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Compartmentalization is a fundamental design principle of
eukaryotic metabolism. Here, we review the compartmentaliza-
tion of NAD�/NADH and NADP�/NADPH with a focus on the
liver, an organ that experiences the extremes of biochemical
physiology each day. Historical studies of the liver, using classi-
cal biochemical fractionation and measurements of redox-cou-
pled metabolites, have given rise to the prevailing view that
mitochondrial NAD(H) pools tend to be oxidized and important
for energy homeostasis, whereas cytosolic NADP(H) pools tend
to be highly reduced for reductive biosynthesis. Despite this
textbook view, many questions still remain as to the relative size
of these subcellular pools and their redox ratios in different
physiological states, and to what extent such redox ratios are
simply indicators versus drivers of metabolism. By performing a
bioinformatic survey, we find that the liver expresses 352 known
or predicted enzymes composing the hepatic NAD(P)ome, i.e.
the union of all predicted enzymes producing or consuming
NADP(H) or NAD(H) or using them as a redox co-factor. Nota-
bly, less than half are predicted to be localized within the cytosol
or mitochondria, and a very large fraction of these genes exhibit
gene expression patterns that vary during the time of day or in
response to fasting or feeding. A future challenge lies in applying
emerging new genetic tools to measure and manipulate in vivo
hepatic NADP(H) and NAD(H) with subcellular and temporal
resolution. Insights from such fundamental studies will be cru-
cial in deciphering the pathogenesis of very common diseases
known to involve alterations in hepatic NAD(P)H, such as dia-
betes and fatty liver disease.

A key challenge faced by all organisms is how to organize the
many chemical reactions that define cellular metabolism, many
of which if performed in a single environment would produce
futile chemical cycles, unwanted by-products, or suffer from
thermodynamic or kinetic barriers. The evolutionary solution
to this problem is compartmentalization (Fig. 1). Chemical
compartmentalization allows metabolic processes to use differ-
ent co-factors for the same reactions (e.g. NADPH for reductive

biosynthesis and NAD� for catabolism); temporal compart-
mentalization allows for different reactions to occur dynami-
cally in response to changing conditions (e.g. glycogen synthesis
during feeding and gluconeogenesis during fasting); and spatial
compartmentalization across organs and organelles allows for
metabolic specialization (e.g. different pH environments).

The pyridine dinucleotides NADH (NAD�-oxidized and
NADH-reduced) and NADPH (NADP�-oxidized and NADPH-
reduced) are key to metabolic compartmentalization. Taken
together, NAD(H) and NADP(H) are utilized by 488 human
metabolic reactions (Table S1), making them among the most
widely used metabolites in human biochemistry, exceeded only
by water and protons (see “Methods”). NAD� and NADP� are
best known as two-electron carriers that serve as key co-en-
zymes for redox biology, although it is now appreciated that
NAD� additionally plays a key role as a substrate for protein
and nucleic acid modification (1, 2) through action by sirtuins
(SIRTs)3 and poly(ADP-ribose) polymerases (PARPs). These
proteins, which sense alterations in the NAD� pool (3–5), are
key for cellular signaling (6, 7), transcriptional regulation (8),
and DNA damage repair.

The liver, the largest internal organ in humans, is a central
hub of chemical metabolism and represents an ideal window
through which to explore the biochemical basis and physiolog-
ical relevance of NAD(H) and NADP(H) biochemistry. The
liver undergoes dramatic metabolic changes at the extremes of
physiology with fasting and feeding and is the primary organ
responsible for gluconeogenesis, transamination, and deamina-
tion of amino acids, urea and ammonia metabolism, amino acid
synthesis, synthesis of blood proteins such as albumin and clot-
ting factors, lipoprotein synthesis, ketone body generation, and
first-pass xenobiotic metabolism. Many of these diverse meta-
bolic processes are linked to NAD(H) or to NADP(H). For
example, during fasting, acetyl-CoA is used as a precursor for
the formation of ketone bodies within mitochondria using
NAD�, but following feeding, it is used as a precursor for cho-
lesterol and lipid synthesis using NADPH as a co-factor (9).
Alcohol metabolism occurs primarily within the liver and gen-
erates NADH both within the cytosol and mitochondria (10,
11). Xenobiotic metabolism utilizes NADPH via cytochrome
P450 reductase for redox transformations (12). Metformin is
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the most widely used drug for diabetes in the world and is
believed to act by inhibiting mitochondrial complex I (13, 14) or
mitochondrial glycerophosphate dehydrogenase (15), both of
which are NAD�-linked enzymes.

Indeed, as we explore in this Minireview, the liver is pre-
dicted to perform more NAD(P)-linked chemical reactions
than any other tissue. It is also historically the tissue in which
paradigmatic aspects of NAD(P)� compartmentalization are
most well studied and hence are instructive for identifying
missing gaps in our knowledge that ought to help guide future
studies of NAD(P)� compartmentalization.

Hepatic NAD�/NADH and NADP�/NADPH ratios

Like other cells and tissues, the liver exhibits striking differ-
ences between NAD�/NADH versus NADP�/NADPH within
and between the cytosol and mitochondrion. Classic measure-
ments inferred compartmental free (nonprotein bound) ratios
by measuring the ratios of metabolites assumed to be enzymat-
ically coupled to compartment-specific NAD�/NADH or
NADP�/NADPH in near-equilibrium conditions (16, 17)
(Table S2). In the liver, this included the pyruvate/lactate ratio
for cytosolic NAD�/NADH (through lactate dehydrogenase,
LDH), acetoacetate/�-hydroxybutyrate for mitochondrial
NAD�/NADH (through �-hydroxybutyrate dehydrogenase),
and �-ketoglutarate/isocitrate (through isocitrate dehydroge-
nase, IDH1) for cytosolic NADP�/NADPH (16, 18).

These measurements indicated a cytosolic NAD�/NADH
ratio between roughly 500 and 1000 (highly oxidized), with a
cytoplasmic NADP�/NADPH ratio between 0.001 and 0.01
(highly reduced) (Fig. 2 and Table S2) (16, 17, 19, 20). Such
measurements support the traditional view of cytosolic
NADP�/NADPH supporting reductive biosynthesis, whereas
NAD�/NADH supports oxidation, as major cytosolic biosyn-
thetic pathways (e.g. fatty acid synthesis) require NADPH (21),
and major oxidative pathways (e.g. glucose oxidation to pyru-
vate) require NAD�. In contrast to the cytosol, classical mea-
sures demonstrate that mitochondrial NAD�/NADH ratios are
more reduced (between 5 and 10) (16, 17).

What gives rise to the 100,000-fold difference in NAD�/
NADH ratio versus NADP�/NADPH (Fig. 2A)? In the cytosol,
it is believed that the ratios are established by the activity of
highly abundant and active enzymes that are specific for
NAD(H) (e.g. LDH) or for NADP(H) (e.g. malic enzyme (ME)),
i.e. the very enzymes used by Krebs and co-workers (16, 17) to
infer the free cytoplasmic ratios. Under the assumption of near-
equilibrium conditions, the concentration of the substrates in
conjunction with the in vitro determined equilibrium constants

of the LDH and ME enzymes can be used to infer ratios of
NAD�/NADH and NADP�/NADPH, which differ by 105.

The NAD�/NADH ratio is much more oxidized in the cyto-
sol than in the mitochondrion (�500 –1000 versus �5–10),
which is separated from the cytosol by the highly impermeable
inner mitochondrial membrane (Fig. 2A and Table S2). This
difference is driven by the malate–aspartate shuttle that is able
to transfer reducing equivalents into mitochondria against the
NADH redox gradient by dissipating the 150-mV protonmo-
tive force of the mitochondrial inner membrane. Specifically,
this shuttle system relies on a co-transporter whereby extra-
mitochondrial glutamate and a proton are imported into the
mitochondrial matrix in exchange for the export of aspartate
(22, 23).

Based on our literature review there are surprisingly few if
any empirical measurements of the hepatic mitochondrial
NADP�/NADPH ratio (Table S2). There are a number of dif-
ferent enzyme systems within the mitochondrion capable of
transferring net reducing equivalents between the NAD�/
NADH and NADP�/NADPH, such as glutamate dehydroge-
nase, a highly abundant liver enzyme and one of the few
enzymes capable of using either NADH or NADPH (24). Given
this, it was initially hypothesized that intramitochondrial
NADP�/NADPH and NAD�/NAPH ratios were similar (16),
although subsequent data suggest that that mitochondrial free
NADP�/NAPH ratio is significantly more reduced due to the
action of nicotinamide nucleotide transhydrogenase, which
reduces mitochondrial NADP� while oxidizing NADH by cou-
pling to the protonmotive force (25, 26).

Classic studies of hepatic NAD�/NADH and NADP�/
NADPH free ratios reported that prolonged fasting decreased
both the cytosolic NADP�/NADPH and NAD�/NADH ratios,

Figure 1. Chemical, spatial, and temporal compartmentalization of metabolism.

Figure 2. Compartmentalization of NAD(P)(H) in hepatocytes. A, classical
measurements of the cytosolic and mitochondrial NAD�/NADH and NADP�/
NADPH ratios in rat livers. B, classical feeding/fasting changes of compart-
ment free NAD(P)� ratios. Data based on Veech et al. (16). nd, not determined;
ns, not significant.
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without significantly changing mitochondrial NAD�/NADH
ratios (Fig. 2 and Table S2) (16). As reviewed below, this con-
trasts with modern measurements of total cellular NAD� levels
that typically are increased with fasting.

Statements on the relative compartment-specific free NAD�/
NADH and NADP�/NADPH ratios must be tempered with the
fact that most of these measurements have been indirect, rely-
ing on the ratios of coupled ratios such as the pyruvate/lactate
ratio or the acetoacetate/�-hydroxybutyrate ratio, with the
underlying assumption that these chemical reactions are in
near-equilibrium. To our knowledge direct measurements of
these ratios in vivo under baseline conditions or with physio-
logical perturbations are wholly lacking.

Pool sizes of NAD(H) and NADP(H) within the liver

Although the NAD�/NADH and NADP�/NADPH ratios
are crucial for redox reactions, it is now clear that the total
amount of each molecule (pool size) is important for enzymatic
reactions that use these molecules as substrates rather than
co-factors. To date, this role is most clearly defined for NAD�,
which serves as a substrate for NAD�-dependent sirtuins (8)
and PARPs (1). Measurements of total murine hepatic NAD(H)
and NADP(H), typically performed using enzymatic coupling
methods or HPLC measurements, have varied broadly and
been reported between approximately 10 and 4000 nmol/g of
tissue for NAD�, 100 and 300 for NADH, 50 and 600 for
NADP�, and 100 and 300 for NADPH (Table S2) (27–29).
Interestingly, the reported values for cellular NAD� are signif-
icantly higher than the Km values of SIRTs and PARPs (30).

Alterations in the pool size versus ratio of individual
NAD(P)� species can have distinct biochemical consequences.
For example, as the cytosolic NAD�/NADH ratio is high (500 –
1000) (17), doubling the cytosolic free NADH concentration
would change the cytosolic NAD� levels by less than 1% but
would roughly halve the NAD�/NADH ratio. Such a small
change in NAD� levels would not be expected to impact sir-
tuins, which use NAD� as a substrate and are likely not influ-
enced by NADH concentrations (31). However, it would be
expected to have significant metabolic effects through enzymes
using NAD(H) as redox cofactors, such as halving cytosolic
pyruvate levels via the activity of LDH. In contrast, a process
that depletes cellular NAD�, for example through DNA dam-
age and subsequent PARP activation, could reduce total cellular
NAD� levels and hence the activity of sirtuins (32).

Most (4, 33, 34) but not all (35, 36) studies have shown that
fasting increases total cellular and mitochondrial NAD�, which
conflict with classic measurements that demonstrate more
reduced, compartment-specific free pools with fasting, partic-
ularly with respect to the cytosolic NADP�/NADPH ratio
(Table S2) (16, 17). Given the central importance of these val-
ues to hepatic physiology, parallel measurements of in vivo free
ratios and pool sizes during these feeding and fasting transi-
tions are urgently needed.

It should also be noted that published values for total cellular
NAD(P)� provide little insight into important redox parame-
ters such as compartment-specific pool sizes and compartment-
specific ratios of free NAD�/NADH or NADP�/NADPH.
Although HPLC, MS, or enzymatic kit-based assays of total

amounts of NADP(H) or NAD(H) from whole-cell or tissue
lysates are relatively straightforward, they do not distinguish
the substantial portion of protein-bound molecules from the
unbound (free) molecules (37, 38) and cannot distinguish com-
partment-specific values; therefore, it is difficult to infer con-
centrations of free dinucleotides.

Survey of the hepatic NAD(P)ome

Historically, much of the focus of NAD(H) and NADP(H)
biochemistry has been on compartmentalization of anabolic
and catabolic metabolism in the cytosol and mitochondrion.
Genomics offers the opportunity to begin with a blank slate and
to predict the extent of NAD(P)H biochemistry outside these
compartments. To this end, we performed a bioinformatics
survey of genes related to NAD(P)�, which we term the
NAD(P)ome, with a particular focus on the hepatic NAD-
(P)ome (Fig. 3).

We define the NAD(P)ome as the union of human gene
products involved in NAD(P)� biosynthesis (including de novo
synthesis, salvage, repair, and turnover), all enzymes that use
NAD(P)� as redox cofactors, and all gene products that utilize
NAD(P)� as substrates. We assembled and manually reviewed
a candidate list of enzymes using literature search, enzyme
databases (KEGG) (39 –41), the presence of NAD(P)-binding
domains from protein domain databases (PFAM (42) and Inter-
pro (43)), and automated annotation databases (NCBI Gene
Ontology (44, 45)) (see under “Methods”). These methods iden-
tified a set of 426 NAD-linked human gene products that define
the human NAD(P)ome.

We next focused on the hepatic NAD(P)ome, which we
define as the 352/426 (83%) of proteins with evidence of liver
expression in human or mouse (Fig. 3A). Indeed, the liver con-
tains the largest number of NAD(P)ome genes of any human
tissue (Fig. 3B). Moreover, the liver has the highest number
of tissue-specific NAD(P)-linked enzymes, including 40 cyto-
chrome P450 enzymes and 24 alcohol or aldehyde dehydroge-
nase enzymes classically associated with xenobiotic and alcohol
metabolism (Fig. 3B). To our surprise, many enzymes involved
in NAD� or NADP� de novo biosynthesis appear to be highly
enriched in the liver (i.e. AFMID, NADK2, KMO, TDO2,
HAAO, and QPRT), predicting a role for the liver in whole-body
NAD� biosynthesis (Fig. 4). In addition to these well-studied pro-
teins, the hepatic NAD(P)ome contains 32 predicted NAD�- or
NADP�-linked enzymes that await characterization (Table S1).

Subcellular localization of the hepatic NAD(P)ome

We can begin to estimate the subcellular distribution of the
hepatic NAD(P)ome using data from the Human Protein Atlas
(Fig. 3D) (46). Although far from definitive, this resource allows
initial evaluation of spatial compartmentalization, and data are
available for nearly 70% of the proteins in the hepatic NAD-
(P)ome. Although �40% of the hepatic NAD(P)ome is pre-
dicted to reside within the cytosol or mitochondria, a surprising
60% is predicted to localize in other compartments, including
the nucleus (62 proteins), ER (9 proteins), golgi (6 proteins),
peroxisome (13 proteins), and even the lysosome (2 proteins)
(Table S1). There is evidence that the membranes of the ER and
Golgi are not permeable to NAD(P)H and hence likely contain
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pools separate from the cytosol (47–50). How compartmental
levels of NAD(P)� in these organelles are influenced, trans-
ported, or regulated are largely unknown.

Our survey reveals that the nucleus appears to be a particu-
larly rich organelle for NAD(P)H metabolism; in addition to
PARPs and SIRTs, there are over 60 NAD(P)-linked enzymes
with predicted localization to the nucleus, including many with
unknown function (e.g. OXNAD1). At present, it is unclear
whether there are significant differences between the NAD�/
NADH ratio in the cytoplasm versus the nucleus (51, 52), but it
is likely that local spatial variations may influence enzyme activ-
ity (53) and may provide a metabolic rationale for localization in
the cytosol versus nucleus.

Fasting/feeding variation of the expression of the hepatic
NAD(P)ome

The liver exhibits dramatic transcriptional changes with fast-
ing and feeding, and many of these varying pathways are crucial
for hepatic physiology (e.g. cholesterol biosynthesis and gluco-
neogenesis). Nearly a third of hepatic NAD(P)ome genes dis-
play significant differences in gene expression between fasting
and feeding based on a recent transcriptome survey (105/362
genes) (54), the majority of which replicate using two similar
datasets (Fig. 3E and Table S1) (55, 56). For example, multiple
enzymes in de novo NAD� biosynthesis increase with fasting
(TDO2, AFMID, KMO, and KYNU) (Fig. 4).

Diurnal variation in gene expression of the hepatic
NAD(P)ome

Temporal (circadian) variation in gene expression serves to
anticipate and orchestrate daily organismal physiology. In the

liver, circadian rhythms drive periodic expression of over 3000
genes, higher than in any other tissue (57, 58), and the cellular
redox state has been shown both to vary with circadian period-
icity and to also itself to regulate the circadian cycle (59). For
example, both total NAD� levels and the rate-limiting enzyme
of NAD� salvage, nicotinamide phosphoribosyltransferase
(NAMPT), display circadian oscillations (60). In addition, the
NAD�-dependent deacetylase SIRT1 modulates activity of the
CLOCK–BMAL1 complex that drives circadian oscillations.

Based on one representative liver transcriptome study (57),
we find that nearly 1⁄4 of the hepatic NAD(P)ome shows circa-
dian variation (Fig. 3F). For example, strong circadian expres-
sion is observed for NADK, a cytosolic enzyme that converts
NAD� to NADP� (61) and is thought be a major determinant
of cytosolic NADPH versus NADH (62–64). These expression
dynamics match those of 3-hydroxy-3-methylglutaryl-CoA
reductase (Fig. 3G), the rate-limiting step of cholesterol biosyn-
thesis and an avid consumer of NADPH in the cytosol, raising
the hypothesis that NADK may temporally influence NAD�

and NADP� levels to optimize temporal changes in cholesterol
biosynthesis. Mitochondrial NAD kinase (NADK2) (65) does
not exhibit circadian variation.

Ongoing challenges and future opportunities

Historically, investigations of hepatic NADH and NADPH
have been largely limited to differences between mitochondria
and cytosol and the paradigm that cytosolic NADPH is used for
reductive biosynthesis, whereas mitochondrial NAD� is uti-
lized for catabolism. Studies over the past decade have indi-
cated that NAD� can also serve as a key substrate for protein
modifications and for the DNA damage response. Our genomic

Figure 3. Compartmentalization of the hepatic NAD(P)ome. A, hepatic NAD(P)ome is defined as the 352 members of the human NAD(P)ome that show
expression in liver. B, tissue expression is shown across 15 human tissues selected from the GTEx atlas. Expression is shown as RPKM mapped reads. C, relative
distribution of hepatic enzymes using NAD(P)� as cofactors in redox reactions, as substrates, or in NAD(P)� biosynthesis. D, subcellular distribution of the
hepatic NAD(P)ome with data available from the Human Protein Atlas (HPA). E, temporal compartmentalization during fasting/feeding is shown for 105
hepatic NADPome genes showing significant differential expression changes based on the Montagner et al. (54) study in the mouse (Student’s t test p value �
0.05 after Bonferroni correction). F, gene expression is shown for the 83 genes showing significant circadian periodicity from Hughes et al. (57). Gray bars
indicate periods of darkness. G, circadian expression of NADK and HMGCR based on data from Hughes et al. (57).
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survey here demonstrates a surprisingly large number of
NAD(P)�-linked enzymes that are predicted to be localized to
other compartments, notably the nucleus and ER, and that
many of these NAD(P)�-linked processes show diurnal or feed-
ing/fasting variation, predicting they may be highly regulated to
control physiology.

It is clear that NAD(P)H play a much broader role than the
traditional paradigm, yet there are important gaps in our fur-
ther understanding of this expanded role. First, little is known
about NAD(P)H redox ratios and pools sizes in these other
subcellular compartments, and even within mitochondria and

cytosol, more direct measurements are required. Second, the
dynamics of subcellular compartmental hepatic NAD(P)� lev-
els in different nutritional states (such as with feeding and fast-
ing) remain poorly understood. Although classic studies esti-
mated these ratios using coupled metabolites, most modern
measurements have resorted to measuring total cellular NAD�

or NADH pools (4, 33, 34). However, because of NAD(P)�
compartmentalization and complexity of free-versus-bound
pools, these modern cellular measurements are an incomplete
assessment of relevant compartment-specific redox states,
which should involve measurements of both total pool sizes and
free ratios. These limitations underscore the need for revisiting
this problem to more precisely measure compartment-specific
free ratios and pool sizes in vivo. Finally, given the central role
NAD(P)� plays in metabolism, it is unclear to what extent com-
partmental NAD(P)� is the determinant of rather than the indi-
cator of different aspects of cellular metabolism, which can only
be clarified through direct, compartment-specific manipula-
tion of NAD(P)� redox ratios and pool sizes.

Although these challenges seem daunting, the last several
years have seen the development of genetic tools for measuring
and manipulating NADH and NADPH metabolism that should
facilitate these investigations. These tools can be genetically
targeted to different subcellular compartments and can thus
overcome many of the traditional limitations of existing tools.
For example, fluorescence protein reporters have been devel-
oped to directly measure NADH (66), the NAD�/NADH ratio
(52, 67– 69), and NADPH (51) in the cytosol, as well as NAD�

(70) and the NAD�/NADH ratio in the mitochondria (68, 70).
Application of such tools is beginning to reveal new insights,
including subcellular dynamics of NAD� synthesis in the
nucleus and cytoplasm (70) and preferential pathways support-
ing cytosolic NADPH over NADH production in glucose-lim-
iting conditions in a cancer cell line (51). Concurrently, new
genetic tools are being developed to directly manipulate com-
partment-specific NADH or NAD redox metabolism. For
example, we have targeted a bacterial water-forming NADH
oxidase from Lactobacillus brevis (LbNOX) to the cytosol and
to mitochondria to manipulate NAD�/NADH levels in living
cells (73), and more recently, we rationally engineered a quin-
tuple mutant of this enzyme, called TPNOX, that is highly spe-
cific for compartment-specific oxidation of NADPH (74). In the
future, it should be possible to render these enzymes to be
under the control of light or small molecules to allow for tem-
poral analysis (75, 76). These methods will needed to be com-
bined with methods to alter pool sizes, for example by providing
biosynthetic precursors, to tease apart the relative contribu-
tions of NAD(P) redox ratios versus pool sizes in driving
physiology.

The insights derived from such basic studies are likely to
prove invaluable in furthering our understanding of the patho-
genesis of common liver diseases that have been linked to
derangements in hepatic NAD(P)�, such as alcoholic liver dis-
ease, nonalcoholic fatty liver disease, and diabetes (10, 11,
77– 80). How can we reconcile, for example, that boosting total
hepatic NAD� levels by providing precursors improves glucose
homeostasis in mice (80), but that metformin, one of the most
widely prescribed diabetic drugs in the world, exerts its effect

Figure 4. Relative hepatic expression and feeding/fasting changes of the
NAD(P) biosynthesis/salvage pathway. A, histogram of liver-specific
expression of all genes, hepatic NAD(P)ome genes, and the NAD(P) biosyn-
thesis/salvage pathway based on GNFv3 mouse tissue atlas (71). B, schematic
diagram of NAD(P) biosynthesis/salvage genes showing liver-specific expres-
sion (Z-score in the GNFv3 mouse tissue atlas (71)) and in fasting versus
refeeding (54), where arrows indicate significant changes based on Student’s
t test, after Bonferroni correction.
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through decreasing the cytosolic hepatic NAD�/NADH ratio
(15). Such examples illustrate the complexities that underlie
measurements of total cellular NAD(P)� and how compart-
mental approaches to understanding NAD(P)� biology will be
required to dissect organ level pathophysiology.

Methods

Identifying NAD(P) reactions

The KEGG database of reactions, enzymes, and genes was
downloaded (5/30/2017) (39 –41). To limit to human metabolic
reactions, human gene identifiers were mapped to enzyme
commission identifiers and then to KEGG reaction identifiers,
yielding a total of 2444 unique human reactions, containing a
total of 2268 compounds. Thus, by using KEGG, each com-
pound was linked to one or more human reactions: 990 reac-
tions linked to H2O, 543 to H�, 488 to NAD(P)(H) (Table S1),
323 to oxygen, 262 to ATP, etc.

Building the NAD(P)ome

Human and mouse RefSeq proteins (release 63) were down-
loaded from NCBI and mapped to NCBI Gene loci (81). Human
and mouse orthologs were assigned via best bidirectional hit
(BlastP, Expect �1e-3) (82). Human genes were linked to
enzyme commission (EC) numbers via a union of annotations
in KEGG (5/30/2017) (39 –41) and UniProt Description (DE)
annotations (2/22/2017) (83). A candidate NAD(P)� list was
generated from the union of four methods (see Table S1): 1)
identify human enzymes linked to NAD metabolism by first
mapping each human gene to a set of EC identifiers and then
mapping EC identifiers to KEGG reactions that utilized
NAD(P)� (specifically, KEGG chemical identifiers C00003,
C00004, C00005, or C00006); 2) identify human protein
sequences containing NAD-related binding domains based
on PFAM or Interpro (annotated in UniProt), where protein
domains with descriptions that contained “NAD” were manu-
ally reviewed for inclusion (e.g. “Oxidoreductase NAD-binding
domain” and “NAD-dependent epimerase/dehydratase fami-
ly”); 3) identify human genes associated with NAD, in the Gene
Ontology (GO) molecular function database from NCBI (09/
14/2017), where annotations containing “NAD” were manually
reviewed for inclusion; and 4) manual inclusion of all genes
related to NAD(P) biosynthesis, subunits of large NAD dehy-
drogenase complexes (e.g. complex I, BCKD), and cytochromes
P450. This candidate list of 540 human genes was manually
reviewed to exclude genes with weak evidence, yielding a final
list of 426 genes in the human NAD(P)ome. Most of these 426
genes were identified by multiple sources: 335 enzymes were
linked to NAD(P) in KEGG; 271 contained NAD-related pro-
tein domains; 254 had NAD-related GO annotations; and 29
were added by manual review (see Table S1 for complete
details).

Hepatic NAD(P)ome

The hepatic NAD(P)ome was defined as those genes showing
minimal liver expression in any of three experimental tissue
atlases from human or mouse: 1) human mRNA transcripts
with median RPKM �2 in the GTEx v6p RNA-Seq tissue atlas

(84) (including 53 tissues from 544 human autopsy donors;
Ensembl gene identifiers were mapped to NCBI gene identifiers
via Ensembl BioMart (85)); 2) proteins detected by MS in
mouse liver with log10 (total intensity) �5 within a 28-tissue
protein atlas (86); 3) mouse mRNA transcripts with log2
(expression) �5 based on the GNFv3 microarray atlas survey-
ing 91 mouse tissues (71). The 352 hepatic NAD(P)ome genes
were manually reviewed, and 32 proteins were annotated as
“unstudied” based on the numbers of publications in PubMed,
automated annotations using the GO biological process, and
manual literature review. The liver expressed more NAD-
(P)ome genes compared with other GTEx tissues, based on
counting the total number of NAD(P)ome genes expressed in
each GTEx tissue (defined as RPKM �2). Liver-specific genes
were defined as those with liver expression at least three stan-
dard deviations higher than mean expression across all tissues
(i.e. liver Z-score �3).

Integrating datasets

Subcellular localization was defined using the Human Pro-
tein Atlas (46). Categories were assigned based on the “main
locations” from Table 6 in Ref. 46, and then mapped to 13 loca-
tions as shown in Fig. 1A in Ref 46. For organelles not present in
the Human Protein Atlas (e.g. peroxisome and lysosome), sub-
cellular localizations were systematically identified from Uni-
Prot (downloaded 2/22/2017). Circadian data were obtained
from a Hughes et al. (57) microarray time course experiment
where mouse livers were obtained hourly over 48 h. The gene
expression series GSE11923 was obtained from the Gene
Expression Omnibus (72). Probe sets were mapped to genes via
Affymetrix mapping files, and for each gene the best probe set
was retained based on the probe set annotation suffix (prefer-
entially using probe sets ending in_at, then a_at, then x_at then
s_at) and then the highest mean expression; Z-scores were
computed for each dataset. Genes showing circadian patterns
were defined as those showing significant circadian patterns at
8, 12, or 24 h based on the supporting data in Hughes et al. (57).
Fasting/feeding data were obtained from Montagner et al. (54)
that interrogated liver gene expression in mice fed ad libitum,
fasted for 24 h, and fasted for 24 h and then refed for 24 h
(with a minimum of four biological replicates per condition).
Genes that showed differential fasting/feeding expression were
defined as those with a p value �0.05 (after Bonferroni correc-
tion), based on the mean across five fasting time points versus
five refeeding time points (two-sided, homoscedastic t test).
These 105 genes were also investigated using two independent
datasets of mouse fasting/refeeding (GSE13093 (55) and
GDS4872 (56)), and 65 showed concordant fasting/feeding
changes in either study (same direction and nominal p value
�0.05).
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