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Summary

Nicotinamide Adenine Dinucleotide (NAD) levels decrease during aging, and are involved in age-
related metabolic decline. To date, the mechanism responsible for the age-related reduction in
NAD has not been elucidated. Here we demonstrate that expression and activity of the NADase
CD38 increase with aging and that CD38 is required for the age-related NAD decline and
mitochondrial dysfunction via a pathway mediated at least in part by regulation of SIRT3 activity.
We also identified CD38 as the main enzyme involved in the degradation of the NAD precursor
nicotinamide mononucleotide (NMN) /7 vivo, indicating that CD38 has a key role in the
modulation of NAD-replacement therapy for aging and metabolic diseases.
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INTRODUCTION

NAD (nicotinamide adenine dinucleotide) is a cofactor of key enzymes in glycolysis, the
tricarboxylic acid cycle, and oxidative phosphorylation (Oxphos), participating in multiple
redox reactions in cells. It has been shown that the cellular NAD pool is determined by a
balance between the activity of NAD-synthesizing and consuming enzymes (Aksoy et al.,
2006, Bai, et al., 2011, Barbosa et al., 2007, Nahimana et al., 2009, Yang et al., 2007,
Yoshino et al., 2011). Recently it has been described that NAD levels decline during
chronological aging and in progeroid states, leading to mitochondrial dysfunction and
metabolic abnormalities (Zhu et al., 2015; Gomes et al., 2013; Braidy et al., 2011; Scheibye-
Knudsen et al., 2014, Massudi et al., 2012). Thus, determining the mechanisms that lead to
this age-related NAD decline is of great importance for the development of therapies for
age-related diseases.

Age-related NAD decline may be caused by an increase in NAD-consuming enzymes
(NADases), a decrease in NAD-synthesizing enzymes, or a combination of both. However,
to date, the precise contribution of specific metabolic pathways that regulate NAD levels in
the age-related NAD-decline has not been determined. In the case of NAD consumption, it
has been shown that enzymes such as poly (ADP-ribose) polymerases (PARPs), NAD-
dependent deacetylases (SIRTUINS), and NADases such as CD38 can degrade this molecule
during their catalytic processes (Bai et al., 2011; Bai and Canto, 2012, Aksoy et al., 20086,
Imai and Guarente, 2014). In particular, we have shown that the enzyme CD38 is one of the
main NAD-degrading enzymes in mammalian tissues (Aksoy et al., 2006; Barbosa et al.,
2007). CD38 was originally identified as a cell surface enzyme that plays a key role in
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RESULTS

several physiological processes such as immune response, inflammation, cancer, and
metabolic disease (Barbosa et al., 2007; Frasca et al., 2006; Guedes et al., 2012; Malavasi et.
al., 2008). We have previously shown that CD38 knockout (CD38KO) mice have higher
NAD levels and are protected against obesity and metabolic syndrome (Barbosa et al.,
2007). In addition, treatment of obese mice with CD38 inhibitors increases intracellular
NAD levels and improves several aspects of glucose and lipid homeostasis (Escande et al.,
2013). However, the role of CD38 in age-related NAD decline and mitochondrial
dysfunction has never been investigated.

Here we show for the first time that CD38 plays an active role in the age-related NAD
decline in mammals. NAD levels, mitochondrial respiratory rates, and metabolic functions
are preserved during the aging process in CD38KO mice. We further identified that CD38 is
the main enzyme metabolizing the NAD precursor NMN /1 vivo, and demonstrated that
ablation of CD38 improves the response to NAD-replacement therapy during aging. We
believe that these findings may lead to new strategies for the treatment of diseases related to
an imbalance in NAD metabolism and energy homeostasis.

Protein levels and mRNA expression of the NADase CD38 increase with chronological

aging

Previous studies have suggested that tissue NAD* levels decline with aging (Zhu et al.,
2015; Gomes et al., 2013; Braidy et al., 2011; Massudi et al., 2012). To confirm the data on
NAD-decline in aging, we measured NAD* and NADH levels in murine tissues by two
different methods, the cycling assay and a UPLC-mass spectroscopy assay (see
Experimental Procedures section and Supplemental Information)(Figure SLA-C). We also
further optimized and validated the cycling assay, and determined that it is very specific for
NAD* and NADH and does not detect any of the other nucleotides or NAD derivatives
tested including: NADP, NAAD, NAADP, cADPR, ATP, ADP and others (Figure S1A). The
results obtained with both methods confirm that there is indeed a decrease in levels of both
NAD* and NADH in murine tissues during chronological aging (Figure S1B-C).
Furthermore, both techniques correlated extremely well for both nucleotides (correlation
coefficient of 7=0.95 for NAD* and 0.97for NADH, Figure S1B-C). In subsequent
experiments NAD levels were generally assayed using the cycling method. Because our data
agree with previous studies indicating that tissue NAD levels decline with aging, we next
investigated the mechanisms leading to this age-related NAD decline in tissues.

NAD decline could be caused by an increase in NAD-consuming enzymes and/or a decrease
in its synthesizing enzymes. Some of the NAD-degrading enzymes in mammalian tissues
include CD38, PARPs, and SIRTUINS. We have previously shown that CD38, in particular,
is one of the main NAD-degrading enzymes in mammalian tissues (Aksoy et al., 2006;
Barbosa et al., 2007). Furthermore, PARP1 has been proposed to be involved in NAD
decline in tissues, and SIRT1 is an NAD-dependent deacetylase that plays a key role in age-
related metabolic phenotypes (Bai et al., 2011; Bai and Canto, 2012; Imai and Guarente,
2014). Thus, we first investigated the expression of these enzymes in several mouse tissues
during aging. As shown in Figure 1, the protein levels of both PARP1 and SIRT1 decreased
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in all of the tissues tested including liver, white adipose tissue, spleen, and skeletal muscle
(Figure 1 A-D, S1D-F). These data indicate that the age-related NAD decline is not
mediated by an increase in the expression of either PARP1 or SIRT1. In sharp contrast,
levels of the NADase CD38 increased at least 2 to 3 times during chronological aging in all
tissues tested, as detected by immunoblotting (Figure 1A-D and S1D-F). Furthermore, in
the liver, we observed that the number and intensity of CD38 positive cells increased during
aging as determined by flow cytometry (Figure S1G).

We further investigated if the age-related NAD decline could be mediated by a decrease in
the protein levels of NAD-synthesizing enzymes such as NAMPT and NAPRT1. Neither
NAMPT nor NAPRT1 protein levels changed significantly during aging in tissues (Figure
1A-D and S1H). All immunoblots were performed with samples obtained from 6 to14 mice
for each age, and several of the original gels are presented in Supplemental Figure S1.

To further confirm and expand our findings, we measured the mRNA levels of these NAD-
degrading and synthesizing enzymes in tissues of young (3 months old) and old mice (32
months old). Similar to protein expression, CD38 mRNA levels also increased in old mice
when compared to young mice in all tissues tested (Figure 1E-H). The increase in CD38
MRNA in tissues of old mice was about 2.5 times in liver, adipose tissue, and skeletal
muscle, and up to 6 times in the spleen (Figure 1E-H). In contrast, PARP-1 and SIRT1
mMRNA expression did not change in a way that could explain the age-related NAD decline
in any of the tissues tested (Figure 1E—H). In fact, in the case of PARP1, mRNA levels
actually declined significantly in several tissues (Figure 1F-H). As for the NAD-
synthesizing enzymes, the mRNA levels for neither NAMPT nor NAPRT decreased in any
of the tissues during aging (Figure 1 E-H). We also analyzed the mRNA expression of
additional NAD-degrading and synthesizing enzymes in the liver of young and old mice
(Figure 1E). Expression of the enzymes NMNAT1-3 was lower in older mice, but a
significant difference was observed only for NMNAT1 (Figure 1E).

To determine if the increase in CD38 expression observed in mice could also be present in
humans, we measured the mRNA expression of some of the key enzymes involved in NAD
metabolism in human adipose tissue from young (average age 34) and old (average age 61)
subjects. Akin to mouse tissues, the expression of CD38 increased up to 2.5 times in fat
tissue obtained from older subjects when compared to younger subjects (Figure 11). In
contrast, levels of neither PARP1 nor NAMPT changed significantly with aging in these
samples (Figure 11).

CD38 plays a key role in the age-related NAD decline

Our data together show that CD38 protein and mRNA expression increase during aging in
multiple tissues, and indicate that this enzyme could play a major role in age-related NAD
decline. To determine if these changes in expression were associated with an increase in
NAD*-degrading activity, we first measured CD38 NADase activity in tissues from mice at
different ages. Consistent with CD38 mRNA and protein expression results, CD38
enzymatic activity also increased during aging in liver, white adipose tissue, spleen and
skeletal muscle (Figure 2A). We also expanded our observations and determined that the
CD38 NADase activity also increased at least 50% in the ilium, jejunum, and kidney during
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the aging process (Figure S2A). Our control experiments with CD38KO mice confirm the
specificity of the NADase assay for CD38 (Figure 2B). In fact, we did not detect significant
NADase activity in any of the CD38KO tissues tested.

Interestingly, when CD38 activity or protein expression were plotted against NAD* decline
in aging, an excellent inverse correlation coefficient was observed (r=-0.95 and r=—0.99,
respectively, Figure S2B). These results indicate that an increase in CD38 protein expression
and activity during aging could be the cause of the age-related NAD* decrease. The same
was not observed for PARP1 (Figure S2C). Consistent with a decrease in PARP1 protein
expression, levels of PARylated proteins declined in the liver of aged mice (Figure S2D).
This decrease in PARylation correlated positively with a decrease in both PARP1 protein
expression and tissue NAD™ levels (Figure S2E). These findings indicate that the decline in
PARylation was potentially a consequence of a decrease in either NAD™ or PARP1 levels,
and do not support a causal role for PARP1 in the age-related NAD™" decline.

To further demonstrate that CD38 is the main enzyme regulating NAD levels, we examined
the role of all three NAD*-degrading enzymes CD38, PARP1, and SIRT1 in maintaining
NAD™ levels in cells. First, we measured NAD™ levels in mouse embryonic fibroblasts
(MEFs) derived from WT, CD38, PARP1, and SIRT1 KO mice. Only CD38KO MEFs
showed a significant increase in cellular NAD™ levels when compared to WT cells (Figure
S2F-H). PARP1 KO MEFs showed a trend for an increase in NAD™ but it did not reach
statistical significance (Figure S2H). We further tested the role of CD38 and PARP1 in
regulating NAD" levels 7 vivo, using one year old WT, CD38, and PARP1KO mice (Figure
S21-J). In agreement with the data in cells, CD38KO had higher NAD™ levels than both WT
and PARP1KO in all tissues tested. In contrast, although there was a trend for an increase in
NAD™* in the liver and adipose tissue of PARP1 KO mice, no statistical significant difference
was observed in between WT and these mice (Figure S2J). To directly test the hypothesis
that CD38 was responsible for the age-related NAD decline, we measured NAD levels in
tissues from WT and CD38KO mice at various ages. Consistent with our hypothesis, we
observed that although NAD™ levels declined significantly during chronological aging in all
WT tissues (Figure 2C-E). In sharp contrast, in CD38KO mice NAD levels remained
constant at all ages (Figure 2C-E). In the liver, in particular, neither NAD* nor NADH levels
significantly decline in CD38KO mice (Figure 2C-D). These results were observed using
both the cycling and the UPLC-mass spectroscopy assays (Figure 2 C-D), and demonstrate
for the first time that CD38 has a major role in regulating NAD levels during the aging
process.

CD38 regulates mitochondrial function in mammalian tissues during aging

Mitochondrial function decline is a hallmark of aging (Gomes et al., 2013; Lanza and Nair,
2010), and cellular NAD™ decline has been implicated as a potential cause of this age-related
mitochondrial dysfunction. Here we investigated the role of CD38 in the development of
mitochondrial dysfunction during the aging process in liver tissue. First, we observed that
the respiration-driving ATP synthesis decreases almost 70% in WT liver mitochondria (LM)
during aging (Figure 3A), and this decrease correlated positively with the age-related
decrease in NAD* levels (r=0.952, Figure S3A). In agreement with the role of CD38 in the
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age-related NAD* decrease, the decline in mitochondrial function was forestalled in
CD38KO mice (Figure 3A).

Oxygen consumption rates in LM were at least 2.5 times higher in all respiratory states in
one year old CD38KO mice compared to WT mice, irrespective of the substrate used (Figure
3B, Table S1). Similar results were also observed in mitochondria isolated from spleen of
one year old mice (Table S2) or in LM from two-year old mice submitted to normal or high
fat diet (Figure S3B-E). These results, together with the higher mitochondrial membrane
potential observed in one year old CD38KO mice (Figure 3C), confirm the increased
mitochondrial activity in these animals. Higher levels of NAD™*, and NAD*/NADH ratio
were also detected in the mitochondria of one year old CD38KO mice (Figure 3D-F). Thus,
we propose that chronic increases in cellular NAD levels in CD38KO mice also lead to
increases in NAD in cellular compartments such as mitochondria.

To further explore the role of CD38 in mitochondrial function, we measured the expression
of mitochondrial DNA and of the mRNA of mitochondrial enzymes. mt-DNA copy number
was not significantly different between one year old WT and CD38KO (Figure 3G),
suggesting that the number of mitochondria was not altered in liver of CD38KO mice. This
observation was further supported by the relative expression of genes involved in
mitochondrial biogenesis such as PPAR-y, PGCla, and NRF1 in liver from one year old WT
and CD38KO mice (Figure S3F). Interestingly, we found that mRNA levels of Pdhal, and
PDK2 that are involved in pyruvate entrance into mitochondria were decreased in CD38KO
mice (Figure 3H). We also found a decrease in mRNA expression levels in glycolytic/
pentose pathway enzymes and small solute carriers in liver mitochondria of one year old
CD38KO mice compared to WT mice (Figure S3G). These changes may be compensatory to
an increase in mitochondrial oxidative capacity and mitochondrial NAD levels. Our results
in animals indicate that there is an increase in oxygen consumption in CD38KO mice which
is related to an increase in mitochondrial NAD, and not mitochondrial biogenesis.

Changes in CD38 expression in cells regulate mitochondrial function

To confirm the role of CD38 in the regulation of mitochondrial function, oxygen
consumption experiments were performed in intact cells after transfection with a CD38
plasmid. Expression of CD38 in 293T cells transfected with a control vector was nearly
absent (Figure 4A). Cells that were transfected with CD38 plasmid displayed high CD38
expression and NADase activity, lower NAD* and NADH levels in whole cells (Figure 4B—
D). Next we measured the respiratory capacity in intact cells and observed that CD38
transfection induced a sever decrease in total respiratory capacity, and caused a higher
lactate release when compared with vector-transfected cells (Figure 4E-F). Our results show
that an increase in CD38 expression in cells leads to mitochondrial metabolic dysfunction,
and likely to an increase in dependence on glycolysis. We further evaluated the status of the
mitochondria in these cells. Electron microscopy shows a very significant abnormal
mitochondrial morphology, such as lost and swollen cristae, and other morphological
abnormalities in CD38 overexpressing cells (Figure 4G, S4). It has been shown that cellular
stress can induce the opening of the mitochondrial transition pore causing swollen of the
mitochondria, loss of membrane potential and leakage of mitochondrial matrix components
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such as NAD and NADH (Di Lisa et. al., 2001). Thus to test the “health” status and integrity
of the mitochondria in CD38 over-expressing cells, we isolated mitochondria and measure
the content of mitochondrial NAD* and NADH. We observed a severe loss of NAD™ and
NADH in isolated mitochondria from CD38 over-expressing cells (Figure S41). It is possible
that this could be due to degradation via CD38, and/or leakage of these nucleotides from
dysfunctional mitochondria either in situ or during the mitochondrial isolation.

We further speculated that the severe mitochondrial dysfunction caused by over-expression
of CD38 in cells would lead to a compensatory mitochondrial biogenesis. In fact, both the
mt-DNA/genomic DNA ratio and citrate synthase activity were higher in cells expressing
CD38 than vector-transfected cells (Figure 4H-1). These data suggest that in our over-
expression experiments, the decline in cellular NAD levels may cause metabolic dysfunction
mediated by intrinsic changes in the mitochondrial machinery, with a “reactive”
compensatory mitochondrial biogenesis.

To determine the role of endogenous CD38 in cells, we also performed experiments
knocking down CD38 in A549 cells. A549 cells express detectable levels of CD38, and
transfection with a CD38 siRNA significantly decreased expression of CD38 and NADase
activity, in comparison to control siRNA-transfected cells (Figure 4J). Furthermore, in CD38
siRNA-transfected cells, both NAD* levels and total respiratory capacity were higher than in
control siRNA-transfected cells (Figure 4K-L), confirming that changes in endogenous
CD38 expression levels regulate NAD and mitochondrial function.

CD38 regulates metabolic state by a SIRT3-dependent mechanism

SIRT3 is one the sirtuins localized in mitochondria that regulate key mitochondrial proteins
important for metabolism and oxidative homeostasis such as LCAD, IDH2, SDH and
MnSOD (Finley et al., 2011; Hirschey et al., 2010; Shimazu et al., 2010; Tao et al., 2010; Yu
etal., 2012). To determine if CD38 regulates the NAD*-dependent SIRT3 activity and
mitochondrial protein lysine acetylation /n vivo, we analyzed the profile of acetylated
proteins in mitochondria from one year old WT and CD38KO livers. Although levels of
mitochondrial SIRT3 were similar, levels of acetylated proteins were considerably higher in
WT than CD38KO LM (Fig 5A, S5A). In addition, SIRT3 activity in the presence of
endogenous NAD™ in the liver tissue was 3.5 times higher in CD38KO than WT mice
(Figure 5B). In contrast, when saturating levels of exogenous NAD™ were added to the
enzymatic assay, similar SIRT3 activities were observed between WT and CD38KO (Figure
5B). These data together indicate that, by changing cellular NAD*, CD38 controls SIRT3
activity without changes in SIRT3 levels.

To address the role of SIRT3 in the mitochondrial metabolic profile observed in CD38KO
mice, we generated CD38/SIRT3 double KO mice on a C57BL6/129s background, and used
the derived F3 generation of these crosses. As expected, livers of both two years old
CD38KO and CD38/SIRT3KO mice have higher mitochondrial NAD™ levels compared to
WT mice (Figure 5C). Interestingly, mitochondrial NAD* was slightly higher in the double
KO compared to the CD38KO (Figure 5C). This may indicate a lower utilization of
mitochondrial NAD* in the absence of both CD38 and SIRT3. We further performed a
glucose tolerance test and determined the mitochondrial function in these two years old
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mice. CD38KO mice have an improved glucose tolerance profile compared to WT and
SIRT3 KO, which is reversed in the CD38/SIRT3KO mice (Figure 5D).

At 2 years of age CD38 KO mice had an increased oxygen consumption coupled to ATP
synthesis over WT that was reverted in the CD38/SIRT3KO mice (Figure 5E). We also
determined that ablation of SIRT3 in CD38KO mice abrogated the protection against high
fat diet-induced obesity and glucose intolerance that we have previously described in one
year old mice (Figure S5B—C, Barbosa et al., 2007). These results suggest that metabolic
and mitochondrial function is positively regulated in CD38KO mice by a pathway that
requires not only increases in NAD™ levels, but may also require the enzyme SIRT3.

CD38 degrades NAD* precursors: implications for NAD* replacement therapy

NAD™ precursors such as NMN and NR (nicotinamide riboside) have been proposed as
NAD™*-replacement therapy for age and diet-induced metabolic dysfunction (Canto et al.,
2012; Gomes et al., 2013; Imai and Guarente, 2014; Prolla and Denu, 2014; Yoshino et al.,
2011). Recombinant CD38 has been shown to hydrolyze NMN in vitro (Grozio et al., 2013),
as confirmed here by us (Figure 6A). However, it has not been demonstrated whether CD38
has a role in the degradation of these compounds /7 vivo. We now report, for the first time,
that CD38 is one of the main enzymes degrading NMN in mouse tissues (Figure 6B),
implying that CD38 has a key role in the pharmacokinetics of NMN. This was confirmed by
the rapid disappearance of NMN in blood of WT, but not CD38KO mice (Figure 6C). Due to
the rapid degradation of NMN, we performed further /n vivo experiments with NR as an
NAD™ precursor. NR is resistant to CD38 enzymatic activity /n vitro (Figure 6A). However,
since NR is converted to NMN (Bieganowski and Brenner, 2004; Grozio et al., 2013), it is
still possible that CD38 may have a role in NR-mediated pharmacokinetics. To test this
hypothesis, we administered NR to WT and CD38KO mice and followed plasma levels of
NR, NMN, and NAD*. We show that, following an i.p. injection of NR (500 mg/kg), the
levels of NR, NMN, and NAD* in the blood of CD38KO mice are more stable than in WT
animals (Figure 6D). In fact, levels of NR rapidly decline in WT mice, with a decrease of
about 25% in the first 75 minutes, while NR levels are maintained in CD38KO mice. 150
minutes after NR injection, there were still higher levels of NMN and NAD* in plasma of
CD38KO than in WT mice (Figure 6D). These results indicate that CD38 is involved in the
metabolism of NAD precursors in vivo. To further explore the role of CD38 in NAD-
replacement therapy /in vivo, we selected two-year-old C57BL/6 WT and CD38KO mice that
had similar normal glycemia, and induced glucose intolerance with high fat diet. After 16
weeks of high fat diet, WT mice become severely glucose intolerant, and although CD38KO
were somewhat resistant to the effects of the diet, they still developed a significant degree of
glucose intolerance (Figure S6A-B). At the end of 16 weeks we gave an i.p. injection of NR
and determined its effect in glucose tolerance tests. Consistent with a role of CD38 in NR-
mediated NAD™* replacement therapy, a single dose of NR was able to ameliorate glucose
intolerance only in CD38KO mice (Figure 6E-F). These results confirm that CD38 has the
ability to influence NAD*-replacement therapy /in vivo. We propose that NAD replacement-
based therapies with NMN and NR for metabolic dysfunction could be significantly
improved by combination with CD38 inhibitors.
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DISCUSSION

The mechanisms that lead to age-related metabolic dysfunction have not been elucidated.
Recently, a growing body of evidence indicates that cellular NAD* levels decrease during
the aging process in both rodents and humans (Zhu et al., 2015; Gomes et al., 2013; Braidy
etal., 2011; Scheibye-Knudsen et al., 2014, Massudi et al., 2012). Our first goal here was to
confirm these findings. We used two different methods to measure NAD levels in mouse
tissues, and clearly demonstrate that aging mice experience a sharp decrease in tissue NAD
levels that positively correlates with a decrease in mitochondrial function. Thus, our next
goal was to understand the mechanisms that lead to this age-related NAD decline and
metabolic dysfunction.

One of the current hypotheses to explain the age-related NAD decline is that this
phenomenon could be mediated by accumulation of DNA damage and activation of PARP1
during aging (Bai and Cantd, 2012; Imai and Guarente, 2014). However, there is no
consensus about the role of PARPs in the aging process, and the concept of a deleterious
increase in PARP activity during aging is controversial. In fact, it has been previously
observed that levels of PARPs may either decrease or increase with aging (Bakondi et al.,
2011; Beneke et al., 2010; Noren Hooten et al., 2012; Zhang et al., 2014). Furthermore,
based on the disposable soma evolutionary aging hypothesis, it is expected that the aging
organism would present limited repair mechanisms and not necessarily an increase in
damage inputs or repair machinery (Kirkwood and Rose, 1991). In fact, in the disposable
soma theory, it has been proposed that, to optimize energy use, biological systems may
invest most of their energy in growth and development, and little in damage control and
repair. In support of this idea, our data indicate that PARP1 levels actually decrease in all
mouse tissues tested during the aging process. Thus, we postulated that other NAD-
degrading mechanisms besides PARP1 activation are responsible for the age-related NAD*
decline.

We explored the role of the NADase CD38 in NAD decline in several tissues of aging mice.
We clearly demonstrate that CD38 levels increase in mouse tissues during aging, and that
CD38 is directly involved in the process that mediates the age-related NAD* decline. Our
experiments were comprehensive and included multiple tissues and techniques, and we
demonstrated that CD38 protein, mMRNA, and NADase activity increased during aging.
Although further experiments are necessary to translate our findings to humans, we have
also observed an increase in CD38 mRNA expression in white adipose tissue derived from
older humans compared to younger subjects. Interestingly, in support of our findings, CD38/
NADase activity has been proposed to increase in the blood of aging human subjects
(Polzonetti et. al., 2012). In addition, we have recently shown that stable over-expression of
CD38 in cancer cells leads to the development of features of cellular senescence (Chini et.
al.; 2014).

Our current studies further provide evidence that an increase in CD38 in aging mice
correlates with the development of mitochondrial dysfunction. The effects of CD38 on
mitochondrial function may be mediated, at least, in part by modulation of the availability of
NAD™ as a substrate to mitochondrial enzymes including SIRT3. However, since CD38
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regulates both global cellular and mitochondrial NAD levels, we cannot exclude the
possibility that the effect of CD38 may be mediated by interference in many of the other
cellular NAD™-dependent processes including oxy-reduction reactions, signaling, and
epigenetics.

Our studies raise several new important questions that need to be addressed to understand
the precise mechanisms leading to age-related NAD* decline. One question, for example, is
what are the signaling mechanisms that lead to CD38 accumulation in tissues during the
aging process? We and others have previously shown that lipopolysaccharides (LPS) and
inflammatory cytokines such as TNF-a are potent inducers of CD38 expression in cells
(Barata et. al., 2004; Lee et. al., 2012). Interestingly, it has been proposed that during the
aging process, there is an increase in levels of endotoxins and cytokines (Kim et. al., 2016;
Ghosh et. al., 2015.). Therefore, one possibility is that pro-inflammatory agents such as
endotoxins may be the main drivers of the age-related increase in CD38 expression.

A second important question is which cells in the tissue express CD38 during aging? Since
CD38 is highly expressed in inflammatory cells, it is possible that the low grade
inflammation occurring during aging may lead to an increase in the expression of CD38 in
inflammatory cells, and accumulation of CD38-positive inflammatory cells in the tissue.

Yet another key topic is if the CD38 ectoenzymatic activity is sufficient to explain its role as
a regulator of cellular NAD* levels /n vivo during the aging process. In addition, we do not
know if the small fraction of CD38 localized in intracellular compartments can explain its
role in the regulation of NAD levels /n vivo. Interestingly, CD38 is a type 1l plasma
membrane enzyme with the majority of its catalytic activity facing the outside of the cell.
However, CD38/NADase has been shown to be present in intracellular organelles including
the nuclei and the mitochondria (Sun et. al., 2002; Yamada, et. al., 1997; Aksoy, et. al.,
2006). At this point, it is not clear if the biological effects of CD38 in NAD* metabolism are
exclusively mediated by its extracellular or intracellular NADase activity. The fact that
CD38 metabolizes not only NAD, but also NMN, may indicate that CD38 could at least in
part decrease the availability of extracellular and intracellular NAD precursors to cells
during the aging process.

In conclusion, we present strong evidence that CD38 is a key enzyme involved in the age-
related NAD™ decline. The recent development of potent and specific CD38 inhibitors
(Escande et al., 2013; Haffner et al., 2015), together with the novel findings highlighting the
role of NAD™ replacement therapy and CD38 in age-related diseases such as hearing loss
and Alzheimer’s (Prolla and Denu, 2014; Chini 2009; Blacher et al., 2015), indicate that
CD38 inhibition combined with NAD precursors may serve as a potential therapy for
metabolic dysfunction and age-related diseases.

EXPERIMENTAL PROCEDURES

Animal Studies

CD38KO, SIRT3KO, and PARP1KO mice were bred in our animal facility or purchased
from Jackson Laboratories. SIRT3/CD38 double KO mice were generated through
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heterozygous breeding (see Supplemental Information for details). Studies were performed
in male animals at 3 to 32 months of age. Mice received standard chow ad libitum, except
for HFD feeding experiments in which an Adjusted Calorie Diet, 42% from fat, was given
(TD.88137, Harlan Laboratories, Inc). Fasted glucose levels and glucose tolerance were
assessed as described before (Escande et al., 2013). For GTTs, mice were fasted for 15
hours, and 50% dextrose (1.5g/kg body weight) was injected intraperitoneally (i.p.). For NR
studies, mice were given a single dose (500 mg/kg body weight) by i.p. injection.
Experiments were approved by the Institutional Animal Care and Use Committee (Protocol
no. A52112), and adhered to the NIH Guide for the Care and Use of Laboratory Animals.
C57BL/6 tissues used in some of the western blot of figure 1 and CD38 activity studies were
obtained from the NIA (National Institute on Aging). In all head to head comparisons of
wild type, CD38 KO or CD38/SIRT3 KO in house generated litter mates were used.

Western Blot

Mouse tissues and cultured cells were lysed in NETN (20 mM Tris-HCI, pH 8.0; 100 mM
NaCl; 1 mM EDTA; and 0.5% NP-40) buffer supplemented with 5 mM NaF, 50 mM 2-
glycerophosphate, and a protease inhibitor cocktail (Roche). Western blots were developed
using horseradish peroxidase-conjugated secondary antibodies or protein A-HRP and Super
Signal West Pico chemiluminescent substrate (Pierce). The anti-human CD38 antibody was
from Abcam. Anti-mouse primary antibodies were as follows: CD38 from Santa Cruz
Biotechnology; acetylated lysine, PARP1, SIRT1, and SIRT3 from Cell Signaling; COX IV
and tubulin from Abcam; PBEF/NAMPT from Bethyl Laboratories, and actin from Sigma.
The anti-mouse PAR antibody was a kind gift from Dr. Scott Kaufmann.

Mitochondrial Function

Mitochondria were isolated by differential centrifugation at 4°C followed by percoll
(Invitrogen) gradient. Deacetylase inhibitors, trichostatin A (TSA) (5uM) and nicotinamide
(5mM), were added to isolation buffer. The final liver mitochondria pellet was re-suspended
in MIRO05 + fatty acid-free BSA (1mg/mL) at a final protein concentration of 10-15 mg/mL
for respiration experiments or frozen for other experiments (see Supplemental Information
for more details), The O, consumption rates were measured polarographically using high-
resolution respirometry (Oroboros Oxygraph-O2K) and Data Lab Software (Gnaiger, 2009).
Membrane potential was measured using the fluorescence signal of the cationic dye,
safranin-O. Tissue mitochondrial content was measured by quantitative real time PCR and
expressed as a ratio of mitochondrial DNA to genomic DNA (see Supplemental Information
for details).

Determination of NAD*, NADH and NAD™ precursors

Detection of NAD* and NADH were performed as described before using the cycling assay
(Aksoy et al., 2006) and also a UPLC-mass spectroscopy assay (Supplemental methods).
The specificity of the cycling assay for NAD* and NADH was determined as shown in
figure S1. Briefly, samples were extracted with 10% TCA at 4°C. TCA was removed with
water—saturated ether. NADH was extracted with 500 mM NaOH/ 5 mM EDTA and heated
for 30 min at 60°C. The aqueous layer containing the nucleotides was removed and adjusted
to pH 8 with 1 M Tris. Fractions were stored at —80°C. In control experiments we have use
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known concentration of NAD* and NADH and exposed them to the same extraction
protocols use in our studies. We observed that nearly 95% of NAD* and undetectable levels
of NADH remained after the acid extraction with TCA. Furthermore, the reverse was true
for NaOH extraction where most of the NAD* was lost and nearly 95% of the NADH was
preserved. We have also measure CD38 NADase activity after the TCA and NaOH treatment
and found that both treatments completely destroyed the CD38 NADase activity.

Nicotinamide was measured by a coupled assay containing Nicotinamidase (PNC1) (Smith
etal., 2009). NR, NMN, NAM, and NAD* in blood samples were detected using a HPLC
system (Shimadzu Scientific Instruments, Inc) based on (Yoshino and Imai, 2013), details in
Supplemental Information.

Enzyme Activity

CD38 activity was measured according to (Aksoy et al., 2006). In vitro CD38 activity was
measured using 0.1 unit of recombinant human CD38 (R&D Systems) in 0.25 M sucrose
and 40 mM Tris-HCI (pH 7.4). Nicotinamide 1, N6-ethenoadenine di-nucleotide was used to
determine NADase activity. Lactate released in media was measured by the lactate
dehydrogenase coupled assay (Hamilton and Pardue, 1984). Citrate synthase was measured
as described (Kuznetsov et al., 2008). Briefly, cell extract was incubated with a buffer
containing 100 mM Tris, pH 8.0, 0.1 mM acetyl-CoA, 0.1 mM 5,5’-dithiobis-(2-
nitrobenzoic acid), and 0.1% Triton X-100. The assay started with the addition of 0.2mM
oxaloacetate and was monitored at 412 nm for 10 minutes at 25°C. SIRT3 activity was
determined by a fluorometric method using SIRT3 Direct Fluorescence Screening Assay Kit
(Cayman). Protein concentration was determined using Bio-Rad Protein Reagent.

Statistical Analysis

Data were analyzed by a two-tailed Student’s t test and ANOVA. Statistical analysis was
performed using GraphPad Prism 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
# CD38 levels increase in tissues with age, and correlate with NAD decline.
# NAD and mitochondrial function are preserved in old CD38 knockout mice.

# CD38 metabolizes NMN /n vivo and the response to NAD-replacement therapy.

Cell Metab. Author manuscript; available in PMC 2017 June 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Camacho-Pereira et al. Page 17

5 2.57 # cp3s 1.57 ® SIRT1
A leer = 4 NAMPT % PARP1
| - ==~~~ =w|cD38 s .20
528 1.0
[ - — | PARP1 %5 s I
o 2 »- i‘\
e == | SIRT1 2349 - i ik €\ -3-3
—— — — - - = e | NAMPT E . ’
@ 0.5 *k kk Kk
[F=—=—=—==—==——==| Tubulin
= 0.04 0.0 +T——r———
KO 5 18 24 28 32 5 18 24 28 32 5 18 24 28 32
Months Months
B Adipose Tissue 47 cpas o 2.07 @ SIRT1
== = CD38 £ W NAMET  FARE
o
[ o o o o =~ — = | PARP1 2 § : e
a
LT T rrrrag e 2 2 10 \
z 2 )
[0 o ow on o= oo @0 =« @ | NAVPT I 0.5 \ 3
F— | Actin . E-3° %
—_—— — — — 0 ] XKk
5 18 24 28 32 5 18 24 28 32 00 5 18 24 28 32
Months Months
C Spleen 41 cnos 2.5 ® SIRT1

@ PARP1

fprreceywwww® cos

AE - % NAMPT
e —————— 1.7 . L seo ®
o 3 * %
[S==————ee—ee. |sRT e 2 2
= o
i =] NAMPT =4
[F== = e =] Tubulin =
—_— ° +rv-—r-—-sv—-oav-v-— L
5 12 18 24 28 32 5 12 18 24 28 32 5 12 18 24 28 32
Months Months
D Skeletal Muscle 2.5714 cD3s o 1.57 ® SIRT1
[FE S = wwweweee CD38 = ® NAMPT ® PARPY
2 =20
[——————— e — ] PARP1 2 2 1.0
e L
et pe—— 1. 01 s Eus &
S ~
[ - - -] NAMPT E Wi ~agr 08 e e
I % * %
| ;I Tubulin 0.54 oo dlyr—
5 18 32 5 18 32 5 18 32
Months Months
E F Adipose Tissue
P 4 £ ] Young
2 e M o
x o 3
Ew
st 2
%
e L *
0
SISO A
o & & & <
S A A
Skeletal M | Humen
G . Spleen H ., eletal Muscle I 4} Adipose Tissue

* I:lvcung DVoung

< *
Zc g M o 3 ¥ Mo 3 [ voung
x 2 M ou
Ew
K 2 2
s a
& x *
o W 2 1 1
4 *
0 0 0
ad q" &N q& Q./\ D Q\ N Q’\ Q‘/\ ,"b Qx q«
S O A >
Q ENEER ' N Q N

Figure 1. CD38 expression increases with aging
(A) Immunoblots for CD38, PARP1, SIRT1, NAMPT and Tubulin in mice liver (left). On

the right, graphs show relative protein expression of SIRT1, PARP1, CD38 and NAMPT.
Relative expression of each protein was calculated as a ratio to Tubulin levels in each lane,
and then calculated relative to 5 month old mice (n=12 for each age, *p<0.05, “"p<0.01). In
the experiments of Figure 1 A—H animals were obtain from the NIA aging colony.

(B-D) Immunoblots for CD38, PARP1, SIRT1, NAMPT and Tubulin in mice adipose tissue
(B), spleen (C), and skeletal muscle (D) (left). On the right, graphs show relative protein
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expression of SIRT1, PARP1, CD38 and NAMPT in the tissues. Relative expression of each
protein was calculated as a ratio to Tubulin in each lane, and then calculated relative to 5
month old mice (n=4-6 for each age, *p<0.05, “*p<0.01).

(E) Relative mRNA levels of CD38, PARP1, PARP2, SIRT1, NAMPT, NAPRT1, NMNAT-1,
NMNAT-2, NMNAT-3 and NADK in liver of young and old mice (3 and 32 months of age,
respectively). (n=4 animals for each age, *p<0.05, versus 3 month old mice).

(F-H) Relative mRNA levels of CD38, PARP1, PARP1, SIRT1 NAMPT, and NAPRT1 in
adipose tissue (F), spleen (G), and skeletal muscle (H) (3 and 32 months of age,
respectively) (n = 4 animals for each age, *p <0.05, versus 3 month old mice).

(1) Relative mRNA levels of CD38, PARP1, and NAMPT in omental adipose tissue of
human subjects with average ages of 34 (young) and 61 (old) (n = 9 for each age, *p <0.05,
Versus young group).

All values are mean + SEM.
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Figure 2. CD38 regulates the age-related NAD* decline
(A) CD38 activity in liver, adipose tissue, spleen and skeletal muscle of aging mice (n=6

animals for each age, “"p<0.01 versus 5 month old mice).
(B) CD38 activity in liver of 1 year old WT and CD38 KO litter mate mice (*p<0.05).

(C) Total liver NAD* and NADH levels in WT and CD38KO mice during aging measured
by mass spectroscopy (n=4 mice for each age, *p<0.05, *"p<0.01 versus 5 month old mice).
(D) Total liver NAD* and NADH levels in WT and CD38KO mice during aging measured
by cycling assay (n=14 animals for each age, *p<0.05, **p<0.01 versus 5 month old mice).
(E) NAD* levels in adipose tissue, spleen, and skeletal muscle of WT and CD38KO mice
during aging (n=4 animals for each age, *p<0.05, *"p<0.01 versus 5 month old mice).

All values are mean + SEM.
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Figure 3. CD38 deficiency upregulates mitochondrial function and increases NAD*/NADH ratio
in mitochondria

Liver of WT and CD38KO 12 month old litter mate mice were used for the measurements
below in B-H. All values are mean + SEM.

(A) Percentage of oxygen consumption coupled to ATP synthesis in isolated mitochondria
during aging in WT and CD38KO mice (n=4 animals for each age, *p<0.05, ""p<0.01
versus 5 month old mice).

(B) Oxygen consumption rates in isolated mitochondria. The following drugs were added for
the experimental profile: Succinate 10mM and rotenone 1uM (Succ+Rot), 0.15mM ADP,
1ug/mL oligomycin (Oligo), and 1uM FCCP (inset) (n=4, *p<0.05, *"p<0.01 versus WT
mice).

(C) Relative membrane potential in mitochondria (*p<0.05 versus WT mice).

(D-F) Total NAD* levels (D), NADH levels (E), and the NAD*/NADH ratio (F) in isolated
mitochondria (n=3, *p<0.05 versus WT mice).

(G) Relative mtDNA quantification of COX | and ND4 as mitochondrial-encoded genes
normalized by GAPDH.
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(H) Relative mRNA expression of glucose metabolism pathway enzymes (n=6, *p<0.05
versus WT mice).
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Figure 4. Changes in CD38 expression regulate NAD* levels and mitochondrial function in cells
293T cells expressing vector or Flag. CD38 were used in experiments from (A-L) and A549

cells were used in (M-O). All values are mean + SEM. *p<0.05, “*p<0.01, compared to
control cells.

(A) Immunoblotting for CD38 and Tubulin.

(B) CD38 NADase activity (n=5).
(C) and (D) Total NAD* and NADH levels in whole cells (n=5).
(E) Mitochondrial oxygen consumption in intact cells. Histogram represents the % oxygen
consumption under FCCP-induced maximum respiration (n=6).
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(F) Lactate released in media (n=5).

(G) Transmission electron microscopy. Scale bar: 200nm. OM: outer membrane, IM:
internal membrane, MT: mitochondrial matrix, MC: mitochondrial cristae, ER: endoplasmic
reticulum.

(H) Relative mtDNA quantification (n=4).

() Citrate synthase activity (n=9).

(J) CD38 NADase activity (n=5) and immunoblotting for CD38 and Tubulin.

(K) Total NAD* levels (n=5).

(L) Routine oxygen consumption (n=3).
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Figure 5. CD38 controls the metabolic response in aged mice by activating SIRT3-dependent
mechanisms

All values are mean + SEM. (A) Mitochondrial protein acetylation profile (upper panel) and
immunoblotting for SIRT3 in one year old WT and CD38KO litter mate mice (lower panel).
Each lane represents one independent mouse.

(B) SIRT3 activity in liver mitochondria isolated from one year old WT and CD38KO litter
mate mice with endogenous contaminant NAD™ or addition of a saturating dose of 2mM
NAD™* (n=4, *p<0.05, ns= non-significant p>0.05 versus WT control).
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(C) NAD™ levels in isolated liver mitochondria from two year old litter mate WT, CD38KO,
and CD38/SIRT3KO mice (n=6, *p<0.05 versus WT mice).

(D) Glucose concentration in (F) two year old litter mate WT, SIRT3KO, CD38KO, and
CD38/SIRT3KO mice after intraperitoneal injection of glucose (left graphs). Area under the
curve for glucose concentrations in different mice (right graphs) (n=8, “"p<0.01, *p<0.05
versus WT mice).

(E) Oxygen consumption rates coupled to ATP synthesis in liver mitochondria isolated from
two year old litter mate WT, CD38KO, and CD38/SIRT3KO mice (n=6, *p<0.05, versus
WT mice).
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Figure 6. CD38 regulates the NR-induced metabolic improvement in high fat diet

All values are mean + SEM.

(A) Nicotinamide concentration /n vitro after incubation of ImM NR or 0.5mM NMN with
CD38 recombinant protein. The metabolites were measured by HPLC (n=3, "*p<0.01 versus

NMN incubation).

(B) Nicotinamide concentration in different tissue homogenates from WT and CD38KO

mice after incubation with ImM NMN. The metabolites were measured by a coupled assay
(n=3,*p<0.05, “"p<0.01 versus WT mice).
(C) Nicotinamide concentration in blood from WT and CD38KO mice after incubation with
1mM NMN. The metabolites were measured by HPLC (n=3, *p<0.05, “"p<0.01 versus WT

mice).

(D) Levels of NR, NMN, and NAD in blood of WT and CD38KO mice after injection of
500mg/kg NR intraperitoneally (i.p.). The metabolites were measured by HPLC (n=3,
*p<0.05 versus WT mice). Due to the technique use it is possible that the NR peak in the
figure could contain other metabolites.
(E and F) Glucose concentration in WT and CD38KO mice after 16 weeks of high fat diet,
treated with 500mg/Kg of Nicotinamide Riboside (NR) (dotted line) i.p. The controls
received PBS injection (solid line) (E). Two-way ANOVA and Bonferroni's post-test with
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repeated measures show significant interaction between the glucose curve for CD38KO and
CD38KO + NR (****p<0.0001). (F) Quantification of glucose AUC (**p<0.01, n=10).
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