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In brief

NAD+ is an essential redox cofactor and a

substrate for signaling enzymes that

influence many aspects of cellular

physiology. NAD+ concentration falls with

age in some tissues, which has been

attributed to decreased synthesis or

increased consumption. Here, we provide

the first direct measurements of changes

in NAD+ turnover flux with age, finding

that synthesis is maintained despite the

lower NAD+ concentrations in many aged

tissues. We further characterize the

effects of caloric restriction and

inflammatory stress on NAD+ turnover.
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SUMMARY
NAD+ is an essential coenzyme for all living cells. NAD+ concentrations decline with age, but whether this re-
flects impaired production or accelerated consumption remains unclear. We employed isotope tracing and
mass spectrometry to probe age-related changes in NAD+ metabolism across tissues. In aged mice, we
observed modest tissue NAD+ depletion (median decrease �30%). Circulating NAD+ precursors were not
significantly changed, and isotope tracing showed the unimpaired synthesis of nicotinamide from trypto-
phan. In most tissues of aged mice, turnover of the smaller tissue NAD+ pool was modestly faster such
that absolute NAD+ biosynthetic flux was maintained, consistent with more active NAD+-consuming en-
zymes. Calorie restriction partially mitigated age-associated NAD+ decline by decreasing consumption.
Acute inflammatory stress induced by LPS decreased NAD+ by impairing synthesis in both young and
aged mice. Thus, the decline in NAD+ with normal aging is relatively subtle and occurs despite maintained
NAD+ production, likely due to increased consumption.
INTRODUCTION

Aging is the strongest risk factor for the most prevalent diseases

in developed nations, including diabetes, cancer, cardiovascu-

lar, and neurodegenerative disorders. Demographics are pro-

jected to continue to shift toward a higher proportion of aged

individuals, making it imperative to identify strategies to promote

healthier aging. Nicotinamide adenine dinucleotide (NAD+) is an

essential coenzyme in redox reactions and co-substrate for

signaling enzymes (Pollak et al., 2007; Srivastava, 2016; Yang

and Sauve, 2016). NAD+ concentration decreases with age in

worms, flies, mice, and humans (Chini et al., 2017; Gomes

et al., 2013; McReynolds et al., 2020; Mouchiroud et al., 2013;

Yoshino et al., 2018; Zhang et al., 2016). NAD+ depletion causes

multiple defects including mitochondrial dysfunction, deregu-

lated nutrient sensing, and epigenetic alterations (Gomes et al.,

2013; Salvatori et al., 2017; Verdin, 2015). NAD+ pools can be

safely supplemented by oral precursors, and such supplementa-

tion has been reported to have beneficial effects in aged mice
(Mills et al., 2016; Mitchell et al., 2018; Zhang et al., 2016).

Thus, decreased NAD+ availability may be a contributing and

modifiable factor in age-related diseases. The mechanisms

controlling its levels in aging, however, remain incompletely

understood.

NAD+ is best known for its role as an oxidoreductase cofactor.

By accepting and donating hydride ions (H-), NAD+ plays a

central role in metabolism, supporting myriad biochemical reac-

tions including of glycolysis, oxidative phosphorylation, and

b-oxidation (Pollak et al., 2007). NAD+ also serves as a co-sub-

strate for signaling enzymes, including the sirtuins (SIRTs),

poly ADP-ribosyl polymerases (PARPs), cyclic ADP-ribose syn-

thases (CD38/CD157), mono-ADP-ribosyltransferases, and

Sterile Alpha and Toll/interleukin-1 Receptor Motif-Containing

1 (SARM1). These enzymes continuously degrade intracellular

NAD+ and release nicotinamide (NAM), necessitating a means

to replenish the NAD+ pool (McReynolds et al., 2020). In mam-

mals, NAD+ is made de novo from tryptophan and via the

Preiss-Handler pathway from nicotinic acid, but the bulk of
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synthesis in most tissues occurs via the salvage pathway from

nicotinamide (NAM) (Liu et al., 2018) (Figure S1A). Thus, the bal-

ance betweenNAD+ consumption and synthesis fromNAM likely

determines the steady-state concentration in most tissues.

A decrease in NAD+ concentration with age could be driven by

either an increase in consumer activity or a decrease in synthe-

sis. Increased PARP activity, potentially as a direct result of

increased DNA damage, could drive age-related NAD+ decline,

and inhibition of PARPs is sufficient to block NAD+ depletion

and premature aging in amousemodel with defectiveDNA repair

(Bai et al., 2011; Fang et al., 2014; Scheibye-Knudsen et al.,

2014; Wang et al., 2014). Other data support CD38 being a pri-

mary cause of age-related NAD+ decline. CD38 is expressed pri-

marily by immune and endothelial cells and increased immune

cell infiltration and CD38 expression and activity are observed

in aged tissues (Tarragó et al., 2018). This is due at least in part

to the recruitment of CD38-positive cells by senescent cells

within aged tissues (Chini et al., 2020; Covarrubias et al.,

2020). Moreover, CD38 knockout mice have elevated NAD+

that persists into older age (Tarragó et al., 2018). These observa-

tions support increased consumer activity as the driver of age-

related NAD+ decline via inflammation (CD38) (Amici et al.,

2018; Camacho-Pereira et al., 2016; Chini et al., 2019; Kang

et al., 2006; Matalonga et al., 2017; Musso et al., 2001) or DNA

damage (PARP1) (Massudi et al., 2012; Scheibye-Knudsen

et al., 2014; Ubaida-Mohien et al., 2019). On the other hand,

mRNA and protein expression of nicotinamide phosphoribosyl-

transferase (NAMPT), the rate-limiting enzyme in the NAD+

salvage pathway, is reduced with age in multiple tissues (Mills

et al., 2016; Stein and Imai, 2014), as is its extracellular form in

the circulation (Yoshida et al., 2019). Similarly, expression levels

of nicotinamide mononucleotide adenylyl transferase (NMNAT)

isoforms are reduced in liver, kidney, oocytes, and colon of

aged mice (Camacho-Pereira et al., 2016; Guan et al., 2017;

Wu et al., 2019; Zhu et al., 2017). These observations suggest

the alternative hypothesis that NAD+ decline could be driven

by decreased synthesis. At present, it remains unclear whether

consumption or synthesis is the primary driver of age-related

decline in NAD+ availability. Differentiating these possibilities

may allow more targeted therapeutic strategies to restore or

boost NAD+ levels. However, steady-state concentration mea-

surements are ill-suited to this task. Thus, there is a need to

examine NAD+ metabolic flux, i.e., the rates of production and

degradation of the NAD+ chemical backbone in aged tissues.

To this end, we employed isotope-labeled NAD+ precursors,

mass spectrometry, and quantitative modeling to determine

NAD+ fluxes in young and aged mice. We first quantified the

NAD+ metabolome across twenty-one tissues, finding that

NAD+ pools are reduced modestly with age in certain tissues.

Then, using isotope tracers, we show that NAD+ synthesis is

maintained with age, pointing to increased consumer activity

as the primary driver of age-related NAD+ decline.

RESULTS

NAD+ metabolism is altered with age
We measured the steady-state NAD+ metabolome in tissues of

young (3 months) and aged (25 months) C57BL/6 mice from

the National Institute of Aging (NIA)’s aged rodent colony (Fig-
2 Cell Systems 12, 1–13, December 15, 2021
ure 1A). NAD+ and NADP+ modestly declined with age in most

tissues, with the degree of change highly tissue dependent (Fig-

ures 1B–1E). NAD+ pools significantly decreased in aged mice in

the liver, kidney, intestine, skeletal muscle, and adipose (Figures

1B and S1B). Reduced forms of each nucleotide, NADH and

NADPH, did not decrease consistently with age, declining signif-

icantly only in the liver and increasing in the brain (Figures 1C, 1E,

S1C, and S1D).

We next examined the ratio of oxidized to reduced NAD(H) and

NADP(H) in each tissue with age. A more reduced NAD(H) redox

state with age has previously been reported for multiple tissues

in rats (Braidy et al., 2011), human brains (Zhu et al., 2015), and

human plasma (Clement et al., 2019), and we observed a similar

pattern in mouse (Figure 1F), with the notable exception of liver,

which exhibited a significantly more oxidized redox state with

age (Figures 1F and 1G).

These changes in NAD(H) and NADP(H) levels in aged mice

occurred without any consistent change in circulating NAM,

the major NAD+ precursor for most tissues (Figure S1E). In addi-

tion, there was no alteration in circulating levels of methylated

NAM, the primary catabolic product of nicotinamide, which is

eventually oxidized and excreted in the urine (Figure S1F). Circu-

lating NR levels were also unchanged with age (Figure S1G)

(NMN was not consistently detected in serum samples using

our methodology). Changes in tissue levels of NAD+-related me-

tabolites were modest, with the exception of increased kynure-

nine in the brain (Figure S1H). Thus, aging decreases the

concentration of NAD+ without major changes in the abundance

of circulating precursors.

Flux from tryptophan to circulating NAM is not altered
with age
The liver converts dietary tryptophan to NAD+ via the de novo

pathway and releases NAM, which serves as a precursor for

NAD+ synthesis in other tissues (Liu et al., 2018). Kynurenine is

an intermediate in the de novo pathway that can influence the im-

mune and nervous systems. Circulating Trp and kynurenine

levels were not altered with age (Figures 2A and 2B). However,

only a small proportion of Trp is used for NAD+ synthesis (Shi-

bata, 2018), meaning that substantial changes in de novo

NAD+ flux might be hard to detect at the level of Trp concentra-

tion. To test whether de novo NAD+ synthesis from tryptophan

was deranged with age, we employed isotope tracing. [U-13C]

Trp (M+11) was infused at a constant rate of 2.5 nmol/g/min

for 15 h, achieving serum enrichment of �60% (M+11) trypto-

phan in both young and aged mice (Figures 2C and 2D). This

was mirrored by similar enrichment (M+10) in the kynurenine

pool (Figure 2E), and the eventual appearance of the down-

stream metabolites 3-hydroxyanthranilic acid (3HAA, M+6) and

NAM (M+6) (Figures 2F and 2G). In all cases, the labeling pat-

ternswere indistinguishable between old and young animals. Ex-

periments infusing [U-13C]Trp (M+11) orally also showed no age

effect (Figures S2A–S2L). Labeled NAM (M+6) and NAD+ (M+6)

from tryptophan were highly enriched in the liver, which is the

major site of de novo synthesis (Figures 2H and 2I). The fractional

labeling of NAM in other tissues was below that in the circulation,

suggesting that it could be explained entirely by uptake of

labeled NAM (Figure 2H). However, we cannot exclude the pos-

sibility that low levels of de novo synthesis were also present in
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Figure 1. NAD+ metabolism is altered with

age

(A) Schematic for collecting serum and tissue har-

vesting in young (3mo) and aged (25mo) C57BL/6

mice from NIA aged colony.

(B–E) Volcano plot representing LC-MS measure-

ments for NAD(H) and NADP(H) across tissues in

aged versus young mice. The x axis represents the

median and the y axis represents adjusted FDR.

Dotted lines represent FDR q < 0.1 calculated by

Banjamiini, Krieger, and Yekutieli multiple compari-

son test, and colored dots indicated tissues that

change with age significantly, calculated by

Student’s t test.

(F and G) Redox ratio alterations with age in liver,

brain, and jejunum. For all panels, error bars indicate

SEM ***p < 0.001; **p < 0.01; *p < 0.05; xp < 0.1,

calculated with Student’s t test.
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B C Figure 2. Flux from tryptophan to circulating

NAM is not altered with age

(A and B) LC-MS measurements of Trp metabolites

(Trp and Kyn) in circulation.

(C) Experimental design for infusing universally

labeled-Trp intravenously and orally in young (3mo)

and aged (25mo) C57BL/6 mice.

(D) Fraction Trp labeling over 15 h.

(E) Fraction Kyn labeling.

(F) Fraction 3HAA labeling.

(G) Fraction NAM labeling from Trp in young and

aged mice circulation.

(H) Tissue NAM labeling from Trp. Dashed line rep-

resents serum NAM enrichment highlighting that the

liver exceeds serum NAM labeling and all other tis-

sues fall below serum enrichment.

(I) Tissue NAD+ labeling from Trp. Tissue labeling

combines both oral and IV infusion due to nearly

identical labeling patterns. Young, n = 7–8; aged,

n = 6–9. For all panels, error bars indicate SEM ***p <

0.001; **p < 0.01; *p < 0.05; xp < 0.1, calculated with

Student’s t test.

ll
Article

Please cite this article in press as: McReynolds et al., NAD+ flux is maintained in aged mice despite lower tissue concentrations, Cell Systems (2021),
https://doi.org/10.1016/j.cels.2021.09.001
other tissues, and, indeed, it has been previously shown that this

is the case for the kidney (Liu et al., 2018). Overall, the synthesis

of NAD+ from tryptophan is unaltered with age (Figure S2M).

NAD+ turnover is maintained with age
To investigate the effect of aging on NAD+ synthesis from circu-

lating NAM, we next infused [2,4,5,6-2H]NAM at a constant rate

of 0.2 nmol/g/min (Figure 3A). We reasoned that the lower

steady-state NAD+ concentrations in aged animals could be

driven by a decline in the activity of biosynthetic enzymes, an in-

crease in the activity of consuming enzymes, or both. Metabolic

flux tends to resist changes in the concentration of a given

metabolite, i.e., a fall in NAD+ concentration favors synthesis

(due to a lack of feedback inhibition) and disfavors consumption

(due to its lower availability as a substrate) (Brand, 1997). In

cultured cells, NAD+ consumption increases linearly with NAD+

concentration (Liu et al., 2018). Thus, deficient NAD+ synthesis
4 Cell Systems 12, 1–13, December 15, 2021
should cause decreased NAD+ turnover

(lower concentration and lower consump-

tion), while increased consumer activity

should not (lower concentration with

equal or faster consumption). Infusion of

labeled NAM allows us to distinguish these

possibilities.

An advantage of the specific deuterated

NAM (M+4) used here is that one of the

deuterium atoms is at the redox-active

(4-2H) position. This label remains associ-

ated with free NAM but is rapidly lost upon

incorporation into NAD+ due to NAD+/

NADH redox cycling. Subsequent cleavage

of the labeled NAD+ releases NAM (M+3).

Thus, the appearance of NAM (M+3) in the

blood serves as an index of whole-body

NAD+ backbone turnover. Although deute-

rium labeling can sometimes impact reac-

tion rates (Bush et al., 1973; P, 2011), the
chemical position of 2H on these tracers is selected to be far

from the reactive atoms involved in NAD+ synthesis from NAM.

Cells co-labeled with [U-13C]NAM and [2,4,5,6-2H]NAM incorpo-

rated both tracers into NAD+ at similar rates, albeit with a slight

bias toward the deuterated form (Figure S3A). Based on the posi-

tions of the labels, we speculate that this reflects slower incorpo-

ration of 13CNAM, rather than a 2H effect, and this is supported by

our prior study showing that measurements of [2,4,5,6-2H]NAM

incorporation and unlabeled NAD+ turnover yield the same half-

life for NAD+ (Liu et al., 2018). Nevertheless, we cannot definitively

exclude a small kinetic isotope effect. In vivo, while the fraction of

circulating NAM (M+3) was small and variable at early time points,

it was significantly higher in the aged animals by 24 h (Figures 3B,

S3B, and S3C), suggesting a net increase in NAD+ turnover with

age, despite the lower NAD+ concentrations in many tissues.

To determine flux in specific tissues, we next examined the

labeling patterns at different times after the start of infusion.
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F

B Figure 3. NAD+ turnover is maintained with

age

(A) Schematic for experimental design for infusing

deuterium-labeled-NAM intravenously in young

(3 momths) and aged (25 months) C57BL/6 mice.

(B) Fractional labeling of circulating NAM over 2 and

24 h.

(C) Tissue NAD+ labeling over 2 and 24 h.

(D) Absolute ion counts for NAD+ M+3 in young and

aged mice after 24 h of labeling.

(E) Schematic illustration of model components for

NAD+ flux.

(F) Log-log plot representing NAD+ production

fluxes in young and aged tissues.

(G) Log-log plot representing NAM uptake in young

and aged mice.

(H) NAD+ labeling half-time across tissues in young

and aged mice. Young, n = 6–9; aged, n = 7. For all

panels, error bars indicate SEM ***p < 0.001; **p <

0.01; *p < 0.05; xp < 0.1, calculated with Student’s

t test.
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AlthoughM+4NAM labeling was unaltered, by 24 h, there was an

increase in the fractional labeling of recycled NAM (M+3) in the

majority of aged tissues (Figures S3D and S3E). Critically, in

the majority of the aged tissues, at 24 h, the fractional labeling

of NAD+ was also significantly greater in aged mice (Figures

3C and 3D). Similar fractional labeling that increases with aging
C

was also obtained for nicotinamide mono-

nucleotide (NMN) and NADP (Figures S3F

and S3G).

To a first approximation, flux is the prod-

uct of pre-steady-state labeled fraction 3

pool size. Given the modestly smaller

NAD+ pool size in aged tissues (which

were preserved after infusion, Figure S3H),

our data are consistent with unchanged or

slightly increased absolute rates for NAD+

synthesis and breakdown in most tissues

(Figures 3C and 3D). To quantitatively

model the relationship between fluxes

and labeling patterns, we assumed spatial

homogeneity and metabolic (but not iso-

topic) steady-state and considered the

key fluxes of tissue NAD+ synthesis from

tryptophan (f1), tissue NAM uptake from

the circulation (f2) represents NAM uptake,

and tissue NAD+ synthesis from NAM (f3)

(Figure 3E) (Liu et al., 2018). Tissue NAM

production from NAD and excretion to cir-

culation are given by mass balance. For

the majority of the young and aged tissues,

the model was able to effectively fit the

experimentally measured circulating and

tissue NAMandNAD+ labeling with respect

to time. Total NAD+ turnover flux (sum of

f1 + f3) was not significantly different be-

tween young and old tissues, with the

exception of the pancreas (lower turnover

with age) and spleen (higher turnover with
age) (Figure 3G; Tables 1 and S1). Thus, NAD+ flux is largely

maintained with age despite the lower NAD+ pool sizes in

some tissues (Figures 3E and 3F).

A caveat that limits the precision of the modeling is that label

incorporation is driven by a combination of NAM uptake and

NAD+ flux. When NAD+ flux is fast, relative to NAM uptake, the
ell Systems 12, 1–13, December 15, 2021 5



Table 1. Metabolic flux distributions in young and aged tissues

Tissue

Young

(f1)

Aged

(f1)

Young

(f2)

Aged

(f2)

Young

(f3)

Aged

(f3)

Liver 32.8 34.9* 34.1 46.3* 203.1 327.9*

Kidney 0.7 0.0 40.0 35.5 68.3 73.7

Quad 0.0 0.0* 8.3 6.0* 8.2 6.2*

BAT 0.0 0.0 8.7 5.8* 38.6 46.8

Heart 0.0 0.0 26.3 20.8 40.9 34.6

Spleen 0.4 0.0* 96.8 80.2 315.1 809.8*

Jejunum 0.0 0.0 90.8 41.2* 782.2 1,845.7

Brain 0.0 0.0 9.6 7.7 37.9 39.0

Pancreas 0.0 0.0 58.8 37.4* 33.1 20.8*

gWAT 0.0 0.0 2.3 1.3* 9.2 7.3

Ileum 0.0 0.0 76.4 34.9* 1,203.8 1,232.9

PColon 0.0 0.0 40.1 24.5* 764.1 685.3

Values indicated with an asterisk (*) represent fluxes in the agedmice that

significantly improve the fit as compared with assuming no change in the

young-mice values. Goodness of fit and significance were evaluated by

chi-square test, c2
0.05(df = 3) = 7.8.
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uptake rate (f2) becomes the dominant determinant of labeling

intensity. Notably, while the NAD+ synthesis flux (f1 + f3) is main-

tained in most aged tissues, the NAM uptake flux (f2) is

decreased in many aged tissues (Figure 3G; Table S1). We simu-

lated the labeling patterns of NAD+ and NAM in the aged tissue,

assuming that the NAD+ synthesis flux values (f1 + f3) were iden-

tical to those of the young animals, and that only the NAMuptake

flux (f2) changed (Figures S3I and S3J). The simulated labeling

data using this method fit the aged tissue labeling patterns as

well as when all the three fluxes are allowed to vary, with the ex-

ceptions of the spleen and pancreas (Figures S3I and S3J). This

suggests that changes in NAM transport may influence NAD+

metabolism in aged tissues. Overall, our data support the main-

tenance of absolute NAD+ fluxes with age, with tissues that have

smaller NAD+ pools sizes turning over those pools modestly

faster (Figure 3H).

NAM base exchange is not a major route of label
incorporation into NAD+

Several NAD+ consuming enzymes also have the potential to

catalyze a base-exchange reaction, whereby free NAM replaces

the NAM moiety on NAD+ (Behr et al., 1981; Sauve et al., 1998,

2003). Such reactions have no net consequence to the NAD+

pool within the cell but could result in label transfer, artificially

creating the appearance of new NAD+ synthesis, even if it were

substantially impaired with age. Thismechanismwas not amajor

contributor to NAD+ labeling cultured cells (Liu et al., 2018), since

turnover rates calculated based on labeling rates agree with

those obtained by inhibiting synthesis. However, base-exchange

reactions could still potentially occur in vivo.

To test the possibility that the base exchange of the deute-

rium-labeled NAM with unlabeled NAD+ was confounding our

measurements, we performed tracing studies in which young

and agedmice were treated with the Nampt inhibitor FK866 prior

to infusion (Figures 4A and S4A). Total circulating NAM accumu-

lated in FK866-treated mice, as expected, due to decreased uti-

lization by NAMPT (Figures S4B and S4C). The appearance of
6 Cell Systems 12, 1–13, December 15, 2021
M+3 NAM was almost completely abolished in FK866-treated

mice, indicating that the majority of NAD+ labeling and subse-

quent cleavage to make M+3 NAM is a direct result of synthesis

by NAMPT, rather than base exchange (Figure 4B). Furthermore,

in all tissues, the appearance of labeled NAD+ (M+3) was greatly

reduced by FK866, confirming that NAMPT-dependent salvage

synthesis, rather than base exchange, accounts for NAD+

labeling from NAM (Figure 4C). As expected, this resulted in sig-

nificant declines in tissue NAD+ concentrations, with more pro-

nounced effects in tissues with short NAD+ half-lives (Figure 4D).

The fractional labeling of NMN, an intermediate in salvage syn-

thesis that would not be labeled by base exchange, was also

suppressed (Figures 4E and 4F). Effects of FK866 were consis-

tent across young and aged mice. Thus, our results are not sub-

stantially confounded byNAMbase exchange and reflect the key

in vivo NAD+ synthesizing reactions.

Life-long caloric restriction curtails NAD+ turnover
Caloric restriction (CR) can increase lifespan and healthspan

(Anderson and Weindruch, 2012; Mattison et al., 2017). Short-

term CR treatment increases steady-state NAD+ levels in liver,

adipose, and muscle in young rodents (Chen et al., 2008; Song

et al., 2014). In muscle, this increase is correlated with upregula-

tion of NAMPT (Song et al., 2014), and key benefits of CR have

been attributed to the actions of NAD+-dependent sirtuin en-

zymes (Chalkiadaki and Guarente, 2012; Chen et al., 2005;

Someya et al., 2010), suggesting that CR works in part by driving

an increase in NAD+ production and turnover. On the other hand,

CR decreases DNA damage and inflammation (Spindler, 2010),

which would be expected to decrease NAD+ consumption flux

through PARPs and CD38. Thus, in CR, as in aging, NAD+ flux

could be predicted to increase or decrease, and the available

steady-state measurements are incapable of resolving the ques-

tion. Therefore, we investigated how NAD+ metabolism was

altered in mice subjected to life-long CR.

We infused three groups of animals: young (4 months), aged

(24months), and agedmice subjected to 40%CR from 4months

of age. Similar enrichment of NAM (M+4) was achieved across all

three groups (Figure 5A). The appearance of NAM (M+3) in the

circulation trended higher with age but was not significantly

different between the groups (Figure 5B). In tissues, CR restored

NAD+ concentration in the liver and increased it beyond the

young level in white adipose tissue (Figure 5C). Newly synthe-

sized M+3 NAD+ appeared slightly more slowly in CR animals,

suggesting decreased NAD+ synthesis and turnover (Figure 5D).

This was not related to major changes in mRNA expression for

PARP1/2 or CD38, indicating changes in posttranscriptional

regulation or that other consumers might play a key role (Figures

S5G–S5I). NADP+ turnover was also decreased in several tissues

in CR animals (Figures 5E and 5F). We further sorted immune

cell subsets from the spleen, finding decreased NAD+ levels

with aging in B and T cells that were restored by calorie restric-

tion (Figures S5A–S5C). Thus, CR modestly boosts NAD+ levels

and curtails NAD+ turnover in multiple aged tissues, suggesting

that it suppresses consumer enzyme activity.

Turnover of mitochondrial NAD+

The mitochondrial NAD+ pool is distinct and can sometimes be

retained even when nuclear and cytosolic NAD+ are depleted



A

C

D

E

F

B Figure 4. NAM base exchange is not a major

route of label incorporation into NAD+

(A) Schematic illustration of the potential of NAD

consuming enzymes catalyzing a base-exchange

reaction, whereby the free NAM replaces the NAM

moiety on NAD+.

(B) Fraction of M+3-labeled NAM in circulation at 9,

16, and 24 h.

(C) Absolute ion counts for NAD+ M+3 in young and

aged mice treated with FK866.

(D) Tissue NAD+ pools in young and aged mice after

treatment with FK866.

(E) Tissue NAD+ turnover at 24 h of NAM labeling.

(F) Tissue NMN labeling after 24 h of infusing with

NAM in young and aged mice treated with FK866.

For all panels, error bars indicate SEM ***p < 0.001;

**p < 0.01; *p < 0.05; xp < 0.1, calculated with

Student’s t test.
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(Sims et al., 2018; Pittelli et al., 2010; Yang et al., 2007). To deter-

mine whether aging and CR have distinct effects on mitochon-

drial NAD+, we isolated mitochondria from the liver, kidney,

and quadriceps muscles. NAD+ levels in the mitochondria were

not significantly decreased with age but trended lower in the

skeletal muscle and kidney (Figures S5D–S5F). Total mitochon-

drial NAD+ content was significantly increased by CR only in
C

the liver. Labeling patterns for mitochon-

drial NAD+ almost perfectly mirrored those

in bulk tissues, except that the fractional

labeling was 10%–20% lower in each

case (Figure 5H). This is consistent with

NAD+ being made in the cytosol and im-

ported in mitochondria, with substantial

but incomplete equilibration between the

two compartments (Davila et al., 2018; Gir-

ardi et al., 2020; Kory et al., 2020; Luongo

et al., 2020).

NAD+ pool resiliency with age
Under basal conditions, NAD+ flux is

maintained in aged mice. But what hap-

pens under conditions of stress? Lipo-

polysaccharide (LPS) elicits a systemic

inflammatory response and depletes

NAD+ in immune cells and tissues (Figures

6A, 6B, and S6A–S6E) (Chini et al., 2020;

Covarrubias et al., 2020; Moreno-Vinasco

et al., 2014). This was associated with in-

creases in circulating NAM and its catab-

olites after LPS treatment (Figure 6C and

S6F–S6J; Table 2) (Hayat et al., 2021),

and we noted increased mRNA expres-

sion of CD38 in the kidney and a trending

increase in the liver (Figures S6K and

S6L). NAM accumulation can reflect either

increased NAD+ breakdown or slower

NAD+ synthesis. The use of tracers allows

us to make the distinction since the faster

breakdown of NAD+ should dilute the la-
beling of the infused NAM M+4 pool by releasing more unla-

beled NAM or NAM M+3. Instead, upon LPS treatment, we

observed that the fraction of NAM+4 was maintained or even

slightly increased as total NAM rose (Figure 6D). Consistent

with the accumulation of NAM reflecting impaired consumption

for NAD synthesis, both the total abundance and the M+4 frac-

tional labeling of NAM increased substantially in the tissues of
ell Systems 12, 1–13, December 15, 2021 7



A

C

D

E

G H

F

B Figure 5. Calorie restriction moderately in-

creases NAD+ pools and decreases turnover

in subsets of tissues

(A) Schematic for experimental design.

(B) Fraction of circulating NAM labeled over 12 h in

young, aged, and aged +CR mice.

(C) Tissue NAD+ pools in young, aged, and aged +CR

mice.

(D) Tissue NAD+ turnover at 12 h of NAM labeling.

(E) Tissue NADP pools in young, aged, and aged +CR

mice.

(F) Tissue NADP labeling after 12 h in young, aged,

and aged +CR mice.

(G) Splenocyte NAD+ turnover from circulating NAM.

(H) Mitochondria NAD+ turnover from circulating

NAM—gray bars represent bulk tissue labeling.

Young, n = 6; aged, n = 6; aged+CR, n = 7. For all

panels, error bars indicate SEM ***p < 0.001; **p <

0.01; *p < 0.05; xp < 0.1, calculated with Student’s

t test.
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LPS-treated mice, regardless of age (Figure 6E). Despite the

higher fractional labeling of NAM in tissues, labeling of NAD+

was similar or decreased after LPS treatment, further support-

ing slower NAD+ synthesis from NAM (Figures 6F–6H). These

effects were also consistent between young and old animals,

which overall showed similar resiliency of their total tissue

NAD+ pools and labeling in response to the LPS stress. Thus,

in contrast to aging, which modestly depletes NAD+, likely via
8 Cell Systems 12, 1–13, December 15, 2021
a chronic subtle increase in consumer ac-

tivity, LPS triggers NAD+ depletion by

acutely impairing synthesis.

DISCUSSION

NAD+ is crucial to the maintenance of

cellular homeostasis, with roles in energy

balance, stress responses, epigenetics,

DNA repair, immune responses, and a

host of metabolic reactions. Hence, pertur-

bations to the NAD+ pool have the potential

to trigger acceleratedmetabolic decline and

may contribute to age-associated aliments

(Mills et al., 2016; Zhang et al., 2016).

Although age-related NAD+ decline has

been documented in numerous studies,

there is no clear consensus as to the under-

lying causes, or even whether the primary

driver is increased consumption or impaired

synthesis. Here, we analyze the impact of

age on NAD+ metabolic fluxes in mice,

finding evidence for the decline in NAD+

pool sizewith age being the result of chronic

and subtle increases in consumer activity,

with maintained production fluxes. We

note that while some prior studies have re-

ported more dramatic NAD+ loss with age,

others are in line with our estimates (Yosh-

ino et al., 2018) and that there may be
some publication bias toward positive results in addition to differ-

ences due to the diets, species, and strains being studied.

Which consumers are driving the NAD+ decline with aging?

Two leading candidates from the literature are CD38 (more

active due to inflammatory changes) and PARP1 (activated by

DNA damage). But many NAD+ consuming enzymes remain

poorly characterized in vivo. For example, the activities of most

mono-ADP-ribosyltransferases have been difficult to study until



A

C

E

F

H

G

D

B Figure 6. Acute inflammatory stress de-

creases NAD+ synthesis

(A) Schematic for experimental design for infusing

deuterium-labeled-NAM intravenously in young

(3 months) and aged (25 months) C57BL/6 mice

treated with LPS (6 mg/kg) exposure.

(B) Tissue NAD+ pools in young and aged mice

treated with LPS.

(C) Circulating NAM levels at 4 and 8 h after infusion.

(D) Fraction circulating NAM over the 8 h infusion.

(E) Tissue NAM labeling after 8 h deuterium NAM

infusion.

(F) Tissue NAD+ labeling over 8 h in young and aged

mice treated with LPS.

(G) Absolute ion counts for NAD+ M+3 in young and

aged mice treated with LPS.

(H) Ratio of tissue NAD M+3 and the sum of NAM

M+3 andM+4. Young saline, n = 6; young LPS, n = 9;

aged saline, n = 6; aged LPS, n = 9. For all panels,

error bars indicate SEM ****p < 0.0005; ***p < 0.001;

**p < 0.01; *p < 0.05; xp < 0.1, calculated with

Student’s t test.
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recently due to the lack of reagents that could detect the mono-

ADP-ribosyl modification on proteins, and SARM1 has been the

subject of intense scrutiny within axons but its roles in other tis-

sues remain underexplored. Notably, increased activity of any

one NAD+ consumer is expected to correspondingly decrease

flux through other consumers by limiting the steady-state

NAD+ concentration. Such competition has previously been

described for CD38 (Aksoy et al., 2006) and PARP (Bai et al.,

2011), each of which can limit the activity of sirtuins. A high pri-

ority moving forward is to understand in more detail how the ac-
C

tivities of individual NAD+ consuming en-

zymes change across the lifespan.

Another important consideration for

future study is the potential for heterogene-

ity at the cellular or even subcellular level.

While our data suggest increased con-

sumer activity as the general paradigm

driving the age-related decline in NAD+ in

most tissues, impaired synthesis has

been implicated in the aging of specific

cell types, including loss of tryptophan-

dependent synthesis in macrophages

(Minhas et al., 2019), loss of NMNAT-2

dependent synthesis in aged oocytes (Wu

et al., 2019), and diminished delivery of

circulating NAMPT to the aging hypothala-

mus where it can influence tissue NAD+

levels (Yoshida et al., 2019). Our methodol-

ogy does not resolve such effects. More-

over, NAD+ is compartmentalized into

multiple subcellular pools (Dölle et al.,

2010) that have not been investigated in

aging. Here we provide, to our knowledge,

the first data on stable isotope tracing of

NAM intomitochondrial NAD+ pools in vivo.

In the tissues and conditions studied, mito-

chondrial NAD+ labeling patterns tended
to closely follow those of bulk tissue, albeit with 10%–20%

less total labeling as compared with the parent tissue under

any given condition. This is consistent with our previous obser-

vation that intact cytosolic NAD+ can enter themitochondria (Da-

vila et al., 2018). However, the mitochondrial pool can behave in

a distinct manner under conditions of NAD+ depletion or stress

(Pittelli et al., 2010; Sims et al., 2018; Yang et al., 2007), and

numerous other subcellular compartments remain uninvesti-

gated. Therefore, our data provide a framework for studying sys-

temic changes in NAD+ metabolism with age, but many details
ell Systems 12, 1–13, December 15, 2021 9



Table 2. NAM catabolites are induced in LPS-treated mice

mNAM: tissue

Young LPS/

young saline

Aged saline/

young saline

Aged LPS/

aged saline

Liver 1.67 ± 1.34 0.74 ± 0.18 1.15 ± 0.29

Kidney 3.01± 1.56 1.84 ± 0.88 9.77 ± 6.99

Lung 1.34 ± 0.79 0.63 ± 0.10* 0.89 ± 0.21*

Spleen 1.09 ± 0.72 0.60 ± 0.09 0.75 ± 0.18

Quad 1.06 ± 0.68 0.36 ± 0.06* 0.55 ± 0.11*

N-Me-4PY: tissue

Liver 1.86 ± 1.09 0.48 ± 0.31* 1.55 ± 0.94*

Kidney 3.02 ± 1.23* 1.23 ± 0.71 3.57 ± 2.10*

Lung 3.44 ± 1.74* 0.63 ± 0.20 3.94 ± 1.99*

Spleen 3.86 ± 2.07 0.80 ± 0.14 3.84 ± 1.67*

Quad 1.69 ± 0.97 0.39 ± 0.15 1.65 ± 0.92*

N-Me-6PY: tissue

Liver 2.85 ± 2.73 1.01 ± 0.98 2.99 ± 3.22

Kidney 2.77 ± 1.37* 1.25 ± 1.07 3.10 ± 1.76*

Lung 3.38 ± 2.03* 0.52 ± 0.41 2.62 ± 1.77*

Spleen 3.21 ± 2.10* 0.62 ± 0.66 2.61 ± 2.61

Quad 1.34 ± 0.74 0.25 ± 0.11 2.10 ± 1.25*

4PY: tissue

Liver 3.42 ± 1.77* 0.66 ± 0.20 3.51 ± 2.12*

Kidney 3.16 ± 1.87* 1.25 ± 0.92 3.73 ± 2.33*

Lung 3.54 ± 2.11* 0.62 ± 0.23 4.01 ± 2.47*

Spleen 3.30 ± 1.74* 0.85 ± 0.28 3.69 ± 2.33*

Quad 1.13 ± 0.58 0.42 ± 0.16 1.52 ± 0.88*

6PY: tissue

Liver 2.07 ± 2.07 0.44 ± 0.13 1.97 ± 1.53*

Kidney 2.17 ± 1.09* 0.91 ± 0.56 2.12 ± 1.48

Lung 2.63 ± 1.55* 0.53 ± 0.18 3.14 ± 2.09*

Spleen 2.36 ± 1.42* 0.61 ± 0.26* 2.15 ± 1.51*

Quad 1.09 ± 0.50 0.39 ± 0.18 1.00 ± 0.58

Values indicated with an asterisk (*) represent the ratios that are signifi-

cantly altered in LPS-treated or aged mice (fold-change ± SD).
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remain to be elucidated with respect to the dynamics of NAD+ at

the level of individual cells and organelles.

While we find that the average basal rates of NAD+ synthesis

do not change appreciably with age in most tissues, we do not

exclude the possibility that the capacity for NAD+ biosynthesis

is diminished. This could become an important limitation under

conditions of stress, such as DNA damage, that drives acute

consumption of NAD+. Moreover, it may be the case that even

the basal activity of some NAD+ biosynthetic enzymes de-

creases slightly with age, but that the decrease in steady-state

NAD+ concentration relieves feedback inhibition to restore

normal flux. Indeed, NAMPT is subject to feedback inhibition

by NAD+ (Dietrich et al., 1968), and the mild phenotypes of het-

erozygous animals (Revollo et al., 2007) suggest that its capacity

is in excess of what is used under basal conditions. However, our

efforts to induceNAD+ limitation stresswith LPSdid not augment

differences between young and aged animals and instead re-

vealed that LPS decreases NAD+ synthesis similarly across the

lifespan.
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An alternative form of stress is calorie restriction. Consistent

with calorie restriction being anti-aging, it restored NAD+ con-

centration in aged liver and adipose. Contrary to the view that

calorie restriction boosts NAD+ levels via increasing synthesis

(Song et al., 2014; Fulco et al., 2008; Wei et al., 2020), we

observed relatively strong decreases in NAD+ turnover. This

may reflect broader alterations of metabolism, for example,

limited production of phosphoribosylpyrophosphate, a product

of the pentose phosphate pathway that is required for nucleotide

synthesis (Lane and Fan, 2015). During LPS treatment, NAD+

production may be limited for similar reasons since glucose

concentrations fall, which likely reduces flux into the pentose

phosphate pathway (Irahara et al., 2018; Vogel et al., 1991).

But ultimately the outcomes are different, as calorie restriction

(but not LPS) offsets any decrease in NAD+ production by sup-

pressing consumption.

Our findings have implications for NAD+ supplementation. If

synthesis rates were impaired with age, then restoring NAD+ pro-

duction with supplements, such as nicotinamide riboside or

mononucleotide, or pharmacological strategies, such as NAMPT

activation (Gardell et al., 2019), would simply be restoring normal

‘‘youthful’’ physiology. However, our data suggest that such

strategies would act by boosting synthesis rates beyond normal

in the face of increased consumption. This may alleviate the

NAD+ shortage for redox reactions and enzymes such as

sirtuins. However, it also increases NAD+ availability to any

enzymes that might be hyperactivated with age. The conse-

quences of chronically driving more activation of PARPs or

CD38 are not entirely clear but should be considered. On an opti-

mistic note, the worst consequence of PARP1 hyperactivation

may well be NAD+ depletion (Scheibye-Knudsen et al., 2014),

which is not an issue if the excess activity is driven byNAD+ over-

supply. Determining NAD+ turnover rates and flux through

specific consumer pathways in animals with artificially elevated

tissue NAD+ concentrations is an important future direction.

In summary, we provide the first direct measurements of age-

related changes in NAD+ turnover, finding that production is not

impaired by aging. Instead, our data suggest that, with age,

increased consumption drivesmodest declines in NAD+ concen-

trations. The findings are particularly germane given the possibil-

ity of targeting NAD+ metabolism to ameliorate age-related

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

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

Experimental Models: Organisms/Strains

C57BL/6J.Nia (Catheter implanted in the

right jugular vein)

National Institute on Aging Rodent Colony N/A

40% caloric restricted C57BL/6J.Nia mice

(Catheter implanted in the right jugular vein)

National Institute on Aging Rodent Colony N/A

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

Metabolomics and isotope tracing raw

dataset

https://massive.ucsd.edu/ProteoSAFE/dataset.

jsp?accession=MSV000087933

MSV000087933
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contacts, Joseph

Baur (baur@pennmedicine.upenn.edu) and Joshua Rabinowitz (joshr@princeton.edu).

Materials availability
This study did not generate new materials.

Data and code availability
d All metabolomics and isotope tracing data reported have been deposited at MassIVE (Mass Spectrometry Interactive Virtual

Environment) and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

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

d Any additional information required to reanalyze the data reported in this paper is available from the lead contacts upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal use and care
All animal procedures were conducted at the University of Pennsylvania and approved by the Institutional Animal Care and Use Com-

mittee.Male C57BL/6J.Niamicewere obtained from the National Institute on Aging Rodent Colony at 3months (young) and 25months

(old) and acclimatized in the animal facility with ad libitum access to laboratory diet 5010 andwater on 12h light: dark cycle (7AM- 7PM)

for 2-4 weeks. Catheter was surgically implanted in the right jugular vein of the mouse and infusion with isotopically labeled tracer car-

ried out mostly within a week. Single-housed aged ad libitum fed and 40% caloric restricted C57BL/6J.Nia mice (21-23 mo) were pro-

cured fromNational Institute on Aging Rodent Colony and maintained on NIH-31 and NIH-31 fortified diet, respectively for twomonths

prior to use. CRmicewere fed a 3g pellet everyday between 8-10 am. Threemonth old C57BL/6J.Niamicewere single-housed and fed

ad libitum with NIH-31 for one month prior to catheterization and used as young controls for CR mice.

METHOD DETAILS

Intravenous infusion of mice
Isotope labeled NAD precursors, [2,4,5,6-2H]-NAM and [U-13C]-Trp (Cambridge Isotope Laboratories, Tewksbury, MA), were infused

in young and aged mice for 2-25 hours to achieve steady state NAD labeling from labeled precursors in different tissues (Liu et al.,
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2018). A tether and swivel system (Instech Laboratories, Plymouth Meeting, PA) was used for infusions to provide free movement of

mouse in the cage with bedding materials and access to food and hydrogel (Clear H2O, Portland, ME). Infusion conditions in the

various experiments are as follows: (1) 50mM [U-13C]-Trp dissolved in saline was infused for 15hr based on their lean mass (1mL

per 20 g lean mass per minute) starting at ZT0-2 (2) 4mM [2,4,5,6-2H]-NAM in saline was infused for 2hr, 8hr or 24hr at a constant

rate of 1mL per 20 g body weight per minute starting at ZT14-17 (3) Mice in the CR experiment were infused with 4mM

[2,4,5,6-2H]-NAM for 12hr starting from ZT23-ZT1 at a constant rate of 1mL per 20 g lean mass (4) In the FK866 experiment, mice

were injected with vehicle (45% Propylene glycol, 5% Tween 80, 50% water) or 50 mg/kg FK866 (Selleck Chemicals, Houston,

Tx) once every 8hr from ZT14, and infused after 1hr with 4mM [2,4,5,6-2H]-NAM at 1mL per 20 g body weight per minute rate for

23hr (5) for LPS treatment, mice were injected with saline or 6 mg/kg LPS (E. coli 055:B5, L-2880; Sigma–Aldrich, St. Louis, MO)

and immediately subjected to 4mM [2,4,5,6-2H]-NAM intravenous infusion at 1mL per 20 g body weight per minute rate for 8h.

Blood samples (�20uL) were collected via tail bleeding using microvette blood collection tubes (Sarstedt, Cat. # 16.440.100) and

centrifuged at 16,000 g for 15 minutes at 4�C to isolate serum. At the end of the infusion period, mice were euthanized by cervical

dislocation and tissues were quickly dissected and clamped in liquid nitrogen. Serum and tissues samples were kept at -80�C before

metabolite extraction for mass spectrometry analysis. Blood urea nitrogen measurements were performed on serum samples

collected before and after 8h LPS treatment (Medtest Dx, Cat. # B7552).

Metabolite extraction from serum and tissues
Serumwas thawed on ice before adding either -80�C 100%methanol or -80�C 80:20methanol:water with a volume of 13.5mL solvent

per 1mL serum, vortexed, incubated on dry ice for 10 minutes, and centrifuged at 16,000 g for 20 minutes, with the supernatant used

for LC-MS analysis. Frozen tissues were weighed, ground with a liquid nitrogen in a cryomill (Retsch) at 25 Hz for 45 seconds, before

extracting tissues with 40:40:20 acetonitrile:methanol:water (Figures 1, 2, 3, 4, and 5) or 40:40:20 acetonitrile:methanol:water sup-

plemented with 0.1M formic acid (Figures 6 and 7) with a volume of 40mL solvent per 1mg of tissue, vortexed for 15 seconds, and

incubated on ice for 10 minutes. We began adding formic acid to later experiments based on the demonstration that it improves

the recovery of reduced nucleotides, and these samples were neutralized with 15% NH4HCO3 as described (Lu et al., 2018). Tissue

sampleswere then centrifuged at 16,000 g for 30minutes. The tissue supernatants were transferred to newEppendorf tubes and then

centrifuged again at 16,000 g for 25 minutes to remove and residual debris before analysis.

Eyes were enucleated and transferred to a 35 mm petri dish containing sterile PBS. The posterior half of the eye was trimmed of

fat, muscle, and separated from the optic nerve. The anterior half of the eye, including the lens, was removed, and the retina was

gently separated from the RPE using fine forceps. The separated retina and eye cup (RPE, choroid, and sclera complex) were dabbed

with Kim wipes to remove moisture and snap frozen in microcentrifuge tubes in liquid nitrogen, then stored at -80 �C. The retina and

eye cup were ground with a liquid nitrogen in a cryomill (Retsch) at 25 Hz for 45 seconds, before extracting with -80�C 80:20

methanol:water with a volume of 40mL solvent per mg retina or eye cup, vortexed, incubated on dry ice for 10 minutes, and centri-

fuged at 16,000 g for 20 minutes, with the supernatant used for LC-MS analysis.

NAD measurement by enzymatic cycling assay
Tissue samples were extracted with 0.6M perchloric acid using a TissueLyzer (Qiagen). NAD content wasmeasured by an enzymatic

cycling assay in a 96-well format as described previously(Frederick et al., 2015). Briefly, 5 ml of NAD standards or diluted tissue ex-

tracts was combined with 95 ml of cycling mixture (2% ethanol, 100 mg/ml alcohol dehydrogenase, 10 mg/ml diaphorase, 20 mM re-

sazurin, 10 mMflavin mononucleotide, 10mMnicotinamide, 0.1%BSA in 100mmphosphate buffer, pH 8.0). Resorufin accumulation

was measured over the period of 30min at room temperature by fluorescence excitation at 544 nm and emission at 590 nm.

Immune cell sorting and metabolite extraction
Metabolites were extracted from sorted immune cell subpopulations from spleen. Briefly, half of the spleenwas smashed and passed

through a 70mm strainer. After a cold PBS (Corning #21-031-CV) wash and centrifugation, pellets were resuspended in 1.5ml of

Ammonium-Chloride-Potassium buffer (Gibco #A10492-01) for 3min at room temperature. Lysis was blocked by dilution in 30ml

of cold PBS. Single cell suspensions were stained with 1ml of each antibody (CD45-APC (30-F11), CD11b PeCy7 (M1/70), CD3

BV510 (17A2) B220 Pe (RA3-6B2) from EBiosciences) for 1.10^6 cells in 100ml of PBS at 4�C protected from light for 30min. After

staining, cells were washed once and resuspended in PBS containing 1% of deactivated FBS (Thermofisher sci. #10082147). Sorting

was performed on a BD FACSAria Fusion cell sorter. Sorted cells were centrifuged and resuspended in 40:40:20 acetonitrile:metha-

nol:water supplemented with 0.1M formic acid and neutralized with 15% NH4HCO3.

Extraction of Mitochondrial Metabolites
Mitochondria was isolated from fresh tissues as reported previously (Frederick et al., 2015). Tissue samples were minced in ice-cold

mitochondrial isolation buffer (210mMMannitol, 70mMSucrose, 10mMHEPES, 1mMEGTA, pH 7.4 with 0.25% fatty acid free bovine

serum albumin), and homogenized with Potter Elvehjem homogenizer for 6-10 passes at 150 rpm. The homogenate was centrifuged

at 750g for 5 min, and pellet was washed twice at 5000g for 20 min at 4�C. Isolated mitochondria was resuspended in mitochondrial

isolation buffer to measure protein concentration and citrate synthase assay. Pelleted mitochondria was extracted using 40:40:20

acetonitrile:methanol:water with 0.1M formic acid. The extract was neutralized with 15% NH4HCO3.
Cell Systems 12, 1–13.e1–e4, December 15, 2021 e2
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Metabolite measurement
Extracts were analyzed within 24 hours by liquid chromatography coupled to a mass spectrometer (LC-MS). The LC–MS method

involved hydrophilic interaction chromatography (HILIC) coupled to the Q Exactive PLUS mass spectrometer (Thermo Scientific)

(Wang et al., 2019). 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.

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 10 mL and autosampler temper-

ature was 5�C. The mass spectrometer was operated in both negative and positive ion mode for the detection of metabolites. Other

MS parameters 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 ofm/z 75-1000. Raw LC/MS data were converted tomzXML format using the command line ‘‘msconvert’’ utility (Adu-

sumilli and Mallick, 2017). Data were analyzed via the MAVEN software, and all isotope labeling patterns were corrected for natural
13C abundance using AccuCor (Su et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of NAD+ Fluxes In Vivo

We infused [U-13C11] Trp and [2,4,5,6-2H4] NAM separately to mice to determine fluxes. [U-13C11] Trp (Trp11) resulted in NAD6 (NAD

M+6 with all carbons on the nicotinamide part labeled) and then NAMTissue,6. NAMTissue,6 was then exchanged between tissues and

circulation (NAM Serum,6) before being taken by tissues to make NAD. NAD3 was 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 Figure 3, 4 NAD metabolic fluxes are calculated assuming metabolic steady state in each tissue: f1 is

NAD de novo synthesis flux from tryptophan, f2 is the flux of NAM being taken up from serum, f3 is NAD synthesis flux from tissue

nicotinamide (NAM). At metabolic steady state, the NAD and nicotinamide concentrations in tissue stay constant. Therefore, the

mass balance suggests the corresponding breakdown (NAD/NAM) and excretion (tissue NAM/ circulation) fluxes are fully deter-

mined by the production fluxes above, and thus are not included as separate variables in the model. The following set of differential

equations are used to calculate the tissue NAD and NAM labeling patterns at each time point.
8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

dNAD0

dt
=
½f1ðTrp0 � NAD0Þ+ f3ðNAMTissue0 � NAD0Þ�

cNAD

dNAD3

dt
=
½f1ð�NAD3Þ+ f3ðNAMTissue3 +NAMTissue4 � NAD3Þ�

cNAD

dNAD6

dt
=
½f1ðTrp11 � NAD6Þ+ f3ðNAMTissue6 � NAD6Þ�

cNAD

dNAMTissue0

dt
=
½ðf1 + f3ÞðNAD0 � NAMTissue0Þ+ f2ðNAMSerum0 � NAMTissue0Þ�

cNAM

dNAMTissue3

dt
=
½ðf1 + f3ÞðNAD3 � NAMTissue3Þ+ f2ðNAMSerum3 � NAMTissue3Þ�

cNAM

dNAMTissue4

dt
=
½ðf1 + f3Þð�NAMTissue4Þ+ f2ðNAMSerum4 � NAMTissue4Þ�

cNAM

dNAMTissue6

dt
=
½ðf1 + f3ÞðNAD6 � NAMTissue6Þ+ f2ðNAMSerum6 � NAMTissue6Þ�

cNAM

(Figure 3)

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 represents the labeling fraction of serum tryptophan.

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

Tryptophan reached steady state in serumwithin 30min, therefore Trp11 was treated as constants (59% and 60% in young and old

animals, respectively). SerumNAM labeling changes as a function of time. In our differential equations, we did not simulate the serum

NAM labeling. Instead, the serumNAM labeling wasmeasured experimentally at a few time points, and the empirical labeling kinetics

was obtained through polynomial interpolation. At t=0, NADM+0, NAMM+0 are 1, while all other fractions are 0. For any given set of the

three fluxes, the dynamic labeling patterns can be calculated from the differential equations. The calculated values were then

compared to the measured labeling patterns of tissue NAM and NAD (2 h, 8 h, 24 h during [2,4,5,6-2H] NAM infusion, 15 h after

[U-13C] Trp infusion). The tissue concentration of NAM and NAD were also measured. The best estimated flux set is achieved by
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minimizing the deviation between the calculated labeling patterns and the measured ones. The deviation in each labeled fraction is

weighted by the reciprocal of the standard deviation of the replicate experimental labeling measurements. The numerical simulation

of the differential equations was performed in R with the deSolve package and the optimization was performed with DEoptim pack-

age. 95% confidence intervals of the NAD turnover rates were estimated by chi-square test (cutoff c2
0.05(df=1)=3.84) (Antoniewicz

et al., 2006).

Statistical analysis
Data are displayed as mean ± SEM. In figures, asterisks denote statistical significance as calculated by a two-tailed unpaired

Student’s t-test or 2-way ANOVA (x, p < 0.1, *, p < 0.05; **, p < 0.01; ***, p<0.001). This test is appropriate for determining whether

the means of two populations are equal. Data were not tested for the assumptions of normality and equal variance across groups.

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.
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