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SUMMARY

The redox cofactor nicotinamide adenine dinucleo-
tide (NAD) plays a central role in metabolism and is
a substrate for signaling enzymes including poly-
ADP-ribose-polymerases (PARPs) and sirtuins.
NAD concentration falls during aging, which has trig-
gered intense interest in strategies to boost NAD
levels. A limitation in understanding NADmetabolism
has been reliance on concentration measurements.
Here, we present isotope-tracer methods for NAD
flux quantitation. In cell lines, NAD was made from
nicotinamide and consumed largely by PARPs and
sirtuins. In vivo, NAD was made from tryptophan
selectively in the liver, which then excreted nicotin-
amide. NAD fluxes varied widely across tissues,
with high flux in the small intestine and spleen and
low flux in the skeletal muscle. Intravenous adminis-
tration of nicotinamide riboside or mononucleotide
delivered intact molecules to multiple tissues, but
the same agents given orally were metabolized to
nicotinamide in the liver. Thus, flux analysis can
reveal tissue-specific NAD metabolism.

INTRODUCTION

The redox cofactor NAD (nicotinamide adenine dinucleotide)

plays a central role in cellular energy generation, carrying high-

energy electrons and driving oxidative phosphorylation (Pollak

et al., 2007). NAD is regenerated from NADH by oxidation, with

rapid cycling between the oxidized and reduced forms. The total

pool size of NAD(H) depends on the relative rates of synthesis

and degradation. In mammals, NAD is made de novo from tryp-
Cell M
tophan, via the Preiss-Handler pathway from nicotinic acid (NA),

via the salvage pathway from nicotinamide (NAM, the redox-

active ring alone, without ADP-ribose), or via the nicotinamide

ribose kinase pathway from nicotinamide riboside (NR) (Hassa

et al., 2006; Bogan and Brenner, 2008; Mori et al., 2014). NAD

is consumed by NAD kinase, which makes the anabolic and

redox defense cofactor NADP(H), as well as multiple families of

signaling enzymes. Sirtuins (SIRTs) remove acyl marks (most

commonly acetylation) on proteins using NAD, generating

O-acyl-ADP-ribose and NAM (Haigis and Sinclair, 2010). ADP-ri-

bosyl-transferases, most famously poly-ADP-ribose-polymer-

ases (PARPs), which play an important role in DNA damage

repair, use NAD to modify proteins with ADP-ribosyl groups

(Rouleau et al., 2010). Cyclic ADP-ribose hydrolases (CD38/

CD157) consume NAD to make the calcium-releasing second

messengers, cyclic ADP-ribose and NAADP (Malavasi et al.,

2008). Puzzlingly, the catalytic domain of CD38 faces the extra-

cellular space under normal conditions, raising questions of

how it accesses NAD (Zhao et al., 2015). Thus, NAD metabolism

is complex, with multiple production routes and a myriad of

consuming enzymes, many of which primarily function in

signaling, rather than metabolism.

Measuring NAD metabolism is of great interest due to NAD’s

fundamental biological importance, and ties to human disease

and normal aging. NAD is gradually depleted during aging in

multiple tissues and has been proposed as a master regulator

of age-dependent pathology (Chini et al., 2017). Its depletion

induces mitochondrial dysfunction and nuclear DNA damage

by mechanisms that are currently under intense investigation

(Fang et al., 2016; van de Ven et al., 2017). Acute NAD depletion

has been proposed to promote neurodegeneration, to drive

cardiomyocyte damage during heart attacks, and to potentiate

the killing of cancer cells by chemotherapy (Hasmann and Sche-

mainda, 2003).

Consistent with the medical importance of NAD metabolism,

there has been great interest in its pharmacological modulation.
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Small-molecule PARP inhibitors promote cell death in certain

cancers by blocking DNA damage repair (Davar et al., 2012),

but also spare NAD, which can be beneficial in other settings

(Pirinen et al., 2014; Fang et al., 2014). Hyperactivation of PARPs

promotes cell death through multiple mechanisms, including

NAD depletion and signaling through PAR-dependent pathways

(Virág et al., 2013; Fouquerel et al., 2014). Inhibitors of the

enzyme NAMPT, which is required for NAD biosynthesis from

NAM, are in clinical trials for cancer treatment, based on their

potential to deplete NAD and thereby block cancer growth (Chini

et al., 2014). Certain cancers cannot make NAD from NA, which

led to the concept of rescuing normal cells, but not vulnerable

cancer cells, from NAMPT inhibition using NA (Xiao et al.,

2013). NAMPT activators are under investigation for treating

neurodegeneration by raising NAD (Wang et al., 2005, 2014).

Activators of NAD-consuming SIRTs, whose activities are sus-

pected to deleteriously drop when NAD levels are low in aging

and degenerative disease, have also been proposed as thera-

peutics (Bonkowski and Sinclair, 2016). CD38 deletion is effec-

tive in reducing diet-induced obesity and metabolic syndrome

in mouse models, and is thought to act in part by increasing

tissue NAD levels (Chini, 2009). Finally, there is extensive interest

in NR and NMN, which can be converted into NAD without pass-

ing through the gating enzyme for NAM assimilation, NAMPT, as

nutraceuticals to boost NAD levels and prevent the effects of

aging (Ryu et al., 2016; Trammell et al., 2016).

To date, analysis of NAD metabolism and related drug pertur-

bations has largely relied on measurement of the concentration

of NAD, and occasionally of related metabolites, and on how

these levels change in response to drug perturbation, disease,

and aging. In addition, enzyme activities in lysates have been

measured (Mori et al., 2014). Estimating NAD synthesis and

breakdown rates based on concentrations or biochemical

assays is insufficient: an increased concentration may reflect

increased production or decreased consumption, while enzyme

activities in lysates may not reflect cellular regulatory mecha-

nisms. Accordingly, there is an unmet need tomeasure NAD pro-

duction and consumption rates in cells and tissues (fluxes). Flux

measurement holds the potential to illuminate the main path-

ways responsible for NAD production and consumption, and

how they differ across cell types, tissues, and disease states.

Although 14C tracing to estimate NAD turnover was reported

more than 40 years ago (Hillyard et al., 1973; Rechsteiner

et al., 1976a, 1976b; Ijichi et al., 1966; Hayaishi et al., 1967),

mass spectrometry now allows similar experiments to be con-

ducted using stable isotopes, with quantitative measurement

of both unlabeled and labeled forms of different NAD-relatedme-

tabolites (Trammell and Brenner, 2013; Ratajczak et al., 2016).

Here, we establish methods for measurement of NAD synthe-

sis and breakdown fluxes in cell lines and mouse tissues using

stable isotope tracers combined with mathematical modeling.

We find that NAM is the main NAD source in both cell lines and

most murine tissues. Liver actively makes NAD de novo from

tryptophan, releasing NAM into the blood, which supports NAD

biosynthesis in the rest of the body.Mouse tissues varymarkedly

in NAD fluxes and turnover rates, with the liver, lung, spleen, and

small intestine having a faster turnover half-time than any of the

tested cultured cell lines, and the skeletal muscle slower. Unlike

in cell culture, where NR and NMN are readily incorporated into
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NAD (Ratajczak et al., 2016; Frederick et al., 2016), oral adminis-

tration fails to deliver NR or NMN to tissues without breaking the

nicotinamide-ribose bond. Assimilation after intravenous (i.v.)

administration varies between tissues, with NR being used pref-

erentially over NMN in the muscle. Future pharmacological and

nutraceutical efforts to boost NAD will need to take into account

the minimal oral bioavailability of NR and NMN and the tissue-

specific features of NAD metabolism.

RESULTS

NAD Flux Quantification
To quantify NAD metabolism in tissue culture, we substituted

[2,4,5,6-2H]NAM into the media of T47D breast cancer cells.

DMEM with 10% dialyzed serum was prepared from scratch

with solely isotopic NAM (32 mM, the standard DMEMconcentra-

tion, which is 153 normal circulating levels in mice; Table S1)

(Figure 1A). Feeding-labeled NAM resulted, at steady state, in

nearly complete NAD labeling. Feeding [U-13C]Trp did not result

in detectable NAD labeling, even after 4 days in NAM-free

medium (Figures S1A and S1B), consistent with lack of the rele-

vant enzyme expression in T47D cells (Schreiber et al., 2006;

Xiao et al., 2013). There is no NA or NR in standard cell culture

medium. Thus, in these typical cell culture conditions, essentially

all NAD is synthesized from NAM.

Figure 1A schematizes NAD synthesis and breakdown fluxes

at steady state in growing cells; fin is the synthetic flux from

NAM to NAD, fgrowth accounts for dilution by growth, and fout
accounts for the collective breakdown by NAD kinase, PARPs,

etc. Color indicates isotope labeling following transfer into

isotope-labeled medium. Dynamic labeling studies revealed

that labeling of intracellular NAM (t1/2 20 min) was much faster

than that of NAD (t1/2 9 hr) (Figure 1B). Thus, NAM equilibration

across the membrane is fast compared with NAD biosynthesis.

Switching to labeled NAM did not alter the NAD concentra-

tion (Figure S1C). Although the NAM was M+4, most labeled

NAD was M+3, as expected due to rapid turnover of the

redox-active hydrogen at the 4 position (Figure 1C). The

observed rate of NAD M+3 production may be slowed

by the deuterium kinetic isotope effect at the redox-active

hydrogen position. Nevertheless, the oxidation-reduction cycle

between NAD and NADH is sufficiently rapid so as to result in

the indistinguishable labeling kinetics for NAD and NADH (Fig-

ure S1D). Thus, we approximate NAD(H) as a single well-mixed

pool for the purposes of the NAD-tracing studies reported here.

Neither the deuterium at the 4 position nor the other deuterium-

labeled sites are involved in the NAD synthesis and consump-

tion reactions that we study, and thus are not expected to

impact the fluxes that we measure.

In addition to NAD M+4 and M+3, we also observed a minor

NADM+2 fraction (Figure 1D). The M+2 species could, in theory,

arise from interconversion between NAD and quinolinic acid, or

spontaneous hydrogen-deuterium exchange. RNAi knockdown

of quinolinate phosphoribosyl transferase did not inhibit forma-

tion of the M+2 species, suggesting it is generated by sponta-

neous exchange (Buncel and Lee, 1976) (Figures S1E and S1F).

We next developed a quantitative analysis of the fluxes under-

lying the observed labeling dynamics. After being taken up by

cells, NAM forms NAD with flux fin. In the presence of labeled
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Figure 1. Quantitation of NAD Turnover in Cell Culture

(A) Switching the media from unlabeled to [2,4,5,6-2H]nicotinamide, [2H]NAM, results in NAD labeling without otherwise perturbing cellular pool sizes or fluxes.

Fast labeling implies high fluxes relative to pool size.

(B) Isotopic fractions of intracellular NAM and NAD after switching to [2H]NAM in T47D cells; U, unlabeled fraction; L, labeled fraction.

(C) Labeling schematic.

(D) NAD labeling dynamics after switching to [2H]NAM in T47D cells.

Symbols, experimental data (mean ± SD, n = 3); lines are to guide the eye.

See also Figure S1 and Table S1.
NAM, the unlabeled fraction of NAD (NADU) (Figure 1B) accord-

ingly decreases:

dNADU

dt
= � fin

½NAD�NADU (Equation 1)

[NAD] is the constant total intracellular concentration of

NAD(H) (i.e., the sum of the oxidized and reduced cofactor con-

centrations, which is 1,880 pmol per million cells, with [NAD] >

[NADH]; note that the volume of 1 million cells is about 3 mL, so

this equates to about 0.6 mM NAD). Based on the experimental

data for isotope incorporation (Figures 1B and 1C), fin is 144 pmol

per million cells per hr, with a 95% confidence interval (CI) of

121–169 (determined by bootstrapping). The NAD synthesis

flux fin must balance with (1) all NAD consumption (i.e., due to

PARPs, SIRTs, CD38, NAD kinase, and other NAD-consumers,

the sum of which is fout) and (2) expansion of the NAD pool due

to cell growth (fgrowth). Cell growth was measured separately to

determine the growth rate constant (g) with fgrowth = g [NAD]. In

T47D cells, fgrowth accounts for �20% of fin. Therefore, with the

NAD concentration of about 0.6 mM, and a turnover t1/2 of

9 hr, T47D cells break down a majority of newly made NAD.

NAD Consumption Routes
NAD is the substrate for essential metabolic processes

including NADP synthesis by NAD kinase and important protein

covalent modification reactions (e.g., deacetylation and ADP-

ribosylation). We sought to separately quantify the major

NAD-consuming pathways (Figure 2A). To investigate the

contribution of NAD kinase, we measured the dynamics of

NADP labeling. Like NAD/NADH, NADP/NADPH are coupled

by rapid oxidation-reduction and label equally (Figure S1D).
Compared with NAD, NADP labeled detectably more slowly

(Figure 2B). The slower labeling does not reflect a slower

intrinsic turnover rate of NADP(H) relative to NAD(H), but rather

the NADP being downstream of NAD, with the time lag in label-

ing used to calculate the NAD kinase forward flux (f1) (Yuan

et al., 2008) (STAR Methods). Based on the labeling kinetics,

the intrinsic turnover half-time of NADP is about 2-fold shorter

than for NAD. However, due to the 20-fold smaller total pool

size of NADP(H) relative to NAD(H) (Figure S1G), the NAD kinase

flux is only �10% of total NAD consumption, 12 pmol per million

cells per hr (CI: 11–14), compared with total NAD consumption

of 118 pmol per million cells per hr.

To measure NAD consumption by PARP1/2, the major DNA

damage responsive PARPs, we switched exponentially growing

cells simultaneously into [2H]NAM and olaparib (AZD2281), an

FDA-approved PARP1/2 inhibitor drug (Menear et al., 2008).

Compared with untreated cells, olaparib-treated cells accumu-

lated an indistinguishable amount of labeled NAD at early time

points (Figure 3A, blue lines), indicating that NAD synthesis

from NAM is unaltered. The decay of unlabeled NAD was, how-

ever, slower, resulting in an approximately 10% increase in NAD

concentration over 15 hr. Thus, PARP inhibition increased the

NAD pool by decreasing its consumption (Nikiforov et al.,

2011). Based on the slower rate of unlabeled NAD decline, we

determined the value of fout upon inhibitor treatment (Figures

3B and 3C) to be 79 pmol per million cells per hr (versus 118 in

the absence of PARP inhibition), with the difference being the

PARP contribution of 39 pmol per million cells per hr (CI:

28–43). A caveat is that this calculation assumes constant NAD

consumption by other pathways, whereas the rise in total NAD

concentration after inhibitor treatment could be driving compen-

satory increases in other components of fout. Due to the small
Cell Metabolism 27, 1067–1080, May 1, 2018 1069



A B Figure 2. NAD Kinase Flux

(A) Approach to calculate NAD consumption by

NAD kinase (f1, forward flux).

(B) Labeling dynamics; symbols, experimental

data (n = 3); lines, fit to differential equations in (A).

**p < 0.01, paired t test; dots, experimental data,

n = 3.

See also Figure S1.
change in NAD pool and flux determination based on data taken

at early time points after PARP inhibition, the impact of such er-

rors should be small. Thus, in T47D cells, approximately one-

third of NAD consumption is due to basal PARP1/2 activity.

PARP is thought to be the major NAD consumer in cells with

DNA damage (Wang et al., 2014; Rouleau et al., 2010). In the

absence of DNA damage, basal PARP activity, as measured

by the accumulation of protein poly-ADP-ribosylation in cell

lysates with poly(ADP-ribose) glycohydrolase inhibitor added,

was recently reported to vary markedly across cancer cell lines

(Krukenberg et al., 2014). We compared PARP-mediated NAD

flux in five human breast cancer cell lines with basal lysate

PARylation activities (Krukenberg et al., 2014). We found that

the two cell lines with relatively high accumulation of PARylation

in lysates (KPL1 andMCF7) did not exhibit lower NAD concentra-

tion or higher PARP-mediated NAD consumption than the three

cell lines with relatively low PARylation (AU565, SKBR3, and

T47D) (Figure 3D; Table S2). This suggests that cellular

PARP1/2 flux is determined by factors distinct from PARP activ-

ity as captured by lysate assays.

One potential explanation is that PARP activity is determined

mainly by cellular factors, such as DNA damage, which may

not be reliably captured in lysates. Constitutive DNA damage

due to genetic defects in DNA repair has been reported to

decrease NAD pools (Fang et al., 2014). We investigated cells

with dysfunction in the DNA repair protein xeroderma pigmento-

sum group A (XPA) and a matched control line that was rescued

by XPA transfection (Fang et al., 2014). Compared with XPA-

restored cells, XPA-deficient cells suffer from chronic DNA dam-

age, and exhibit lower steady-state NAD concentration (Fang

et al., 2014) (confirmed in Figure S2A). We observed faster

NAD labeling (Figure S2B) and an associated larger total NAD

consumption flux in the XPA-deficient cells (Figure 3E). More-

over, the PARP contribution (as measured by adding olaparib

together with labeled NAM) was larger. Thus, while we do not

observe a relationship between basal lysate PARylation activities

and NAD flux, we capture the known link between compromised

DNA repair, PARP, and NAD consumption.

To investigate the effects of acute DNA damage, we treated

T47D cells with zeocin to trigger DNA double-strand breaks at

the same time as switching into [2H]NAM and analyzed total

and 2H-NAD after 8 hr. Zeocin reduced total NAD to �60% of

control, mainly by accelerating the loss of unlabeled NAD, and

this effect was blocked by olaparib (Figure 3F). Quantitative anal-
1070 Cell Metabolism 27, 1067–1080, May 1, 2018
ysis revealing �23 increase in fout that

was reversed by co-treatment with

PARP inhibitor (Figure 3G). Thus, PARP

consumes about one-third of NAD under

basal conditions and becomes the domi-
nant consumer in the presence of overt DNA damage. These ob-

servations capture the quantitative change in flux during DNA

damage, although harsher damage might lead to a yet more dra-

matic change (Zong et al., 2004).

To evaluate contributions from other pathways, we monitored

the increase in NAD pool size and labeling pattern in T47D cells

treated with sirtinol (a SIRT1/2 inhibitor) and EX527 (a SIRT1

inhibitor) (Figures 3H, S2C, and S2D). We observed a significant

decrease in fout. Quantitatively SIRT1/2 consume about one-

third of NAD under basal conditions (32 pmol per million cells

per hr, CI: 24–41), similar to consumption by PARP1/2. The ef-

fect of dual PARP1/2 and SIRT1/2 inhibition was roughly addi-

tive. The flux measurements lack the precision to assess

whether PARP inhibition is activating sirtuins, or vice versa,

but the data do confirm that PARP1/2 and SIRT1/2 collectively

account for the majority of NAD consumption (Figures 3I

and 3J).

We then examined two additional cell lines, the transformed

but non-tumorigenic breast cell MCF7 and differentiated

C2C12 myotubes (Figures S2E–S2I). Comparison of NAD label-

ing with cellular growth rate revealed that most NAD in the MCF7

cells was passed along to their daughter cells, whereas in

the differentiated C2C12 cells, essentially all NAD was

consumed, as expected based on their post-mitotic status (Fig-

ure 3K). Similarly, among different proliferating cell lines, growth

rate and NAD usage for growth were correlated (R2 = 0.48,

p = 0.01; Figure S2K). In both MCF7 cells and C2C12 myotubes,

based on NAM-tracer experiments with olaparib and sirtinol, the

relative contributions of PARP1/2 and SIRT1/2 were similar.

Thus, across several cell lines, NAD consumption by PARP1/2

is similar to that by SIRT1/2 (Figures 3K and 3L).

Impact of NAD Concentration on Fluxes
The rate of enzymatic reactions depends on substrate concen-

tration, so we expect an effect of concentrations on fluxes. To

test whether such a relationship exists for NAD consumption,

we first treated cells with FK866, an NAMPT inhibitor in clinical

trials (Zerp et al., 2014), simultaneously with switching into [2H]

NAM. As expected, FK866 almost completely blocked NAD

labeling. We then assessed whether the resulting drop in NAD

concentration altered NAD consumption kinetics. The decline

in NAD concentration following addition of FK866 approximated

a single-exponential decay (Figure 4A), which implies that NAD

consumption depends linearly on its concentration: fout = k
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Figure 3. NAD Utilization in Cell Lines

(A) NAD concentration and labeling in T47D cells treated with olaparib (10 mM, PARP1/2 inhibitor). Olaparib was added simultaneously with switching cells into

[2H]NAM. Symbols, experimental data (mean ± SD, n = 3); lines, fit to equations corresponding to model in (B) (STAR Methods).

(B) Approach to calculate NAD consumption by different enzymes, based on assumption of fixed NAD production flux and decreased consumption flux upon

adding inhibitor.

(C) Fitted NAD efflux based on NAD concentration, cell growth rate, and isotope labeling in the presence or absence of 10 mMolaparib, as shown in (A). Horizontal

line within box, best fit; box, interquartile range; whisker, 95% confidence intervals.

(D) PARylation activity and PARP-mediated NAD consumption as measured by isotope tracing in the presence and absence of 10 mM olaparib are not correlated

across five breast cell lines. Lysate and MagPlex beads were incubated together overnight to measure PARylation activity (Krukenberg et al., 2014). Data are

mean ± SD, n = 3.

(E) Total NAD consumption fluxes in XPA-deficient or XPA-restored cells treated with DMSO or olaparib, calculated from [2H]NAM labeling in the first 8 hr of drug

treatment. Results are normalized to untransfected XPA-deficient cells; data are mean ± SD, n = 3; *p < 0.05, paired t test.

(F) NAD concentration and labeling in T47D cells incubated simultaneously with [2H]NAM and zeocin (250 mg/mL, to induce DNA double-strand break), with or

without olaparib, for 8 hr. Data are mean ± SD, n = 3.

(G) Increase in total NAD consumption flux based on data in (F) (mean with 95% confidence interval).

(legend continued on next page)

Cell Metabolism 27, 1067–1080, May 1, 2018 1071
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Figure 4. Relationship between NAD Concentration and Flux in Cell Lines

(A) NAD concentration and labeling in T47D cells treated with FK866 (100 nM, NAMPT inhibitor). FK866 was added simultaneously with switching cells into [2H]

NAM. Symbols, experimental data (mean ± SD, n = 3); line, fit to equations corresponding to the illustrated kinetic scheme, which assumes that NAMPT fully

blocks NAD synthesis and NAD consumption is proportional to its concentration (‘‘first-order kinetics’’).

(B) NAD concentration before and after labeling for 5 hr. T47D cells were pre-treated with 13 NAM (standard DMEM condition), 0.13 NAM, or 0.013 NAM, for

1 week and labeled with the same concentration of [2H]NAM, or were pre-treated with 53 NR for 4 days and labeled with the same concentration of [2H,13C]NR.

Data are mean ± SD, n = 4.

(C) Correlation between NAD concentration and consumption flux based on data in (B).

(D) Correlation between t1/2 for NAD labeling by [2H]NAM and t1/2 for NAD depletion upon adding FK866 (100 nM) across 12 cell lines. Each dot represents one cell

line. For data by cell line, see Table S3.

(E) Across the same 12 cell lines, NAD flux correlates poorly with labeling t1/2.

(F) NAD flux correlates more strongly with intracellular NAD concentration.

See also Table S3.
[NAD]. To further test the relationship between [NAD] and fout, we

reduced the medium NAM to 0.13 or 0.013 of its normal con-

centration in DMEM (i.e., to roughly 1.53 and 0.153 normal

circulating levels) or added NR at 53 the normal media NAM

concentration, resulting in a 20% decrease, 70% decrease, or
(H) NAD concentration and labeling in T47D cells treated with sirtinol (25 mM, Sirtu

NAM. Symbols, experimental data (n = 3); line, fit to equations.

(I) Same as (H) but with dual PARP and SIRT1/2 inhibition.

(J) Decrease in NAD consumption, calculated based on first 4 hr after drug exposu

1/2 inhibitor), EX527(10 mM, Sirtuin 1/2 inhibitor), and co-treatment of olaparib (1

(K) Fraction of NAD directed toward supporting growth in different cell lines cell line

isotope labeling rate (mean with 95% confidence interval).

(L) Pie graphs indicating NAD fates in differentiatedmyocytes (C2C12 cells) and pr

cells were determined as for T47D cells (see Figure S2 for data in C2C12 cells a

See also Figure S2 and Table S2.
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60% increase in [NAD], respectively (Figure 4B). We then

switched to isotopic NAM or NR at the same concentration

and observed that fout was roughly proportional to [NAD] (Figures

4B and 4C). Because PARP1/2 and SIRT1/2 aremajor consump-

tion enzymes, these data suggest that, at least in in T47D cells,
in 1/2 inhibitor). Sirtinol was added simultaneously with switching cells into [2H]

re in T47D cells, for olaparib (10 mM, PARP1/2 inhibitor), sirtinol (25 mM, Sirtuin

0 mM) and sirtinol (25 mM) (mean with 95% confidence interval).

s, as determined by experimental measurements of growth rate relative to NAD

oliferating T47D andMCF7 cells. Consumption routes in C2C12 cells andMCF7

nd MCF7 cells).
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Figure 5. Contributors to NAD Biosynthesis In Vivo in Mice

(A) Concentration of NAD contributors (log scale, mean ± SD, n = 4).

(B) Schematic of tryptophan (Trp) and NAM tracer metabolism. [13C]Trp was infused via the jugular vein at 5 nmol/g/min and [2H]NAM at 0.3 nmol/g/min;

tryptophan to NAD flux (f1), NA to NAD flux (f2), NAM uptake from circulation (f3), and NAMPT flux (f4).

(C) Serum and tissue isotope labeling of NAM from 5 hr [U-13C]Trp infusion (left), or from 5 hr [13C]NA infusion (right) (mean ± SD, n = 3).

(D) Serum isotope labeling of NAM from [2H]NAM infusion. Symbols, experimental data (mean ± SD, n = 3); lines are to guide the eye.

(E) NAM labeling from [2H]NAM infusion.

(F) Labeled NADP(H) relative to labeled NAD(H) in tissues after 5 hr [2H]NAM infusion.

(G) NAD(H) concentration across tissues.

(H) Labeled fractions of NAM, NAD, and NADPH in tissues after 1, 2, and 5 hr of [2H]NAM infusion. For (E)–(H), data are mean ± SD, n = 3. For related cell culture

experiments, see also Figures S3, S4, and S5 and Tables S1 and S4.
their cellular activities are substantially determined by NAD

concentration.

To measure NAD consumption and its dependence on NAD

concentration in more cell types, we measured NAD dynamics

in response to FK866 across 12 cell lines (3 other breast cancer

cell lines, 4 gastrointestinal cancer cell lines, 2 melanoma cell

lines, and differentiatedmyocytes and adipocytes). Across these

cell lines, the t1/2 for NAD depletion by FK866 was nearly iden-

tical to NAD labeling t1/2 in the absence of drug (R2 = 0.92, slope =

1.03, p < 0.005) (Figure 4D; Table S3). Different cell lines varied in

NAD demand for growth (Figure 3K), NAD concentration (from

1 to 7 nmol per million cells) and labeling half-time (5–14 hr).

Together, [NAD] and labeling t1/2 determine NAD synthesis flux

(fin = ln2[NAD]/labeling t1/2). Interestingly, [NAD] was more vari-

able than t1/2 and thus exerted greater influence over fin. Indeed,
we found a strong correlation between NAD concentration and

synthesis flux (R2 = 0.81, p < 0.005), but no correlation between

t1/2 and flux (Figures 4E and 4F). These data are consistent with

high production flux leading to a large NAD pool size, with the

consumption rate in cell lines proportional to [NAD]. One prac-

tical implication of this finding is that NAD flux can be estimated

in tissue culture by the kinetics of NAD loss after blocking

NAMPT, without the need for isotope tracer methods.

Tissue Heterogeneity in NAD Synthesis
We next employed isotope tracing to probe whole-organism

NAD metabolic fluxes. In mammalian plasma, tryptophan,

NAM, and NA are the only NAD precursors with concentrations

>0.1 mM (Figure 5A). We accordingly selected [U-13C]Trp,

[2,4,5,6-2H]NAM, and [U-13C]NA for in vivo tracing studies
Cell Metabolism 27, 1067–1080, May 1, 2018 1073



(Figure 5B; for their effects in vitro, see Figures S3 and S4). Infu-

sions were performed on 12- to 14-week-old C57BL/6 mice pre-

catheterized on the right jugular vein, aiming to quantify in a

tissue-specific manner (1) biosynthetic flux from tryptophan

and NA to NAD, (2) salvage flux from tissue NAM to NAD, (3) ex-

change flux between tissue NAM and serum NAM, and (4) NAD

kinase flux.

Infusion of [U-13C]Trp (M+11) at a consistent rate of 5 nmol

per g mouse body weight per min rapidly resulted in approxi-

mately 60% serum tryptophan labeling, with accumulation

over �24 hr of serum NAM M+6 (six carbon atoms from trypto-

phan are retained in NAD and NAM) (Figure S5A). Tissue

sampling at 5 hr revealed preferential NAM labeling in the liver.

Liver NAM was labeled in excess of circulating NAM, whereas

NAM in all other tissues was labeled less than circulating

NAM (Figure 5C). A straightforward interpretation is that, like

cell lines, most tissues do not make NAD by de novo synthesis,

and instead rely on NAM synthesized and released from liver.

Infusion of [U-13C]NA (M+6) at a consistent rate of 0.02 nmol

per g per min resulted in 85% serum NA labeling. This high

extent of labeling, despite the low infusion rate, indicates that

endogenous NA circulatory turnover flux is small, i.e., there is

little flux from circulating NA into tissues, or vice versa (Hui

et al., 2017). Thus, circulating NA seems to be a minor contrib-

utor to endogenous NAD production in most tissues. Consistent

with this, even though the labeled NA infusion had increased the

circulating NA level several-fold, the contribution of NA to serum

NAM was low (1% after 5 hr, compared with 5% after 5 hr from

tryptophan infusion; Figure 5C). Quantitative analysis, which

takes into account the extent of circulating precursor labeling,

indicates that the flux from circulating tryptophan to serum

NAM exceeds the flux from NA to NAM (even after the elevation

of circulating NA by the labeled infusion) by roughly an order of

magnitude.

We then investigated flux from circulating NAM to tissue NAD.

Infusion of [2,4,5,6-2H]NAMat a consistent rate of 0.2 nmol/g/min

resulted in approximately 50% serum NAM labeling, with a rapid

increase in NAM M+4 and slow accumulation of NAM M+3,

which is formed by assimilation of NAM M+4 into NAD, loss of

the redox-active hydrogen, and subsequent cleavage of NAD

to NAM (Figure 5D). Tissue NAM was less labeled than serum

NAM,with the extent of labeledNAMassimilation variable across

organs (Figure 5E). Thus, in contrast to cell lines where NAM

exchange with the medium is fast, in vivo, exchange between

the blood stream and tissues is slow and thus potentially an

important site of regulation.

The extent of recycling of assimilated NAM M+4 into NAM

M+3 varied by organ, being greatest in the spleen and small

intestine and least in the skeletal muscle, suggesting rapid

NAD turnover in the spleen and small intestine and slow

turnover in the muscle (Figure 5E). Next, we measured NAM,

NAD, and NADPH tissue labeling at multiple time points

(for tissue-specific NAM, NAD, and NADPH concentrations,

see Table S4). NADP(H) labeled detectably more slowly than

NAD(H), and the relative labeling (Figure 5F) allowed us to calcu-

late NAD kinase forward flux and NADP(H) turnover. Particularly

slow NADPH labeling was observed in the lung. As in cell cul-

ture, the NAD kinase forward flux is a modest NAD consumer,

accounting for �25% of total net cellular NAD production
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(the sum of f1 +f2 +f3 in Figure 5B). The skeletal muscle showed

the greatest lag between NAM and NAD labeling, and the

slowest NAD labeling overall, confirming slow NAD turnover,

whereas the spleen and small intestine showed the fastest

NAD labeling (Figure 5H).

To gain a more complete picture of tissue-specific NAD meta-

bolism, we used the NAM-, tryptophan-, and NA-tracing data to

quantitate NAD fluxes in each tissue (f1, f2, f3, f4 in Figure 5B;

Table S5). The flux model assumes both spatial homogeneity

(i.e., each tissue as a single well-mixed pool) and metabolic

(but not isotopic) steady state. NAM is eliminated from cells

by excretion of it or one of its metabolic products such as

N-methylnicotinamide (Figure S5). For half of the tissues, the

model was able to fit the experimental data well, i.e., without

significant systematic error; for the other half of the tissues,

some systematic misfit was observed (Figure S6; Table S5).

The misfitting mainly reflected a discrepancy in NAM labeling

rate over time, e.g., in the lung, NAM labeling at 1 hr was too

great relative to 5 hr to be accounted for given the assumption

that the tissue is a single well-mixed pool. Thus, in half of tissues,

we obtained evidence for compartmentation, either between

cells within the tissue or within the individual cells. Alternatively,

it is possible that another unmodeled factor impacted the label-

ing. Despite these complications, the resulting optimized flux set

(Figure 6A; Table S5) accurately accounted for labeling patterns

after co-infusion of [U-13C]Trp and [2,4,5,6-2H]NAM (20:1 ratio,

equal to their physiological ratio in serum) and co-infusion of

[U-13C]NA and [2,4,5,6-2H]NAM (1:10 ratio, equal to their ratio

in serum) (Tables S6 and S7).

This quantitative analysis confirmed that the liver is the main

producer of circulating NAM from tryptophan, with the kidney

also net excreting NAM made from both tryptophan and NA

(Figure 6A). Tissue fluxes are reported in units of molarity per

time, i.e., are normalized to tissue volumes. Correcting for the

larger volume of the liver relative to the kidney, the fraction of

total NAM production by the liver is >95%. The other examined

tissues differed dramatically in their rates of NAD turnover, with

the small intestine and spleen having a flux more than 40-fold

greater than muscle or fat (Figures 6A and 6B). There was a

trend toward higher expression of NAD-consuming enzymes

in the tissues with faster NAD turnover flux, but no strong cor-

relation with any particular NAD-consuming enzyme (Figure 6B).

In contrast to cell lines, where flux through NAD correlated more

strongly with NAD concentration than turnover half-time, in vivo

the reverse was true (Figures 6C and 6D). This indicates large

tissue-specific differences in NAD consumption pathway activ-

ities. Notably, while standard tissue culture cell lines showed

similar NAD turnover half-times irrespective of their tissue of

origin, half-times varied by 50-fold across tissues in vivo, with

the half-time for NAD turnover in the small intestine more than

10-fold faster than in any tested cultured cell line (Figure 6E).

Based on the striking differences between cultured cell lines

and tissues in vivo, we examined fluxes in freshly isolated pri-

mary hepatocytes. Like liver, and in contrast to HepG2 cells,

the freshly isolated hepatocytes produced NAD from trypto-

phan and manifested a fast NAD turnover time of �2 hr (Fig-

ure 6F). Thus, mammalian NAD metabolism involves extensive

tissue-specific pathway regulation, which is not replicated in

standard cell lines.
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Figure 6. NAD Turnover in Tissues

(A) Quantitative NAD fluxes in tissues, based on metabolic flux analysis informed by liquid chromatography-mass spectrometry measurement of metabolite

labeling in serum and tissues after separate infusions of [13C]Trp, [13C]NA, and [2H]NAM. Values shown are fluxes (mM/hr) from the best fit flux sets for network in

(B). For complete flux sets, see Table S5. Fluxes shown for tryptophan and NA reflect net assimilation into NAD. For NAM, there is significant net export from the

liver and kidney. For these two tissues, we show separately the uptake and excretion fluxes of NAM, as determined bymodeling of the tissue-labeling data. For all

other tissues, NAM uptake and excretion are balanced, and we show only a single value corresponding to the exchange rate between the tissue and circulation.

(B) Total NAD production flux (f1 + f2 + f4) across tissues and relevant NAD enzyme protein expression levels based on antibody staining from http://www.

proteinatlas.org/.

(C and D) Across tissues, NAD production flux (B) correlates with inverse labeling half-time, but not NAD concentration.

(E) NAD labeling half-time across cell lines and corresponding mouse tissues.

(F) NAD labeling half-time and Trp fractional contribution in HepG2 cells, primary hepatocytes, and in vivo liver.

Bars are mean with 95% confidence intervals.

See also Figure S6 and Tables S5–S7.
Tracing the Fate of NR and NMN
While tryptophan, NA, and NAM are the physiological circu-

lating NAD precursors, NR and NMN have garnered much

attention as potential alternative precursors for use as nutra-

ceuticals to elevate NAD. These precursors can be incorpo-

rated into NAD without breaking the nicotinamide-ribose

linkage, allowing them to bypass the gating NAMPT reaction,

which is subject to feedback inhibition by NAD (Ratajczak

et al., 2016; Frederick et al., 2016). NR and NMN boost NAD

levels in vitro and in vivo, and have shown promise in a number

of rodent disease models (Revollo et al., 2007; Cantó et al.,

2012; Yang and Sauve, 2016). To probe their metabolism, we

employed versions of NR and NMN that are isotopically labeled

on both the nicotinamide and ribose moieties. This allowed us
to distinguish NADmade directly from NR or NMN (M+2) versus

NAD made from NAM-derived NR or NMN (M+1) (Figure 7A).

While reasonably stable in tissue culture medium (t1/2 � 12 hr)

(Figure S4G), both NR and NMN were quickly degraded to

NAM in whole blood (t1/2 3 min) (Figures 7B, 7C, and S4H).

Accordingly, we flash-froze blood specimens and then later ex-

tracted them with �80�C methanol (80:20). NR and NMN were

administered by i.v. bolus or oral gavage at 50 mg/kg, which

is equivalent to 290 mg in a 70-kg human on a body surface

area basis, in the range of common nutraceuticals. The limits

of detection for measurement of NR and NMN were 0.1 and

0.2 nM, respectively. Readily detectable concentrations of

intact NR were observed in the blood following i.v., but not

after oral, administration, indicating nearly complete first-pass
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Figure 7. NR and NMN Are Effectively Delivered to Tissues by i.v., but Not Oral, Administration

(A) Schematic of [2H,13C]NR and [2H,13C]NMNmetabolism in vivo. NADmade directly fromNR or NMN isM+2 labeled. NADmade fromNAM-derived NR or NMN

is M+1 labeled. Previously made NAD, or NAD made from unlabeled NAM, is unlabeled (M+0).

(B) Stability of NR and NMN standards in PBS, DMEM with 10% DFBS, mouse serum, or mouse blood. Symbols, experimental data (mean ± SD, n = 3); lines,

single-exponential fits.

(C) Circulating NAM from tail bleeds at the indicated times after a 50-mg/kg bolus of [2H,13C]NR or [2H,13C]NMN by oral gavage or by i.v. injection.

(D) Corresponding circulating NR and NMN.

(E) Corresponding tissue NAD labeling.

Data are mean ± SD, n = 3.

See also Figures S4 and S7.
metabolism (Figures 7D and S7). NMN was barely detectable

even after i.v. administration; its i.v. dosing did, however, result

in a rise in circulating NR. Irrespective of the route of delivery,

the main circulating product of the administered NR or NMN

was NAM, which increased by �203 within 5 min of i.v. NR or

NMN; oral NR or NMN administration led to a more modest

rise in circulating NAM (Figure 7C).

Examination of tissue NAD labeling indicated some direct

assimilation of oral NR and NMN into liver NAD, based on M+2

labeling, which made up a minority of the signal, but was none-

theless readily detectable. The active formation of liver NAD from
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NR and NMN is consistent with both compounds being subject

to substantial hepatic first-pass metabolism. In contrast, extra-

hepatic tissues displayed minimal M+2 NAD (Figure 7E), sug-

gesting that orally delivered NR and NMN are converted into

NAMbefore reaching the systemic circulation. Intravenous injec-

tion of NR or NMN, on the other hand, resulted in substantial M+2

NAD in both the liver and kidney. To explore whether higher oral

doses of NR were also cleared by the liver, we examined the dy-

namics of tissue NAD labeling from 200 mg/kg i.v. or oral doubly

labeled NR. Similar to the 50 mg/kg dose, the 200 mg/kg dose

resulted inM+2NAD in the liver but not themuscle or kidney after



oral administration (Figure S7A). Thus, even very high doses of

oral NR do not reach tissues intact.

In the brain, we detected only M+1 NAD, indicating a reliance

on circulating NAM and suggesting that intact NR and NMNmay

not cross the blood-brain barrier (Figure 7E). This was also true

after i.v. administration of a very high dose of NR or NMN

(500 mg/kg; Figure S7B). Interestingly, NR but not NMN was

efficiently assimilated intact into NAD in the muscle (Figure 7E).

This preference of muscle for NR held true also at 500 mg/kg

i.v. (Figure S7B). To our knowledge, this is the first clear example

of a differential metabolic effect between these two compounds

in vivo. Tissue-specific utilization of different precursors should

be considered in the design of future NAD-boosting drugs.

DISCUSSION

NADplays a central role in epigenetics and energymetabolism. It

is accordingly important to measure NAD production and

consumption pathways, and how they differ across cell types,

tissues, physiological states, and diseases. In addition, it is

important to understand the impact of drugs and nutraceuticals

on NAD metabolism. Here we present an isotopic-tracing

approach to quantify NAD synthesis and consumption fluxes:

introduction of labeled NAM or other NAD precursors followed

by measurement of NAD labeling. Both NAM and NAD are suffi-

ciently abundant and stable for facile measurement of their

quantitative labeling by liquid chromatography-mass spectrom-

etry, rendering the methods well suited for broad application.

In steadily growing cell lines, NAD labeling follows single-

exponential kinetics (Figure 1B). The disappearance rate of unla-

beled NAD in the presence of labeled NAM reflects the total

activity of all consumption pathways. By tracing label incorpora-

tion into NADP(H) we showed that NAD kinase accounts for 10%

of NAD consumption (Figure 2). By combining this isotope tracer

measurement with pharmacological modulation of PARP1/2 and

SIRT1/2, wewere able to assign each enzyme class a substantial

(�1/3) role in NAD consumption under basal conditions (Fig-

ure 3J). As expected, cells defective in DNA repair or suffering

acute DNA damage had faster PARP-mediated NAD consump-

tion, which validated our method and quantified the effect of

DNA damage on flux through the PARPs. In contrast, neither

PARP expression levels nor activity in lysate was predictive of

the basal PARP-mediated NAD consumption flux in cell lines.

We did not observe substantial NAD consumption by CD38 in

cell culture (based on inhibition with quercetin and apigenin;

Figure S2H), although genetic evidence suggests that CD38

plays a substantial role in NAD consumption in vivo (Sahar

et al., 2011; Chiang et al., 2015).

Typical cell culture medium contains only two potential NAD

precursors, NAM and tryptophan (National Research Council,

1989). In our hands, primary hepatocytes were the only cell

type capable of using tryptophan for NAD synthesis, indicating

that the vastmajority of cells depend entirely on NAM. In animals,

gene data indicate expression of the enzymes required for

de novo synthesis of NAD from tryptophan in the liver and kidney

(Figure S5D), and the concentration of tryptophan in the diet has

been reported to affect the liver NAD levels (Powanda and Wan-

nemacher, 1970). Consistent with this, quantitative analysis of

in vivo tracing data with labeled NAM and tryptophan indicated
de novo NAD synthesis from tryptophan in the kidney and, to a

much greater extent, the liver. Other tissues, in contrast, relied

almost exclusively on circulating NAM made by the liver. Liver

synthesis of NAD and excretion of NAM occurred even when

serum NAM was elevated by co-infusion of tryptophan and

NAM; thus, liver constitutively produces NAM to support NAD

synthesis throughout the rest of the body (Figure 6A).

To explore the relationship between NAD concentration and

fluxes, we changed medium levels of NAM and NR, as well as

added FK866, thereby manipulating the intracellular NAD con-

centration in cultured cells across an �10-fold range. NAD con-

sumption flux correlated strongly with NAD concentration; this

correlation results in NAD turnover time being relatively consis-

tent (�8 hr, substantially longer than the 1–2 hr half-life previ-

ously estimated for DH98/AH2 cells, which were not included

in the present study; Hillyard et al., 1973; Rechsteiner et al.,

1976b). The simplest explanation for the correlation between

NAD concentration and flux is that consumption flux is a linear

function of the concentration of NAD, the enzymes’ substrate.

According to Michaelis-Menten kinetics, such a linear relation-

ship is expected only when substrate is subsaturating. We

observed an average whole-cell concentration of NAD ranging

from 0.1 to 2 mM, with the T47D cells in which we conducted

the nutrient perturbation experiments having 0.6 mM. While

this is similar to or below the Km of NAD kinase (0.6–1 mM)

(Ohashi et al., 2012), it exceeds the reported NAD Km of

PARP1 (0.1–0.2 mM) (Gibson et al., 2016; Langelier et al.,

2010; Beneke et al., 2000) and most of the (quite variable) liter-

ature estimates of sirtuin Km values (0.01–0.6 mM). While these

biochemical data suggest that PARPs and sirtuins should be

substantially saturated at 0.6 mM NAD, physiological Km values

are often higher than those measured in a test tube, due to

active site competition from other metabolites in the cellular

milieu (Yuan et al., 2009). In addition, NAD and NADH are often

protein bound, and the free NAD concentrations within cytosol

and/or mitochondria may be considerably less than the whole-

cell averages or the Km values for consuming enzymes (Niki-

forov et al., 2011). Thus, the simplest biochemical explanation

for the correlation between NAD concentrations and fluxes is

a roughly linear dependence of PARP and sirtuin activity on

NAD concentration.

In contrast to the relatively consistent NAD turnover half-time

in cell culture of 6–12 hr, NAD turnover rates varied dramatically

across tissues (Figure 6E). In several tissues, NAD turnover was

substantially faster than in any of the cultured cell lines that we

examined. On the flip side, in the skeletal muscle, it was substan-

tially slower. This variation in NAD turnover rate between tissues

in vivo highlights the importance of understanding the mecha-

nisms controlling NAD fluxes. Across tissues, we did not observe

a strong correlation between flux and NAD concentration or the

protein levels of knownNAD consumers or biosynthetic enzymes

(Figures 6B and 6C) (Mori et al., 2014). This may reflect regulation

of these enzymes by other means, such as partner proteins or

subcellular localization, or that other major NAD consumption

pathways may remain to be discovered. For example, one

open question is CD38 orientation and regulation. CD38 is

thought to be a major sink for NAD in tissues, especially in older

mice, as inferred from the effects of genetic ablation on NAD

levels (Chiang et al., 2015; Camacho-Pereira et al., 2016).
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However, in its standard ectoenzyme orientation, where the

active site is not exposed to the cytoplasm, CD38 may not be

active. Under some conditions, or in some tissues, it may be ex-

pressed in an inverted orientation or on an intracellular mem-

brane, making it much more active (Zhao et al., 2015). This

kind of topological regulation would not be captured in gene

expression or lysate biochemical data. Clearly, much remains

to be learned concerning NAD metabolism in tissues, distinct

from tissue culture. We note, for example, that the hepatocellular

carcinoma cell line HepG2 exhibits noNADproduction from tryp-

tophan and much slower NAD flux than mouse liver or isolated

hepatocytes. This kind of differential would be masked if only

steady-state NAD concentration were measured, emphasizing

the importance of flux assays.

We also explored the metabolism of two NAD precursors that

have recently received attention for their ability to elevate tissue

NAD levels, NR and NMN. Interestingly, we found that neither

compound was able to enter the circulation intact in substantial

quantities when delivered orally. While the dose that we used

(50 mg/kg) was modest in order to avoid severe metabolic

perturbation, our result is consistent with our previous finding

that 200 mg/kg oral NR contributes directly to NAD synthesis in

the liver, but not the skeletal muscle (Frederick et al., 2016). Simi-

larly, in the present experiment, lack of direct tissue assimilation

of orally administeredNRorNMN is evident in the labeling pattern

of tissue NAD. Direct assimilation of M+2 NR or NMNwould yield

M+2NAD. Turnover of M+2NADwithin a tissue could in principle

produce M+1 NAD after direct NR or NMN assimilation, but our

independent measurements of tissue NAD turnover (Figure 5)

revealed that these fluxes are too slow to account for the lack

of M+2 tissue NAD. Another hypothetical possibility is base ex-

change (Sauve et al., 1998; Sauve and Schramm, 2003). Without

formally ruling out such a possibility, we observed that i.v. admin-

istration of either compound results in its detection within the

circulation (albeit to a much greater extent for NR) and a robust

M+2 peak in the kidney, proving that the route of delivery has a

profound effect on the ability of these precursors to reach target

tissues. Surprisingly, i.v. NR was much more effective than NMN

for labeling theNADpool in the skeletalmuscle. This is consistent

with the proposal that at least some tissues are incapable of

taking up NMN directly (Ratajczak et al., 2016; Nikiforov et al.,

2011). On the other hand, direct transport of NMN would allow

its utilization even in tissues that lack NRK or NAMPT activity.

Thus, it will be extremely important to consider tissue-specific

enzyme and transporter expression when using NAD precursors

therapeutically.

Overall, by developing broadly applicable NAD-tracing

methods, we have been able to gather a substantial body of foun-

dational data regarding NADmetabolism and its potential modu-

lation with nutraceuticals. In some cases, such as liver being the

main site of NAD de novo synthesis, we are able to validate hy-

potheses based on expression data. In other cases, such as

NAD consumption by PARP in culture, we find that biochemical

data do not predict metabolic fluxes. Perhaps most importantly,

we identify many distinguishing features of the in vivo context.

These include high variability in NAD turnover across tissues

and nearly complete first-pass metabolism of oral NR and

NMN, which likely result in these compounds having systemic ef-

fects similar to or indistinguishable from oral NAM. We also iden-
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tify tissue-specific preferences in NAD precursor uptake, with the

muscle highly responsive to NR, but not NMN or NAM. Use of

isotope tracing to understanding these fundamental features of

in vivo NAD metabolism will open the door to more selective

and effective interventions against aging and disease.

Study Limitations
The present study examined the production and consumption

fluxes of NAD in cell culture, as well as the production of NAD

in different tissues in intact mice. Althoughwe can infer NAD turn-

over in vivo based on its labeling kinetics from isotopic NAM, we

did not dissect the consuming enzymes involved. In addition, we

did not quantify the terminal excretion of the NAM ring from the

body. Establishing mass balance for whole-body nicotinamide

production and consumption is an important future objective.

We also acknowledge that our in vitro dissection of NAD-

consuming enzymes relied on small-molecule inhibitors, which

typically suffer from both off-target effects and incomplete target

inhibition. To block PARP, we employed olaparib, which is an

FDA-approved drug. For sirtuins, we employed sirtinol (Wang

et al., 2012; Zhou et al., 2016) and EX527, which are tool com-

pounds. Sirtinol is known to have off-target activity (Wang

et al., 2013). While we observed similar effects of sirtinol and

EX527 on NAD turnover, which were consistent with sirtuin inhi-

bition, our data do not rule out off-target effects that may be

impacting our results or that could lead to erroneous conclusions

in longer-term studies evaluating more distal endpoints than

simply NAD turnover.

In addition, wewere unable to establish amajor contribution of

CD38 to NAD turnover in the cell lines that were studied, despite

compelling genetic evidence of its importance in vivo (Sahar

et al., 2011; Chiang et al., 2015). In future studies it will be impor-

tant to determine the contribution of CD38 using cells lines with

more robust activity for this enzyme, or through in vivo experi-

ments with genetic or pharmacological inhibition. In general,

combining the isotope-tracing methods described here with tis-

sue-specific knockouts of different NAD enzymes should prove a

powerful approach.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal a-PAR Trevigen Cat. #4336-BPC-100; RRID: AB_2721257

Goat polyclonal a-b actin Abcam Cat. # ab8229; RRID: AB_306374

Chemicals, Peptides, and Recombinant Proteins

Olaparib Selleck Chemicals Cat. #S1060; CAS 763113-22-0

FK866 Cayman Chemical Cat. #13287; CAS 658084-64-1

Sirtinol Sigma Cat. #S7942; CAS 410536-97-9

EX527 Sigma Cat. #E7034; CAS 49843-98-3

Zeocin Invitrogen Cat. #ant-zn-1; CAS 11006-33-0

Gallotannin Sigma Cat. #1643328; CAS 1401-55-4

[2,4,5,6-2H]NAM Cambridge Isotope Laboratories Cat. #DLM-6883-PK; CAS 347841-88-7

[U-13C]Trp Cambridge Isotope Laboratories Cat. #CLM-4290-H-PK

[U-13C]NA Sigma Cat. #595825; CAS 1189954-79-7

Experimental Models: Cell Lines

MCF7 ATCC HTB-22D

T47D ATCC HTB-133

MDA-MB-231 ATCC HTB-26

MDA-MB-468 ATCC HTB-132

HepG2 ATCC HB-8065

Panc1 ATCC CRL-1469

HCT116 ATCC CCL-247

SK-MEL-2 ATCC HTB-68

SK-MEL-28 ATCC HTB-72

C2C12 ATCC CRL-1772

Experimental Models: Organisms/Strains

Mouse C57BL/6 pre-catheterized

on the right jugular vein

Charles River Laboratories Cat. #027JUGVEIN w BUTONVAB62BS

Software and Algorithms

MAVEN software http://genomics-pubs.princeton.edu/

mzroll/index.php

N/A

Metabolic flux analysis https://github.com/XiaoyangSu/NAD-fluxes N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joshua

Rabinowitz (joshr@princeton.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Animal studies followed protocols approved by the Princeton University Institutional Animal Care and Use Committee. C57BL/6mice

pre-catheterized on the right jugular vein were purchased from Charles River Laboratories (Wilmington, MA). The mice were on 5053

lab rodent diet 20 (23.4% protein), and were housed in a temperature-controlled facility on normal light cycle (8 AM – 8 PM). In vivo

infusion was performed on 12-14 week old female C57BL/6 mice. The mouse infusion setup (Instech Laboratories, Plymouth

Meeting, PA) included a tether and swivel system so that the animal had free movement in the cage.
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Cell Culture
Cell culture was performed in an atmosphere of 5% CO2 at 37

�C. The cancer cell lines (MCF7, T47D, MDA-MB-231, MDA-MB-468,

HepG2, Panc1, 8988T, HCT116, SK-MEL-2 and SK-MEL-28) were obtained from the American Type Culture Collection (ATCC,

Manassas, VA). XPA-restored and XPA-deficient cell lines were a kind gift of Dr. Vilhelm A. Bohr’s lab (Fang et al., 2014). Cancer cells

and XPA cells were grown in Dulbecco’s modified eagle media (DMEM, Cellgro, 10-017) with 10% FBS (Sigma). Cells were switched

to 10% dialyzed FBS (Sigma) 2 days before labeling experiments. 3T3-L1 pre-adipocytes were obtained from ATCC and differenti-

ated as reported (Liu et al., 2016). Briefly, adipogenesis was induced in 3T3-L1 preadipocytes with a cocktail containing 5 mg/ml

insulin, 0.5 mM isobutylmethylxanthine, 1 mM dexamethasone and 5 mM troglitazone (Sigma-Aldrich). After 2 d, new medium was

added and cells were maintained in 5 mg/ml insulin. C2C12 cell line was obtained from ATCC, maintained in DMEM supplemented

with 20% FBS, and differentiated with DMEM containing 2% donor equine serum (GE Healthcare Life Sciences) and 1 mM insulin

(Sigma). Mouse primary hepatocytes were cultured in William’s medium E supplemented with ITS (BD Biosciences) and dexameth-

asone (He et al., 2014), and were transferred into isotopic medium 12 h after implantation. Cell number was determined with an

automatic cell counter (Invitrogen). Packed cell volume was determined with PCV tubes (TPP). MCF7, T47D, MDA-MB-231,

MDA-MB-468, 8988T, XPA-restored and XPA-deficient cell lines were obtained from female subjects. HepG2, Panc1, HCT116,

SK-MEL-2 and SK-MEL-28 were obtained from male subjects. 3T3-L1 and C2C12 were obtained from mouse (no information on

gender).

METHOD DETAILS

siRNAs, Antibodies, and Drugs
siRNA of QPRT (sc-62914) and control siRNA were obtained from Santa Cruz. PA. The antibodies against the following proteins for

western blot were purchased: PAR (Trevigen, 4336-BPC-100, 1:1000 dilution) and b-actin (Abcam, ab8229, 1:2000 dilution). The

following drugs for perturbing NAD synthesis or consumption were purchased: FK866 (Cayman Chemical, 13287, 100nM), olaparib

(10 mM), sirtinol (Sigma, S7942, 20 mM), EX527 (Sigma, E7034, 10 mM), zeocin (Invitrogen, 1360033, 250 mg per ml) and gallotannin

(Sigma, 1643328, 100 mM). PAR in cellular lysates was detected as described (Krukenberg et al., 2014). Briefly, PAR antibody-con-

jugated beads (MagPlex-10H) and lysate were incubated together overnight at 4�C, and analyzed on the FlexMap3D (Luminex) after

biotin and streptavidin conjugation.

Isotope Labeling
[2,4,5,6-2H]NAM and [U-13C]Trp were from Cambridge Isotope Laboratories and [U-13C]NA was from Sigma. Isotopic NR (nicotin-

amide 7-13C, ribose 2-2H) was synthesized as described (Trammell et al., 2016). Briefly, D-[2-2H]ribose (Omicron Biochemicals)

was converted to labeled D-ribofuranose-tetraacetate, which was then used together with [7-13C]NAM to synthesize isotopic NR.

Unlabeled compounds (NAM, NA, Trp, b-Nicotinamide mononucleotide, NAD, NADH, NADP and NADPH) were purchased from

Sigma. DMEM with isotopic NAM was prepared from scratch following the standard DMEM formula except without NAM and

supplemented with isotopic NAM (32 mM). Isotope-labeled tryptophan medium was prepared from scratch following the standard

DMEM formula except without tryptophan (and also, for Figure S1A only, NAM) and supplemented with isotopic tryptophan

(80 mM). Isotopic medium was supplemented with 10% dialyzed FBS, except for C2C12 cells, where 2% donor equine serum

was used instead.

Intravenous Infusion of Wild Type C57BL/6 Mice
In vivo infusion was performed on C57BL/6 mice pre-catheterized on the right jugular vein, at the room temperature of 21oC. Isotope-

labeled metabolites were prepared as solutions in normal saline (100 mM for [U-13C]Trp, 4 mM for [2,4,5,6-2H]NAM, 0.2 mM for

[U-13C]NA) and infused via the catheter at a constant rate of 1 mL per 20 g per min. Blood samples (�20 ml) were collected by tail

bleeding, placed on ice in the absence of anticoagulant, and centrifuged at 16,000g for 5 min at 4oC to isolate serum. At the end

of the infusion, the mouse was euthanized by cervical dislocation and tissues were quickly dissected and snap frozen in liquid

nitrogen with pre-cooled Wollenberger clamp. Serum and tissue samples were kept at -80�C before metabolite extraction for

mass spectrometry analysis.

Metabolite Measurements in Cell Lines
Cells were grown in 6-well plates (Corning), and transferred into isotopic medium with 10% dialyzed FBS, which was refreshed daily

for labeling experiments > 24 h. For steady state labeling ofmetabolites, labeledmediumwas replaced every day, and additionally 2 h

before extracting metabolites. Metabolism was quenched and metabolites were extracted by aspirating media and immediately

adding 1 mL -80�C 80:20 methanol: water. For intracellular metabolites which are present in medium (i.e. NAM, tryptophan), cells

were washed with 37�C phosphate buffered saline for 3 times before adding -80�C 80:20 methanol: water. After 20 min of incubation

on dry ice, the resulting mixture was scraped, collected into a centrifuge tube, and centrifuged at 10,000 g for 5 min at 4�C. The
supernatants were analyzed within 24 h by liquid chromatography coupled to a mass spectrometer (LC-MS).

The LC–MSmethod involved hydrophilic interaction chromatography (HILIC) coupled to the Q Exactive PLUS mass spectrometer

(Thermo Scientific). The LC separation was performed on a XBridge BEH Amide column (150 mm 3 2.1 mm, 2.5 mm particle size,

Waters, Milford, MA). Solvent A is 95%: 5% H2O: acetonitrile with 20 mM ammonium bicarbonate, and solvent B is acetonitrile.
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The gradient was 0 min, 85% B; 2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min,

70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min,

85% B. Other LC parameters are: flow rate 150 ml/min, column temperature 25�C, injection volume 5 mL. The mass spectrometer

was operated in positive ion mode for the detection of NAM and NR, and negative ion mode for other metabolites. Other MS param-

eters are: resolution of 140,000 at m/z 200, automatic gain control (AGC) target at 3e6, maximum injection time of 30 ms and scan

range of m/z 75-1000. All isotope labeling patterns were corrected for natural abundance using AccuCor (Su et al., 2017), which uses

matrix algebra (coded in R) to correct labeling data for both isotope natural abundance and tracer isotopic impurities. AccuCor

calculates the correction matrices based on only non-resolved isotopic peaks, and therefore is suitable for high-resolution mass

spectrometry data. AccuCor is a software freely available at https://github.com/XiaoyangSu/Isotope-Natural-Abundance-

Correction.

Metabolite Measurements of Serum and Tissues
Serum was thawed on ice before adding -80�C 80:20 methanol: water with a volume of 20 mL solvent per mL serum, vortexed, incu-

bated on ice for 10 min, and centrifuged at 16,000 g for 10 min, with the supernatant used for LC-MS analysis. Frozen tissues were

weighed, ground with a cryomill (Retsch) at 25 Hz for 30 seconds before adding -20�C tissue extraction solution (40:40:20 acetoni-

trile: methanol: water) with a volume of 40 mL solvent per mg tissue, and incubated on ice for 20min. Tissue samples were then centri-

fuged at 16,000 g for 20 min. The supernants were transferred to new tubes and centrifuged again at 16,000 g for 20 min to remove

any residual debris before analysis. To obtain absolute metabolite concentrations, internal standards (unlabeled NAD, NADH, NADP,

NADPH, NAM)were added directly to the initial quenching and extraction solvent. Supernatants were analyzedwithin 24 h by LC-MS.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of NAD Synthesis Fluxes in Cell Lines
After switching to medium with labeled NAM, the cellular NAM is almost completely labeled within the first hour (Figure 1B, left). For

simplicity, we treat the labeling of cellular NAM as if it occurred instantaneously at t=0. The unlabeled fraction of NAD (NADU,

Figure 1B) decreases as

dNADUðtÞ
dt

= � fin
½NAD�NADUðtÞ (Equation 2)

where fin is the total NAD synthesis flux and [NAD] is the sum of intracellular NAD and NADH concentration. The kinetic equation for

the unlabeled fraction is given by the solution to Equation 2, i.e.,

NADUðtÞ= e
�

fin
½NAD�$t (Equation 3)

The best estimation of fin was acquired by minimizing the deviation of the model-predicted NADU and the measured values. For

example, in the case of Figure 1B (T47D cells), this fitting yields a value of 0.077 h-1 for the rate constant fin=½NAD� (corresponding
to a turnover half time t1=2z9 hr ). Since [NAD] in T47D cells is 1880 pmol per million cells, we then obtained fin to be 144 pmol

per million cells per hour. 95% CI was determined by Monto Carlo method. In each iteration, all [NADU] were randomly generated

according to a t-distribution withmeasuredmean and variance. The optimal finwas calculated for each of 200 iterations. The reported

CI is the central 95% region of the resulting fin distribution.

Due to the exponential growth of the cells, part of this total NAD synthesis flux goes to pool expansion. The growth demand fgrowth

was determined by growth and NAD pool (Equation 4).

fgrowth =g$½NAD� (Equation 4)

where g is the growth rate constant, determined by cell number (N) measurement over time dN=dt = gN. For T47D cells, g = 0.015 h-1

(corresponding to a doubling time of 46 h). Growth rates were calculated using the software package Origin by fitting to an exponen-

tial, as mean ± 95% confidence interval. We thus get fgrowth 28± 2 pmol per million cells per hour, which is approximately 20% of the

total NAD synthesis flux. The gap between fin and fgrowth., 118 pmol per million cells per hour, is the NAD consumption flux.

Quantification of NAD Consumption Fluxes in Cell Lines
To quantify the NAD consumption flux by NAD kinase (fNADK), we note that after switching to medium with labeled NAM the labeled

fraction of NADP (NADPL) follows

dNADPLðtÞ
dt

= ðNADLðtÞ � NADPLðtÞÞ$ fNADK
½NADP� (Equation 5)

where the kinetics of NADLðtÞ is given by

dNADLðtÞ
dt

=
fin

½NAD� ð1� NADLðtÞÞ (Equation 6)
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Equation 5 can be solved analytically, implying a unique flux solution (Yuan et al., 2008). Best estimation of fNADK is obtained by

minimizing the deviation of the calculated NADPL and the measured values. NADPL(t) can be calculated from Equations 5 and 6

with previously determined fin (144 pmol per million cells per hour), measured [NAD] (constant total intracellular NAD and NADH con-

centration, 1880 pmol per million cells) and [NADP] (constant total intracellular NADP and NADPH concentration, 84 pmol per million

cells). 95% CI was determined by Monto Carlo method. In each iteration, all the NADPL were randomly generated according to a

t-distribution based on the measured mean and variance. The optimal fNADK was calculated for each of 200 iterations. The reported

CI is the central 95% region of the resulting fNADK distribution.

To calculate consumption fluxes by PARPs and Sirtuins, we blocked the fluxes with their respective inhibitors while switching to

labeled medium, and followed the labeling kinetics. As the inhibitor does not affect the synthesis flux fin (based on experimental data

showing that accumulation of labeled is unaltered), we model the labeled NAD pool ([NADL]) and unlabeled NAD pool ([NADU]) as

d½NADL�
dt

= fin � ½NADL�
½NADL�+ ½NADU�$fout (Equation 7)

and

d½NADU�
dt

= � ½NADU�
½NADL�+ ½NADU�$fout (Equation 8)

Since the initial conditions are known ([NADU](t=0) = [NAD], [NADL](t=0) = 0), with previously determined fin (144 pmol per million

cells per hour), [NADL](t) and [NADU](t) can be calculated for any assumed value of fout. The best estimation of fout is acquired by

minimizing the deviation of model predicted [NADL] and [NADU] and the measured values. 95% CI was determined by Monto Carlo

method. In each of iteration, all the [NADL] and [NADU] were randomly generated according to a t-distribution with measured mean

and variance. The optimal fout was calculated for each of 200 iterations. The reported CI is the central 95% region of the resulting fout
distribution.

Quantification of NAD Fluxes In Vivo

We infused [U-13C]Trp (Trp11, all 11 carbons are labeled), [U-13C]NA (NA6, all 6 carbons are labeled) and [2,4,5,6-2H]NAM (NAM4,

nicotinamide with all hydrogen on the ring labeled) separately to mice to determine fluxes. Both Trp11 and NA6 result in NAD6

(NAD with all carbons on the nicotinamide part labeled) and then NAMTissue,6. NAMTissue,6 is released to the circulation (NAM Serum,6)

before being taken by tissues to remake NAD. NAD3 is made directly from NAM4 (one deuteron of NAM4 becomes the redox-active

deuteron of NAD and thus is quickly lost). Breakdown of NAD3 yields NAM3.

In each organ, as shown in Figures 5B and 4 NADmetabolic fluxes are calculated assuming metabolic steady state in each tissue:

f1 is NAD de novo synthesis flux from tryptophan, f2 is NAD synthesis flux from NA, f3 is NAD synthesis from tissue nicotinamide

(NAM), and f4 is the flux of NAM being taken up from serum. At metabolic steady state, the NAD and nicotinamide concentrations

in tissue stay constant. By mass balance, the corresponding breakdown (NAD / NAM) and excretion (tissue NAM / circulation)

fluxes are fully determined by the production fluxes above, and thus are not included as separate variables in themodel. The following

set of differential equations are used to calculate the tissue NAD and NAM labeling patterns at each time point.

f1ðTrp11 � NAD6Þ+ f2ðNA6 � NAD6Þ+ f4 (Equation 9)

In the equations, NADi represent the labeling fraction of mass isotopomer M+i of tissue NAD. NAMTissue i and NAMSerum i represent

the labeling fraction of tissue NAM and serum NAM M+i, respectively. Trp11 and NA6 represent the labeling fraction of serum

tryptophan and serum NA, respectively. cNAD and cNAM are tissue concentrations of NAD(H) and NAM, respectively (in nmol/gram

tissue weight).

Tryptophan and NA reached steady state in serum within 30 min, therefore Trp11 and NA6 were treated as constants (60% and

85%, respectively). Serum NAM labeling changes as a function of time. In our differential equations, serum NAM labeling is treated

as a known input: the serum NAM labeling was measured at multiple time points, and the labeling data were fit to an empirically

determined function (Figure S6A). At t=0, NADM+0, NAMM+0 and NADPHM+0 are 1, while all other fractions are 0. The tissue specific

concentration of NAM and NAD was measured by LC-MS. For any given set of the four fluxes, the dynamic labeling patterns can be

calculated from the differential equations. The calculated values were then compared to the measured labeling patterns (1 h, 2 h, 5 h

during [2,4,5,6-2H]NAM infusion, 5 h after [U-13C]Trp infusion, 5 h after [U-13C]NA infusion). The best estimated flux set is achieved by

minimizing the variance-normalized sum of squared deviation (Var-SSR) between the calculated labeling patterns and the measured

ones. The normalization was by weighing the observed deviation of each measurement by the average (across time points and con-

ditions) standard deviation of replicate experimental labeling data for that species: 1.5% for NAM and 0.8% for NAD (these values

refer to the absolute error of the labeled fraction, for example, for a NAM M+3 fraction of 10%, the range ± 1 SD is 8.5% to

11.5%). The numerical simulation of the differential equations were performed in R with the deSolve package and the optimization

was performed with minqa package (Soetaert et al., 2010). 95% confidence intervals were estimated by (i) starting from the best-

scoring flux distribution, (ii) changing the specific flux, (iii) choosing a combination of other fluxes which give minimal increase in

the Var-SSR, (iv) determining the increase in the objective function Var-SSR and using an increase of 3.84 as the cutoff for 95% con-

fidence interval (Antoniewicz et al., 2006). The goodness of fit was evaluated by chi-square test, c2
0.05(df=15)=25. The 15 degrees of

freedom are based on our having obtained 19 measurements (different labeled forms of NAM and NAD at multiple time points for
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different nutrient infusions) and having 4 unknown fluxes (i.e. 4 degree of freedom); 19 - 4=15. See Table S5 for the sum of squared

residuals (SSR) value for every tissue.

As a validation of the flux estimation, the optimal set of fluxes determined as above were used to simulate (without any free param-

eters) the labeling pattern of tissue NAM and NAD upon co-infusion of [U-13C]Trp combined with [2,4,5,6-2H]NAM, and separately of

[U-13C]NA combined with [2,4,5,6-2H]NAM, where the same doses tracers were used as for the individual tracing experiments

(5 nmol per gram per min for [U-13C]Trp, 0.2 nmol per gram per min for [2,4,5,6-2H]NAM, 0.02 nmol per gram per min for [U-13C]

NA). The simulated labeling data were then compared to the experimentally measured values (see Tables S6 and S7).

Statistical Analysis
Data are displayed asmean ± SE. In figures, asterisks denote statistical significance as calculated by a two-tailed unpaired Student’s

t-test (*, p < 0.05; **, p < 0.01). This test is appropriate for determining whether themeans of two populations are equal. Data were not

tested for the assumptions of normality and equal variance across groups. Linear regression was used to test for the linear relation-

ships between variables. Exponential curve fitting was used to test whether data followed an exponential decay pattern. Statistical

parameters are reported in the Figures and Figure Legends. P<0.05 was considered statistically significant. N represents the number

of replicates.

DATA AND SOFTWARE AVAILABILITY

The code for metabolic flux analysis of in vivo NAD metabolism is available at https://github.com/XiaoyangSu/NAD-fluxes.
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