD synthetase catalyzes the adenosine tri-
phosphate (ATP)-dependent amidation of NAAD to yield
NAD.

Nicotinamide recycling is catalyzed by nicotinamide
phosphoribosyltransferase (NAMPT) that combines nicotin-
amide with 5-phosphoribosyl-1-pyrophosphate to form nic-
otinamide mononucleotide (NMN). NMN, like NAMN in the
Preiss-Handler pathway, is also adenylated by NMNAT en-
zymes to generate NAD.

Nicotinic acid riboside and nicotinamide riboside are phos-
phorylated by nicotinamide riboside kinases (NRK1 and NRK2)
to produce NAMN and NMN, respectively (12, 48, 227).

Cytoplasmic NAD kinase (cNADK) and mitochondrial
NAD kinase (nNADK) phosphorylate NAD to form NADP
(137, 175). While the human NAD kinases (NADKS) can
phosphorylate NADH to produce NADPH, they do so ~ 10-
fold less efficiently than they phosphorylate NAD to produce
NADP (175, 186). These enzymes use ATP as the phosphate
donor and preferentially use NAD as the phosphate acceptor
with a high degree of specificity.

Mammals have a substantial daily requirement for NAD.
In mice, tissue NAD levels range between 200 and 800 umol/
kg depending on the tissue (168), while the half-life of NAD
is ~10h in mouse liver in vivo (102). Thus, a 75 kg human
with an average tissue concentration of 300 umol NAD/kg
requires 50 mmol NAD synthesized per day (equivalent to
6 g of nicotinamide). For every 60 mg tryptophan consumed,
~1mg is metabolized to nicotinamide (95) and this rate
appears to be independent of nicotinamide consumption (65).
Humans consume ~1g of tryptophan daily, equivalent to
17 mg nicotinamide (202). The dietary reference intake for
vitamin B3 (nicotinic acid, nicotinamide, and nicotinamide
riboside) is 16 mg for men and 14 mg for women (1). Nico-
tinamide riboside is orally bioavailable in humans and in-
creases hepatic NAD more effectively than nicotinic acid or
nicotinamide, leading to increasing interest in oral supple-
mentation of nicotinamide riboside (see Section VIII below)
(231). Nicotinamide riboside is a major component of milk,
where it contributes to 40% of the total NAD precursor pool
at a concentration of 5 uM (12, 232). Estimates of the average
total dietary intake of nicotinamide riboside are not currently
available. In sum, therefore, dietary vitamin B3 provides only
about 0.5%-1.0% of the total requirements for NAD syn-
thesis, demonstrating that efficient precursor recycling is the
basis for effective NAD maintenance in humans (267). A
detailed analysis of NAD pathway metabolite concentrations
and synthetic enzyme activities in various tissues indicates
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FIG. 2. Biosynthesis of NAD and NADP. NAD is synthesized de novo from the tryptophan metabolite quinolinic acid or
from the preformed precursors nicotinic acid, nicotinic acid riboside, nicotinamide, or nicotinamide riboside. The nico-
tinamide functional group permits the reversible electron transfer reactions that allow these pyridine dinucleotides to
function as electron carriers in a variety of metabolic pathways (inset).

that amidated precursors (nicotinamide and nicotinamide ri-
boside) account for nearly all NAD synthesis compared to
deamidated precursors (nicotinic acid, quinolinate, nicotinic
acid riboside) (168).

Cellular uptake of NAD precursors

Metabolic substrates for cellular NAD production can be
obtained from the extracellular environment. Cell culture
medium typically contains nicotinamide and tryptophan.
Tryptophan alone is insufficient to maintain intracellular
NAD (174). NAD may be taken up directly by some human
cell lines through connexin 43 hemichannels, which serve as
the NAD transporter (21, 286). Evidence also suggests that
NADH can be taken up directly from the extracellular me-
dium (280). Other cells rely on uptake of the NAD precursor
bases (nicotinamide and nicotinic acid) and nucleosides
(nicotinamide riboside and nicotinic acid riboside). Indeed,
inhibition of extracellular phosphodiesterases prevents NAD-
mediated repletion of mitochondrial NAD pools (174).
Likewise, inhibition of extracellular nucleotidase prevented

NMN-mediated repletion of mitochondrial NAD pools (174).
These observations suggest that NAD must be metabolized to
nicotinamide riboside before efficient cellular uptake.

Consumption of NAD(P)

NAD(P) is catabolized by hydrolysis to yield nicotinamide
and a variety of adenosine diphosphate (ADP)-ribosyl products.

Sirtuin family deacetylases cleave NAD in the process of
removing the acetyl group from acetylated lysines. Similarly,
mono- and poly-(ADP-ribose) polymerases cleave NAD to
transfer the ADP-ribose moiety to target proteins. NADP
does not appear to participate in similar reactions.

CD38 (ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1)
is a multifunctional enzyme that preferentially hydrolyzes
NADRP to nicotinamide and ADP-ribose(2’-phosphate) (ADPRP)
(Fig. 3), although it can use NAD as a substrate as well. CD38
can also catalyze the cyclization of NAD(P) to generate the
signaling molecules cyclic ADP-ribose and cyclic ADP-
ribose(2’-phosphate) (cADPRP) as well as the hydrolysis of
these cyclic molecules to ADP-ribose and ADPRP. NADP
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FIG. 3. Multifunctional catalysis of NADP by CD38. CD38 catalyzes several different types of nicotinamide hydrolysis
reactions using NADP as substrate. It can catalyze the cyclization of NADP to form cADPRP as well as the hydrolysis of
NADP or cADPRP to form ADPRP. It can also catalyze a base exchange reaction through which nicotinamide is substituted
by nicotinic acid to form NAADP. ADPRP, ADP-ribose(2’-phosphate); cADPRP, cyclic ADP-ribose(2’-phosphate);

NAADP, nicotinic acid adenine dinucleotide phosphate.

can also be converted to nicotinic acid adenine dinucleotide
phosphate (NAADP) by CD38 where the nicotinamide base
is replaced by nicotinic acid.

The reliance of these enzymes on NAD(P) as a substrate
provides a key mechanism by which metabolic effects on
cellular NAD(P) are translated into a variety of signaling and
regulatory events that will be discussed in additional detail
below.

NAD and NADP as electron carriers

In addition to anabolic and catabolic pathways, intercon-
version between oxidized and reduced forms enables NAD
and NADP to play crucial roles as intracellular electron
carriers. Oxidized NAD and NADP undergo two-electron
reduction to yield NADH and NADPH, respectively (Figs. 2
and 4). While often overlooked, pH can also significantly
impact the relative balance of NAD(P) and NAD(P)H, par-
ticularly in compartments where proton concentrations are
markedly different from standard cytosolic conditions (e.g.,
mitochondrial matrix or intermembrane space). In addition,
proton production from NADH oxidation like contributes to

NAD(P)*+H*+2e~ —> NAD(PH

FIG. 4. NAD(P) half reaction. NAD(P) participates in
two electron redox reactions. Note that these oxidation/re-
duction reactions can have consequences on cellular pH due
to proton gain/loss.

the acidosis of ischemic tissues. Approximately 100 human
enzymes utilize NAD as a cofactor for oxidation/reduction
reactions catalyzed by dehydrogenases or oxidoreductases
and a similar number utilize NADP (185). Classically,
NADH accepts electrons in catabolic reactions to supply the
electron transport chain, while NADPH provides a reservoir
of electrons for anabolic reactions, chemical detoxification,
and antioxidant defense. These roles will be discussed in
detail below.

Quantification of Pyridine Dinucleotides

A variety of analytical approaches have been developed to
measure absolute concentrations of NAD, NADP, NADH,
NADPH, as well as the redox ratios NAD/NADH and NADP/
NADPH. Early, indirect estimates of free cytoplasmic NAD/
NADH and NADP/NADPH were based on the principle of
chemical equilibrium (242, 258). For example, if one as-
sumes that the reversible reduction of pyruvate to lactate is
at equilibrium, one can calculate the NAD/NADH ratio using
measurements of lactate and pyruvate, which are easier to
obtain, and the chemical equilibrium constant (K.,) of lactate
dehydrogenase (LDH) as follows:

[NADH]  [Lactate]

[NAD] [Pyruvate]

eq -

An advantage of this method is that it measures free, rather
than protein-bound, nucleotides. The primary disadvantage
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is that these measurements are often not performed under
equilibrium conditions, which can lead to substantial errors in
the estimation of the redox ratio (223). Subsequently, enzy-
matic cycling methods were developed to measure pyridine
dinucleotides more directly (147). These assays utilize a se-
ries of electron transfer reactions to generate a product for
fluorescent, colorimetric, or luminescent analysis that reflects
the pyridine dinucleotide concentration in the sample
(Fig. 5A). Several variations of this approach form the basis
of commercially available kits for pyridine dinucleotide and
ratiometric quantification. While these kits do not require
specialized equipment or expertise, in our experience, it is
critically important to validate these methods using appropriate
controls, including samples spiked with known concentrations
NAD(P)(H). Additional analytical approaches, including ul-
traviolet or fluorescence spectroscopy and mass spectrometry
coupled to capillary electrophoresis or high-performance lig-
uid chromatography, do require specialized equipment and
expertise but offer the advantage of truly direct measurement
of NAD(P)(H) in a given sample (112, 149, 261).

The techniques mentioned above typically rely on cell
lysis during sample preparation, thereby providing estimates
of whole cell concentrations, but no information on subcel-
lular localization. Recently, rapid antibody-mediated isola-
tion of mitochondria followed by metabolite extraction,
liquid chromatography, and mass spectrometry has provided
one method for subcellular analysis of pyridine dinucleotides
(35). Overcoming the limitations of cell lysis entirely lever-
ages the power of novel genetically encoded fluorescent
biosensors to perform live-cell imaging, several of which can
be targeted to specific intracellular compartments (13, 23,
281). Monitoring the relatively weak intrinsic fluorescence of
the reduced pyridine dinucleotides, NADH and NADPH,
using single- or dual-photon spectroscopy is an alternative
to biosensors for live-cell imaging, but these techniques are
unable to distinguish NADH from NADPH and lack the
spatial resolution for subcellular localization (29, 30, 148).

FESSEL AND OLDHAM

Resazurin  FIG. 5. Example of an enzymatic

cycling reaction for NAD(H) quan-
tification. (A) An example of an en-
zymatic cycling reaction to measure
NAD(H). Electrons are transferred
from ethanol via NAD and PMS to
reduce resazurin to yield the fluores-
cent molecule resorufin at a rate de-
pendent on the overall concentration
of NAD(H). Multiple variations are
possible, including the substitution of
GO6P and G6PD from Saccharomyces
cerevisiae to measure NADP(H).
Diaphorase can replace PMS, and tet-
razolium salts can replace resazurin.
(B) Selective degradation of NAD or
NADH using buffers of different pH
facilitates determination of NAD,
NADH, and the NAD/NADH redox
ratio from the same sample using the
enzymatic cycling assay. G6P, glucose-
6-phosphate; G6PD, G6P dehydroge-
nase; PMS, phenazine methiosulfate.

Resorufin

Mulitple factors weigh on the careful assessment of cel-
lular concentrations of pyridine dinucleotides and the ratio of
oxidized and reduced forms. First, different methodologies
access different pools of these molecules. For example, total
cell lysates are unable to distinguish between mitochondrial
and cytoplasmic pools. Different lysis conditions may also
liberate different amounts of protein-bound pyridine dinu-
cleotides. Second, the relative stabilities of reduced and ox-
idized forms are different. NADH and NADPH are stable in
basic pH solutions, while NAD and NADP are stable in acidic
pH solutions. Indeed, most enzymatic cycling assay kits rely
on the selective degradation of either the oxidized or reduced
forms to obtain the redox ratio (Fig. 5B). Finally, oxidation or
reduction during sample preparation can have a dramatic
impact on absolute and relative concentrations of these
molecules (149).

Cellular Topology of NAD(P)H

Total cellular NAD content is ~0.5-5nmol/10° cells
(277), 5-15 nmol/mg protein (2, 270), 500 nmol/g tissue (47,
285), or 250-500 uM (35). This pool is asymmetrically dis-
tributed between cytoplasmic and mitochondrial compart-
ments where mitochondrial concentrations up to 800 uM
have been reported (35, 170, 265). Cytoplasmic concentra-
tions have proven more difficult to estimate. Mouse eryth-
rocyte NAD concentration is 370 uM (263). HelLa cell
cytoplasmic concentrations are ~460 uM, assuming a rela-
tive mitochondrial matrix volume of 10% (35, 190).

Intracellular ratios of NAD/NADH also vary by compart-
ment. Cytosolic NAD/NADH ranges between 200 and 800
depending on cell type as determined by the fluorescent ra-
tiometric biosensor, SoNar (279). This finding is consistent
with previously reported cytoplasmic ratios based on other
techniques (221, 242, 269, 275). Mitochondrial NAD/NADH
ratios are ~ 100-fold lower, consistent with a more reduced
environment (242, 243, 258).
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Compared to NAD, cells contain less NADP. Whole cell
NADP concentrations are ~ 80 uM with a mitochondrial
concentration of 20 uM (35). Moreover, the ratio of NADP/
NADPH in rat liver tissue lysates is ~ 100,000-fold lower
than the NAD/NADH ratio in the same sample (0.01 NADP/
NADPH vs. 1000 NAD/NADH) (i.e., the majority of the
NADP pool is reduced) (242).

A significant portion of intracellular NAD(P) is protein
bound, although precise estimates of free/bound ratios for
these dinucleotides are difficult to obtain. In erythrocytes,
~50% of NAD and 10% of NADH are unbound, while 90%
of NADP and NADPH are bound (24).

Subcellular distribution of NAD(P) biosynthesis

Nearly all NAD(P) biosynthetic enzymes localize to the
cytoplasm or nucleus, except NMNAT3, mNADK, and nic-
otinamide nucleotide transhydrogenase (NNT) (43, 174,
175). NAMPT has also been associated with mitochondria
from HEK?293 cells and rat livers (265), although this has not
been confirmed in other studies (174, 184). NAMPT appears
to be the rate-limiting enzyme in the synthesis of NAD from
nicotinamide (200), while NAPRT and NRK appear to limit
production of NAD from nicotinic acid and riboside pre-
cursors, respectively (174). Overexpression of NMNAT or
NAD synthetase fails to increase intracellular NAD, while
overexpression of the enzymes that produce the mononu-
cleotides NAMN and NMN leads to marked increases in
mitochondrial NAD (174). Thus, adding nicotinic acid to
medium containing nicotinamide will cause further increases
in cellular NAD as the shared metabolic pathways are not rate
limiting (80). Leveraging these nonoverlapping biosynthetic
pathways may have therapeutic advantages for increasing
cellular NAD.

While the mitochondrial pool of NAD is thought to be
substantially protected from fluctuations in the cytoplasmic
NAD concentrations, direct evidence in support of this ob-
servation is limited. FK866, a potent inhibitor of NAMPT,
decreases cytoplasmic NAD to 50% of control levels in HeLa
cells treated for 24 h without affecting mitochondrial levels
(184). By contrast, activated poly-ADP-ribose polymerase
(PARP)-1 markedly depletes cytoplasmic and mitochondrial
NAD, although depletion of the mitochondrial pool requires
mitochondrial permeability transition pore opening (2, 270).
Conversely, HeLa cells treated with 1 mM extracellular NAD
increase cytoplasmic and mitochondrial NAD levels twofold
(183). NAMPT overexpression will increase mitochondrial
NAD when cells are supplemented with nicotinamide (265).
Similarly, nicotinamide riboside will increase mitochondrial
NAD in vitro and in vivo (26) as will overexpression of NRK1
in the cytoplasm (174).

Without NAD synthetase, mitochondria cannot produce
NAD from deamidated precursors, such as NAMN. Assuming
the absence of a mitochondrial NAD transporter in mammalian
cells and given that some evidence suggests NMNATS3 is the
only NAD biosynthetic enzyme localized to the mitochondria,
NMN seems to be the primary cytosolic precursor for mito-
chondrial NAD biosynthesis. However, the gene for NMNAT3
encodes two splice variants, NMNAT3v1 and FKSG76, nei-
ther of which appear to be expressed outside of erythrocytes
(58). Indeed, siRNA-mediated silencing of these transcripts
does not affect NMNAT activity observed in mitochondria and
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overexpression of FKSG76 depletes the mitochondrial NAD
pool, while overexpression of NMNAT3v1 has no effect (58).
These data suggest an alternative explanation for the NMNAT
activity of mitochondria, perhaps due to the activity of a
nucleotidyltransferase/phosphodiesterase (67). Notably, only
exogenous NAD can rescue FKSG76-mediated depletion of
mitochondrial NAD, the precursors NMN, nicotinamide ribo-
side, nicotinic acid, and nicotinamide, cannot (58). Consistent
with this in vitro finding, the NMNAT3 knockout mouse
demonstrates preserved mitochondrial NAD content, provid-
ing further evidence against an important biosynthetic role for
this enzyme in maintaining the mitochondrial NAD pool (264).
Based on the observations that NAD is necessary and sufficient
to restore mitochondrial NAD pools (58, 183), additional
studies are warranted to identify the mechanisms of intracel-
lular NAD transport. Although a mammalian mitochondrial
NAD transporter has not yet been identified, NAD transporters
have been identified in yeast mitochondria (230) and in intra-
cellular vesicle membranes of sea urchin eggs (44).

Like NAD, the cytoplasmic and mitochondrial pools of
NADP are thought to be relatively autonomous. The inner
mitochondrial membrane is thought to be impermeable to
NADP. Unlike NAD biosynthetic enzymes, both cytoplasmic
and mitochondrial isoforms of NADK have been identified (96,
137, 175, 276). Silencing of cNADK with shRNA in HEK293
cells led to a threefold decrease of NADPH, while over-
expression increased NADPH four- to fivefold (187). Human
deficiency of mNADK causes failure to thrive, developmental
delay, lactic acidosis, and severe encephalopathy due to
dienoyl-CoA reductase deficiency and hyperlisinemia, as
dienoyl-CoA reductase and lysine metabolism both require
NADPH as an electron donor (96). Fibroblast mitochondria
from one patient with mNADK deficiency contained half of the
NADP(H) of control subjects, while the cytoplasmic content
was unaffected (96). Mitochondrial NADPH depletion was
accompanied by a significant reduction in mitochondrial oxy-
gen consumption capacity compared to that of fibroblasts from
normal controls, although whether this was attributable to any
specific deficiency in substrate handling or to the oxidant injury
that would be expected to accompany mitochondrial NADPH
depletion was not investigated. Thus far, this study has been the
only one to report the effects of mNADK deficiency on mito-
chondrial NADP content. Additional studies regarding the
relative importance of cytoplasmic and mNADK isoforms in
maintaining compartmental NADP levels, the metabolic and
bioenergetic effects of NADP deficiency, and the role of
NADK in broader oxidant defense remain to be explored.

NADH and Energy Metabolism
NADH wires cells for ATP production

NAD collects electrons from glycolysis, fatty acid oxi-
dation, and the TCA cycle to supply reducing equivalents for
the electron transport chain in support of oxidative phos-
phorylation to generate ATP (Fig. 6). Glycolysis yields two
NADH molecules per molecule of glucose. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) utilizes NAD as an
electron acceptor in the oxidation of glyceraldehyde 3-phosphate
to 1,3-bisphosphoglycerate. These reducing equivalents are
subsequently transported into the mitochondria by electron
shuttles.
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Mitochondrion /

NADH is impermeable to the inner mitochondrial mem-
brane. Two shuttle systems, the malate—aspartate shuttle and
the glycerol-3-phosphate (G3P) shuttle, conduct electrons
from cytoplasmic NADH to reduce mitochondrial NAD
(Fig. 7). In the malate—aspartate shuttle, cytoplasmic NADH
reduces oxaloacetate to malate in a reaction catalyzed by cy-
toplasmic malate dehydrogenase (¢c(MDH) (Fig. 7A). Malate is
transported into the mitochondria by an a-ketoglutarate/malate
antiporter encoded by SLC25A11. A mitochondrial malate
dehydrogenase oxidizes malate to oxaloacetate to produce
NADH. Mitochondrial aspartate aminotransferase transfers
an amino group from glutamate to oxaloacetate, yielding
aspartate and o-ketoglutarate. Aspartate is exported from
the mitochondria through an aspartate/glutamate antipor-
ter (SLC25A12, Aralar; SLC25A13, Citrin; SLCIA3, excit-
atory amino acid transporter 1). These calcium-binding
transporters facilitate the only irreversible step in the
malate—aspartate shuttle, driving the net transit of reducing
equivalents into the mitochondria (130, 131). Cytosolic
aspartate aminotransferase transfers an amino group from
aspartate to a-ketoglutarate to produce glutamate and ox-
aloacetate to complete the cycle.

NADH also transfers electrons directly to the electron trans-
port chain through the glycerophosphate shuttle (Fig. 7B). In this
mechanism, cytosolic glycerol-3-phosphate  dehydrogenase
(GPDH) oxidizes NADH to generate G3P from dihydroxyace-
tone phosphate (DHAP). G3P is then oxidized by a mitochondrial
isoform of GPDH bound to the inner mitochondrial membrane

that subsequently transfers electrons to ubiquinone via a flavin
adenine dinucleotide (FAD) cofactor. Since GPDH does not
pump protons across the mitochondrial membrane, this shut-
tling system is a less efficient means of energy transfer for ATP
synthesis than the malate—aspartate shuttle, which makes NADH
available to drive proton pumping via Complex I as well as
through electron transfer between ubiquinone and Complex III.

Within mitochondria, pyruvate is oxidized by pyruvate de-
hydrogenase (PDH) complex, which reduces NAD to NADH
(Fig. 6). Acetyl-CoA produced by PDH provides carbon sub-
strates for a series of oxidative reactions in the TCA cycle. Three
enzymes, isocitrate dehydrogenase (IDH), a-ketoglutarate de-
hydrogenase (OGDH), and malate dehydrogenase (MDH),
transfer electrons from their substrates to NAD.

Also, in the mitochondria, f§ oxidation of acyl-CoA fatty
acids yields one NADH molecule per acetyl-CoA generated
through the actions of 3-L-hydroxyacyl-CoA dehydrogenase.
For example, oxidation of palmitoyl-CoA with its 16-carbon
fatty acyl chain produces seven NADH through f oxidation
in addition to eight acetyl-CoA. These acetyl-CoA enter the
TCA cycle to generate an additional 24 NADH.

Mitochondrial NADH transfers two electrons into the
electron transport chain (Fig. 8). Complex I, NADH:ubiqui-
none oxidoreductase, oxidizes NADH back to NAD. From
Complex I, electrons travel through ubiquinone, Complex III,
cytochrome ¢, and Complex IV where they reduce molecular
oxygen to water. Electron transport drives protons from the
matrix into the inner membrane space at Complexes I, III, and
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FIG.7. Shuttling NADH into the mitochondria. (A) The
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from NADH to malate, which can enter the mitochondria via
the o-ketoglutarate/malate antiporter (SLC25A11). Once in-
side, nMDH oxidizes malate to regenerate NADH, which can
then supply electrons to Complex 1. The cycle is completed
by the coupled transamination of OAA to form ASP by
mAST (GOT2). Aspartate leaves the mitochondria by a
calcium-dependent aspartate/glutamate antiporter and is con-
verted back to OAA by GOT1. These reactions are supported
by GLU and «KG cycling. (B) NADH can also transfer
electrons directly into the electron transport chain through
the glycerophosphate shuttle. In this cycle, cytoplasmic
GPDH oxidizes NADH to generate G3P and DHAP. G3P
is then oxidized by mitochondrial GPDH thereby trans-
ferring electrons to ubiquinone via and FAD cofactor.
oKG, o-ketoglutarate; ASP, aspartate; cMDH, cytoplas-
mic malate dehydrogenase; DHAP, dihydroxyacetone
phosphate; FAD, flavin adenine dinucleotide; G3P,
glycerol-3-phosphate; GLU, glutamate; GPDH, glycerol-
3-phosphate dehydrogenase; mAST, mitochondrial as-
partate aminotransferase; mMDH, mitochondrial malate
dehydrogenase; OAA, oxaloacetate.

IV to generate a chemiosmotic gradient. F, F; ATP synthase
(Complex V) uses the proton motive force generated by the
electron transport chain to phosphorylate ADP to form ATP.
In sum, two electrons from NADH pump 10 protons across
the inner mitochondrial membrane and drive the production
of 2.5 ATP molecules (87).

Regulation of intermediary metabolism
by NAD/NADH

Given the ubiquitous requirements for NAD/NADH inter-
conversions in bioenergetic metabolic pathways, this ratio
plays a substantial regulatory role in addition to its role as
electron carrier (Fig. 9). Moreover, the global NAD/NADH
ratio itself affects the relative flux through oxidoreductase and
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dehydrogenase enzymes. A high NAD/NADH favors substrate
oxidation, while a low ratio favors substrate reduction.

NADH can accumulate in the cytosol as a product of
GAPDH and can decrease the rate of glycolysis. This phe-
nomenon is perhaps most easily appreciated in erythrocytes,
as they lack mitochondria and thus all glycolytic reactions are
cytosolic by definition. Accumulation of cytoplasmic NADH
in erythrocytes has been shown to slow glycolysis at GAPDH
(228). Moreover, GAPDH relies on the availability of NAD
to support forward flow of carbon through glycolysis. Two
primary mechanisms serve to resupply the cytoplasmic NAD
pool and maintain an NAD/NADH ratio favorable for con-
tinued glycolytic flux. First, in cells with functional mito-
chondria, cMDH in the malate—aspartate shuttle oxidizes
NADH to facilitate electron transfer into the mitochondria.
Second, the cytoplasmic enzyme LDH reduces pyruvate to
lactate, thereby regenerating NAD.

After entry into the mitochondria, pyruvate undergoes
oxidative decarboxylation by PDH, which transfers electrons
from pyruvate to generate NADH. Similar to GAPDH, de-
creases in mitochondrial NAD/NADH will inhibit pyruvate
metabolism by PDH through feedback inhibition (234).
NADH can also inhibit PDH through NADH-mediated
stimulation of pyruvate dehydrogenase kinase (PDK) (119,
120). PDK is a member of the PDH multiprotein complex that
inhibits the activity of PDH by phosphorylation (143).

Enzymes of the TCA cycle are also sensitive to changes in
the NAD/NADH ratio. As ATP consumption increases, the
NAD/NADH ratio increases, leading to activation of IDH,
OGDH, and MDH to provide reducing equivalents to meet
the demands of the electron transport chain. Conversely, as
NADH accumulates, it exerts strong feedback inhibition on
these enzymes to slow flux through the cycle (247). In ad-
dition to the TCA cycle dehydrogenases, NADH also inhibits
citrate synthase, which catalyzes the condensation of oxalo-
acetate with acetyl-CoA (129).

As with the TCA cycle, mitochondrial NADH accumu-
lation will inhibit fatty acid f oxidation by inhibition of
3-L-hydroxyacyl-CoA dehydrogenase (213). This leads to
accumulation of 3-hydroxy fatty acids and inhibition of
upstream enzymes in the f§ oxidation cycle.

Overall, bioenergetic metabolism relies on the cytoplasmic
and mitochondrial NAD/NADH ratios to match the rates of
oxidative catabolism to energy demand. Additional study is
required to dissect the relative contributions of the cyto-
plasmic and mitochondrial NAD/NADH ratios to energy
metabolism. Interestingly, supplementation of HeLa cells
with exogenous NAD stimulated oxygen consumption and
ATP production (183); however, bulk transit of NAD from
the cytoplasm to the mitochondria by heterologous over-
expression of the mitochondrial NAD transporter NDT2 from
Arabidopsis thaliana in HEK293 cells markedly decreased
oxygen consumption while increasing glycolysis, which was
associated with severe growth retardation (241). Additional
studies are warranted to investigate the different mechanisms
by which these approaches impact cellular bioenergetics.

NAD/NADH couples intermediary metabolism
and redox homeostasis

In addition to coordinating energy supply and demand, the
NAD/NADH ratio coordinates the metabolic response to
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changes in cellular redox state. For example, low oxygen
availability leads to electron transport chain dysfunction,
mitochondrial membrane hyperpolarization, uncoupled
electron leak, and the generation of reactive oxygen species
(ROS) (32, 121, 273). In response, cells activate a transcrip-
tional program that increases the expression of glycolytic genes,
including LDHA, while inhibiting carbon entry into the mito-
chondria. This gene expression program is mediated by stabi-
lization of the hypoxia inducible factor loo (HIFle). Under

2
\_

aerobic conditions, HIF1a is post-translationally modified by
prolyl hydroxylase (PHD) in a reaction requiring O,, o-
ketoglutarate, and Fe** (Fig. 10A). Von Hippel Lindau (VHL),
an E3 ubiquitin ligase, recognizes the hydroxylated proline
residue on HIFla, targeting it for proteasomal degradation
(Fig. 10B).

In the setting of hypoxia or redox stress, the activity of
PHD is inhibited, leading to HIF 1« stabilization and activa-
tion of a hypoxia-like metabolic program (Fig. 10B). While

FIG. 9. NADH couples
energy supply and demand.
When energy demand is high
(left panel), ATP hydrolysis
and dissipation of the
chemiosmotic gradient drive

NADH

NADH

NADH oxidation by Com-
plex I. When energy demand
is low (right panel), accu-
mulation of cytoplasmic and
mitochondrial NADH inhib-
its catabolic metabolic path-
ways to slow bioenergetic
metabolism.

-

Ol
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increasing flux through glycolysis may be a way to augment
ATP production in the setting of mitochondrial dysfunction,
studies of cells derived from Hifla™~ mice suggest that ATP
production is actually greater at 1% oxygen than at 21%, but
that ROS production is markedly increased (121, 273). This
observation suggests that the primary objective of the HIF 1«
metabolic program is to mitigate reductive stress rather than
supply ATP (215). In this context, LDH serves an important
role to maintain continued flow of glucose through glycolysis
by renewing cytoplasmic NAD as well as facilitating the
clearance of excess reducing equivalents through the cellular
export of lactate.

A hypoxia-like metabolic program, characterized by in-
creased glycolysis and lactate fermentation despite sufficient
oxygen availability, was associated with cancer cell metab-
olism by Otto Warburg in 1924 (252, 253). This so-called
Warburg effect has since been attributed to stabilization of
HIF1ain malignant cells and has been recognized as a normal
finding in other proliferating cells (240). Inhibition of LDH in
the setting of Warburg metabolism increases ROS generation
and inhibits cell proliferation (134). Presumably, LDH inhi-
bition in hypoxia would have similar consequences, although
this has not been tested directly.

In addition to NAD recycling in the cytosol by LDH, NAD
recycling is also a critically important function of the electron
transport chain. Mammalian cells with dysfunctional electron
transport require exogenous uridine and pyruvate to support
cell proliferation (83, 123, 167). Endogenous uridine bio-
synthesis depends on a functional electron transport chain as
dihydroorotate dehydrogenase is a mitochondrial flavopro-
tein that transfers electrons to ubiquinone and is required for

pyrimidine biosynthesis. Pyruvate seems to be required to
support NAD recycling as several other electron-accepting o-
keto acids can also rescue pyruvate-dependent cells (163, 222,
229). A direct role for NAD recycling has recently been shown
through the heterologous expression of a water-forming NADH
oxidase from Lactobacillis brevis, LbNOX, in HeLa cells (229).
Whether targeted to the cytoplasm or mitochondria, LbNOX
rescues HeLa cell proliferation deficits induced by the elec-
tron transport chain inhibitors piercidin (Complex I inhibitor),
antimycin (Complex III inhibitor), ethidium bromide (mito-
chondrial DNA replication inhibitor), and chloramphenicol
(mitochondrial translation inhibitor) (229). These findings in-
dicate a critical role for NAD regeneration and restoration of the
NAD/NADH ratio in the setting of electron transport chain
dysfunction to support cell proliferation.

NADPH Is the Battery of the Cell
Major sources of NADPH

NADPH is required for the de novo biosynthesis of nucleic
acids, fatty acid acyl chains, cholesterol, and steroid hormones.
It is also a central player in cellular redox balance, being re-
quired for the regeneration of unconjugated free glutathione
and thus playing a key role in the control of ROS and defense
against oxidant injury and also being a critical driving force for
the production of ROS by way of NADPH oxidases and of
reactive nitrogen species (RNS) by way of nitric oxide syn-
thases (NOSs). In each of these roles, NADPH functions as the
electron-donating species in an enzyme-catalyzed redox reac-
tion and can thus be thought of as a stable storage form of
electronic reducing potential. Before discussing these central



190
Glucose
NADP NADPH
A\
Glucose-6-phosphate ;‘LP“PD 6-phosphoglucono-é-lactone

¥ v
6-phosphogluconate
NADP

\> NADPH

Y

Ribulose-5-phosphate

Fructose-6-phosphate

G6PGDH

v
Fructose-1,6-bisphosphate

Transaldolase/
Transketolase

—

Dihydroxyacetone  Glycerol-3-
Phosphate phosphate
FIG. 11. NADPH generation by the oxidative portion

of the PPP. In most cells, the PPP is the major source of
NADPH. Here, G6PD consumes G6P and generates
NADPH. Subsequently, 6-phosphogluconate is also oxi-
dized to generate a second molecule of NADPH. Ribulose-
5-phosphate generated from this process can then return to
the glycolysis pathway as G3P and fructose-6-phosphate
through the actions of transketolase and transaldolase. Al-
ternatively, ribulose-5-phosphate can be isomerized to
ribose-5-phosphate for nucleotide biosynthesis. PPP, pen-
tose phosphate pathway.

roles for NADPH in detail, however, it is important to under-
stand the major sources of NADPH production.

In most cells, the major source of NADPH is the oxidative
portion of the pentose phosphate pathway (PPP), also called
the hexose monophosphate shunt (Fig. 11). In this pathway,
glucose-6-phosphate (G6P) produced by the action of hexo-
kinase in the first step of glycolysis is “‘shunted” to G6P
dehydrogenase (G6PD), which produces NADPH from
NADP and produces 6-phosphoglucono-d-lactone. This re-
action exhibits anywhere from 10- to 500-fold or greater
selectivity for NADP over NAD (11, 176). The 6-
phosphoglucono-d-lactone produced is then hydrated by
glucolactonase to produce 6-phosphogluconate, and this is
metabolized by 6-phosphogluconate dehydrogenase to pro-
duce ribulose 5-phosphate and a second molecule of
NADPH. Ribulose 5-phosphate can be isomerized to ribose
5-phosphate as an endpoint to be utilized for nucleotide
biosynthesis or it can be further metabolized by transaldolase
and transketolase to regenerate glyceraldehyde 3-phosphate
and fructose 6-phosphate, which can then be ‘‘returned” to
the glycolytic pathway.

Under normal physiologic conditions, the NADP/NADPH
ratio is the major determinant of how much G6P enters the
PPP (90, 126). This represents the ‘“‘committed step’” of the
oxidative portion of the PPP, while the eventual destination
of G6P-derived carbon, either glycolysis or the PPP, is
determined primarily at or beyond the level of ribulose 5-
phosphate (92, 93). Indeed, in hepatocytes engaged in
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rapid fatty acid synthesis (an NADPH-requiring process),
the glyceraldehyde 3-phosphate and fructose 6-phosphate
produced later in the PPP are shunted back into the gluco-
neogenesis pathway to produce G6P (10, 208). This “‘re-
generated”” G6P can be funneled back into the PPP for further
NADPH generation, thereby completely oxidizing G6P to
carbon dioxide. In cell types incapable of gluconeogenesis,
the fate of the downstream PPP intermediates under similar
situations of high NADPH demand is to become pyruvate
through glycolysis, generating ATP directly and subse-
quently through further oxidative metabolism of pyruvate.

Although the PPP is a predominant source of NADPH for
most cells, it is certainly not the only source. The production
of pyruvate from malate by NADP-dependent malic enzyme
(ME) results in the production of NADPH and can occur
either in the cytosol through the action of MEI or in the
mitochondrion through the action of ME3. Although com-
plete data on relative expression of the various isoforms are
somewhat lacking, generally the cytosolic isoform is the
more abundantly expressed, and the mitochondrial isoform
exhibits lower expression (with ME2 being the mitochondrial
NAD-dependent isoform that classically participates in the
TCA cycle) (188). Similarly, IDH has two NADP-requiring
isoforms, a cytosolic (IDH1) and a mitochondrial (IDH2)
isoform, each of which functions as a homodimer. The IDH1
and IDH2 isoforms have received considerable attention
recently due to the identification of mutations in these en-
zymes that contribute to oncogenesis in a variety of tumor
types by shifting the enzyme’s function from the oxidative
decarboxylation of isocitrate to produce o-ketoglutarate
(with NADRP as the electron acceptor) to a neofunctional enzyme
that produces R-2-hydroxyglutarate and consumes NADPH
through reductive metabolism of a-ketoglutarate (145).

The mitochondrial isoforms of glutamate dehydrogenase
(GLUD) are also sources of NADPH, using NADP as the
electron acceptor in a reaction that converts glutamate to o-
ketoglutarate and ammonia. GLUDI, the more ubiquitous
isoform, can use either NAD or NADP, exhibiting preference
for NAD. Interestingly, GLUDI preferentially binds the re-
duced forms of both pyridine dinucleotides, suggesting struc-
turally mediated kinetics that favor inhibitory allosteric tone
(14, 15). GLUD?2, the neural/testicular isoform, is also capable
of using either NAD or NADP as electron acceptors. Finally,
the mitochondrial NAD(P) transhydrogenase, or NNT, cata-
lyzes a direct hydride transfer from NADH to NADP. The
driving force catalyzing this transfer is the proton motive force
across the mitochondrial inner membrane. NNT sustains mi-
tochondrial NADPH levels not only for the purposes of anti-
oxidant defense but likely also to support steroid hormone
biosynthesis, as evidenced by mutations in the enzyme leading
to severe cortisol deficiency (although this may also be sec-
ondary to oxidant injury resulting in the destruction of adre-
nocortical cells) (165).

Macromolecular biosynthesis

NADPH is a required cofactor for the synthesis of de-
oxyribonucleotide diphosphates (ANDPs) from ribonucleo-
tide diphosphates (NDPs). The removal of the 2’-hydroxyl
group on the ribose moiety of NDPs to form dNDPs is ac-
complished by a rather complex series of redox coupled
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FIG. 12. NADPH provides electrons for nucleotide biosynthesis. RNR, which catalyzes dehydroxylation of NDP to
dNDP, forms an active site disulfide during catalysis that must be reduced for continued enzymatic activity. Electrons are
transferred from NADPH through two redox pathways. In one, GR oxidizes NADPH to reduce GSSG to GSH. Glutathione
reduces disulfides in Grx that subsequently catalyzes the reduction of disulfides in RNR. In the other pathway, NADPH is
utilized by TrxR to reduce disulfides in Trx, which, in turn, reduces disulfides in RNR. dNDP, deoxyribonucleotide
diphosphates; GR, glutathione reductase; Grx, glutaredoxin; GSH, glutathione; GSSG, glutathione disulfide; NDP, ribo-
nucleotide diphosphates; RNR, ribonucleotide reductase; Trx, thioredoxin; TrxR, thioredoxin reductase.

reactions that are ultimately catalyzed by ribonucleotide re-
ductase (RNR) and that rely on NADPH as the primary, al-
though indirect, electron donor (Fig. 12). NADPH is oxidized
to NADP, either by glutathione reductase or by thioredoxin
reductase, with the electrons transferred to the flavin pros-
thetic group of these reductase enzymes (216). For glutathi-
one reductase, the flavin group transfers its electrons directly
to reduce a disulfide bond in the active site of the enzyme.
Then, glutathione reductase will pass electrons to oxidized
glutathione to generate glutathione, which will then reduce
free sulfhydryl residues in the active site of glutaredoxin. Glu-
taredoxin then transfers electrons to reduce a disulfide bond
in the active site of RNR to restore its catalytic activity.

A similar series of electron transfer steps occur via the
thioredoxin pathway (282). First, NADPH donates electrons
to reduce an intramolecular selenylsulfide bond via FAD in
thioredoxin reductase. Then, a second NADPH molecule
reduces an intramolecular disulfide bond in the active site of
the thioredoxin reductase. This permits thioredoxin binding
through a new selenylsulfide bond that is reduced by the
active site disulfide in thioredoxin reductase. Reduced
thioredoxin can then transfer electrons to reduce the active
site disulfide in RNR.

Fatty acid biosynthesis also requires NADPH as an elec-
tron donor to permit elongation of acyl chains (157). The
fatty acid synthase enzyme complex catalyzes the formation
of saturated fatty acids through the combination of acetyl-
CoA (a 2-carbon unit) and malonyl-CoA (a 3-carbon unit) to
form palmitate (a 16-carbon acyl chain) in a series of reac-
tions requiring the consumption of ATP and an input of re-
ducing potential from NADPH. In de novo acyl chain
synthesis, two steps involve an NADPH-requiring reduction.
The first is the reduction of the f-keto group in acetoacetyl-
acyl carrier protein (ACP) to produce D-3-hydroxybutyryl-
ACP. The second is the reductive saturation of the trans-A2
double bond in crotonyl-ACP to form butyryl-ACP. Stoi-
chiometrically, the reactions required to produce one mole-
cule of palmitate de novo will consume 14 molecules of

NADPH, equating to 2 NADPH per molecule of malonyl-
CoA (each of which is synthesized from acetyl-CoA). In-
terestingly, while NADPH is the required source of reducing
power for fatty acid synthesis, the oxidative breakdown of
fatty acids generates NADH and reduced flavin moieties.
The biosynthesis of cholesterol also requires the avail-
ability of NADPH as a reducing entity at several steps (189).
Two molecules of NADPH are required for the conversion of
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to mevalo-
nate by HMG-CoA reductase, the rate-controlling enzyme in
the cholesterol biosynthetic pathway and the primary mo-
lecular target of statins. HMG-CoA reductase catalyzes a
two-electron reduction at the CoA thioester of HMG to yield
mevalonate. The mevalonate is then further metabolized to
isopentenyl units, which are then assembled into farnesyl
pyrophosphate. At this step, NADPH is again the reducing
agent for the final step in squalene synthesis, in which two
molecules of farnesyl pyrophosphate are condensed to a
single squalene molecule by squalene synthase. It is worth
noting that, by extension, the other biosynthetic pathways
that stem from the mevalonate/squalene/cholesterol pathway
are also dependent upon NADPH as an electron donor. These
include the biosynthetic pathways for ubiquinol (coenzyme
Q10), dolichol, heme, steroid hormones, bile acids, vitamin
D, and others (142). The breakdown of heme to bilirubin also
requires the participation of NADPH as a reducing agent.
Finally, although not specifically a macromolecular bio-
synthesis pathway, it is worth noting here that the vast array
of cytochrome P450 oxidoreductase enzymes commonly use
NADPH as the electron donor to accomplish the variety of
reactions catalyzed by this family of heme-containing en-
zymes (79, 107). This subject is discussed in greater detail
below (under the Cellular Detoxification section), although it
bears mention here, as the addition of a hydroxyl group via
the monooxygenase activity of some members of the P450
system is a common theme in many biosynthetic reactions.
As one example, most of the hydroxylation reactions required
for steroid hormone biosynthesis are accomplished by P450-
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catalyzed monooxygenation reactions driven by NADPH
serving as the electron donor to a reductase enzyme (e.g.,
P450 reductase, cytochrome b5 reductase, adrenodoxin re-
ductase) that serves as the enzymatic partner of the cyto-
chrome P450 monooxygenase.

Generation of ROS/RNS by NADPH oxidases
and NOSs

Although cells devote considerable resources to the con-
tainment of ROS (including NADPH-dependent systems),
there are also complex mechanisms for the deliberate gen-
eration of ROS to serve as both cellular signals and as a
mechanism for cellular defense from pathogens. As a general
scheme, the generation of ROS typically involves the transfer
of a single electron to molecular oxygen, which generates a
superoxide anion radical. This one-electron reduction of
molecular oxygen is directly accomplished by the NADPH
oxidase holoenzymes, which, as the name implies, utilize
NADPH as the electron donor and molecular oxygen as the
electron acceptor.

Seven identified isoforms comprise the NADPH oxidase
family, designated NOX1 through NOX5 and DUOX1 and
DUOX2 (49). Each isoform, except NOXS, functions as a
holoenzyme complex. NOX1 through NOX3 are typically
composed of the catalytic core subunit; a membrane-
associated stabilizing subunit termed p22phox; cytosolic
organizing subunits, including p40phox, p47phox, and/or
NOXOT; cytosolic activating subunits, including p67phox or
NOXAI; and regulatory Rho family GTPase member RAC1
or RAC2. NOX4 has the p22phox subunit but appears to
associate with a DNA polymerase interacting subunit termed
POLDIP2. NOXS has self-contained EF-hand domains that
confer calcium sensitivity. The two DUOX family members
DUOXI1 and DUOX2 each contain EF-hand domains and
also associate with stabilizing/activating subunits DUOXA1
and/or DUOXAZ2. Notably, the DUOX family members also
contain a peroxidase-like domain, and these two holoen-
zymes are generally thought to generate hydrogen peroxide
as their ultimate product. NOX4 is also a hydrogen peroxide-
generating isoform. Although the precise mechanism by
which this occurs is not fully clear, it has been suggested that
retention of the first superoxide molecule formed in the active
site is accomplished by an extracellular loop of NOX4, thus
providing sufficient time for the generation of a second
molecule of superoxide, which can then react with the first in
a dismutation reaction to form H,O, (225).

The NADPH oxidases are perhaps best known for their
role in host defense. Mutations in various components of the
holoenzyme complexes have been identified as causative in
most of the multiple clinical subtypes of chronic granulo-
matous disease (CGD) (37). The CGDs are all characterized
clinically by a failure of phagocytes (primarily neutrophils
and macrophages) to kill ingested pathogens, due to an in-
ability to generate superoxide via NADPH oxidase in pha-
gosomes. The superoxide generated is directly toxic to
pathogens and also serves as a substrate for generating H,O,,
which can ultimately be metabolized to hypohalous acid
anions (primarily hypochlorite) by myeloperoxidase. The
genetic basis of CGD was first attributed to X-linked inher-
itance of NOX?2 mutations (gene name CYBB, protein prod-
uct also called gp91phox), but subsequent work has identified
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mutations in CYBA, NCF1, NCF2, and NCF4 (corresponding
to p22phox, p47phox, p67phos, and p40phox, respectively)
as being causative for autosomal recessive forms of CGD
(37). All of these mutations result in a dysfunctional or
nonfunctional NADPH oxidase holoenzyme. Consistent with
the known biochemistry, there are also case reports of severe
GO6PD deficiency causing a clinical syndrome very similar to
CGD (217), thought due to the relative insufficiency of
NADPH availability as an electron donor, which lies at the
heart of the hemolytic anemia more classically associated
with G6PD deficiency (see ‘‘Cellular Detoxification’ below).

Apart from the classical association of NADPH oxidase
with host defense, this family of ROS-generating enzyme
complexes has been ascribed a role in a wide variety of other
complex disease phenotypes, including prominent patho-
genic roles for NADPH oxidase in atherosclerosis, cardio-
vascular disease, neurodegeneration, cancer, and fibrotic
remodeling of multiple organs (20, 49, 153).

In addition to the controlled generation of superoxide an-
ion by NADPH oxidases, NADPH also serves as the key
electron donor for the generation of nitric oxide (NO, a so-
called RNS) by NOSs. Three isoforms of NOS are recognized
in mammals: neuronal NOS (NOS1), inducible NOS (NOS?2),
and endothelial NOS (NOS3). Each of these enzymes func-
tions as a homodimer to catalyze the conversion of L-arginine
to L-citrulline and NO. The topics of the biology and bio-
chemistry of NO are far too broad to attempt to summarize in
this review. However, from the standpoint of redox bio-
chemistry requiring NADPH as an electron donor, the NOS
isoforms each contain a reductase domain in the carboxy ter-
minal portion of the monomer that functions in a manner that
is biochemically similar to cytochrome P450 reductase (see
“Cellular Detoxification” below). Tightly coupled NOSs will
consume 1.5 moles of NADPH for each mole of NO produced.
When NOS isoforms become uncoupled, the electrons flowing
into the enzymatic system from NADPH can allow the one
electron reduction of oxygen to superoxide anion (139).

Cellular detoxification

As one of the cell’s most flexible electron -carriers,
NADPH not only participates in ROS generation but it is also
a critical requirement for normal antioxidant defenses. This is
perhaps best understood and exemplified through a discus-
sion of the biochemistry of G6PD deficiency, the most
common human enzymatic defect and the most common
genetic disorder affecting red blood cells (84, 151). G6PD
deficiency is inherited as an X-linked recessive condition and
affects ~400 million individuals worldwide, including up to
10% of African American men in the United States (84). The
primary clinical manifestation is hemolytic anemia that oc-
curs in response to infection, certain medications, and a va-
riety of other stimuli (most notably broad beans, a condition
termed favism) that all have as a common feature increased
oxidative stress. Normally, oxidant stressors are buffered by
glutathione. As discussed above, glutathione, once oxidized,
is restored to the reduced state via a series of redox-coupled,
enzyme-catalyzed reactions in which NADPH donates elec-
trons to the active site of glutathione reductase (Fig. 12).
Glutathione reductase then reduces oxidized glutathione
disulfide dimers back to the monomeric form with a free
sulfhydryl group that can then act as a direct antioxidant as
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FIG. 13. NADPH provides electrons to enzymes involved in antioxidant defense. A variety of redox transfer reactions
utilize NADPH as the initial electron donor to reduce and detoxify ROS. GSH generated by glutathione reductase is
consumed by Gpx enzymes. Thioredoxin also participates in a variety of chemical reductions designed to mitigate oxidant
stress through reduction of Prx, H,O,, and other proteins. Gpx, glutathione peroxidase; Prx, peroxiredoxin; ROS, reactive

oxygen species.

well as serve as the substrate for glutathione-S-transferase,
glutathione peroxidase, and other enzymes involved in anti-
oxidant defense (Fig. 13).

In erythrocytes, the NADPH needed to maintain an intact
free glutathione pool can only be generated by the PPP. In the
setting of GO6PD deficiency, flux through the PPP cannot be
maintained to a degree sufficient to meet the NADPH needs
in the face of increased oxidative stress, and erythrocyte lysis
occurs. Although illustrative for G6PD deficiency, this same
biochemistry is a major contributor to redox homeostasis for
all cell types. Erythrocytes are particularly vulnerable to the
lack of NADPH due to the absence of other salvage pathways
for glutathione as well as the high concentrations of pro-
oxidant heme iron and attendant ROS production.

In addition to its central role in the maintenance of free
glutathione pools, as mentioned above, NADPH is the major
electron donor for cytochrome P450 oxidoreductase-catalyzed
reactions. The P450-catalyzed monooxygenation of a huge
array of substrates, resulting in the addition of one or more
hydroxyl groups, is a cornerstone of the Phase I detoxification
and elimination of most xenobiotics as well as a wide variety of
endogenous compounds (164). These reactions typically pro-
ceed by transfer of electrons from NADPH to the flavin moiety
of cytochrome P450 reductase, and then on to the catalytic iron
in the heme prosthetic group in the active site of the P450
enzyme. A complex interaction between the heme iron, mo-
lecular oxygen, and the porphyrin ring forms to act as the final
electron acceptor, and hydroxylation of the target substrate is
accomplished through the formation of a highly reactive iron
(IV) oxo intermediate, the so-called P450 Compound I (203).
Other redox-coupled electron transfer systems can also par-
ticipate in reactions similar to those catalyzed by the cyto-
chrome P450 oxidoreductases. Notably, the cytochrome b5

class of enzymes and the associated reductase can catalyze a
variety of oxygenation reactions (220). These reactions are less
selective with regard to the electron donor, frequently using
NADH as well as NADPH.

NAD(P) Regulates Cellular Responses
to Metabolic Perturbations

Sirtuins

The observation that caloric restriction was associated
with extension of natural life span was recognized as early as
the 1940s (7). Many theories have been offered to explain the
possible mechanism underlying this observation. Two key
discoveries focused attention on NAD metabolism as a crit-
ical link between caloric restriction and life span. First was
the observation that the silent information regulator (SIR)
genes in Saccharomyces cerevisiae could regulate aging and
longevity (118) in addition to gene expression, chromosomal
integrity, and telomere length and function. Second was the
finding that the sirtuin family of proteins possessed NAD-
dependent enzymatic functions, including ADP-ribosylase
(64) and histone/lysine deacetylase (104, 122, 226) activities.
Together, these led to the mechanistic hypothesis that caloric
restriction works to extend natural life span, in part, through
modulation of sirtuin enzymatic activities by way of the
availability of the required NAD cofactor. Specifically, ca-
loric restriction increases the NAD/NADH ratio, which ac-
tivates sirtuins, which works to extend life span by way of
chromatin regulation, histone regulation, and regulation of
lysine acetylation status. By this hypothesis, metabolism,
aging, and gene regulation were all coordinately linked (73).

Subsequent investigations have shown that sirtuins are the
key players in a fundamental cellular regulatory network that
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exerts influence on gene expression, aging, metabolism, redox
homeostasis, inflammation, cell motility, proliferation, and
many other basic cell functions (4). In humans, seven sirtuin
isoforms have been identified, designated SIRTI1 through
SIRT7. SIRT3, SIRT4, and SIRTS are largely mitochondrially
localized; SIRT7 is localized to the nucleus and nucleolus; and
the remaining isoforms are variably distributed in the cytosol
and nucleus. The majority of the sirtuins are NAD-dependent
lysine deacetylases. SIRT4 has been characterized as having
greater activity as an ADP-ribosyltransferase than as a lysine
deacetylase, although the ADP-ribosyltransferase activity is
still weak, and it has been suggested that the major in vivo
enzymatic activity of SIRT4 is yet to be identified (50). SIRTS
is unique in the sirtuin family, as it functions as a desucciny-
lase, demalonylase, and deglutarylase with a biological func-
tion that has thus far been restricted to regulation of the urea
cycle and nitrogen balance (170, 249). SIRT6, in addition to its
deacetylase activity, has also been shown to possess a deacy-
lase activity with particular affinity for removing long-chain
acyl modifications from proteins and modulating cellular se-
cretory activities (57, 110, 278).

All of the sirtuin isoforms utilize NAD as a required co-
factor. Nicotinamide and NADH have been suggested as
endogenous sirtuin inhibitors through both competitive and
noncompetitive mechanisms that nonetheless seem to con-
verge on the single catalytic site within each sirtuin isoform
in vitro (5, 156). This reasoning has contributed to the idea
that sirtuins are direct sensors of the NAD/NADH ratio.
However, more recent investigations have suggested that this
view may be overly simplistic, as several sirtuin isoforms’
deacylase activities in vitro are inhibited by NADH con-
centrations that are likely never achieved in normal condi-
tions in vivo (156). Nonetheless, the weight of evidence
positions the sirtuins as critical to linking changes in the
metabolic and redox state of the cell to regulation of a wide
array of cellular functions.

Mono- and poly-ADP-ribosyltransferases/
ribose polymerases

It has long been recognized that NAD can serve as the sub-
strate for post-translational covalent modification of proteins. In
the late 1960s and early 1970s, this post-translational modifi-
cation was identified as NAD-dependent ADP-ribosylation by
several different groups working in a variety of different cellular
and tissue contexts, with most studies being done on poly-ADP-
ribosylation modifications. Around the same time, mono-ADP-
ribosylation was identified as the mechanism of action of diph-
theria toxin and of Pseudomonas aeruginosa exotoxin A, with
inhibitory mono-ADP-ribosylation of critical components of the
protein synthesis machinery (e.g., €EF-2) being the key molec-
ular event leading to cell death (72, 91, 136). Since these early
studies, ADP-ribosylation has emerged as a post-translational
modification that is nearly as central to basic cellular processes
as phosphorylation or acylation.

For both mono- and poly-ADP-ribosylation, NAD is the
required cofactor/donor of the ADP-ribose moiety. ADP-
ribosyltransferases, in general, work by catalyzing cleavage
of the N-glycosidic bond in NAD, using the target for ADP-
ribosylation as the nucleophile. For mono-ADP-ribosyl-
transferases, common amino acid targets include the func-
tional groups on the side chains of arginine, cysteine,
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asparagine, threonine, glutamine, lysine, and glutamate
(235). For PARPs, the 2’-hydroxyl group of the ADP-ribose
moiety already conjugated to a protein target is used as the
nucleophile in the active site of PARP (108). In both cases,
cleavage of the N-glycosidic bond releases nicotinamide and
leaves ADP-ribose covalently linked to the nucleophilic
“‘acceptor’’ site of the target.

In mammalian cells, the majority of research efforts have
focused on the biochemistry and cell biology of PARPs.
There are at least seven isoforms of enzymes thought to
broadly comprise the PARP family: PARP1, PARP2,
PARP3, VPARP, TANKI, TANK2, and TANK3 (173).
PARPI is by far the best studied member of the PARP family
and is fairly representative of the cellular processes regulated
by PARPs. PARP1 maintains genomic integrity by partici-
pating in base excision repair, repair of DNA strand breaks,
and by regulating the accessibility of portions of the genome
by regulating topoisomerase I. PARPs regulate gene ex-
pression through poly-ADP-ribosylation of histones, which
serves to directly regulate histone interactions with chroma-
tin thereby ‘‘loosening’ chromatin structure by providing
increased local negative charge density. PARPs also provide
a scaffold consisting of poly-ADP-ribose oligomers that can
facilitate the assembly of multiprotein complexes. PARP1 is
widely recognized as being a direct substrate of caspases,
with PARP cleavage being a canonical event in caspase-
mediated apoptosis (18). It is thought that PARP cleavage
serves to facilitate DNA fragmentation, to drive independent
signaling functions mediated by PARP fragments, and to
prevent PARP from depleting cellular NAD and energy re-
serves and thus maintaining these resources for other steps of
the apoptosis cascade.

The majority of research regarding mono-ADP-ribosyl-
transferases has focused on bacterial enzymes such as diph-
theria toxin and endotoxin A discussed above. These bacterial
toxins tend to inhibit mammalian host enzymes via mono-
ADP-ribosylation. Much less is known about endogenous
mono-ADP-ribosyltransferases (22). A number of potential
endogenous mono-ADP-ribosyltransferases have been identi-
fied, designated ARTD7 through ARTD15, although not all of
these putative enzymes are thought to be catalytically active.
Of the proposed mono-ADP-ribosyltransferases, ARTDI10 is
probably the best characterized (115). ARTD10 has been
shown to shuttle between the cytoplasm and the nucleus, and it
has been shown to regulate GSK3/5, NFxB (via NEMO), and
possibly MYC. All of these targets are thought to be inhibited
by mono-ADP-ribosylation catalyzed by ARTD10. Finally, as
briefly mentioned above, more than one of the sirtuin isoforms
have had mono-ADP-ribosyltransferase activity attributed to
them. However, these are often described as ““‘weak’ activities,
and it has been suggested that any ADP-ribosylation activity
associated with sirtuin isoforms should probably be considered
more of a side reaction.

The above mechanisms linking metabolic changes within
the cell to a variety of response pathways are, generally
speaking, reasonably straightforward. Changes in cellular
substrate-level metabolism and/or flux through one or more
metabolic pathways result directly in changes in the avail-
ability of the NAD(P)/NAD(P)H that are the required co-
factors for activation of the relevant response enzymes.
However, there are examples of more complex interactions
between metabolism and redox responses mediated through



BIOLOGICAL ROLES OF NAD AND NADP

nicotine adenine dinucleotides. One particularly elegant ex-
ample involving a redox circuit linked directly to cellular
metabolism has been elucidated by P. Darrell Neufer’s group
(61). When the NAD/NADH ratio is very low (i.e., the NAD
pool is in a highly reduced state), the rate of H,O, production
from the PDH complex increases significantly. Containment
of the H,O, produced requires the availability of reduced
glutathione to feed into the thioredoxin/peroxidredoxin sys-
tem as described above (Fig. 13). This, of course, requires the
availability of NADPH. In this state of high NADH supply
and high NADPH demand, NNT becomes a key link in this
redox circuit. Recall that NNT catalyzes a hydride transfer
from NADH to NADP to regenerate NADPH, using the
proton motive force as the driving force for the reaction.
Although other NADPH-generating enzymes (e.g., mito-
chondrial IDH isoforms discussed above) could partially
mitigate H,O, production, NNT was the key participant in
the circuit needed to maintain NADPH levels. Since NNT
utilizes the proton gradient across the inner mitochondrial
membrane, the redox circuit described by PDH and NNT
must be energy-consuming and should thus drive mitochon-
drial oxygen consumption.

In keeping with this, C57BL/6] mice harboring a known
spontaneous loss-of-function deletion in NNT exhibit lower
total body oxygen consumption for a given food intake and
activity level than that measured in C57BL/6N mice. This
complex circuit coupling metabolism and redox homeostasis,
with the energy-consuming interconversion between NADH
and NADPH as the linchpin, may be an important contrib-
uting factor to the particular susceptibility of C57BL/6J mice
to diet-induced obesity and insulin resistance, and suggests
that matching mitochondrial redox tone and metabolic rate
are significant contributors to resting energy expenditure.

NAD(P) in Health and Disease
Pellagra

Pellagra, a systemic disease of niacin deficiency, is the
original disease associated with abnormal metabolism of
NAD(P). In 1735, a Spanish court physician, Don Gasper
Casal described a condition affecting poor peasants of As-
turias characterized by a glossy reddish rash on the dorsum of
hands and feet, which he called ‘‘mal de la rosa.”” Italian
physician Francesco Frapoli coined the term ‘‘pellagra’ from
the Italian “‘pelle,” meaning ‘‘skin,” and ‘“‘agra’ denoting
“rough,” highlighting the thickened rough skin on affected
patients. In addition to dermatitis, pellagra is characterized by
diarrhea, dementia, and death. The first case of pellagra in the
United States was documented in 1902 where the disease
quickly developed into an epidemic impacting farming
communities in the southern states for over four decades. In
this time, estimates suggest there were 3 million cases and
100,000 deaths (86, 193).

Casal also noted that affected patients were poor farmers
whose diet consisted mainly of maize with little fresh meat.
In 1914, Joseph Goldberger noted that pellagra occurred in
inmates of mental institutions whose diet consistent of veg-
etables and cereals while the staff members, whose diet was
more varied and included more meat and dairy products, were
unaffected. In a series of human experiments, Goldberger
showed that dietary manipulations could both cure and in-
duce pellagra (193). Based on prior investigations, Conrad
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Elvehjem et al. demonstrated that commercial preparations
of nicotinic acid and nicotinamide were highly effective at
curing dogs of ‘“‘black tongue,”” a canine manifestation of
pellagra (55). As a result of these and other studies, public
awareness campaigns, agricultural diversification, and food
fortification with nicotinic acid, pellagra was eradicated in
the South by 1945 (193). Currently, sporadic cases of pellagra
occur in developed countries among people dependent on
drugs or alcohol, food faddists, or patients with malabsorp-
tion states, while cases continue to occur in developing areas
where corn products are the major food source (86).

Aging

NAD metabolism is among many factors that have been
implicated in biological aging (113, 244). NAD decreases
with age in a variety of mammalian tissues, including the
liver, pancreas, kidney, skeletal muscle, heart, white adipose,
and skin (19, 69, 158, 169, 271). By contrast, NAD increases
with fasting, glucose deprivation, calorie restriction, and
exercise, which have been associated with longer life span
(25, 33, 41, 66, 198, 205). These two groups of observations
suggest that NAD deficiency contributes to the aging process
and that supplementation with NAD may offer benefits to
slow the aging process.

Two hypotheses address the age-related decrease in NAD.
First, NAMPT expression decreases with age (127, 152, 171),
which would hamper nicotinamide recovery by the salvage
pathway for NAD synthesis. Decreased NAMPT may be a
consequence of dysregulated circadian rhythm (171) or redox
stress and chronic inflammation associated with aging (105).
Second, PARP1 activation due to age-related DNA damage
may consume NAD (19, 169). Inhibition of PARP1 activity
restored NAD levels in aged worms (169).

NAD deficiency appears to compromise mitochondrial
function due to impaired mitochondrial unfolded protein re-
sponse (UPR). Mitochondrial UPR is triggered by an im-
balance between the translation of electron transport chain
subunits encoded by nuclear and mitochondrial genes (97).
Activation of the UPR promotes longevity in worms (51, 97).
Augmenting NAD by PARP1 inhibition or supplementation
with nicotinamide or nicotinamide riboside activated the
mitochondrial UPR and increased expression of superoxide
dismutase, thereby enhancing mitochondrial oxygen con-
sumption, ATP production, and worm life span (169). These
effects depended on SIRT1 activation. In a parallel pathway,
NAD and SIRT1 deficiency was associated with stabilization
of HIF 1« resulting in inhibition of oxidative phosphorylation
and decreased mitochondrial gene expression (69). SIRT1
seems to be required for VHL transcription and its deficiency
leads to HIF1o accumulation. HIFla sequesters the tran-
scription factor MYC from the mitochondrial transcription
factor A (TFAM) promoter. These deleterious effects were
reversed by supplementation with NMN (69).

Very recently published findings suggest that NAD defi-
ciency may also be a driving mechanism for molecular aging
through interactions with a number of proteins possessing a
Nudix homology domain (NHD) (140). The NHD is believed
to be an NAD binding pocket and NAD is likely a required
cofactor that mediates protein—protein interactions for at least
a significant subset of the NHD-containing proteins. Deleted-
in-breast-cancer-1 is a specific NHD-containing protein that
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requires NAD availability to mediate an activating interac-
tion with PARP1 to maintain DNA integrity. Little is known
about the mammalian NHD protein family, although these
proteins may yet emerge as a key link between NAD and
other molecular processes that have been previously associ-
ated with aging.

Neurologic disease

Multiple studies have demonstrated a neuroprotective role
for NAD, and NAD loss may be a common pathobiologic
feature of neurologic disease. For example, toxic prion-
treated neuronal cells demonstrate dramatic NAD loss, while
NAD repletion by intracerebral or intranasal routes decreases
hippocampal neural degeneration and motor activity, re-
spectively (284). Early insights into the mechanism of NAD
loss were gained from study of an inbred mouse strain where
axonal degeneration after an injury (i.e., Wallerian degen-
eration) is slow (150). The protective mutation in the wid®
mice links the N-terminal fragment of ubiquitination factor
E4B to NMNATI1 (154). Wallerian-like degeneration is also
a feature of many neurologic diseases, including Parkinson’s
and Alzheimer’s diseases (39). Indeed, expression of WLDS
protects animals from deficits associated with models of
peripheral nerve injury, toxic neuropathy, glaucoma, hyp-
oxia, ischemia, and Parkinson’s disease, among others (39).
This protein prevents early NAD loss in injured axons (251).
Loss of endogenous NMNAT? after axonal injury appears to
be the key WLDS-reversible event (39).

In addition to NMNAT, an allosteric activator of NAMPT
has been identified in a screen for compounds that enhance
hippocampal neuron formation in mice (182, 250). This
compound, P7C3, and its derivatives protect against 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- and 6-
hydroxydopamine-induced parkinsonism in mice as assessed
by preservation of dopamine levels, dopaminergic neuron
viability, and normal motor control (45, 46). The SOD16%34
mutant mouse, a model of amyotrophic lateral sclerosis,
demonstrated improved walking gait and rotarod stability
when treated with a P7C3 analog at symptom onset (46).
P7C3 also protects mice from developing learning, memory,
and coordination deficits as well as chronic visual system
dysfunction after blast-induced traumatic brain injury (52,
268). Overexpression of NAMPT in astrocytes derived from
the SOD1 mutant mouse prevented astrocyte-mediated motor
neuron cell death in a coculture model. Treating astrocytes
with the NAD precursors NMN and nicotinamide riboside
also had this protective effect (82). Indeed, supplementation
of neurons with NAD, nicotinamide riboside, nicotinamide,
or NMN protects against a variety of neurologic insults in
rodent models, including axonal injury, ischemia, fetal al-
cohol toxicity, and Alzheimer’s disease, among others (27,
70, 101, 124, 210, 236, 251).

It is worth mentioning that the roles of NAD/NADH in
regulating cytoskeletal dynamics and mitophagy may play a
larger part in the pathogenesis of neurodegenerative diseases
than in some other disease states. Neurons, perhaps more than
other cell types, rely on a highly ordered and very specific
cellular morphology to maintain normal function. Cytoskeletal
organization and maintenance are critical to this specialized
morphology, and NAD has a direct impact on cytoskeletal
organization by way of SIRT2’s activity to modulate the
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acetylation state of the microtubule network, although whether
enhancing or inhibiting SIRT2 activity is beneficial is an open
question and may be context specific (56, 68, 178). The im-
portance of dysregulated mitophagy in the pathogenesis of a
variety of neurodegenerative diseases is fairly clear, most
prominently in the pathogenesis of Parkinson’s disease, where
exploration of disease pathogenesis has led to much of our
most current understanding of mitophagy more generally (133,
181). Although clearly a very complex process, mitophagy is
influenced, in part, by cytoskeletal organization and also
through NAD-responsive processes in the mitochondrion itself
(e.g., regulation of the mitochondrial acetylome) (144, 146, 260).

Metabolic syndrome

Taking a view of metabolic syndrome that uses chronic
glucose excess as its starting point, glucose flux through a
variety of downstream metabolic pathways increases, in-
cluding glycolysis and the TCA cycle (89, 106). Under
conditions of significant glucose excess (e.g., uncontrolled
diabetes mellitus), hexokinase, the first enzyme in the gly-
colysis cascade, becomes saturated. Glucose will then be
metabolized through the polyol pathway, in which glucose is
metabolized to sorbitol by aldose reductase, and sorbitol is
subsequently metabolized to fructose by sorbitol dehydro-
genase (Fig. 14). Functionally, the net redox result is the
trading of one molecule of NADPH for one molecule of
NADH. The NADH thus formed can then feed into the
electron transport machinery in the mitochondrion, although
at the expense of NADPH, which is necessary for a variety of
other critical reaction pathways including antioxidant de-
fenses. In addition, the continuation of this series of reactions
requires the channeling of fructose back into the glycolytic

Glucose
Aldose NALEH
Reductase NADP
Sorbitol
Sorbitol NAD
Dehydrogenase NADH
Fructose

FIG. 14. The polyol pathway. Under conditions of sig-
nificant glucose excess, hexokinase, the initial enzyme in
glycolysis, becomes saturated. The accumulating glucose is
diverted into the polyol pathway where glucose is metabo-
lized to sorbitol by aldose reductase and sorbitol is metab-
olized to fructose by sorbitol dehydrogenase. The first
reaction requires NADPH and the second reaction yields
NADH. Thus, these reactions yield a net exchange of
NADPH for NADH, which is likely deleterious under con-
ditions of reductive stress (e.g., diabetes-induced increases
in glycolytic flux lowering the NAD/NADH ratio leading to
ROS production in the setting of impaired antioxidant de-
fense due to NADPH deficiency).
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pathway, either via the formation of fructose-6-phosphate or,
in the liver, via the formation of fructose-1-phosphate by
fructokinase and subsequent enzymatic transformations to
DHAP. These reactions tend to proceed relatively less effi-
ciently in situations of high glucose load, however, as the
glycolytic pathway is already under high-flux stress. Thus,
sorbitol tends to accumulate, and the net effect is the con-
sumption of NADPH.

While polyol flux is low in euglycemia (3% of glucose
uptake), estimates suggest that at least 30% of glucose flows
through this pathway in chronic hyperglycemia (71). As fuel
supply outstrips metabolic demand, mitochondrial and cy-
toplasmic NAD/NADH ratios fall (63, 259). The ensuing
mitochondrial membrane hyperpolarization perpetuates
electron leak and ROS formation which, in combination with
the accumulation of TCA cycle intermediates fumarate and
succinate, lead to PHD inhibition and HIF1a stabilization
(63, 109). Thus, the metabolic pathobiology of diabetes has
been characterized as ‘‘pseudohypoxia’ (259).

This finding suggests that restoration of the cellular NAD/
NADH ratio may have therapeutic benefit in the treatment of
diabetes. Indeed, impaired glucose-stimulated insulin secre-
tion and glucose tolerance in Nampt™™ mice were corrected
by supplementation with NMN (201). Similar salutary effects
were found in age- and diet-related models of insulin resis-
tance (197, 271). NAM has long been known to protect
against the development of diabetes in streptozotocin-treated
mice (212). The Otsuka Long-Evans Tokushima Fatty
(OLETF) rat model of obesity and diabetes also exhibited
improved glucose homeostasis with NAM treatment (266).
Nicotinamide riboside protected against diet-induced obesity
associated with increased mitochondrial content in brown
adipose and skeletal muscle, increased energy expenditure,
and improved insulin sensitivity (26).

Normalization of the NAD/NADH ratio activates sirtuin
expression and activity. Indeed, substantial evidence sug-
gests that sirtuin deficiency contributes to disease patho-
genesis. Nicotinamide riboside supplementation boosted
SIRT1 and SIRT3 activities in the liver (26). SIRT1 trans-
genic mice have normal insulin sensitivity at baseline, but
decreased energy expenditure. When challenged, they are
able to prevent the development of insulin resistance through
increased hepatic insulin sensitivity and decreased whole-
body energy requirements (8). SIRT3 deletion causes im-
paired glucose tolerance, hepatic steatosis, and metabolic
syndrome (88). Similarly, SIRT3 activity is reduced in sev-
eral models of obesity and type 2 diabetes (9, 88, 111, 117).
SIRT3 plays a critical role in pancreatic f§ cell function where
its deficiency causes increased ROS production, impaired
insulin secretion, and increased apoptosis. SIRT3 is also re-
quired for normal insulin action in skeletal muscle, and
SIRT3 knockout mice exhibit exaggerated fatty acid oxida-
tion and decreased glucose oxidation in skeletal muscle when
fed a high-fat diet (132). Moreover, SIRT3 knockdown
blocked the protective effects of NMN (28).

In addition to decreased NAD/NADH ratio, diabetes has
been associated with a decrease in absolute NAD in animal
models (17). Increased PARP activity may account for some
of this finding. Leukocytes from pregnant women demon-
strate increasing PARP activity over the course of gestation
and the high PARP activity correlated with the development
of gestational diabetes (94). A variety of PARP inhibitors
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attenuate hyperglycemia, NAD depletion, and f cell de-
struction (245). Similarly, Parpl™ mice are protected
against streptozotocin-induced f cell death and hyperglyce-
mia (159). These animals also have increased mitochondrial
content, increased energy expenditure, and resistance to
metabolic diseases induced by a high-fat diet (6).

Myocardial infarction

Pyridine nucleotides have a marked impact on the patho-
physiology of myocardial ischemia (237). Similar to hypoxia,
myocardial ischemia prevents NADH oxidation by the
electron transport chain resulting in the accumulation of in-
tracellular NADH. Increased carbon flux through glycolysis,
the polyol pathway, and fatty acid 5 oxidation also contribute
to NADH accumulation.

Electron transport chain dysfunction early in myocardial
ischemia increases cytoplasmic NADH. Too much NADH will
inhibit GAPDH, requiring the activity of LDH to oxidize
NADH to produce lactate and to facilitate continued ATP
production by glycolysis. Lactate can be excreted from the
cardiomyocytes and cleared from the tissue. If the ischemic
insult is too severe, however, lactate cannot be cleared. Lactate
will continue to accumulate until blood flow is restored, which
will contribute to inhibition of glycolysis, LDH activity, and
lactate export (207). In addition to NAD recycling, lactate
plays a critical role buffering intracellular pH as lactate is ex-
creted with a proton by the monocarboxylate transporter (78).
For every glucose molecule hydrolyzed to pyruvate, two pro-
tons are generated. Moreover, one proton is produced for every
ATP hydrolyzed by energy requiring reactions in cells (e.g.,
solute transport, myosin cycling). Normally, net proton pro-
duction by glycolysis is offset by proton utilization by the
electron transport chain, however, in conditions of myocardial
ischemia where LDH activity and lactate efflux cannot com-
pensate for the rate of proton production, intracellular acidosis
occurs (204). This accumulation of protons, lactate, and NADH
may contribute to myocardial injury in ischemia (42, 172).

Myocardial ischemia also enhances glucose flux through
the polyol pathway due to increased activity of aldose re-
ductase and sorbitol dehydrogenase (Fig. 14). Isolated rodent
heart perfusion studies show increased aldose reductase ac-
tivity under conditions of low-flow ischemia and increased
sorbitol dehydrogenase activity under global ischemia (98—
100). Inhibition of aldose reductase with zopolrestat in-
creased the NAD/NADH ratio, increased ATP levels, and
improved functional recovery in perfused rat hearts (195,
196). Zopolrestat enhances glycolysis and glucose oxidation
at baseline and during low-flow ischemia (100). By contrast,
isolated hearts from mice overexpressing human aldose re-
ductase had impaired functional recovery and increased re-
lease of creatine kinase, indicating worse myocardial injury,
associated with reduced glucose oxidation, ATP levels, and
decreased NAD/NADH (99). These effects were ameliorated
by zopolrestat.

In the ischemic myocardium, most of the residual oxidative
metabolism utilizes acetyl-CoA derived from fatty acid f ox-
idation (62, 257). NADH from fatty acid oxidation contributes
to uncoupling of glycolysis from glucose oxidation by in-
hibiting PDH. This uncoupling exacerbates myocardial aci-
dosis by enhancing lactate production. Inhibition of PDK with
dichloroacetate partially restores glucose oxidation and
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improves cardiac efficiency and contractile function in per-
fused rat hearts (62). Inhibiting fatty acid f oxidation with a
malonyl CoA decarboxylase inhibitor using demand-induced
ischemia in pigs reduced myocardial lactate accumulation and
improved left ventricular work (53). Continued inhibition of
fatty acid oxidation during reperfusion has also been shown to
improve recovery from ischemic insult (53, 54, 238).

Perturbations of NADPH metabolism under ischemic
conditions also likely play a critical role in mediating myo-
cardial injury and dysfunction. As NADPH oxidases are a
ready source of ROS, it is relatively straightforward to sup-
pose that increased NADPH oxidase activity (perhaps driven,
at least in part, through increased NAD(P)H availability un-
der ischemic conditions via the mechanisms discussed above)
drives oxidant injury in myocardial ischemia or ischemia/
reperfusion. Indeed, a number of published studies have
implicated NADPH oxidase isoforms, particularly NOX2
and NOX4, in the injury that follows ischemia/reperfusion
(138, 161, 194). It would seem, then, that inhibition of
NADPH oxidases would be a high-yield strategy for miti-
gating myocardial ischemic injury. This would not only limit
ROS production by NADPH oxidases, it would also increase
the availability of NADPH for channeling into antioxidant
defense mechanisms to offset ROS produced by other routes
during ischemia/reperfusion, such as reverse electron transfer
being driven by succinate accumulation in mitochondria (38).

Consistent with this thinking, there are published studies
showing benefit to NADPH oxidase inhibition in models of
myocardial ischemia/reperfusion (20, 125, 218). However,
the situation appears to be more complex. Broad-based inhi-
bition of NADPH oxidase isoforms has been reported to worsen
ischemia/reperfusion injury, in part, by inadvertent deleterious
decrease in downstream HIFla and increase in downstream
PPAR« (160). It has also been shown that both overexpression
and quantitative suppression of NOX4 activity worsen myo-
cardial ischemia/reperfusion injury, with overexpression driv-
ing oxidant injury and expression of a dominant-negative
NOX4 driving reductive stress. In particular, the dominant-
negative NOX4 mice showed severe mitochondrial injury
during the ischemic period, with a paradoxical increase in
ROS that was partially ameliorated by restoring redox bal-
ance through increasing the NAD/NADH ratio (272).

Heart failure

Failing hearts increase flux through the PPP (76,77, 114). In
dogs with heart failure, G6PD activity increases and was as-
sociated with increased NADPH and superoxide (77). These
findings were also observed in discarded left ventricular tissue
from patients with heart failure undergoing ventricular re-
storation procedures (e.g., ventricular assist device placement)
(76). Inhibition of the PPP with 6-aminonicotinamide in dogs
with heart failure normalized hyperglycemia-induced cardiac
isoprostane production, a marker of oxidative stress, and in-
creased cardiac oxygen consumption, glucose oxidation, and
stroke work (246). By contrast, G6PD-deficient mice have
slightly worse left ventricular dysfunction following myocar-
dial infarction or transverse aortic constriction (85). These
studies implicate the PPP in the pathogenesis of heart fail-
ure. However, additional studies based on pharmacologic in-
hibition of the pathway in animal models are warranted to
clarify its role in the development of heart failure. Moreover,
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the mechanisms of increased PPP flux and G6PD activity re-
main to be elucidated.

Mitochondrial dysfunction and decreased NAD/NADH ratio
have also been implicated in the pathogenesis of heart failure
(135). This was associated with protein hyperacetylation and
SIRT3 inhibition. Increasing the NAD/NADH ratio with NMN
supplementation improved left ventricular contractility, dila-
tion, and hypertrophy in both mechanical and genetic models
of murine heart failure. Similarly, cardiac overexpression of
NAMPT was protective in isoproterenol-induced heart failure.
A proteomic analysis of protein acetylation revealed hyper-
acetylation and inhibition of the malate—aspartate shuttle,
which would exacerbate heart failure-induced decreases in
cytoplasmic NAD/NADH. Shuttle activity normalized with
NAMPT overexpression. Furthermore, hyperacetylation in-
creased the sensitivity of mitochondrial permeability transition
pore opening, which was partially reversed by NMN supple-
mentation. These findings suggest that restoring the NAD/
NADH ratio is a potential therapeutic goal in the treatment of
heart failure (135).

Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a deadly disease
characterized by progressive obliteration of the pulmonary
vascular lumen due to excessive proliferation of endothelial,
smooth muscle, and fibroblast cells associated with perivas-
cular inflammation and fibrosis. Affected vascular cells ex-
hibit Warburg metabolism associated with a decreased NAD/
NADH ratio (60, 141, 224). Presumably, these metabolic
changes support the dysregulated cell growth that is charac-
teristic of the disease and targeting these pathways has had
some therapeutic benefits. For example, the PDK inhibitor,
dichloroacetate, will ameliorate experimental pulmonary
hypertension in rodents by increasing glucose oxidation (166,
180). Decreased NAD/NADH has been shown to activate C-
terminal binding protein 1 (CTBP1) in adventitial fibroblasts
isolated from humans and cows with pulmonary hypertension
(141). Inhibition of CTBPI, a transcriptional repressor that
regulates genes involved with cell renewal and pluripotency,
genome stability, and epithelial differentiation, attenuated
pulmonary vascular cell proliferation, inflammation, and re-
modeling (141). Recently, NAMPT was shown to be in-
creased in patients with PAH and animal models of the
disease (34). Nampt™™ mice develop less severe pulmonary
hypertension when exposed to chronic hypoxia, and treat-
ment with FK866 ameliorates experimental pulmonary hy-
pertension in rats (34). Unfortunately, the effects of these
interventions on the cellular NAD/NADH ratio were not as-
sessed in this study. Thus, the regulation of cellular NAD/
NADH is an active and promising area of investigation in the
pathobiology and treatment of pulmonary vascular disease.

Several groups have reported activation of the PPP in cell
and animal models of PAH. In a chronic hypoxia model of
PAH, G6PD was overexpressed in pulmonary artery smooth
muscle cells and in lungs from chronically hypoxic rats, with
a corresponding increase in G6PD enzymatic activity (36). A
snapshot metabolomic analysis of human pulmonary micro-
vascular endothelial cells expressing either wild-type or
mutant isoforms of bone morphogenetic protein receptor type
2 known to cause heritable PAH showed significant increases
in multiple PPP intermediates, despite a downregulation of
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GO6PD at the gene expression level (59). Pulmonary artery
smooth muscle cells exposed to supraphysiologic flow rates
in an ovine model of the PAH seen in children with con-
genital heart disease showed reduced NADPH/NADP ratios,
despite a proposed increase in PPP flux. The authors ac-
counted for this apparent discrepancy by hyperactivation of
NADPH oxidase isoform NOX2, and they subsequently
showed that inhibition of NOX2 would resolve the hyper-
proliferative phenotype of the pulmonary artery smooth mus-
cle cells exposed to excess flow (16). It seems very likely that
changes in NAD(P)/NAD(P)H ratios and availability play
some role in the pathogenesis of PAH. However, the details
remain to be elucidated and any effective therapies targeting
the PPP will need to be tailored to the molecular details.

Immune function

A rapidly expanding body of research implicates meta-
bolic programming, substrate-level metabolism, and redox
balance as being key processes in the function and regulation
of nearly all parts of the innate and adaptive immune systems
(116, 162, 255). NAD(H) and NADP(H) are thus optimally
positioned to serve as dynamic regulators of immune func-
tion, and accumulating evidence suggests that this is likely
the case. Although an exhaustive review of the topic is well
beyond the scope of this article, illustrative examples may be
useful. These examples will focus on unique aspects of nic-
otine adenine dinucleotide biology in the immune system,
apart from mechanisms previously discussed in more detail
elsewhere (e.g., NADPH oxidase, antioxidant defense path-
ways, and sirtuin activation), many of which have also been
shown to regulate innate and adaptive immune function.

A study recently published by Sanman et al. showed that
macrophages require a decrease in availability of NADH
produced through glycolytic flux for efficient activation of
the NLRP3 inflammasome, proinflammatory cytokine re-
sponses, and pyroptotic macrophage cell death in response to
the presence of an intracellular pathogen (211). They show
that infection with the intracellular pathogen Salmonella
typhimurium disrupts macrophage glycolysis through com-
petitive consumption of glycolytic intermediates, the net ef-
fect of which is to reduce availability of NADH leading to an
increase in mitochondrial ROS flux and assembly of the
NLRP3 inflammasome. Exogenous replacement of metabo-
lites that enhanced NADH production (e.g., pyruvate, suc-
cinate, or L-glutamine) prevented the assembly of the NLRP3
inflammasome and prevented macrophage cell death.

The metabolic profiles of memory and effector T lym-
phocytes, particularly CD8" T lymphocytes, have been
shown to be intimately linked to function. For example,
memory T cells have been shown to engage in both fatty acid
synthesis and fatty acid oxidation simultaneously, in what has
been described as a futile cycle (179). This futile cycle is
required for maintenance of the memory phenotype, and
modulation of the overall metabolic program is required for
the generation of a T effector memory response (262). A
recent study from Ali et al. suggests that changes in NADP
pools can have potent effects on naive and effector T cells
through calcium mobilization by way of generation of
NAADP (3). NAADP is a potent stimulus for release of
calcium from intracellular stores, and production of NAADP
is thought to be achieved through deamidation of NADP and
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using nicotinic acid as the amide acceptor (a reaction ac-
complished by ADP-ribosyl cyclases in vitro, less clearly so
in vivo), yielding NAADP and nicotinamide (Fig. 3). Ali and
colleagues showed that increased availability of NAADP in
naive CD4" and CD8" T cells as well as in effector CD8* T
cells resulted in calcium mobilization sufficient to drive
physiologically relevant proliferation and cytokine produc-
tion responses such as would be expected downstream from T
cell receptor activation. They also demonstrated that this is
not a universal property of T lymphocytes, as natural T reg-
ulatory cells did not exhibit similar responses.

Renal function

NAD/NADH metabolism has been implicated as a key
mediator of normal renal function and protection/recovery
from kidney injury. A recent study from Tran et al. reported
that PGClua is a critical mediator of resistance to/recovery
from acute kidney injury via regulation of NAD biosynthesis
(233). Loss of PGCla resulted in decreased nicotinamide
levels, fat accumulation, and loss of normal renal function in
the face of an ischemic insult. Restoration of NAD levels via
supplementation with exogenous nicotinamide in the setting
of an ischemic insult to the kidney improved fat accumulation
and renal function in Pgc/a™~ mice. PGC1o was shown to act
by coordinately upregulating multiple enzymes in the NAD
synthetic pathway, and nicotinamide supplementation spe-
cifically required metabolism via NAMPT to mediate pro-
tection or recovery from acute kidney injury. Downstream,
the protective effects of PGCla and NAD required signaling
via f-hydroxybutyrate and prostaglandin E2.

This study and others reflect the fact that particular por-
tions of the nephron exhibit restricted metabolic behavior
and thus specific metabolic requirements for maintenance of
NAD/NADH balance. In general, the proximal tubule cannot
use glycolysis to sustain metabolic and redox needs due to a
lack of expression of hexokinases and, instead, must rely on
fatty acid oxidation and amino acid metabolism (40). Simi-
larly, the enzymes directly involved in NAD(P)/NAD(P)H
synthesis, balance, and interconversion exhibit specific pat-
terns of regional expression. For example, NADK isoforms
exhibit particularly high expression in the collecting portions
of the nephron, although the specific isoforms exhibit their
own patterns of expression, with NADK more evenly dis-
tributed, whereas the mitochondrial NADK?2 exhibits par-
ticularly high expression in the inner medullary collecting
duct and the long descending limb of the inner medulla. This
type of regionalization of expression implies specific regional
vulnerabilities to metabolic and redox stresses that are only
beginning to be established and understood.

Pharmacology of NAD(P) Metabolism

There is increasing interest in targeting NAD(P) metabo-
lism directly as a therapeutic goal in a wide variety of dis-
eases. As the sections above illustrate, NAD(P) metabolism
plays a part in the pathogenesis of many of the most prevalent
chronic diseases. These are the diseases that account for a
huge proportion of adult morbidity and mortality, and they
are thus precisely the diseases in need of improved therapies.
Several strategies have been and are being actively explored
to impact on NAD(P) metabolism.
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As has been alluded to above, one of the most straightforward
strategies for manipulation of NAD(P) balance is exogenous
supplementation of precursors to support NAD(P) production.
Several recent studies have shown that NAD levels can be
supported or restored in different disease states by supplemen-
tation with nicotinamide riboside (209, 274). Nicotinamide ri-
boside appears to be effective for increasing intracellular NAD
in murine models and likely in humans as well when supple-
mented in the diet (231). Supplementation with nicotinamide
riboside and NMN relies on NRK activity (199). The strategy of
supplementing NAD precursors appears to broadly be effective
in humans as well, although predicting beneficial effects accu-
rately may prove difficult as these therapies are developed.

These points were demonstrated directly by van de Weijer
et al., who conducted a small randomized trial of the nicotinic
acid derivative acipimox compared to placebo in 21 patients
with type 2 diabetes mellitus (239). Acipimox treatment in-
creased mitochondrial respiration in skeletal muscle, in-
creased expression of nuclear-encoded mitochondrial genes,
drove a protein imbalance in the mitochondrion that may
have activated the mitochondrial UPR, and increased NAD
levels in cultured myotubes. Despite these apparently bene-
ficial molecular effects, the acipimox group showed an in-
crease in circulating nonesterified fatty acid concentrations,
an increase in skeletal muscle lipid content, and a decrease in
skeletal muscle insulin sensitivity. Parsing and predicting the
beneficial and potentially deleterious effects of precursor
supplementation strategies will require significantly more
investigation, with a focus on details such as changes in
NAD(P) metabolism in specific subcellular compartments in
specific tissues.

A variety of more classical pharmacologic approaches to
modulating NAD metabolism have been described, although
many of the published studies were not necessarily framed in
this way. Perhaps the best known pharmacologic modulator of
NAD metabolism is metformin, the representative drug of the
biguanides. Best studied as a treatment for type 2 diabetes
mellitus, metformin has been suggested to have beneficial ef-
fects in virtually all of the diseases discussed thus far. Although
several mechanisms of action have been ascribed to metfor-
min, most or all of them converge on modulation of NAD
metabolism. Metformin and other biguanides (e.g., phenfor-
min) have been suggested to exert their beneficial effects
through inhibition of mitochondrial Complex I (NADH:ubi-
quinone oxidoreductase) at concentrations achieved with
standard therapeutic doses (31, 256). This, of course, tends to
drive a decrease in the NAD/NADH ratio and decreased mi-
tochondrial availability of NAD, although these effects are
likely context specific (74).

Metformin’s mechanism of action for the inhibition of
hepatic gluconeogenesis has been proposed to be inhibition
of mitochondrial GPDH (Fig. 7) (155). This interrupts the
glycerol phosphate shuttle, a cytosolic-mitochondrial redox
couple, which should result in accumulation of NAD in the
cytosol (as cytosolic GPD1 converts DHAP to G3P, normally
consuming NADH in the process unless inhibited by met-
formin). When metformin is present, cytosolic NADH ac-
cumulates at the expense of NAD, and this has the effect of
inhibiting the redox-coupled exchange of malate and oxalo-
acetate between the mitochondrion and cytosol. Given that
cytosolic oxaloacetate is required for gluconeogenesis to
proceed, interruption of this redox couple could be sufficient
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to inhibit gluconeogenesis; indeed, the argument from redox
disturbance seems to be sufficient, as changes in expression
of key gluconeogenic enzymes were not observed with
metformin dosing (155). The redox balance on the mito-
chondrial side of this redox couple is somewhat more com-
plicated, as whole cell NAD(P)/NAD(P)H ratios did not
change with metformin administration. It is possible that
metformin’s ability to inhibit Complex I allows for NADH
accumulation in the mitochondrion that balances the cyto-
solic accumulation of NAD, although this is conjecture and
would need to be rigorously tested. Nonetheless, inhibition of
the glycerol phosphate shuttle represents a second mecha-
nism by which metformin can be used to manipulate NAD(P)
metabolism. Finally, metformin activates AMPK, which has
the effect of increasing cellular NAD levels overall (25, 283).

Fewer options exist for the direct regulation of NADPH
levels in specific cellular compartments or tissues. There is a
great deal of interest in developing clinically useful NADPH
oxidase inhibitors, although none has yet been approved for
use in humans. Dehydroepiandrosterone has been reported
to inhibit G6PD, which would have the effect of reducing
NADPH availability (214). N-Acetylcysteine could theoret-
ically increase NADPH levels by serving as a direct substrate
for glutathione synthesis and/or preservation, thus preserving
NADPH levels by reducing the activity of glutathione per-
oxidase. NADPH oxidase expression has also been reported
to decrease with N-acetylcysteine treatment, which should
also have the effect of preserving NADPH levels (75).

Apart from the strategies to target NAD(P) directly, there
has been significant interest in and research devoted to de-
veloping novel therapeutics that target many of the pathways
directly affected by nicotine nucleotides. Some of these ap-
proaches have leveraged existing therapeutics developed for
other purposes. As one example, dicholoracetate, as men-
tioned above, is an inhibitor of PDK, which has the effect of
stimulating PDH activity and enhancing pyruvate metabo-
lism through oxidative pathways as opposed to lactate pro-
duction. Increased PDH activity would directly contribute to
NADH production, and the increased flow of pyruvate-
derived carbon into the TCA cycle and away from LDH
would have an even greater effect to drive NADH production.

Similarly, other metabolic modulators could be predicted
to shift the NAD(P) balance, although their direct targets and
intended effects, like dichloroacetate, are not specifically
geared toward NAD(P). The PARP inhibitors olaparib and
rucaparib, developed as cancer therapeutics (particularly for
treatment-resistant and/or BRCA-mutated ovarian cancer),
would be predicted to raise NAD levels by preventing the
consumption of NAD for poly-ADP-ribosylation, although
the intended mechanism of action is sensitizing tumor DNA
to strand breaks. Other approaches that indirectly touch on
NAD(P) metabolism have involved the development of novel
therapeutics targeting specific NAD(P) responsive targets.
Direct activators of sirtuins, inhibitors of NADPH oxidase
isoforms, next-generation inhibitors of PARP family en-
zymes, and a variety of other classes of compounds have all
been taken to various stages of development.

Conclusion

As the reader can appreciate, the metabolism and regula-
tion of nicotine adenine dinucleotides are the central cellular
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function that touches on and influences many other funda-
mental processes in every living cell. We have broadly
conceived of the intracellular metabolic environment as a
complex of multiple interacting ‘‘economies’’ in which re-
sources are allocated in a dynamic way based upon avail-
ability and need at any given time and place within the cell.
Just as nucleotide triphosphates (primarily ATP) can be
thought of as the “‘energy currency’’ of the cell, we offer the
concept of nicotine adenine dinucleotides as the ‘‘redox
currency”’ of the cell.

With all that is known regarding NAD(P) metabolism,
there are still many questions to be answered. Compart-
mentalization of NAD(P) pools is clearly of major impor-
tance to the regulation and function of NAD(P)-dependent
processes. Mitochondrial pools are not in a free equilibrium
with cytosolic pools. Indeed, one of the major tasks accom-
plished by the malate—aspartate shuttle is the movement of
redox currency in the form of NADH from the cytosol (where
NADH is oxidized to NAD) into the mitochondrial matrix
(where NAD is reduced to NADH). Fundamental to this is
how NAD levels are maintained in the mitochondrion to
participate in this and many other redox reactions. This is a
largely obscure process, although some data suggest that
cytosolic synthesis of NMN from more cell-permeable pre-
cursors is followed by mitochondrial uptake of NMN and
further metabolism by NMNAT3 to NAD (using local ATP
as the other required substrate)—in short, suggesting that
local NAD synthesis from specific precursors is responsible
for maintaining mitochondrial pools (174). However, it is still
unclear how NMN, the required precursor, enters into the
mitochondrion, so this is a clearly an area in need of further
inquiry (219).

Maintenance of NADP pools is also an area with some
significant remaining unanswered questions. The action of
NADK is primarily responsible for the conversion of NAD to
NADP, and just as NAD pools are localized at least to cy-
tosolic and mitochondrial compartments, the two recognized
isoforms of NADK localize to the cytosol (NADK) or mi-
tochondria (mNADK or NADK2). NADK?2 mutation/defi-
ciency has been suggested as the underlying genetic cause of
dienoyl-CoA reductase deficiency with hyperlysinemia, a
rare genetic disorder characterized biochemically by in-
creased plasma levels of C10:2-carnitine and of lysine, and
characterized clinically by severe encephalopathy and se-
vere neurologic and metabolic dysfunction (96, 206). A case
of partial NADK?2 deficiency has recently been identified
through the NIH Undiagnosed Diseases Network. This pa-
tient presented with neurologic and metabolic complaints
that are similar in nature but much less severe than what is
seen with dienoyl-CoA reductase deficiency with hyperly-
sinemia, consistent with a partial loss of function mutation
(J.A. Phillips, pers. comm.). Interestingly, what is not seen
with NADK?2 deficiency is any kind of clinical syndrome
reminiscent of CGD, perhaps suggesting that NADPH
production and availability—and thus function—are heav-
ily compartmentalized. These are just early steps toward
understanding the relative importance of cytosolic and
mNADK isoforms and the related compartmentalization of
NADPH.

Finally, as touched upon in this review, there is a growing
recognition of the importance of “‘redox couples’ in the
regulation of cellular redox biology and metabolism. Some of
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these are classically recognized redox couples, such as the
malate—aspartate shuttle and the G3P shuttle. With the rap-
idly growing interest in and focus on research into cellular
metabolism, previously unrecognized redox couples and
their associated biology have come to light, such as the PDH-
NNT circuit described above, and the redox couple between
a-ketoglutarate and L-2-hydroxyglutarate recently shown to
regulate bioenergetic metabolic pathways particularly during
hypoxia via coupling through NAD/NADH and FAD/
FADH?2 ratios (177). As these kinds of investigations prog-
ress, it seems likely that more such redox couples will be
identified and will emerge as attractive therapeutic targets.
To accomplish this, tools to more readily and specifically
identify redox couples will need to be developed. This will
likely involve the development of sensitive, dynamic indi-
cators of NAD(P)(H) that can be efficiently targeted to spe-
cific subcellular compartments, readily visualized in either an
endpoint or a time-resolved manner, and that have demon-
strable utility in vivo. Better definition of the localization,
functioning, and regulation of redox couples should then
permit targeted manipulation for specific effects.

In sum, even after a century of research, new insights into
the fundamental and far-reaching roles of pyridine dinucle-
otides in human metabolism continue to reform our under-
standing of the sophisticated interplay between energy
homeostasis, cellular signaling, and gene regulation. These
molecules have been implicated in nearly every chronic hu-
man disease and their biochemistry provides multiple
promising targets for therapeutic intervention. Doubtless, not
another century will pass before this promise is realized.
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CTBP1 = C-terminal binding protein 1
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GPDH = glycerol-3-phosphate dehydrogenase
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IDH = isocitrate dehydrogenase
LDH = lactate dehydrogenase
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NAAD = nicotinic acid adenine dinucleotide
NAADP = nicotinic acid adenine dinucleotide
phosphate
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