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In brief

NAD* and 1-methylnicotinamide
(MeNAM), which are produced from
nicotinamide (NAM), differentially affect
human health and aging. Metabolite
tracing with 2H,-NAM unveiled the
metabolic fates of exogenous NAM and
NAD*-derived NAM in cultured cells,
mice, and humans. Exogenous NAM
produced NAD* and MeNAM. NAD*-
derived NAM was a poor precursor for
MeNAM.
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SUMMARY

Metabolic routing of nicotinamide (NAM) to NAD™ or 1-methylnicotinamide (MeNAM) has impacts on human
health and aging. NAM is imported by cells or liberated from NAD*. The fate of 2H,-NAM in cultured cells,
mice, and humans was determined by stable isotope tracing. 2H,-NAM is an NAD* precursor via the salvage
pathway in cultured A549 cells and human PBMCs and in A549 cell xenografts and PBMCs from 2H,-NAM-
dosed mice and humans, respectively. ?H,-NAM is a MeNAM precursor in A549 cell cultures and xenografts,
but not isolated PBMCs. NAM released from NAD™ is a poor MeNAM precursor. Additional A549 cell tracer
studies yielded further mechanistic insight. NAMPT activators promote NAD* synthesis and consumption.
Surprisingly, NAM liberated from NAD* in NAMPT activator-treated A549 cells is also routed toward
MeNAM production. Metabolic fate mapping of the dual NAM sources across the translational spectrum

(cells, mice, humans) illuminates a key regulatory node governing NAD* and MeNAM synthesis.

INTRODUCTION

Nicotinamide (NAM) is the amide form of vitamin B3 (niacin). Se-
vere vitamin B3 deficiency causes pellagra, a systemic disease
exhibiting the signature “4 Ds”: diarrhea, dermatitis, dementia,
and, ultimately, death. Using NAM as a dietary supplement to
prevent and treat pellagra was a monumental public health
advance. Seminal research discoveries have unveiled why
NAM is important for health. NAM is a precursor for NAD* syn-
thesis via the NAD* salvage pathway. NAD" is an essential
cofactor for redox enzymes playing indispensable roles in inter-
mediary metabolism.” NAD* is also a substrate for poly(adeno-
sine diphosphate-ribose) polymerases (PARPS), sirtuins, CD38,
and sterile alpha and toll/interleukin-1 motif-containing 1
(SARM1).? The diverse actions of NAD*-consuming enzymes
extend the biological impact of NAD* to a wide variety of crucial
processes, including gene expression, DNA repair, epigenetics,
cell signaling, and axon degeneration.

Another cellular fate for NAM is conversion to
1-methylnicotinamide (MeNAM) by NAM N-methyltransferase
(NNMT) in the presence of S-adenosylmethionine (SAM), the uni-
versal methyl donor. NNMT is expressed in most tissues,
including liver, adipose tissue, and skeletal muscle,® in addition
to numerous human cancers.” In certain cell types, MeNAM is
converted to methyl pyridone carboxamide derivatives
(Me2PY, Me4PY, and MeBPY) by aldehyde oxidase (AOx).>°

Emerging data show that MeNAM formation is more than sim-
ply a route for NAM clearance.” MeNAM was claimed to mediate
cardiovascular benefits due to its putative vasoprotective, anti-

uuuuu

inflammatory, and anti-thrombotic effects.® MeNAM was also re-
ported to be a novel myokine that enhanced utilization of energy
stores in response to low muscle energy availability.® On the
other hand, an inverse association between insulin sensitivity
and plasma concentration of MeNAM was seen in patients
with type 2 diabetes.’® MeNAM was shown to be an immune-
regulatory metabolite in human ovarian cancer that enhanced
TNF-o expression and inhibited IFN-y production in T cells.”" A
mechanistic driver for certain biological effects of MeNAM in-
volves its ability to serve as a methyl sink producing cellular
epigenetic and transcriptional changes.” This collateral effect
of MeNAM formation was shown to regulate cancer-associated
fibroblast differentiation and cancer progression'? as well as in-
trahepatic cholangiocarcinoma proliferation and metastasis.'®
The growing list of pivotal biological effects attributed to
MeNAM makes it imperative to understand the molecular mech-
anisms governing its production.

Dietary NAM (i.e., exogenous NAM) is imported by cells via a
putative plasma membrane carrier, which purportedly also
transports MeNAM.'*'® Another source of cell NAM is NAD*
consumption mediated by PARPSs, sirtuins, CD38, and SARM1.
The metabolic fates of cellular NAM from the two sources, exog-
enous and NAD™ derived, are not clearly defined. Whereas
NAD*-derived NAM is salvaged to regenerate NAD™, the extents
to which NAD*-derived NAM and imported NAM are used by
NNMT to form MeNAM are unknown.

We used deuterated NAM (2H,-NAM) to trace the metabolic
fates of exogenous NAM and NAM liberated from NAD* (Fig-
ure S1). Metabolite tracing was performed with cultured A549
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lung adenocarcinoma cells. ?H,-NAM was also administered
intravenously (i.v.) to mice (A549 cell xenograft model) and hu-
mans followed by harvesting tumors/livers and peripheral blood
mononuclear cells (PBMCs), respectively. Mass isotopomer dis-
tribution (MID) profiling of NAM and NAM-derived metabolites
across the translational spectrum (cells, mice, and humans) re-
vealed that the source of cell NAM (exogenous versus NAD*
derived) determined if NAM was a precursor for NAD* or
MeNAM. Additional 2H,-NAM tracer studies in cultured A549
cells and isolated human PBMCs with tool compounds (NNMT
inhibitor, CD38 inhibitor, nicotinamide phosphoribosyltransfer-
ase [NAMPT] activators; Figure S2) further illuminated mecha-
nistic determinants governing the metabolic fate of NAM. Inter-
estingly, our studies showed that NAMPT activators can
reprogram NAM metabolism in A549 cells. Elucidating the alter-
native fates of NAM from the different sources is a crucial
advance due to the disparate and impactful biological effects
mediated by NAD* and MeNAM.

RESULTS

Exogenous NAM is a precursor for both MeNAM and
NAD" in cultured A549 cells

We first explored the metabolic fate of NAM in A549 cells by tar-
geted metabolite profiling (Figure 1A). Conditioned medium (CM)
from A549 cells grown for 18 h in medium containing 18 uM NAM
contained 14 puM NAM (Figure 1B). The cellular NAM level in
NAM-treated A549 cells was increased only 1.3-fold compared
with A549 cells grown in NAM-free medium (Figure 1C). Hence,
NAM in cell culture medium was consumed by A549 cells.
Reduction of NAM in the medium was accompanied by a striking
production of MeNAM in both cells (Figure 1D) and CM (Fig-
ure 1E). The elevated MeNAM level in CM, ~4 uM, mostly ac-
counted for the loss of NAM. When A549 cells were grown in
the presence of 18 uM NAM, the cell levels of NAM and
MeNAM (1.63 and 0.73 nmol/mg, respectively) were approxi-
mately 2-fold different. These data showed that cultured A549
cells contain NNMT activity, which briskly consumed NAM in
the medium. NNMT was detected in A549 cell homogenates
by western blotting using an anti-NNMT antibody (Figure S3A).
In addition, NNMT activity was detected in A549 cell extracts
but not A549 cell CM (Figure S3B).

Another metabolic fate for NAM in A549 cells is NAD* forma-
tion via the salvage pathway. Addition of NAM to cell culture me-
dium increased cell nicotinamide mononucleotide (NMN) (1.7-
fold), NAD* (1.9-fold), and NADH (1.9-fold) (Figures 1F-1H,
respectively). NMN, NAD*, and NADH levels in cells grown in
the presence of NAM were 0.015, 6.1, and 0.14 nmol mg~",
respectively. NAM-mediated elevations of NMN, NAD*, and
NADH were blocked by a NAMPT inhibitor (100 nM FK-866)
(Figures 1F-1H). Conversely, a NAMPT activator (10 uM SBI-
797812)'¢ increased the cellular NMN, NAD*, and NADH levels
in A549 cells by 8.7-, 1.9-, and 1.4-fold, respectively
(Figures 1F-1H). Together, these data established that NAM
was also utilized as a precursor for NAD* synthesis in cultured
A549 cells in a NAMPT-dependent manner.

Treatment of A549 cells with FK-866 slightly elevated the NAM
level in the CM (12% increase) (Figure 1B). This result indicated
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that NAD* synthesis by A549 cells served as a sink for exoge-
nous NAM. FK-866 treatment decreased cell NAM by 2.8-fold
(Figure 1C). Accumulation of 2H,-NAM by A549 cells was similar
in the absence or presence of FK-866, which negated the
possible impact of FK-866 on NAM uptake. Decreased cell
NAM caused by FK-866 (Figures 1C and 1G) was linked to the
accompanying decreased NAD" level and the ability of NAD*
to serve as a source of cell NAM.

Neither FK-866 nor SBI-797812 changed the MeNAM level in
A549 cells (Figure 1D) or CM (Figure 1E). Hence, altering the flow
of NAM into the salvage pathway by manipulating NAMPT activ-
ity did not have an impact on MeNAM synthesis.

A small-molecule NNMT inhibitor (10 pM NNMTi)'” was used
to probe the contribution of NNMT to NAM metabolism.
NNMTi elicited huge decreases of MeNAM in both A549 cells
and CM (79% and 80%, respectively) (Figures 11 and 1J). NAM
levels in A549 cells and CM were increased slightly by NNMTi
(Figures 1K and 1L). NNMTi treatment had no effect on the
cellular NAD* level in A549 cells (Figure 1M). Hence, surplus
NAM from blocking MeNAM production was not rerouted to
NAD* synthesis.

Stable isotope tracing with deuterated NAM (2H,-NAM)
in A549 cells

A549 cells grown in 10 uM 2H,-NAM (20 uM total NAM) were as-
sayed by liquid chromatography-mass spectrometry (LC-MS)
for the MID profiles of NMN, NAD*, NADH, NADP, NAM, and
MeNAM (Figure 2A; Table S1). 2H,-NAM was a major NMN pre-
cursor as seen by production of NMN(M4) (Figure 2B). Enrich-
ment of NMN(M4) in the total NMN pool was 28%. Low amounts
of NMN(M3) were also detected (6% enrichment). 2H,-NAM
treatment of cultured A549 cells also generated heavy-mass iso-
topomers for NAD* (Figure 2C), NADH (Figure 2D), and NADP
(Figure 2E). Enrichment values for NAD(M3) and NAD(M4) (26%
and 6%, respectively), NADH(M3) and NADH(M4) (24% and
6%, respectively), and NADP(M3) and NADP(M4) (23% and
6%, respectively) were comparable. The preponderance of the
MS3- compared with the M4-mass isotopomers reflected removal
of the C-4 deuterium by cell redox enzymes.'® The similar MID
profiles displayed by NAD" and NADH reflected their rapid and
extensive hydride ion interchange in A549 cells.

Treatment of A549 cells with 2H,-NAM led to cellular accumu-
lation of both NAM(M3) and NAM(M4) (Figure 2F). Enrichment
values for cell NAM(M3) and NAM(M4) were 6% and 32%,
respectively. NAM(M4) accumulation reflected cell uptake of
2H,-NAM. Formation of NAM(M3) by 2H,-NAM-treated A549
cells was a biomarker for consumption of NAD* produced by
the salvage pathway.'® NAM(M3) is derived from H,-NAM as fol-
lows: production of NAD(M4), conversion of NAD(M4) to NAD(M3)
by cell oxidoreductases, and liberation of NAM(M3) by NAD* gly-
cohydrolases. NAM(M3) production signaled sequential NAD*
synthesis and degradation in cultured A549 cells. NAM(M3)
also appeared in the CM of 2H,-NAM-treated A549 cells (Fig-
ure 2G; Table S1). Enrichment of NAM(M3) in the NAM CM pool
(1%) was dwarfed by high NAM (20 uM) in the medium.

A549 cells treated with H,-NAM also produced abundant
MeNAM(M4) (Figures 2H and 2l). Enrichment of MeNAM(M4) in
the cell and CM MeNAM pools was 42% and 38%, respectively.
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Figure 1. Exogenous NAM has dual metabolic fates in cultured A549 cells
(A) Experimental design. A549 cells were cultured in the absence (control) or presence of 18 uM NAM plus 100 nM NAMPT inhibitor (FK-866), 10 uM NAMPT
activator (SBI-797812), or 10 uM NNMT inhibitor (NNMTi). After 18 h, A549 cells and conditioned medium (CM) were harvested. Metabolites were assayed by

LC-MS/MS.

(B-M) (B and L) CM NAM, (C and K) cell NAM, (D and ) cell MeNAM, (E and J) CM MeNAM, (F) cell NMN, (G and M) cell NAD™, and (H) cell NADH. Metabolites in CM
were reported as uM. Metabolites in cells were reported as nmol mg ™~ protein. Data are represented as the mean + SD; n = 4. (B-H) Data were analyzed by one-
way ANOVA multiple comparisons with Tukey’s post hoc analysis; (I-M) data were analyzed by unpaired t test. ns, nonsignificant; *p < 0.05; **p < 0.01;

***p < 0.001; ™p < 0.0001.

Hence, exogenous 2H,-NAM was briskly metabolized by NNMT.
Interestingly, the MeNAM(M3) level in 2H,-NAM-treated A549
cells was very low (1% enrichment) (Figure 2H), despite the pres-
ence of appreciable cellular NAM(MS3) (Figure 2F). This finding
was the first clue that NAM derived from NAD* consumption
was a poor substrate for NNMT-mediated conversion to
MeNAM.

Impact of NAMPT inhibition on the fate of 2H,-NAM in
cultured A549 cells

Performing the 2H,-NAM tracer study with FK-866 drastically
reduced cellular NMN (Figure 2B). NAD* and NADH were also
decreased by 89% and 84%, respectively, by FK-866 versus

control cells (Figures 2C and 2D). M3 and M4 mass isotopomers
for NAD* or NADH were reduced to a greater extent in FK-866-
treated cells. Results from this MID profiling study with 2H,-
NAM and FK-866 were consistent with the impressive NAMPT
inhibitory effect of FK-866. Moreover, it further established the
crucial role of the NAD™ salvage pathway for maintaining NAD*
and NADH levels in A549 cells.

NADP in FK-866-treated A549 cells was decreased by only
28% compared with control A549 cells (Figure 2E). However,
FK-866 decreased NADP(M3) and NADP(M4) production to a
much greater extent. These data showed that NAD* was the pre-
cursor for NADP in A549 cells and the cellular turnover rate of
NADP was more sluggish than that of NAD* or NADH.
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Figure 2. Tracing NAM metabolism in A549 cells with 2H,-NAM: Impact of inhibiting NAMPT and NNMT
(A) Experimental design. A549 cells were cultured in 20 uM NAM (10 uM NAM plus 10 M 2H,-NAM) with and without 100 nM NAMPT inhibitor (FK-866) or 10 uM

NNMT inhibitor (NNMTi) for 18 h.

(B-I) Cells and conditioned medium (CM) were analyzed by LC-MS for mass isotopomers (M0-M5; color coded) of (B) cell NMN, (C) cell NAD*, (D) cell NADH,
(E) cell NADP, (F) cell NAM, (G) CM NAM, (H) cell MeNAM, and () CM MeNAM. Cell AUC values were normalized to protein concentration and divided by 1,000.
CM AUC values were divided by 1,000. Data are represented as the mean + SD for the mass isotopomers (M0-M5). See Table S1.

Treatment of A549 cells with FK-866 did not significantly affect
the total cell NAM level (Figure 2F). However, FK-866 reduced
NAM(MB) enrichment in A549 cells from 6% to 1%. These find-
ings were consistent with sequential NAMPT-dependent
production of NAD(M3) from 2H,-NAM and its subsequent con-
sumption to form NAM(M3).

FK-866 had little impact on the MID profiles for MeNAM in the
2H,-NAM-treated A549 cells (Figure 2H) or CM (Figure 2I).
Enrichment values for cell MeNAM(M4) in the absence and pres-
ence of FK-866 were 40% and 41%, respectively. Hence, block-
ing 2H4-NAM utilization by the NAD* salvage pathway did not re-
route NAM to MeNAM formation. These data again pointed to the
existence of disparate NAM pools in the A549 cells that differen-
tially fueled NAD* and MeNAM synthesis.

Impact of NNMT inhibition on the fate of 2H,-NAM in
cultured A549 cells

To further explore the role of NNMT in A549 cell NAM meta-
bolism, we ran a 2H,-NAM tracer study with NNMTi (Figure 2A;
Table S1). Consistent with results from the targeted metabolite
study (Figure 1), NNMTi dramatically reduced the MeNAM levels
(area under the curve [AUC] sum of all mass isotopomers) in cells
and CM by 87% and 83%, respectively (Figures 2H and 2I,
respectively). Production of cell MeNAM(M3) and MeNAM(M4)
was also blocked by NNMTi (89% and 87%, respectively).
NNMTi did not change the levels or MID profiles of cellular

4 Cell Reports 42, 112218, March 28, 2023

NMN (Figure 2B), NAD* (Figure 2C), NADP (Figure 2E), or NAM
(Figure 2F). There was a nonsignificant trend toward lower cell
NADH due to NNMTi (Figure 2D). Importantly, this 2H,-NAM
tracer study confirmed that blocking the flow of NAM to
MeNAM synthesis in A549 cells with NNMTi did not increase
NAD™* production.

Impact of CD38 inhibition on the fate of 2H,-NAM in A549
cells

2H,-NAM tracer studies with A549 cells revealed substantial pro-
duction of NAM(M3) from consumption of newly synthesized
NAD™* (Figure 2F). Likely candidates mediating NAD* degrada-
tion in A549 cells are sirtuins, PARPs, and CD38. CD38 is a
NAD*-glycohydrolase that consumes both NMN and NAD*.?°
CD38 is expressed by A549 cells.”’ We probed the contribution
of CD38 to NAD* consumption in A549 cells and the fate of the
liberated NAM using a CD38 inhibitor (CD38i)*° (Figure 3A;
Table S2).

Our initial attempt to assess the impact of CD38 on the meta-
bolic fate of NAM in A549 cells showed that extracts prepared
from CD38i-treated A549 cells had lower NAM levels compared
with extracts from control cells. We concluded that CD38 was a
major NAD* consumer in A549 cells. A manuscript referee sug-
gested that NAD* degradation might occur during the post-
experimental cell harvest. To explore this possibility, we revised
our cell harvest protocol to include 5 uM CD38i in the cell wash
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buffer. Blocking CD38 activity during the cell wash and harvest
led to a 3-fold decrease in the cell NAM level (Figure S4). Hence,
CDg38 activity appeared to be latent in intact A549 cells but
exposed during the cell wash step to produce NAM in the
ensuing cell extract. This finding highlighted the importance of
adding CD38i during the cell wash when performing metabolic
tracer studies for NAD* synthesis and consumption in cultured
cells. Cell tracer studies in the current article included CD38i dur-
ing the cell wash step to avoid post-experimental NAD* con-
sumption by CD38.

NAM levels in extracts prepared from A549 cells treated with
and without CD38i were similar when CD38-mediated NAD*
consumption was blocked during the cell harvest (Figure 3B).
In addition, CD38i did not significantly impact the levels or MID
profiles of NMN, NAD*, NADH, and NADP (Figures 3C-3F,
respectively). These data revealed that CD38 in intact A549 cells
was not an important regulator of NAD* synthesis or consump-
tion. Notably, NAM(M3) was evident in A549 cells (6% enrich-
ment) despite CD38i in the wash buffer (Figures 3B and 3G).
NAM(MB3) was also found in A549 cell CM (2% enrichment) at a
level greater than its natural abundance (Figures 3H and 3lI).

CD838i increased total MeNAM in A549 cells by 1.4-fold (Fig-
ure 3J) but decreased total MeNAM in the CM by 33% (Fig-
ure 3K). Likewise, CD38i increased MeNAM(M4) in A549 cells
(Figure 3L) but decreased MeNAM(M4) in CM (Figure 3M). The
opposing effects of CD38i on the MeNAM levels in A549 cells
and CM were unexpected (Note: these findings were replicated
in an independent experiment; see Figure S6). We performed an
A549 cell tracer study with 2H,-NAM to explore if CD38i blocked
cell export of MeNAM. A549 cells were grown in 2H,-NAM-con-
taining medium and washed, and NAM-free medium was added
with and without CD38i (Figure S5). Time-dependent loss of
cellular MeNAM(M4) and appearance of CM MeNAM(M4) were
both more sluggish in the presence of CD38i. Further studies
are needed to clarify the mechanism for the apparent link be-
tween CD38 inhibition and impaired cell transport of MeNAM.

Impact of NAMPT activators on the fate of 2H4-NAM in
cultured A549 cells

A2H,-NAM tracer study with A549 cells was performed with SBI-
797812, a small-molecule NAMPT activator (Figure 3A;
Table S2). As expected, SBI-797812 elevated cell NMN and
NAD* by 10.7- and 2.2-fold, respectively (Figures 3C and 3D,
respectively). Cell levels of the M3 and M4 mass isotopomers
for NMN (Figures 3P and 3Q) and NAD" (Figures 3R and 3S)
were also increased due to SBI-797812 treatment. Enrichment
of NMN(M3) and NMN(M4) in cells treated with SBI-797812
was 14% and 31%, respectively. The corresponding enrichment
values for the control cells were 25% and 19%, respectively.
Hence, SBI-797812 slightly shifted the MID profile of NMN to-
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ward NMN(M4) and away from NMN(M3). Enrichment values
for NAD(M3) and NAD(M4) in the presence of SBI-797812
(35% and 8%, respectively) were like the enrichment values for
the control cells (30% and 7%, respectively). SBI-797812 did
not alter the levels or MID profiles of NADH (Figure 3E) or
NADP (Figure 3F) in A549 cells.

SBI-797812 did not significantly change the cell NAM level
(Figure 3B). However, SBI-797812 increased enrichment of
NAM(M3) in the A549 cells (from 6% to 14%) and CM (from
2% to 8%) (Figures 3B and 3H). The levels of NAM(M3) in cells
and CM were increased 2.9- and 4.4-fold, respectively,
compared with control cells (Figures 3G and 3l). NAM(M3) accu-
mulation in both A549 cells and CM due to SBI-797812 revealed
that increased NAD" synthesis due to a NAMPT activator was
accompanied by increased NAD* consumption. SBI-797812
also decreased NAM(M4) in CM, consistent with elevated
NAD™* biosynthetic flux via the salvage pathway (Figure 3T).

SBI-797812 did not significantly alter the cell level of total
MeNAM (Figure 3J) or MeNAM(M4) (Figure 3L) but reduced the
MeNAM(M4) level in CM by 29% (Figure 3M). Notably, SBI-
797812 also increased the MeNAM(M3) level in A549 cells by
4.7-fold versus control cells (Figure 3N). There was an accompa-
nying 2-fold increase in MeNAM(MS3) in CM from SBI-797812-
treated A549 cells (Figure 30). This MeNAM(M3) data showed
that NAD" produced in the presence of SBI-797812 yielded
liberated NAM with greater propensity to serve as an NNMT
substrate.

The distinctive ability of SBI-797812 to augment MeNAM(M3)
production in A549 cells prompted us to examine if this effect
was also seen with SBI-801071, a different NAMPT activator™
(Figure S6A). We thus studied the impact of SBI-801071 on the
metabolic fate of 2H,-NAM in cultured A549 cells (Table S3).
The effects of SBI-801071 on the levels and MID profiles for
NMN and NAD* were comparable to those of SBI-797812
(Figures S6B-S6G). One difference between SBI-801071 and
SBI-797812 was that the former raised the NADH level in A549
cells (Figures S6H-S6J) to a greater extent than the latter for un-
known reasons. SBI-801071, like SBI-797812, did not have an
impact on the abundance of or the MID profile for NADP
(Figures S6K-S6M).

SBI-801071 increased cell production of NAM(M3) as evident
by its accumulation in cells and CM (Figures S6N-S6R). This
finding corroborated the results with SBI-797812 showing that
the NAD* boosting effect of NAMPT activators was accompa-
nied by increased NAD* consumption. The surprising finding
that NAM(M3) produced in the presence of SBI-7979812 was a
better NNMT substrate was recapitulated with SBI-801071
(Figures S6S-S6X). Enrichment values for MeNAM(MB) for the
control and SBI-801071-treated cells were 2% and 9%, respec-
tively. The corresponding enrichment values for MeNAM(M3) in

Figure 3. Tracing NAM metabolism in A549 cells with 2H,-NAM: Impact of inhibiting CD38 and activating NAMPT

(A) Experimental design. A549 cells were cultured with 2H;-NAM (10 pM NAM and 10 uM 2H,-NAM) with and without 5 uM CD38i, 10 uM NAMPT activator
(SBI-797812), or 5 uM CD38i plus 10 uM SBI-797812. Cells and conditioned medium (CM) were harvested after 18 h.

(B-V) LC-MS was used for MID profiling of (B and G) cell NAM, (C, P, and Q) cell NMN, (D, R, and S) cell NAD, (E) cell NADH, (F, U, and V) cell NADP, (H, |, and T) CM
NAM, (J, L, and N) cell MeNAM, and (K, M, and O) CM MeNAM. Cell AUC values were normalized to protein and divided by 1,000. CM AUC values were divided by
1,000. Color-coded key for B-F, H, J, K (M0O-M5 mass isotopomers) is shown in (A). Data are represented as the mean + SD for the mass isotopomers; See

Table S2.
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the CM were 1% and 4%, respectively. The ability of both SBI-
797812 and SBI-801071 to promote MeNAM(MB3) formation in
A549 cells provides compelling evidence that NAMPT activators
reprogrammed NAM metabolism.

Probing possible interactions between CD38i and
NAMPT activators in the metabolic fate of 2H,-NAM in
A549 cells
The disparate NAD* boosting mechanisms of NAMPT activators
and CD38i prompted us to evaluate the impact of their combined
treatment on the metabolic fate of 2H4-NAM in A549 cells. Add-
ing SBI-797812 and CD38i to A549 cells had no additional effect
(compared with SBI-797812 alone) on NMN, NAD*, or NADH
(Figures 3C-3E, respectively). Combining CD38i with SBI-
801071, instead of SBI-797812, had a similar outcome except
that slightly decreased NMN(M4) and increased NAD* were
seen versus SBI-801071 alone (Figures S6D and S6E-S6G).
Interestingly, the cell NADP level was increased by combining
CD38i with either NAMPT activator, whereas these agents alone
had no effect (Figures 3F, 3U, and 3V; Figures S6K-S6M).
Addition of CD38i along with SBI-797812 or SBI-801071 did
not have an impact on the cell NAM(M3) level (Figures 3G and
S60). This finding supports our prior conclusion that CD38 was
not a major NAD* consumer in intact A549 cells. However, there
were paradoxical increases in NAM(M3) in the CM when CD38i
was combined with SBI-797812 (1.3-fold) or SBI-801071 (1.4-
fold) (Figures 3l and S3R). The cell levels of MeNAM(M3) were
also increased when CD38i was combined with SBI-797812 or
SBI-801071 (Figures 3N and S6T). We attribute this effect to
the purported ability of CD38i to block export of MeNAM from
A549 cells as described above.

Metabolic fate of 2H,-NAM in a murine A549 cell
xenograft model
A murine A549 cell xenograft model was used to examine if the
metabolic fate of NAM in cultured A549 cells was recapitulated
in vivo. Mice with A549 cell xenografts were dosed (4 h. i.v. infu-
sion) with vehicle control, 2H,-NAM, '3C44-Trp, or '®Cs-nicotinic
acid ("*Cg-NA) (Figure 4A). Serum, tumors, and livers were inter-
rogated by LC-MS to determine the metabolic fate of 2H,-NAM
(i.e., exogenous NAM) or NAM(M6) derived from '3C44-Trp via
sequential de novo NAD" synthesis and NAD* consumption
(Tables S4-S6).

2H4,-NAM infusion increased total serum NAM by 6.6-fold
(Figure 4B). Enrichment of NAM(M3) and NAM(M4) in the
NAM serum pool was 12% and 38%, respectively. Appreciable
NAM(M3) in serum from 2H,-NAM-dosed mice revealed that
sequential NAD* synthesis from 2H,-NAM and subsequent
NAD* consumption by NAD* glycohydrolases occurred in vivo.
The serum NAM(MO) level was increased 3.3-fold by the ZH,-
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NAM infusion (Figure 4B). This rise in serum NAM(MO), while
not initially anticipated, was consistent with a prior study in
which i.v. dosing of a different deuterated NAM derivative in
rats raised the plasma NAM(MO) level.”* Loading A549 cells
with 2H,-NAM (48 h treatment) followed by washing and me-
dium replacement with 20 uM NAM did not increase H,-
NAM in the CM, suggesting that the in vivo finding was not
replicated in cultured cells.

The 2H,-NAM infusion raised total serum MeNAM by 6.5-fold
(Figure 4C). The total serum MeNAM AUC value was 8.2% of
the total serum NAM AUC value. Enrichment of serum
MeNAM(M3) and MeNAM(M4) was 11% and 47 %, respectively.
The serum enrichment values for the M3 and M4 mass iso-
topomers of MeNAM and NAM in °H,-NAM-dosed mice were
comparable. The serum concentration of MeNAM(MO) was
increased 2.7-fold due to the 2H,-NAM infusion.

Me6PY, a metabolic product derived from MeNAM, was
increased 8.7-fold in serum of 2H,-NAM-infused mice (Fig-
ure 4D). Me6PY(M3), which is produced enzymatically from
MeNAM(M4), was a prominent contributor to the elevated serum
Me6PY level (31% enrichment). The serum Me6PY(MO) level was
increased 6.9-fold by the 2H,-NAM infusion.

We also explored the metabolic fate of 2H,-NAM in A549 cell
xenografts (Table S5). Total NAD* levels were similar in tumors
from vehicle control and 2H,-NAM-dosed mice (Figure 4E). How-
ever, ?H,-NAM was a precursor for tumor NAD™, as evidenced by
the appearance of NAD(M3) and NAD(M4) (7.7% and 1.9%
enrichment, respectively). Total NAM trended higher in A549
cell tumors from 2H,-NAM-treated mice versus vehicle-treated
mice (Figure 4F). The tumor NAM pool contained NAM(M3)
(12.5% enrichment) but there was little evidence of NAM(M4)
(<1% enrichment). The low NAM(M4) likely reflected its highly
efficient conversion to NAD* or MeNAM. NAM(M3) in the A549
cell tumor revealed concomitant NAD" synthesis and consump-
tion. Notably, findings from the A549 cell xenografts of 2H,-
NAM-dosed mice were comparable to those obtained from
cultured A549 cells treated with 2H,-NAM.

Tumors from the murine xenograft model after the 2H,-NAM
infusion exhibited a 2.7-fold increase in total MeNAM compared
with vehicle controls (Figure 4G). MeNAM(M4) in xenografts of
2H,-NAM-dosed mice was nearly 4-fold more abundant than
MeNAM(M3) (30% and 8% enrichment, respectively) despite
the tumors containing higher levels of NAM(M3) compared with
NAM(M4) (Figure 4B). MeNAM(M3) enrichment in A549 cell xe-
nografts was 4-fold greater than in cultured A549 cells (compare
Figures 4G, 2H, and 3J). One interpretation is that NAM(M3)
released from NAD(M3) in the xenograft was a better NNMT sub-
strate compared with NAM(M3) similarly produced in cultured
A549 cells. However, another highly plausible explanation is
that tumor MeNAM(MB3) arose from the appreciable NAM(M3)

Figure 4. Tracing in vivo NAD* synthesis and consumption with NAD* precursors in a murine A549 cell xenograft model
(A) Experimental protocol. 2H,-NAM, '3C44-Trp, and '®Cg-nicotinic acid were i.v. infused in mice with A549 cell xenografts for 4 h followed by harvest of blood,

xenografts, and liver.

(B-P) LC-MS was used for MID profiling of (B) serum NAM, (C) serum MeNAM, (D) serum Me6PY, (E) tumor NAD, (F) tumor NAM, (G) tumor MeNAM, (H) tumor
Me6PY, (1) liver NAD™, (J) liver NAM, (K) liver MeNAM, (L) liver Me6PY, (M) serum Trp, (N) serum Kyn, (O) liver Trp, and (P) liver Kyn. Serum AUC values were divided
by 1,000. Tumor and liver AUC values were normalized to tissue mass (mg) and divided by 1,000. Data are represented as the mean + SD for the mass iso-
topomers (M0-M11). The color code key for the mass isotopomers is shown in (D). See Tables S4-S6.
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in serum from 2H,-NAM-infused mice (Figure 4B). NAM(M3) ex-
ported into blood from peripheral tissues of 2H,-NAM-dosed
mice will follow the same metabolic route as exogenous *H,-
NAM, which includes serving as an NNMT substrate to form
MeNAM(M3).

The Me6PY level in the xenografts was very low (Figure 4H).
AUC values for total NAM, MeNAM, and 6MePY in xenografts
from vehicle-infused mice (normalized to NAM) were 1.0, 0.15,
and 0.005, respectively. However, xenograft Me6PY was
increased 9.7-fold in 2H4-NAM dosed mice versus vehicle con-
trols. The expected mass isotopomer, Me6PY(M3), was a domi-
nant contributor to the elevated tumor Me6PY pool (31% enrich-
ment). We did not detect Me6PY in cultured A549 cells. The
measurable level of MeBPY in the A549 cell xenografts might
arise from metabolic pathway reprogramming of A549 cells in
the tumor microenvironment, contributions from other cell types
in the xenograft, or importation of Me6PY from the blood
compartment.

Livers from 2H,-NAM-infused mice were also interrogated for
the MID profiles of NAD*, NAM, MeNAM, and Me6PY
(Figures 4l1-4L). Vehicle control livers were unavailable. To
assess fold changes in hepatic abundance due to infused 2H,4-
NAM, livers from mice administered low-dose '3Cg-NA were
used as a pseudo-control. Importantly, the '3Cg-NA infusion
had no impact on the abundance or MID profiles of any of the
measured metabolites in serum, tumor, or liver. Our use of livers
from the 3C4-NA-infused mice as the control group was further
validated by the results of a prior murine tracer study using the
same i.v. dose of '3C4-NA, which also had no effect on the
same set of metabolites.?”

NAD* was not increased in murine liver due to the 2H,-NAM
infusion (Figure 4l). However, enrichment of NADMS3) and
NAD(M4) in the hepatic NAD* pool (6.6% and 1.6%, respectively)
showed that 2H,-NAM was fueling the NAD* salvage pathway in
liver. The hepatic total NAM level trended slightly higher in 2H,-
NAM mice (1.4-fold) compared with control mice (Figure 4J).
Enrichment of NAM(M3) and NAM(M4) was 12% and 5%,
respectively, in livers from 2H,-NAM-dosed mice. NAM(M3) in
the liver revealed consumption of NAD(M3) by hepatic NAD*
glycohydrolases.

The hepatic MeNAM level was very low and unchanged by
2H,-NAM dosing (Figure 4K). Indeed, the AUC value for hepatic
MeNAM was <1% of the accompanying hepatic NAM AUC
value. MeNAM(M4) was seen in livers from 2H,-NAM-dosed
mice (11% enrichment) but MeNAM(M3) was not. NNMT is highly
expressed in the liver (Figure S3). Low abundance of MeNAM in
the liver might reflect its rapid excretion or conversion to Me6PY.
The hepatic level of Me6PY was increased 2.1-fold compared
with the pseudo-control in 2H,-NAM-dosed mice (Figure 4L). A
key contributor to the increased Me6PY was Me6PY(M3) (34%
enrichment).

Results from the 2H,-NAM infusion study with the murine A549
cell xenograft model revealed that the NAD™ salvage pathway
was active in both the xenograft and the liver. Newly synthesized
NAD* derived from the salvage pathway in xenografts and liver
was consumed to release NAM. Importantly, NAD*-derived
NAM was a poor substrate for NNMT in the xenograft and liver,
as was the case for cultured A549 cells.
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Metabolic fate of NAM derived from de novo-
synthesized NAD* in mice

The metabolic fate of NAM released from NAD* was further
probed by infusing '3C4;-Trp in the murine A549 cell xenograft
model (Figure 4A). This experimental approach relied on
NAD(M8) production from "*C4;-Trp via the de novo NAD* syn-
thesis pathway followed by NAD(M6) cleavage by NAD* glycohy-
drolases to form NAM(M6).

The '3C44-Trp infusion increased total serum Trp by 2.7-fold
(Figure 4M; Table S4). Trp(M11) enrichment in the serum Trp
pool was 76%. The level of serum Kyn, a de novo NAD* synthesis
pathway intermediate, was increased 8.8-fold due to the '°Cy4-
Trp infusion (Figure 4N). The expected Kyn mass isotopomer
derived from '3C44-Trp, Kyn(M10), dominated in serum (70%
enrichment).

3C44-Trp dosing increased the total serum MeNAM and
Me6PY levels by 3.2-fold (p = 0.06) and 6.9-fold, respectively
(Figures 4C and 4D). The accompanying serum enrichment
values for MeNAM(M6) (Figure 4C) and Me6PY(M®6) (Figure 4D)
were each 14%. Serum AUC values for NAM(M®6),
MeNAM(M6), and Me6PY(M6), when normalized to NAM(M6),
were 1, 0.04, and 0.25, respectively. The serum levels of
MeNAM(MOQ) and Me6PY(MO0) were increased 2.8- and 7.4-fold,
respectively, by the '3C4,-Trp infusion.

More than 90% of Trp in blood is metabolized by the liver.”®
Liver is the major site for de novo NAD* synthesis, for which
Trp is the initial precursor.”® We thus interrogated livers of
13C44-Trp-infused mice for the MID profiles of Trp, Kyn, NAD*,
NAM, MeNAM, and Me6PY (Table S6). Hepatic Trp in mice
dosed with '®C4;-Trp was increased 3.1-fold (compared with
control livers). Trp(M11) was the dominant contributor (67%
enrichment) (Figure 40). '3C,;-Trp dosing also increased hepatic
Kyn by 23-fold (Figure 4P). Enrichment of Kyn(M10) in the hepatic
Kyn pool was 79%. A trend toward increased hepatic NAD* in
3C44-Trp-infused mice (1.25-fold elevation) was evident (Fig-
ure 4l). However, NAD(M6) clearly accumulated in livers of
mice dosed with '°C,4-Trp. Enrichment of NAD(M6) in the liver
NAD pool was 29%. Abundant hepatic NAD(M6) in "3C4;-Trp-
infused mice revealed robust operation of the de novo NAD* syn-
thetic pathway in murine liver, unlike A549 cell xenografts
(Figure 4E).

NAM levels in liver and serum from '3C44-Trp-infused mice
were increased 2.2- and 4.8-fold, respectively (compared with
controls) (Figures 4J and 4B). Enrichment of NAM(M®6) in the liver
and serum NAM pools was 37% and 19%, respectively. These
data established that NAD" synthesized in murine liver from
3C44-Trp was consumed by hepatic NAD* glycohydrolases to
produce NAM(M6). A major contributor to elevated serum NAM
after the 'C;-Trp infusion was a 3.9-fold increase in NAM(MO).

Low levels of MeNAM (Figure 4K) and Me6PY (Figure 4L) were
detected in mouse liver. Total AUC values (normalized to NAM)
for hepatic NAM, MeNAM, and Me6PY in '3Cy;-Trp-infused
mice were 1, 0.006, and 0.04, respectively. The "*Cy;-Trp infu-
sion did not alter the hepatic MeNAM level, but formation of
MeNAM(M6) was evident (20% enrichment) (Figure 4K). Like-
wise, there was no significant change in the hepatic Me6PY level
from the '3C4,-Trp infusion, but Me6PY(M6) was detected (17%
enrichment) (Figure 4L).
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Figure 5. Tracing in vivo NAM metabolism in humans with 2H,-NAM
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(A) Experimental protocol. 2H,-NAM was i.v. infused for 8 h in young adults. Blood was harvested for plasma and PBMCs at pre-dose, 4 h and 8 h. Data are shown

for the high-dose 2H,-NAM infusion (6.2 pg kg™ ' min™").

(B-M) (B-F) Plasma, n = 4. (G-M) PBMCs, n = 4. LC-MS was used for MID profiling of metabolites in plasma (B-E) and PBMCs (G-M). (B) Data reported as
percentage enrichment. (C-E and G-M) Plasma and PBMC mass isotopomer levels reported as AUC values and AUC values normalized to cell protein (x 10~%),
respectively. (F) Plasma samples assayed by LC-MS/MS for the concentrations (uM) of NAM(MO0), NAM(M4), MeNAM(MO0), and 6MePY(MO). (B and C) Plasma
NAM, (D) plasma MeNAM, (E) plasma Me6PY, (G) PBMC NMN, (H) PBMC NAD*, (I) PBMC NADH, (J) PBMC NADP, (K) PBMC NAM, (L) PBMC MeNAM, and (M)
PBMC Me6PY. Data are represented as the mean = SD for the mass isotopomers; Data values (including the 2H,-NAM low-dose group) and accompanying

statistical analysis are provided in Tables S8 and S9.

Only low levels of MeNAM(M6) and Me6PY(M6) were present
in livers from mice dosed with '3C4+-Trp, despite appreciable he-
patic NAM(M6). This suggested that NAD*-derived NAM pro-
duced in the liver (i.e., NAM(M®6)) was a poor NNMT substrate,
as was the case for NAD*-derived NAM in A549 cells, both in cul-
ture and when propagated as a xenograft. These low levels of
MeNAM(M6) and MeBPY(M®) in livers from '3Cy4-Trp-dosed
mice need not arise from direct hepatic NNMT action on
NAM(M®) liberated from hepatic NAD(M6). Substantial serum
levels of NAM(MS) in '3C-Trp-dosed mice (Figure 4B) can sup-
ply an alternative indirect route for MeNAM(M6) and Me6PY(M6)
formation in the liver. Accordingly, NAM(M6) can be secreted

10 Cell Reports 42, 112218, March 28, 2023

and reabsorbed by the liver and processed akin to exogenous
NAM rather than NAD*-derived NAM.

Metabolic fate of NAM in humans dosed intravenously
with 2H,-NAM

Human volunteers were administered 2H,-NAM to explore its
metabolic fate (Figure 5A). Demographic data for the eight par-
ticipants are provided in Table S7. The first four and second
four participants received 1.49 and 2.91 mg kg~' 2H,-NAM,
respectively, via 8 h constant i.v. infusions. Blood was sampled
before (baseline) and at 4 and 8 h after commencing the 2H,-
NAM infusion. Plasma was prepared from all eight subjects.
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PBMCs were isolated from the four subjects who received high-
dose 2H4—NAM. MID profiling of NAM, MeNAM, and Me6PY in
plasma and NMN, NAD*, NADP, NAM, MeNAM, and Me6PY in
PBMCs was performed. Plasma and PBMC data are provided
in Tables S8 and S9, respectively. Graphical data for the high-
dose 2H,4-NAM group is presented (Figure 5).

Low- and high-dose 2H,-NAM infusions in humans resulted in
37% and 51% enrichment of NAM(M4) in the plasma NAM pool,
respectively, at 8 h (Figure 5B). Enrichment values for NAM(M4)
were similar at the 4 and 8 h time points for both 2H,-NAM-dose
groups. NAM(M3) in plasma from 2H,-NAM-infused subjects
(5% enrichment at 8 h) (Figure 5C) revealed that H,-NAM was
incorporated into NAD*, which was subsequently degraded to
liberate NAM. The 2H,-NAM infusion also produced ample plasma
MeNAM (Figure 5D). MeNAM(M4) was the dominant MeNAM
mass isotopomer at 4 and 8 h. Small amounts of MeNAM(M3)
were observed in plasma (5% enrichment). 2H,-NAM was also a
precursor for Me6PY in humans (Figure 5E). Me6PY (M3), the major
Me6PY mass isotopomer in plasma produced from the 2H,-NAM
infusion, displayed enrichment values of 39% and 44% in the
high-dose 2H,-NAM group at 4 and 8 h, respectively.

As observed in the murine 2H,-NAM and '3C,4-Trp tracer
studies (Figure 4), plasma from 2H,-NAM-dosed humans
showed AUC elevations of the MO mass isotopomers for NAM,
MeNAM, and Me6PY (Figures 5C-5E). LC-MS/MS was used to
precisely measure the plasma concentrations of NAM(MO),
NAM(M4), MeNAM(MO), and Me6PY(MO) (Figure 5F). The pre-
dose plasma levels of NAM(MO0), MeNAM(MO), and Me6PY(MO0)
were 0.48, 0.12, and 2.5 uM, respectively. The LC-MS/MS
assays confirmed that the plasma levels of NAM(MO),
MeNAM(MO), and Me6PY(MO) were increased by the 2H,-NAM
infusion. Plasma NAM(MO) was increased 1.8- and 1.3-fold at 4
and 8 h, respectively. Plasma MeNAM(MO) was increased 4.6-
and 3.8-fold at 4 and 8 h, respectively. Finally, plasma
Me6PY(MO0) was increased 2.4-fold at both 4 and 8 h. Plasma
levels of NAM(MO) and NAM(M4) after the high-dose 2H,-NAM
infusion were comparable.

Analysis of PBMCs from 2H,;-NAM-dosed humans revealed
conspicuous NAM metabolism. NMN(M4) enrichment in the
PBMC NMN pool of high-dose 2H,-NAM participants was 15%
(Table S9; Figure 5G). Enrichment of NMN(M4) in PBMCs was
similar at both the 4 and the 8 h time points. In contrast,
NMN(M3) enrichment was increased approximately 2-fold from
4 to 8 h (5% and 10%, respectively) (Figure 5G). NAD(M3) and
NAD(M4) were also observed in PBMCs from H,-NAM-dosed
humans (Table S9; Figure 5H). The level of NAD(M3) in PBMCs
was approximately 5-fold higher than that of NAD(M4). Enrich-
ment of NAD(M3) in PBMCs was 7% and 14% at 4 and 8 h,
respectively. Hence, there was an approximate 2-fold increased
NAD* enrichment in PBMCs as the 2H,-NAM infusion was pro-
longed from 4 to 8 h. There was also evidence for incorporation
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of 2H4-NAM into the NADH and NADP pools of PBMCs isolated
from human volunteers (Figures 51 and 5J, respectively).

The 2H,4-NAM infusion in humans did not significantly increase
NAM in PBMCs (Figure 5K). In addition, very little NAM(M4) was
detected in the PBMCs (Figure 5K). We inferred that 2H,-NAM im-
ported by PBMCs is efficiently utilized to form NAD* (Figure 5H).
However, time-dependent accumulation of NAM(M3) in PBMCs
was observed. Enrichment of NAM(M3) was 9% and 17% at 4
and 8 h, respectively. Hence, NAM generated via NAD* con-
sumption in PBMCs from humans dosed with 2H,-NAM ap-
peared to accumulate in PBMCs, unlike exogenous NAM.

MeNAM levels were very low in PBMCs isolated from 2H,-
NAM-infused humans but appeared to increase in a time-depen-
dent manner (Figure 5L). Importantly, MeNAM(M4) greatly
exceeded MeNAM(M3), despite the accompanying excess of
NAM(M3) compared with NAM(M4) (Figure 5K). Enrichment of
MeNAM(M4) in the PBMC fraction at 4 and 8 h was 39% and
50%, respectively. Me6PY in PBMCs from 2H,-NAM-infused
subjects was also very low but appeared to increase in a time-
dependent manner (Figure 5M). Me6PY(M3) was the dominant
heavy mass isotopomer of Me6PY.

Metabolic fate of NAM in isolated human PBMCs treated
with 2H,-NAM

We performed a 2H,-NAM tracer study with isolated human
PBMCs to profile the metabolic fate of NAM in human cells other
than transformed A549 cells (Figure 6A; Table S10). PBMCs
treated with 2H,-NAM produced M3 and M4 mass isotopomers
of NMN, NAD*, NADH, and NADP (Figures 6B-6M). Enrichment
values for cell M3 mass isotopomers of NMN, NAD*, NADH, and
NADP were 3%, 25%, 23%, and 25%, respectively. The corre-
sponding values for the M4 mass isotopomers were 29%, 6%,
5%, and 3%, respectively.

Human PBMCs treated with 2H,-NAM contained appreciable
NAM(M3) (5% enrichment) (Figures 6N and 60). Enrichment of
NAM(MB3) in PBMCs was far lower than that of NAM(M4) (37 %)
(Figures 6N and 6P), reflecting the dominance of imported 2H,-
NAM. NAM(M3) was also detected in CM from 2H,-NAM-treated
PBMCs (Figures 6P and 6Q) but at a low enrichment (1%) due to
plentiful NAM in the medium. Hence, MID results from PBMCs
treated in vitro with 2H,-NAM revealed both NAD* synthesis
and NAD" consumption, which largely recapitulated tracer find-
ings with A549 cells (grown both in culture and as a murine xeno-
graft) and PBMCs isolated from 2H,-NAM-dosed humans.

The MeNAM AUC value in PBMCs treated with 2H,-NAM
in vitro (Figure 6R) was 50-fold lower than the accompanying
NAM AUC value (Figure 6N). Enrichment of MeNAM(M3) and
MeNAM(M4) in the cell MeNAM pool was negligible (Figure 6R).
MeNAM was undetectable in CM from the in vitro PBMC tracer
experiment. This result ruled out that MeNAM was appreciably
synthesized in 2H,-NAM-treated PBMCs followed by rapid cell

Figure 6. In vitro 2H,-NAM tracing in human PBMCs

(A) Experimental design. Isolated human PBMCs (2.0 x 10° cells) were cultured in 20 pM NAM (10 uM NAM plus 10 pM 2H,-NAM) with and without 100 nM
FK-866, 10 uM SBI-797812, 5 uM CD38i, or 10 uM SBI-797812 plus 5 puM CD38i. Cells and conditioned medium (CM) were collected after 18 h.

(B-R) LC-MS was used for MID profiling of (B-D) cell NMN, (E-G) cell NAD™, (H-J) cell NADH, (K-M) cell NADP, (N and O) cell NAM, (P and Q) CM NAM, and (R) cell
MeNAM. AUC values are shown. Data represent the mean + SD, n = 4 for the mass isotopomers. Color code for (B), (E), (H), (K), (N), and (P) is depicted in (A). See

Table S10.
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export. Together, these findings revealed that the MeNAM syn-
thesis arm of the bifurcated NAM metabolic fate pathway was
inoperable in isolated human PBMCs. This conclusion is
compatible with a recent report showing that PBMCs express
very low levels of NNMT. "

Comparing MeNAM MID profiles of PBMCs treated in vitro
with 2H,-NAM (Figure 6R) with those of PBMCs from 2H,-
NAM-infused humans (Figure 5L) revealed an intriguing differ-
ence. MeNAM(M4) was not detected in the former but was
conspicuous in the latter (49% enrichment). We hypothesized
that MeNAM(M4) was produced in 2H,-NAM-infused humans
by peripheral tissues, exported into the blood, and imported
into PBMCs. This scenario lends credence to MeNAM being
an important signaling molecule rather than simply an elimination
route for excess NAM.

The effects of tool compounds (FK-866, SBI-797812, CD38i)
on the metabolic fate of ?H,-NAM when added to isolated
PBMCs were comparable to those seen with A549 cells. FK-
866 markedly reduced the cell NMN and NAD™" (Figures 6B-
6G). Their M3 and M4 mass isotopomers were decreased by
FK-866 to a much greater extent. This result is consistent with
the remarkable ability of FK-866 to inhibit NAMPT. FK-866 had
lesser effects on the cell levels of NADH and NADP (versus
NMN and NAD™), but production of the corresponding M3 and
M4 mass isotopomers was abolished (Figures 6H-6M). These
findings revealed that turnover of NADH and NADP in PBMCs
was slower than that of NMN and NAD™.

SBI-797812 increased NMN and NMN(M3) by 2.7- and 3.3-
fold, respectively, in isolated PBMCs treated with 2H,-NAM
(Figures 6B and 6C). SBI-797812 also increased cellular total
NAD*, NAD(M3), and NAD(M4) by 1.6-, 1.9-, and 1.9-fold,
respectively (Figures 6E-6G). SBI-797812 did not raise cell
NADH (Figures 6H-6J) or NADP (Figures 6K-6M), but modest in-
creases in NADH(M3), NADH(M4), and NADP(M3) were seen.
Apparent uncoupling of the ability of SBI-797812 to increase
NAD™ but not NADH or NADP, despite contemporaneous syn-
thesis of all three pyridine nucleotides (deduced from the MID
profiles), likely reflects cell homeostatic mechanisms that exert
stricter control of the NADH and NADP levels.

Interestingly, SBI-797812 in the in vitro PBMC 2H,-NAM tracer
study increased NAM(M3) in CM by 1.7-fold (Figures 6P and 6Q).
These data further established that the NAD* boosting effect of
NAMPT activators was held in check by cell NAD* consumers.

CD38i did not significantly change the levels of NMN, NAD*,
NADH, and NADP in ?H,-NAM-treated PBMCs (Figures 6B-
6M). Moreover, CD38i did not alter the levels of NAM(M3) in
the cells or CM (Figures 6N-6Q). We concluded that, while
CDa38i is highly expressed by PBMCs,?’ it is not a key driver of
constitutive NAD* consumption in resting PBMCs. Hence,
NAD™ glycohydrolases other than CD38i appear to mediate the
observed NAD" consumption. Finally, results of combining
CD38i with SBI-797812 in the in vitro PBMC 2H,-NAM tracer
study were no different than with SBI-797812 alone.

DISCUSSION

NAM is a vital cellular nutrient that is imported by cells (i.e., exog-
enous NAM) or liberated from NAD* by NAD* consumers
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(i.e., NAD*-derived NAM). These dual sources of cell NAM can
have alternative metabolic fates. NAM is a precursor for NAD*
or MeNAM via the salvage pathway or NNMT, respectively.
Metabolic routing of NAM to NAD* or MeNAM has crucial biolog-
ical implications. NAD* produced from NAM is a cofactor for cell
oxidoreductases and a substrate for sirtuins, PARPs, CD38, and
SARM1. MeNAM produced by NNMT in the presence of NAM
and SAM mediates a different set of biological actions, including
immune modulation, epigenetic control, vasoprotection, and co-
ordination of cellular energy metabolism. Herein, we used stable
isotope tracing to elucidate the metabolic fate of NAM in cultured
A549 cells, mice, and humans. Importantly, we showed that the
source of cell NAM governed its metabolic fate similarly across
the translational spectrum.

Exogenous 2H,-NAM was a precursor for both NAD* and
MeNAM in cultured cells, mice, and humans (Figure 7). The
dominant NAD* mass isotopomer derived from 2H,-NAM was
NAD(M3) instead of NAD(M4), due to ubiquitous oxidoreduc-
tases that convert NAD(M4) to NAD(M3). This is a fortuitous
chemical transformation because NAD(M3) cleavage by cell
NAD* glycohydrolases yields NAM(M3), which can be used to
trace the fate of NAD*-derived NAM. Surprisingly, NAD*-derived
NAM was exported from A549 cells and used to resynthesize
NAD" but was a poor NNMT substrate. We emphasize that
A549 xenografts/livers from mice dosed i.v. with 2H,-NAM or
3C44-Trp, as well as PBMCs from humans dosed i.v. with 2H,-
NAM, exhibited this same restricted metabolic fate for NAD*-
derived NAM.

The appearance of NMN(M3) in the 2H,-NAM tracer studies
can arise from several cell routes. NAM(M3) liberated from
NAD(M3) can be used as a precursor for NMN(M3) via the
salvage pathway. Channeling of NAM(M3) to NMN(M3) synthesis
or secretion is an important topic for future investigation. Other
sources of NMN(M3) are possible, such as the reverse nicotin-
amide mononucleotide adenylyltransferase (NMNAT) reaction
involving NAD(M3) and the use of NMN(M4) as a noncanonical
redox cofactor.

Metabolic routing of NAM in A549 cells appeared to be reprog-
rammed by NAMPT activators. SBI-797812 and SBI-801071
increased 2H,-NAM utilization via the salvage pathway as re-
vealed by MID profiling of NMN and NAD*. Surprisingly,
NAMPT activators also elicited increased production of
MeNAM(M3) in A549 cells (Figure 7). NAMPT activators thus
appear to promote NAD™" synthesis in a putative cell compart-
ment containing both NAMPT and NNMT. This contrasts with
NAD* synthesis in A549 cells under control conditions when
liberated NAM was not subject to NNMT action. Increased
MeNAM(M3) by NAMPT activators was not suppressed by
CD38 inhibition. Hence, an NAD" glycohydrolase other than
CD38 cleaved NAD* in this “NAMPT activator-responsive”
compartment in A549 cells to release NAM that was a substrate
for NNMT.

NAD* metabolism and signaling are influenced by cell
compartmentalization constraints.?®*° We hypothesized that
the disparate metabolic fates of exogenous NAM and NAD™*-
derived NAM arose from differential sequestration of NAM-
generating and -consuming enzymes in the various subcellular
compartments. The subcellular locales of NAM producers,
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Figure 7. NAM metabolism in A549 cells un-
veiled by ?H,-NAM metabolic tracing
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including sirtuins, PARPs, and CD38, are varied. As for NAM
consumers, NNMT is a cytosolic enzyme, whereas NAMPT
is localized in the nucleus and cytoplasm.° There is also ev-
idence for regulated transport of NAMPT between cytosol and
nucleus. Another ill-defined subcellular compartment for
NAMPT is deduced from the existence of extracellular
NAMPT (eNAMPT), which is released from cells in extracel-
lular vesicles.®' Hence, ample precedent exists for differential
sequestration of NAM-generating and -consuming enzymes in
the various cellular compartments to explain the disparate
metabolic fates of exogenous NAM and NAD*-derived NAM.
Results from our cell tracer studies with NAMPT activators
raised the fascinating possibility that various NAD* booster
strategies (NAMPT activator, NAD* precursor, CD38 inhibitor)
might be distinguishable with respect to their effect on
different subcellular NAD" pools.

Plasma from mice and humans dosed i.v. with ?H,-NAM had
higher levels of NAM(MO) in addition to the expected rise of
NAM(M4). Elevated plasma levels of NAM(MO) were consistent
with findings from a prior study in which rats dosed with 4,6-
d>-NAM had increased plasma NAM (i.e., NAM(MO)).?* It was
proposed that 4,6-d>-NAM dosing resulted in reversible ex-
change with an endogenous NAM pool and concomitant NAM
release into blood. In our 2H4-NAM tracer investigation, elevated
plasma NAM(MO) in mice and humans was accompanied by
increased plasma MeNAM(MO) and Me6PY(MO0). Hence, NAM
displaced from this putative compartment by 2H,-NAM ap-
peared to be subject to typical NAM metabolism. This NAM
reservoir may be poised for mobilization in response to an emer-
gent need for NAD* or MeNAM. Possible depletion of this NAM
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a poor NNMT substrate in A549 cells, as shown by
low MeNAM(M3) in cells and CM. NAMPT activa-
tors, SBI-797812 and SBI-801071, increased
enrichment of NAD(M3), consistent with their
mechanism of action. Concomitant increase in
NAM(M3) by NAMPT activators showed that the
greater NAD™ synthetic flux was accompanied by
higher NAD* consumptive flux. Interestingly, the
MeNAM(M3) level was increased in both cells and
CM by NAMPT activators. The ability of NAMPT
activators to promote MeNAM(M3) production was
not blocked by CD38i. We hypothesized that a
portion of the elevated NAD(M3) due to NAMPT
activators occurred in a subcellular compartment
where it was processed by an NAD*-glycohydrolase
(other than CD38) to give rise to NAM(M3) that was
now accessible to NNMT action.

pool by drugs or dietary constituents that displace NAM from
this exchangeable compartment might have a profound impact
on NAM homeostasis and NAD* biosynthesis.

Mapping the dual metabolic fates of NAM from the alternative
sources helps clarify the impact of NAM on fundamental cellular
processes involving NAD" and MeNAM. Deepening our know!-
edge of the dynamic processes governing the pivotal interplay
between NAM, NAD", and MeNAM will spur the development
of novel approaches that tap the vast therapeutic potential of
this central metabolic regulatory cascade.

Limitations of the study

Herein we sought to determine if the metabolic fate of 2H,-NAM
in cultured cells and mice was translatable to humans. Our pio-
neering clinical study involving i.v. infusion of 2H,-NAM estab-
lished our ability to trace NAD* synthesis/consumption and
MeNAM synthesis in humans. A limitation of this clinical study
was the small number of subjects (n = 4 each for the low and
high 2H,-NAM dose groups). Future studies with more subjects,
and a focus on demographic differences (e.g., age) will address
this current limitation and begin to unravel how external influ-
ences modulate the rates of NAD* synthesis and consumption
in humans. Studies with cultured A549 cells revealed that
NAMPT activators reprogrammed the metabolic routing of
NAM such that NAM liberated from NAD was newly accessible
to NNMT action. We hypothesized that this finding reflected
the engagement of a different cell compartment for NAD* syn-
thesis and consumption in the presence of NAMPT activators.
A limitation related to this matter is lack of evidence that
NAMPT activators reprogrammed NAM metabolism in vivo



Cell Reports

(mice or humans). Another caveat, as mentioned earlier, is that
the biomarker for the apparent reprogramming, MeNAM(M3),
might arise from NAM(M3) export followed by cellular import
and utilization by NNMT, akin to exogenous NAM. Hence, it is
possible that reprogramming of the metabolic fate of NAM with
a NAMPT activator might not arise from different compartmen-
talization barriers but instead might reflect increased NAD" con-
sumption and NAM(M3) export. More work is needed to exclude
this alternative explanation for the increased MeNAM(M3) in the
presence of a NAMPT activator.
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Antibodies

Mouse monoclonal anti-NNMT (clone G-4)

Santa Cruz Biotechnology

Sc-376048; AB_10988227

Chemicals, peptides, and recombinant proteins

SBI-797812 (small molecule NAMPT
activator)

SBI-801071 (small molecule NAMPT
activator

NAMPT Inhibitor

Nicotinamide N-methyltransferase inhibitor
(NNMTi)

CD38 inhibitor (CD38i)

2,4,5,6.2H,4 nicotinamide (2Hs-NAM)
2,4,5,6.2H,4 nicotinamide (?H,-NAM) (human
study)

13Cg-nicotinic acid ("3Cg-NA)
'8C4-tryptophan (**Cy4-Trp)
180,-B-Nicotinamide adenine dinucleotide

RPMI1640 media (without Gin, glucose,
NAM, Trp)

Sanford Burnham Prebys Medical
Research Institute

Sanford Burnham Prebys Medical
Research Institute

Cayman Chemical Company
Cayman Chemical Company

Calbiochem
Cambridge Isotope Laboratories
CDN Isotopes

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories

Sanford Burnham Prebys Medical
Research Institute

Boca Scientific (Dedham, MA)

Gardell et al.’®
Pinkerton et al.?®

FK-866
JBSNF-000088

Compound 78¢c
DLM-6883
D-3457

CLM-9954
CLM-4290
Custom synthesis (see Gardell et al.'®)

Custom product

Nicotinamide (NAM) Acros Organics AC128271000
Nicotinamide mononucleotide (NMN) Sigma Aldrich (St. Louis, MO) N3501
1-Methyl-6-oxo-1,6-dihydropyridine-3- Ambeed A130732
carboxamide (6-MePY)

1-Methyl NAM (1-MeNAM) Fluka M4627
Nicotinamide adenine dinucleotide (NAD) Sigma N1636
Nicotinamide adenine dinucleotide, Sigma N8129
reduced (NADH)

Perchloric acid (PCA) Sigma Aldrich (St. Louis, MO) 311421
Acetonitrile (ACN) Optima A955-4
Ammonium acetate Sigma 372331
Critical commercial assays

Pierce BCA protein assay kit ThermoFisher Scientific Cat # 23227

Deposited data

Raw and analyzed mass spectrometry data AdventHealth Upon request
Experimental models: Cell lines
A549 lung adenocarcinoma cells ATCC #CCL-185, RRID: CVCL_0023

Experimental models: Organisms/strains

NSG Immunodeficient mice for xenograft
model

The Jackson Laboratory (Bar Harbor, ME)

NSG (NOD.Cg-Prkdcse? l12rg™Wi/Sz,
RRID:IMSR_JAX:005557

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephen
Gardell, PhD (stephen.gardell@adventhealth.com).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo mouse studies

Murine xenograft model and NAD* precursor infusion

Immunodeficient NSG mice (males and females between 87 and 188 days of age) were injected subcutaneously with 1 x 10° A549
cells in PBS and allowed to form tumors. Once palpable tumors formed (100-200 mm?®), labeling with stable isotopes was performed
on conscious, unrestrained mice using a jugular catheter to minimize changes in metabolism due to anesthesia. Mice were surgically
implanted with a jugular vein cannula at 3-7 days prior to infusion. Mice with jugular vein cannula in place were individually housed.
Stable isotope-labeled substrates were infused at a rate of 2 uL/min for 240 min using the following infusate concentrations: *Cg-NA,
0.2 mM; 2H,-NAM, 4 mM; 3C44-Trp, 100 mM. All in vivo studies were approved by the Moffitt Cancer Center IACUC (protocol #7922).

Human studies

Dosing human volunteers with 2H,-NAM

The NADFLUX clinical protocol (PI: S. Gardell) was approved by the AdventHealth-Orlando (Orlando, FL) Institutional Review Board
and conducted in agreement with the Declaration of Helsinki. The investigation was fully executed at the AdventHealth Translational
Research Institute (TRI) which has the required resources and professional staff including a Medical Oversight Committee and Quality
Committee. After obtaining written informed consent, healthy male and female adult participants (N = 2 and 6, respectively) with ages
ranging from 22 to 36 years of age (mean = 29.9) and exhibiting BMI values between 22.0 and 29.1 kg/m? (mean = 26.5) were enrolled
in the study (Table S7). Subjects were admitted to the TRI in a fasting condition at approximately 7:00 A.M. Weight and vital signs
were assessed followed by consumption of a standard breakfast. Blood draws (N = 3) were sequentially collected via IV or venipunc-
ture of an antecubital vein in the arm at pre 2H,-NAM infusion (baseline) as well as at 4 hr. and 8 hr. after starting the 2H4-NAM infusion.
Blood was drawn into (i) a mononuclear cell preparation tube (sodium citrate); 8 mL blood volume for PBMC isolation and (ii) a BD
vacutainer plasma preparation tube (sodium citrate); 4.5 mL blood volume. 2H,-NAM (CDN Isotopes) tested for sterility and pyroge-
nicity by Applied Research Laboratories and stored as dry powder at the TRI Pharmacy. The TRI Pharmacy staff prepared a stock
solution of 2H,-NAM (10 mg mL~") in sterile 0.9% sodium chloride. The stock solution of 2H,-NAM was subsequently diluted to the
final infusate concentration in the PID-labeled infusion bag (192 mL) within 24 hr. of the study. 2H,-NAM was administered to partic-
ipants for 8 hr. via an indwelling peripheral intravenous catheter. The infusion rate used for the first 4 subjects, 0.0031 mg kg~ min~",
was derived from a human equivalent dose calculation®® based on a 2H,-NAM infusion study performed with mice.?® The 2H,-NAM
dose received by the final 4 subjects was 0.0062 mg kg~' min~". Samples were stored at the TRI with de-identified acrostic codes.

METHOD DETAILS

Cell culture

Human A549 lung carcinoma cells were grown in RPMI-1640 media, 11.11 mM D-(+)-glucose, 5% fetal bovine serum (FBS), peni-
cillin/streptomycin mixture in a humidified incubator with 5% CO, at 37°C. under standard culture conditions. The A549 cells tested
negative for mycoplasma contamination. Standard RPMI-1640 media contained NAM (8.2 uM) and Trp (24.5 uM) but not nicotinic
acid (NA). For certain experiments, custom-synthesized RPMI-1640 media (devoid of NAM, Trp, Gin, and glucose) was used and
supplemented with ingredients tailored to the experimental protocol. Cells were grown in 10 cm dishes and routinely treated with
NAD* precursors and other specified reagents for 18 hr. An exception was the experiment presented in Figure 2 in which cells
were grown in 6 well dishes and the contents of 3 wells were combined for each sample. A549 cells were washed with cold PBS
containing CD38i (5 uM) and covered with liquid nitrogen. After decanting the liquid nitrogen, the frozen cell monolayer was scraped,
harvested, and the cell slush was stored at —80°C. Total cellular protein was measured with the BCA Protein assay kit using BSA as
the protein standard.

Metabolite extractions for targeted metabolomics

For assay of oxidized pyridine nucleotides, 10 uL of the A549 cell slush was used for protein assay, and 200 uL 1 M perchloric acid
(PCA) was added to the remaining sample. The samples were vortexed and centrifuged. The supernatant volumes were recorded,
and each brought up to 400 pL with distilled water. A 100 uL aliquot was used for targeted metabolite profiling. A fourteen-point cali-
bration curve (R% = 0.99 or greater) was created for each analyte using authentic standard and respective stable isotope labelled in-
ternal standard.
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2H,-NAM quantitation in human plasma

2H,-NAM calibration standards ranging from 0.063 to 32 uM were prepared in water. Plasma samples or standard were mixed with 3X
volume of 80% (1:1) MeOH: ACN and 10 L of '80,-NAD internal standard (IS). Samples were centrifuged and the supernatants were
dried and resuspended in 50 pL. 10 mM ammonium acetate (pH 9.5) for analysis by LC-MS/MS. A separate calibration curve for un-
labeled NAM, MeNAM and Me6PY was prepared in water with concentrations ranging from 0.01-100 uM using the same metabolite
extraction protocol as above to determine the unlabeled (MO) concentrations of NAM, MeNAM and Me6PY in the plasma samples.

Stable isotope tracer analysis

Plasma metabolites were extracted with 80% (1:1) MeOH: ACN and centrifuged at 10,000 x g for 30 min at 4°C. Tissue and PBMC
samples were snap-frozen and stored at —80°C. Frozen samples were weighed and homogenized in ice cold 50% MeOH:water
(400 pL per 20 mg tissue weight) using a liquid nitrogen-chilled tissue homogenizer (Precellys). Metabolites from A549 cells,
PBMCs and tissues were extracted into 80% (1:1) MeOH: ACN + 0.1% formic acid followed by neutralization with 15% (w/v) ammo-
nium bicarbonate and centrifugation at 18,000 x g for 30 min at 4°C. The supernatants were dried and resuspended in 50 pL of 20 mM
ammonium bicarbonate (pH 8.0) for analysis using a QExactive Plus Orbitrap MS (QE-MS) with a HESI Il probe and coupled with an
Ultra High-Pressure Liquid Chromatography (Dionex UltiMate 3000) system. Samples were analyzed within 24 hr. of reconstitution.
Reverse-phase (RP) chromatography was performed using HSS C18 column (150 x 2.1 mm i.d., 1.7 mm; Waters) with a flow rate of
0.4 mL/min. Solvent A was 0.1% formic acid in water and solvent B was 0.1% ACN. The LC gradient included a 1 min hold at 0.1% B
followed by a ramp from 0.1% to 50% B over the next 7 min followed by a ramp to 99% over the next 8 min. A 3 min hold at 99% was
followed by a return to 0% B over the next 0.5 min. The run was completed with a 7 min recondition at 0.1% B. The RP separation was
performed over 22 min in positive ionization mode. Nucleotide separation was achieved with BEH amide column (150 x 2.1 mm i.d.,
1.7 mm; Waters). The column temperature was set at 30°C and the injection volume was 5 pL. Solvent A is 20 mM ammonium bicar-
bonate pH 9.5 and solvent B is ACN. The mass spectrometer was operated in positive and negative ESl ion mode in the scan range of
m/z 70-1,050 with the resolution of 70,000 at m/z 200, automatic gain control (AGC) target at 1 x 10° and maximum injection time of
50 ms. The spray voltage was set to 3.5 and 2.5 kV in positive and negative ion mode, respectively. The heated capillary was set at
200°C; the HESI probe was set at 350°C; and the S-lens RF level was set at 45. The gas settings for sheath, auxiliary and sweep were
40, 10 and 1 unit, respectively. Peak areas (AUC) were used for comparative quantitation.

In vitro ?H,-NAM tracer experiments with isolated human PBMCs

Whole blood (8 mL) was collected into sodium citrate CPT tubes (Becton Dickinson, cat# 362761). PBMCs were isolated according to
the CPT tube instructions. The final PBMC pellet was resuspended in DPBS. Live PBMCs cells were counted using trypan blue stain-
ing and a countess cell counter. Cells were used immediately for the 2H,-NAM tracer study. PBMCs (2.0 x 10° cells) were added to
each well of a 6-well culture dish containing 3 mL of RPMI-1640 custom media supplemented with 2H,-NAM and the various tool
compounds. After 18 hr. at 37°C, cells and CM were harvested and analyzed for the MID profiles of NMN, NAD*, NADH, NADP,
NAM and MeNAM as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistics

Targeted metabolomics

Raw data files were processed using Xcalibur 3.0. Calibration curves (R? = 0.99 or greater) were either fitted with a linear or a
quadratic curve with a 1/X or 1/X? weighting. The calibration curves were obtained as plots of the peak area ratio of the target com-
pounds to an IS versus the target compound concentration.

Stable isotope tracer studies

RAW data files were processed with Xcalibur Quan software (Thermo Scientific). The identity of each mass metabolite was confirmed
with the respective authentic standard and the data was corrected for natural isotopic abundance. An in-house library containing all
possible 2H and "3C isotopologues (m/z of MO, M1, M2, M3 ...Mn) of each relevant metabolite was used for the assignment of AUC of
LC-MS signals. Fractional enrichment for each targeted metabolite is an index of the relative flux as calculated from the MID profile
using a linear simultaneous equation.® Statistical analysis was performed as described in the text or Materials and Methods using
GraphPad Prism 8 or Microsoft Excel. We used unpaired t tests for comparison between two groups or ANOVA for groups more than
two, as appropriate. For metabolomic analysis, significance testing (p < 0.05) was performed on means of quadruplicate measure-
ments or as otherwise mentioned.

ADDITIONAL RESOURCES

The NADFLUX clinical study was registered at clinicaltrials.gov with identifier 04905446.
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