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MUSCLE DEGENERATION

NAD" repletion improves muscle function in muscular
dystrophy and counters global PARylation

Dongryeol Ryu,'* Hongbo Zhang,'* Eduardo R. Ropelle,"** Vincenzo Sorrentino,’
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Neuromuscular diseases are often caused by inherited mutations that lead to progressive skeletal muscle weakness
and degeneration. In diverse populations of normal healthy mice, we observed correlations between the abundance
of mRNA transcripts related to mitochondrial biogenesis, the dystrophin-sarcoglycan complex, and nicotinamide
adenine dinucleotide (NAD") synthesis, consistent with a potential role for the essential cofactor NAD* in protecting
muscle from metabolic and structural degeneration. Furthermore, the skeletal muscle transcriptomes of patients
with Duchene’s muscular dystrophy (DMD) and other muscle diseases were enriched for various poly[adenosine
5'-diphosphate (ADP)-ribose] polymerases (PARPs) and for nicotinamide N-methyltransferase (NNMT), enzymes that
are major consumers of NAD" and are involved in pleiotropic events, including inflammation. In the mdx mouse
model of DMD, we observed significant reductions in muscle NAD* levels, concurrent increases in PARP activity,
and reduced expression of nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme for NAD*
biosynthesis. Replenishing NAD" stores with dietary nicotinamide riboside supplementation improved muscle func-
tion and heart pathology in mdx and mdx/Utr”~ mice and reversed pathology in Caenorhabditis elegans models of
DMD. The effects of NAD" repletion in mdx mice relied on the improvement in mitochondrial function and structural
protein expression (a-dystrobrevin and 4-sarcoglycan) and on the reductions in general poly(ADP)-ribosylation, in-
flammation, and fibrosis. In combination, these studies suggest that the replenishment of NAD* may benefit patients
with muscular dystrophies or other neuromuscular degenerative conditions characterized by the PARP/NNMT gene
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expression signatures.

INTRODUCTION

Muscular dystrophies result from a reduction in the muscle cell sup-
port network that connects the myofilament proteins within the cell to
the basal lamina outside the cell, rendering the sarcolemma more sus-
ceptible to damage. Caused by an X-linked mutation, Duchene’s mus-
cular dystrophy (DMD) affects 1 in 3500 males and often leads to
death due to heart or respiratory failure (I, 2). The deterioration of
muscle function and strength results from progressive muscle damage,
fibrosis, and necrosis; there is no effective treatment. DMD symptoms
are shared by other pathologies that involve muscle wasting, such as
cancer, AIDS, and aging, which are all characterized by declines in
metabolic and physiological parameters, with progressive weakness
in skeletal muscle. Despite advances in exon skipping and other genetic
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and pharmacological approaches to treating DMD, the delivery, ef-
fectiveness, and safety of these therapies are not optimal (3), necessi-
tating the development of other therapeutic strategies.

Recent studies have indicated that sirtuin 1 (SIRT1)-dependent
mitochondrial biogenesis can reduce mdx mice pathology and
muscle atrophy (4-7). Fatigue and muscle weakness, as seen in
DMD, are also symptoms of mitochondrial myopathies and meta-
bolic diseases [reviewed in (8)]. Nicotinamide adenine dinucleotide
(NAD™) repletion provides protection from metabolic diseases and
mitochondrial dysfunction induced by diet or aging, often in a SIRT1-
dependent manner (9-14). Sirtuins, in general, consume NAD" as a
cofactor for the deacetylation of proteins while also generating nico-
tinamide (NAM). Similarly, poly[adenosine 5'-diphosphate (ADP)-
ribose] polymerase (PARP) proteins consume NAD" during the
poly(ADP)-ribosylation (PARylation) of proteins. As a result, PARP
inhibition or genetic loss of function of PARPI in mice increases
muscle NAD" levels and sirtuin-directed mitochondrial biogenesis
(11, 15).

The initial evidence for the involvement of PARP activity in DMD
was the increased PARP1 expression in 20 patient skeletal muscle
biopsies, which was correlated with reduced telomere length (16). In
addition, we recently demonstrated that NAD™ repletion could delay
both age-related and mdx muscle stem cell senescence, although we
did not analyze muscle function, PARP activation, or the link be-
tween NAD™ metabolism and structural gene expression (17).
NAD" promotes the polymerization of laminin and the subcellular
localization of paxillin, an integrin-associated adaptor protein,
improving cell adhesion in a zebrafish model of muscular dystrophy
(18). From these independent lines of evidence, we hypothesized that
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NAD" availability—controlled, in part, by the conversion of NAM to
nicotinamide mononucleotide (NMN) via the rate-limiting salvage
enzyme nicotinamide phosphoribosyltransferase (NAMPT), by fur-
ther conversion of NMN to NAD" by NMN adenylyltransferases
(NMNATSs),and by NAD" consumption by a panel of PARP proteins
(Fig. 1A) [reviewed in (19)]—could have a multifaceted influence on
the development of muscle weakness and fatigue in DMD and poten-
tially other neuromuscular diseases (17).

RESULTS

Correlations between transcripts related to NAD*
metabolism and muscular dystrophy

To evaluate the relationship between muscle NAD* metabolism and
muscle health, we first examined the correlations between transcripts

of NAD"-salvaging or NAD"-consuming enzymes and diverse muscle
parameters. We assessed the natural variance in transcript abundance
in quadriceps muscles of 42 strains of genetically diverse, healthy BXD
mice (fig. S1, A and B) (20-22) and observed that Nampt and Nmnat3
mRNA levels correlated with muscle mass (Fig. 1, B and C). Nampt
mRNA levels also correlated with the expression of transcripts related
to mitochondrial biogenesis (Fig. 1D). In custom-generated gene sets
from the BXD mouse strains that expressed the highest and lowest
levels of Nampt transcripts, genes related to mitochondrial biogenesis,
autophagy, and muscle regeneration, along with NmnatI, were also
enriched (fig. S1C) (23). On the basis of this preliminary analysis, we
performed a principal components analysis on these networks using
all 42 BXD strains. In the resulting factor loading plot, transcripts
encoding genes relating to mitochondrial biogenesis, the dystrophin-
sarcoglycan complex, and muscle regeneration were strongly correlated
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Fig. 1. The relationship between transcripts involved in NAD* biosynthesis and

consumption with muscular dystrophy in mice and DMD patients. (A) Sche-

matic illustrating NAD* consumption by sirtuins and PARPs and the salvage of NAD" from NAM via NAMPT and NMNAT enzymes. (B and C) Correlation of Nampt (B) and
Nmnat3 (C) transcripts from 42 strains of genetically diverse BXD mice with various measurements of muscle mass, as a percentage of body weight. CD, chow diet. (D) Corre-
lation of Nampt transcript expression in the BXD strains with transcript expression for regulators of mitochondrial transcription and for genes encoding the components of
the mitochondria. (E) A factor loading plot (biplot) showing the correlation of transcripts for mitochondrial-related genes (Tfam, Hspd1, Atp5h, and Tomm?70a), utrophin
(Utr), dystrophin-associated glycoproteins (Dag1, Sgcb, and Sgcd), muscle growth-related genes (Maged1 and /I6), and genes involved in the pathology of mdx mice (Tgfb1,

Tnf, Mstn, Il1b, and Redd2) with NAD* synthesis transcripts (Nampt, Nmnat1, and Nrk1)

in the BXD mouse strains. Angles more than 90° between gene vectors represent

negative correlation (an angle of 180° indicates perfect negative correlation). (F) These transcripts were then plotted in a circular schematic using Pearson’s r > |0.2| in BXD
strains showing negative (red) and positive (green) correlations. The expression of transcripts related to NAD* (G) consumption or (H) biosynthesis shows an enrichment

signature of PARP genes and of the NNMT gene in human DMD skeletal muscle data
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sets (n = 5 per group) (24, 25). CON, control.
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to the expression of Nampt, Nmnatl, and Nrkl [an enzyme that
converts nicotinamide riboside (NR) into NMN], consistent with a
beneficial effect of NAD" synthesis on several aspects of muscle
function (Fig. 1E). We then plotted a circular schematic using the
same set of genes to demonstrate the positive and negative correla-
tions among them (Fig. 1F). Genes associated with the pathogenesis
of muscle dystrophy in mdx mice were individually negatively cor-
related with NAD" synthesis and mitochondrial biogenesis (related
genes in this principal components analysis), whereas genes related
to mitochondrial biogenesis and muscle structure and growth cor-
related positively. We then examined the expression of transcripts
involved in NAD"* homeostasis in extant human skeletal muscle data
sets from patients with DMD in comparison to controls (24, 25). In
contrast to a previously described elevation in PARPI expression in
DMD muscle (16), we saw no change in PARPI expression but did
discover a consistent enrichment of other PARP transcripts and of
the nicotinamide N-methyltransferase (NNMT) transcript, an en-
zyme that shunts the NAD" precursor NAM away from NAD" bio-
synthesis through methylation (Fig. 1G) (26, 27). This PARP/NNMT
gene signature was unexpectedly also seen in biopsies from patients
with a large variety of muscular dystrophies or (neuro)muscular
disease (fig. S2A). In contrast, expression of genes associated with
NAD" biosynthesis was generally reduced in these data sets (Fig. 1H
and fig. S2B). These findings suggest that NAD" depletion occurs
both in patients with DMD and in those with other (neuro)muscular
diseases.

NAD"* levels as a marker of elevated PARP activity

in mdx mice

Given the central role of NAD" in mitochondrial homeostasis and
organismal metabolism (28), we set out to determine whether re-
duced NAD" levels could explain the attenuation of mitochondrial
function in the muscle of mdx mice and could be used as an in vivo
marker of muscle damage. In vivo noninvasive *>'P magnetic res-
onance spectroscopy (MRS) measurements of NAD" levels were
lower in mdx muscle than in controls (Fig. 2A). Reduced NAD"
levels were also confirmed by mass spectrometry measurements
(11) in postmortem muscle specimens from mdx muscles (Fig. 2B).
Because PARP transcripts were expressed at a high level in muscles
from DMD patients (Fig. 1G), we hypothesized that overactivation
of PARPs could be responsible for the depletion of NAD" levels in
mdx mice, an idea further bolstered by our recent data showing the
contrasting situation of elevated NAD™ levels in Parpl knockout
mice (15) or in PARP inhibitor-treated mice (11). Consistent with
our hypothesis, PARP protein levels were higher in mdx mice than
in controls, including PARP1, PARP2, and PARP4 (fig. S2C), all of
which have poly(ADP-ribose) polymerase activity. In addition,
PARP activity and global protein PARylation levels were increased
in mdx muscle (Fig. 2C), reinforcing the usefulness of the mdx model
for comparisons to DMD. Global protein PARylation levels were also
elevated in the muscle from mdx/Utr™~ double-mutant mice (fig. S2D).
Furthermore, as predicted from the reduction in Nampt transcripts in
human DMD patients (Fig. 1H), NAMPT protein levels were reduced
in mdx muscle, potentially contributing to reductions in NAD" levels
(Fig. 2D). Notably, NMNAT1 and NMNATS3 protein levels were not
changed in mdx mice. These results indicate that mdx-induced damage
is accompanied by PARP activation, attenuated NAD" salvage, and
reduced NAD" levels, which may be potential markers of muscular
dysfunction.

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

Limited NAD* affects in vivo energetics and mitochondrial
function in mdx mice

To corroborate the known positive relationship between mitochondrial
biogenesis and NAD™ metabolism [reviewed in (19)], we assessed the
mitochondrial energetics of skeletal hindlimb muscles from mdx mice
using in vivo *'P MRS to measure adenosine 5'-triphosphate (ATP)
and phosphocreatine (PCr) fluxes (Fig. 2E). PCr buffers cellular ATP
levels through the creatine kinase reaction. Therefore, the ratio of PCr/
ATP reflects the cellular energy state. Compared to control WT mice,
the lower PCr/ATP ratio in the mdx hindlimb is a reflection of energy
stress and demonstrates a greater load on the mitochondria to main-
tain ATP levels (Fig. 2F). This greater load on the mitochondria is also
apparent in the relationship between resting and maximal mitochon-
drial ATP production. As reported in mdx mice (29), the maximum
mitochondrial oxidative phosphorylation rate (ATP,,,,) was reduced
in vivo compared to WT mice, whereas the resting adenosine tri-
phosphatase (ATPase) activity, which reflects resting mitochondria
ATP synthesis, was unchanged (Fig. 2F). Thus, mdx hindlimb mito-
chondria had to function at a greater fraction of their capacity to meet
ATP demand (ATPase), than WT mitochondria, and were therefore
under a greater energy stress (lower PCr/ATP). Explaining these
energetic impairments and reaffirming the role of NAD™ in the mito-
chondria, protein levels for both nuclear- and mitochondrial-encoded
proteins, including ATP5A, UQCRC2, MTCO1, SDHB, and TOM20,
were lower in mdx mice than in controls (Fig. 2G). A lower abundance
of complexes I, II, IV, and V in mdx skeletal muscles was also seen by
blue native gel electrophoresis (Fig. 2H), and citrate synthase (CS)
activity in mdx muscle extracts was reduced compared to control
samples (Fig. 2I). Together, these data confirm that NAD™ levels are
attenuated in mdx muscles, resulting in impaired tissue energetics and
mitochondrial function.

NR enhances muscle function in cells and in dys-1;hlh-1 mutant
Caenorhabditis elegans

Boosting NAD" levels with various NAD" precursors could potentially
improve mitochondrial function and therefore muscle health (9, 30).
To test this hypothesis, we evaluated the effects of the the NAD" pre-
cursor NR on mitochondrial function in mouse C2C12 skeletal muscle
cells. NR increased the NAD" levels in differentiated C2C12 myotubes
(Fig. 3A), which elevated the mitochondrial complex abundance in a
SIRT1-dependent manner, as evidenced by the use of the SIRT1 inhib-
itor EX527 (fig. S3A). NR also increased the maximal electron
transport system capacity in C2C12 myotubes after exposure to the un-
coupler FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone)
(Fig. 3B). Consistent with the fact that the beneficial impact of NAD"
boosting relies on sirtuin-mediated protein deacetylation, global pro-
tein acetylation was reduced in NR-treated C2C12 myotubes in a
dose- and time-dependent fashion (Fig. 3C). Furthermore, NR modu-
lated myotube mitochondrial protein expression and FOXO1 acetyla-
tion in a SIRT1-dependent fashion, as evidenced by pharmacological
(using EX527) (Fig. 3D) and genetic (using a SIRT1 short hairpin
RNA) SIRT1 loss-of-function experiments (fig. S3B). The induction
of mitochondria-related transcripts after NR was also dependent on
SIRT1, as demonstrated by the attenuation of the induction with
EX527 (Fig. 3E).

We further investigated the involvement of SIRT1 in mediating the
effect of NR by studying the mobility of worms carrying mutations for
both the dystrophin-like gene dys-1 and the MyoD homolog hlh-1I;
these worms display time-dependent impairments of locomotion
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Fig. 2. NAD" as a marker and limiting factor for
in vivo energetics and mitochondrial function in
mdx mice. Measurements on gastrocnemius from
16-week-old male mdx or control mice. As a new
marker for muscular dystrophy, (A) NAD* levels
were reduced, as measured by 3'P MRS [wild type
(WT), n=7; mdx, n = 12]. (B) These values paralleled =
total intracellular NAD" levels measured by mass 2
spectrometry in tissue extracts (n = 5). Reductions z
in NAD" levels may be due to augmented NAD*
consumption, evidenced by enhanced (C) PARP ac-
tivity (n = 4) and total PARylation content (WT,
1.00 + 0.25; mdyx, 2.19 + 0.31; P = 0.042), in addition
to reduced NAD" salvage demonstrated by lower
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and muscle degeneration during aging (31). By increasing NAD"
levels (fig. S3C), NR improved the mobility of dys-I;hlh-1 mutant
worms over the course of 6 days of aging, an effect that was attenuated
upon feeding worms with sir-2.1 RNAi, which targeted the worm
ortholog of SIRT1 (Fig. 3F). When this experiment was repeated with
dead bacteria in the presence of NR, similar results were obtained (fig.
S3D). We also examined whether N(1)-methylnicotinamide (nNAM),
potentially generated from NR, could induce a mitohormetic signal by
acting as a substrate for the ortholog of the mammalian aldehyde
oxidase AOx1 gene GAD-3 to generate reactive oxygen species (32).
However, two different concentrations of mNAM had no effect on
dys-1;hlh-1 worm movement (fig. S3E). We therefore conclude that
mNAM production from NR is unlikely to explain the beneficial
effects of NR on dys-I;hlh-1 worms. After 8 days of NR treatment,
there was also a sir-2.1-dependent improvement in worm paralysis
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(Fig. 3G). The dys-L;hlh-1 worms exhibited less muscle degeneration
when treated with NR (Fig. 3H). This favorable effect was lost with
sir-2.1 RNAi (Fig. 3H). Together, these results suggest that NR enhances
mitochondrial function in C2C12 myotubes and improves mobility and
the dystrophic phenotype in C. elegans, in a SIRT1-dependent manner.

NR reduces PARylation and improves in vivo muscle
energetics in mdx mice

These data led us to test whether NR prevents or delays the onset of
mitochondrial dysfunction in muscular dystrophy. Using a preven-
tive approach, we fed chow diet supplemented with NR (400 mg/kg
per day) to 4-week-old mdx mice for 12 weeks and assessed the
NAD" levels and mitochondrial energetics in vivo with *'P MRS.
NR enhanced in vivo NAD" bioavailability in the hindlimb muscles
(Fig. 4A), as well as in postmortem measurements performed on

4 of 14

910T ‘$Z 12903100 U0 /310 Fewaduaros wis//:dy woiy papeo[umo


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A B C D
. NR (1 mM) 39 mkx xxx 251 Oveh
EVehche Time (hour)__0 3 6 EX527 () ) +) S L S 204 1 ONR
NR (1 mM) 0 05 10 05 10 @ 27 &
NR(mM) 2 22 95 22 2 > . 11T PR — £ 29 3 15 Mexnr
80 *xx kDa 75 | 5 S g
o o -— v 1.0
0w o e ssagaaa; . § 0] :
2 08 g 60 37 | < mmcon == 3 5054
s o s SDHB - -—— e 0 0.0
5B 06 &E 40 25 3
2o 8 X ACFOXO1 [ % L L Lo e
b 4 75 -] 20 %% xxx 25
3 04 3 - S s L
£ £ 20 50 - S 0) (o] | [ T ——— 2. sl 2 201
£ 02 o 3 215 a2
=" 37 - g & & 151
00 0 < SIRTT | s - - 5107 2
Basal Oligo. FCCP 254 S 501
HSPOO | e st st s s s e s %05- 2 051
<<
0.0 0.0
F G H Vehicle NR (TmM)
-O- Veh O veh
-8~ NR(1mM) W NR (1mM)
05 05 50 s
2 Y
2 n.s. g
—~ 04 dys-1;hlh-1,ev —~ 04 dys-1;hlh-1, %‘ 40 — <
3 3 o o - =
3 *kx 3 sir-2.1 RNAi g o
3 03 303 S ® 30 £
g g o ® -
202 *x 02 ?E 20
© © [=
73 g 8
= 01 0.1 S 10
a —
<
ol — 00— 0 - z
1 2 3 4 5 6 1 2 3 4 5 6 Vector  sir-2.1 -
Day Day only  RNAi N

dys-1;hlh-1
mutant

Fig. 3. NR enhances mitochondrial function in C2C12 myotubes and increases SIRT1-dependent muscle integrity and function in dys-1;hlh-1 double-mutant
C. elegans. C2C12 myotubes were treated with 0.5 to T mM NR. Twelve hours of NR increases (A) intracellular NAD™ levels (n = 6) and (B) increased oxygen consump-
tion rate (OCR) in myotubes exposed to the uncoupler FCCP (n = 6). Veh, vehicle. (C) Total protein acetyl-lysine levels in myotubes were reduced after 6 hours of
exposure to 0.5 and 1 mM NR. (D) SIRT1 inhibition with EX527 (10 uM) in myotubes attenuated increases in mitochondrial proteins [ATP5A (Ctrl, 1.00 + 0.08; NR, 2.28 + 0.14;
NR + EX527, 0.80 + 0.24; Ctrl versus NR, P = 0.001; NR versus NR + EX527, P = 0.006), UQCRC2 (Ctrl, 1.00 £ 0.15; NR, 3.54 + 0.44; NR + EX527, 1.04 + 0.17; Ctrl versus NR, P =
0.006; NR versus NR + EX527, P = 0.006), MTCO1 (Ctrl, 1.00 £ 0.18; NR, 2.25 + 0.61; NR + EX527, 1.04 £+ 0.07), and SDHB (Ctrl, 1.00 £ 0.19; NR, 3.54 £+ 0.15; NR + EX527, 1.84 +
0.11; Ctrl versus NR, P = 0.001; NR versus NR + EX527, P = 0.001)], reductions in FOXO1 acetylation (Ctrl, 1.00 £ 0.14; NR, 0.46 + 0.26; NR + EX527, 1.50 + 0.25; NR versus NR +
EX527, P = 0.044), and (E) inductions of mitochondrial-related transcripts after 12 and 6 hours of NR treatment, respectively. EX, EX527. (F) Improvements in dys-1,hlh-T mutant
worm fitness on days 1 to 6 of adulthood after NR and its sir-2.7 dependence shown in animals fed RNA interference (RNAI) for sir-2.7 (R11A8.4), as measured by examining
worm motility using the worm tracker (n = 3 or 60 worms per experiment) (70). a.u,, arbitrary units. Reduced worm paralysis (n = 3 or 60 worms per experiment) (G) and
muscle degeneration, measured by rhodamine-coupled phalloidin staining (n = 6 or 60 worms per experiment) (H) in dys-1;hlh-1 mutant worms after NR, were not observed
in dys-1;hlh-1 worms fed RNAi for sir-2.1. Arrows indicate degenerated muscle fibers.

the gastrocnemius of mdx mice (Fig. 4B). NAD" levels were also  mdx mice (Fig. 4K), in the absence of body weight and lean mass
lower in the livers of mdx mice and were restored by NR supple- differences (fig. S3, H and I). The respiratory exchange ratio was low-
mentation, whereas no change was observed in the NAD" levels in  er in mdx than in control mice, an effect that was surprisingly atte-
subcutaneous white adipose tissue (fig. S3, F and G). The increase  nuated with NR (fig. S3]). Cardiac dysfunction has been reported in
in NAD" levels was concurrent with a reduction in PARP activity — aged mdx mice (33). NR treatment decreased cardiac fibrosis and car-
and global PARylation (Fig. 4C), as well as with elevated NAMPT, diomyocyte necrosis in 16-month-old mdx mice (Fig. 4, L and M).
NMNAT], and NMNATS3 protein expression, in mdx muscle (Fig.  Thus, NR treatment effectively increased NAD" levels and corrected
4D). With unchanged ATP levels (Fig. 4E), NAD" repletion im- the mitochondrial profile of mdx animals, leading to in vivo improve-
proved the PCr/ATP ratio, indicating less energy stress in NR-treated ~ ments in muscle energetics and function.

muscles. The reduced energy stress was confirmed by an elevation in

the mitochondrial capacity (higher ATP,,,,) without changing the ~NAD" repletion protects mdx muscle from damage,

resting ATPase activity (Fig. 4F). Therefore, because NR-treated inflammation, and fibrosis

mdx mice exhibited a higher ATP,,,,, their hindlimb muscle Because levels of the transcripts of the dystrophin-sarcoglycan
mitochondria were able to work at a lower fraction of their capacity ~complex and muscle regeneration are correlated with Nampt,
to meet ATP demand (ATPase) and were therefore under a lower Nmnatl, and Nrkl expression in the BXD reference population
energy stress (higher PCr/ATP). This was accompanied by increased ~ (Fig. 1, E and F), we next determined whether changes in NAD"
abundance of individual oxidative phosphorylation proteins and of altered muscle integrity in mdx mice. NR treatment in a preventive
mitochondrial complexes II, IV, and V (Fig. 4, G and H). In addition, mode produced a robust increase in o-dystrobrevin and 3-sarcoglycan
CS activity and cytochrome ¢ oxidase histochemical staining were proteins in the gastrocnemius of mdx mice (Fig. 5A). Furthermore,
increased in NR-treated mdx gastrocnemius muscles (Fig. 4, I and NR-treated mdx mice were less susceptible to muscle damage, as
J). As a result, NR treatment increased the running capacity in shown by reduced permeability to Evans Blue (Fig. 5, B to D),
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Fig. 4. In vivo monitoring of NAD" provides an efficacy marker for improvements in the phenotype of NR-treated mdx mice. Sixteen-week-old mdx mice
received a dietary supplement with NR (400 mg/kg per day) for 12 weeks. (A) >'P MRS measurements of increasing NAD" levels upon NR treatment in mdx mice
(mdx, n = 5; mdx NR, n = 10). (B) The recovery of mdx muscle NAD" levels was verified by the analysis of gastrocnemius extracts by mass spectrometry (n = 5). (C) PARP
activity (n = 4) and total protein PARylation was reduced (CD, 1.00 + 0.31; NR, 0.23 + 0.07; P = 0.035), whereas (D) NAMPT (CD, 1.00 + 0.06; NR, 1.20 + 0.23) and NMNAT3
(CD, 1.00 + 0.23; NR, 2.64 + 0.30; P = 0.012) content increased, after NR treatment of mdx mice. (E) Unchanged ATP levels were measured by HPLC in gastrocnemius
(mdx, n = 7; mdx NR, n = 10). (F) In vivo 3'P MRS measurements of mitochondrial energetics revealed an improvement in the PCr/ATP ratio (mdx, n = 5; mdx NR, n = 10),
unchanged resting ATPase activity (mdx, n = 5; mdx NR, n = 10), and a recovery of ATP,.x (mdx, n = 5; mdx NR, n = 10) in NR-treated mdx mice. NR-treated mdx animals
hence function at a reduced fraction of their capacity (ATP,.,) to meet ATP demand. The enhancement of NAD" metabolism with NR prevented improved (G) ATP5A
(CD, 1.00 £ 0.15; NR, 1.18 + 0.15), UQCRC2 (CD, 1.00 + 0.24; NR, 2.21 + 0.57), MTCO1 (CD, 1.00 £ 0.53; NR, 1.62 + 0.16), SDHB (CD, 1.00 + 0.38; NR, 2.96 + 0.57; P = 0.023),
and TOM20 (CD, 1.00 £ 0.15; NR, 2.63 + 0.22; P = 0.002) protein levels, using HSP90 (D) or Ponceau loading control, (H) mitochondrial complexes as evidenced by blue
native PAGE of isolated gastrocnemius mitochondria, using a Coomassie loading control, (I) CS activity in frozen gastrocnemius extracts (mdx, n = 9; mdx NR, n = 6), and
(J) cytochrome ¢ oxidase staining of soleus (arrow) and gastrocnemius (asterisks) muscle fibers. (K) NR increased the running distance and time during an endurance
treadmill test in mdx mice (mdx, n = 9; mdx NR, n = 12). (L and M) Hematoxylin and eosin (H&E) and Masson’s trichrome staining of hearts from control C57BL/10
and mdx male mice at 16 months of age with and without NR treatment. Representative images of the (L) whole heart and (M) magnified sections showing necrosis and
fibrosis (n = 4).

decreased plasma creatine kinase levels (Fig. 5E), and increased grip
strength (fig. S4A). Susceptibility to injury was reduced in mdx ani-
mals during repeated lengthening contractions, from a loss of 64%
(SEM = 15) to a 34% loss (SEM + 12) upon NR treatment (Fig. 5F).
The average minimal Feret’s diameter, and corresponding distribu-
tion, showed an increase in fiber size with NR treatment in mdx mice
(Fig. 5G and fig. S4B). This was confirmed in these same mice by
quantifying the average and distribution of cross-sectional area of
muscle fibers (Fig. 5, G and H, and fig. S4C). These mice also showed
a reduced number of centralized nuclei in the tibialis anterior (TA)
muscles (Fig. 5H). In conjunction with the improved muscle function
and the reduced muscle damage with NR, muscle inflammation was
decreased in NR-treated mdx mice. This was reflected by the ability

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

of NR treatment to reduce macrophage infiltration (fig. S4D) and
to attenuate Tnfo transcript levels in the skeletal muscle of mdx
mice (fig. S4E). The reduction of skeletal muscle inflammation by
NR was also seen in the diaphragm, as demonstrated by reductions
in staining for CD45 in transverse and longitudinal muscle sections
(Fig. 51 and fig. S4F). After NR treatment, there was a reduction in
acetylated p65 [nuclear factor kB (NF-kB)], a known deacetylation
target of SIRT1 (34), leading us to further speculate that a reduction
in NAD"-dependent SIRT1 activity led to the improved inflammatory
state of skeletal muscle in mdx mice (Fig. 5]). We also examined a pop-
ulation of muscle resident cells expressing mesenchymal platelet-
derived growth factor receptor oo (PDGFRa), capable of differentiating
in vitro to fibrogenic or adipogenic lineages and named fibro/adipogenic
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Fig. 5. NAD" repletion causes compensatory increases in the expression of structural proteins and protects muscle from damage and fibrosis. Sixteen-week-
old mdx mice received a dietary supplement with NR (400 mg/kg per day) for 12 weeks. (A) NR-treated mdx mice exhibited increased a-dystrobrevin (a-DB) (CD, 1.00 +
0.35; NR, 1.61 £ 0.09) and &-sarcoglycan (8-SG) (CD, 1.00 + 0.15; NR, 2.24 + 0.43; P = 0.026) protein expression compared to HSP90 (Fig. 4D) as a loading control in
gastrocnemius extracts. NR attenuated mdx muscle damage as evidenced through (B) Evans Blue staining of both TA muscle and (C) sections of gastrocnemius and
soleus muscles [red, Evans Blue (EB); white, 4',6-diamidino-2-phenylindole (DAPI)], (D) quantified using ImageJ software (mdx, n = 6; mdx NR, n = 12). (E) NR also reduced
basal plasma creatine kinase levels (mdx, n = 5; mdx NR, n = 6). (F) mdx mice treated with NR demonstrated an attenuation in the percent loss of torque in quadriceps,
after muscle damage induced by lengthening contractions (mdx, n = 7; mdx NR, n = 6). (G) Increases in the average minimal Feret’s diameter (in micrometers) and cross-
sectional area (CSA) (in square micrometers) of tibialis anterior muscle fibers, indicating increases in fiber size with NR treatment in mdx mice. These data were acquired
from images stained with DAPI and laminin [(H) shows a representative image]. Quantification of images was performed with ImageJ software (8 weeks of NR treatment,
n = 5). () Similarly, reduced CD45 staining was seen in diaphragms of mdx mice treated with NR. (J) Reduced acetylation of p65 (NF-kB) protein after NR in quadriceps
(CD, 1.00 + 0.15; NR, 0.38 + 0.16; P = 0.023; n = 3). (K) FAPs expressing mesenchymal PDGFRa were decreased in diaphragms of mdx mice treated with NR (n = 3). Also,
reductions in the fibrosis of mdx diaphragms were observed with less Picrosirius red staining in transverse muscle sections of NR-treated mice. (L) PARylation intensity in
skeletal muscle nuclei of mdx mice is reduced with NR, as shown with immunohistological staining of tibialis anterior muscle with PAR, CD45, and laminin antibodies.

precursors (FAPs) (35, 36), after NR treatment in mdx mice. The
number of FAP cells is higher in both mdx and mdx/Utr™’~ mice,
causing the deposition of both skeletal muscle fat and connective tis-
sues (37, 38). FAP cell numbers were lower both in the TA (fig. S4, G
and H) and in transverse and longitudinal sections of the diaphragm
(Fig. 5K and fig. S4, I and ]) of mdx mice given an NR supplement.
Similarly, NR treatment reduced the appearance of fibrosis in both
transverse and longitudinal sections of the diaphragm of mdx mice
(Fig. 5K and fig. S4K).

Because there are a larger number of inflammatory cells in mdx
compared to in control muscle, we explored the major sites of
PARylation by performing immunohistochemical stains of PARylated
proteins and of CD45 on skeletal muscle sections. These stains ex-
hibited minimal overlap, indicating that the PARylation of proteins
occurred mostly in skeletal muscle nuclei (Fig. 5L). These predom-
inantly myofiber nuclei further showed reduced PARylation upon
NR treatment, as indicated by weaker nuclear staining intensity when
compared to the CD45" hematopoietic cells (Fig. 5L and quantified
in fig. S5).

We next tested whether NR would be effective in reversing mus-
cle damage that had already taken place, a situation more therapeu-
tically relevant. NR treatment for 5 to 7 weeks (starting at 3 weeks

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

of age) in the more severe and already symptomatic mdx/Utr/~
double-mutant DMD mouse model induced phenotypic improve-
ments similar to those seen in mdx mice. (We examined the reversal
of degeneration in the mdx/Utr”’~ mice because, unlike mdx mice,
they do not show periods of spontaneous muscle regeneration.) The
average and distribution of cross-sectional area and minimal Feret’s
diameter were all increased by NR treatment (Fig. 6, A to C, and fig. S6).
Furthermore, grip strength was improved in mdx/Utr '~ mice with
NR (Fig. 6D). These effects on skeletal muscle in mdx/ Utr™”™ mice
were accompanied by similar improvements in the cardiac manifesta-
tions of the disease, as reflected by the reduction in cardiac fibrosis,
necrosis, and inflammatory cell infiltration with NR treatment (Fig. 6E).
This provides evidence that repletion of NAD" stores can slow and
potentially reverse components of muscular dysfunction in two mouse
models of muscular dystrophy.

DISCUSSION

We have demonstrated here that muscular dystrophy in mdx mice
is associated with muscle NAD" depletion, which can potentially be
monitored as an index of disease severity using *'P MRS. Reduced
NAD" levels are likely the result of PARP activation and reduced NAD"
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dietary supplement with NR (400 mg/kg per day) for 5 to 7 weeks. Images stained with DAPI and laminin were used to quantify increases in the (A) average and (B) dis-
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in the ventricles of mdx/Utr™'~ mice at 4 weeks of age and treated with NR for 6 weeks (representative images from n = 3 mdx/Utr”~ and n = 3 mdx/Utr”~ NR). (F) Scheme

summarizing the SIRT1-dependent effects of NR on mdx mouse muscle.

salvage (Fig. 4, A and C), as postulated from the robust PARP/NNMT
gene enrichment signature that we observed in human dystrophy pa-
tients (Fig. 1G and fig. S2A). PARP activation was previously shown
to be negatively correlated with energy expenditure; hence, reducing
PARP activity improves metabolism by increasing intracellular NAD*
levels (11, 15). NAD" repletion in different animal models of muscular
dystrophy with NR exploits an alternative NAD™ synthesis pathway
to counter increased PARP consumption of NAD", leading to the
recovery of NAD"-dependent sirtuin signaling. This effect attenu-
ates the loss of mitochondrial function and the susceptibility for
muscle degeneration and necrosis in mdx and mdx/Utr™’~ mice, which
may in turn be responsible for the reduced requirement for global
PARP activation (Fig. 6F). Despite elevations in NAD", there are re-
ductions of global PARylation because PARP activity is dependent on
various factors such as inflammation for activation, as has been shown
in liver inflammation and fibrosis (39). Because inflammation is atten-
uated in mdx mice after NR treatment, we propose that this lowers
the level of PARP activation in muscle, thus slowing the develop-
ment of fibrosis. These data underscore the importance of NR as an
alternative substrate for NAD" biosynthesis that can be exploited to

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

increase muscle strength and decrease susceptibility to mechanical
damage while reducing plasma creatine kinase levels and fibrosis.
We also demonstrate the ability of NR to improve skeletal muscle
strength and reduce cardiac fibrosis and inflammation in the more
severe mouse model of DMD, mdx/Utr”~ mice. Our previous data
showed that NR can help rejuvenate senescent muscle stem cells from
both aged and mdx mice (17), and this may also be a contributing
factor to the overall benefit of NR on mdx muscle function.

Our study therefore demonstrates that the use of NR and, poten-
tially, other NAD" precursors, such as NMN and nicotinic acid (NA)
analogs, and/or inhibitors of NAD™ consumption, such as PARP in-
hibitors, could be effective for managing the progression of muscular
dystrophy. All these compounds have been shown to improve respi-
ratory capacity in diet- or age-related mitochondrial dysfunction
(11, 12, 40) and to reduce inflammation (41-43). Finally, these data
confirm the importance of SIRT1 as a target for treating the mdx phe-
notype (4) and for preventing FOXO-directed muscle degeneration
(7, 44). Our observations may have broad implications for other neuro-
muscular diseases, injuries, or forms of muscle degeneration that are char-
acterized by mitochondrial dysfunction or general PARP activation.
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MATERIALS AND METHODS

Study design

The primary objective of this study was to investigate the use of NR to
restore NAD™ levels in response to the overactivation of the PARP
family of proteins in various animal models of muscle degenerative
disease. In vivo studies included cohorts of mdx and mdx/Utr~ mice
and dys-1(cx18);hlh-1(cc561ts) double-mutant C. elegans and existing
transcriptomic data from patient muscle samples with various neuro-
muscular diseases (24, 25). Cell culture studies used the C2C12 mouse
myoblast cell line to explore the structural and metabolic effects of
NAD™ boosting strategies.

The sample size was estimated on the basis of the known variability
of the assay, and for mouse studies, we were guided by the results ob-
tained according to the standard operational procedures, established
and validated within the EUMORPHIA program (45). All mouse
experiments were performed once. Mice that showed any sign of
severity, predefined by the Veterinary Office of the Canton of Vaud,
Switzerland (authorization no. 2665), were euthanized. These ani-
mals, together with those who died spontaneously during the experi-
ments, were excluded from the data analyses. These criteria were
established before starting the experiments. Outliers not following
the normal distribution of the samples were removed based on
Grubb’s test. For all experiments in C. elegans, the sample size was
based on the known variability of the assay determined as described
(55). All experiments, except when mentioned, were done in a non-
blinded manner.

Animal experiments

Three-week-old male C57BL/10Sn] or C57BL/10ScSn-Dmd™*/]
(The Jackson Laboratory) mice were fed with control or NR diet
(triflate salt, custom-synthesized at 99% purity by NovAliX SA;
400 mg/kg per day) for 8 weeks beginning at 3.5 weeks of age.
The mdx/Utr”~ double-mutant strain was generated by crossing
C57BL/10ScSn-Dmd™*/] with Utrn™* ] mice (The Jackson Lab-
oratory). Experiments with mdx/Utr’~ mice included both male and
females fed with control or NR diet (400 mg NR/kg mouse weight
per day) up to 13 weeks, beginning at 3.5 weeks of age. Each pelleted
diet was prepared as described previously (17). Most clinical tests
were carried out according to standard operational procedures es-
tablished and validated within the EUMORPHIA program (45).
Body composition was determined by EchoMRI (Echo Medical
Systems), and oxygen consumption (VO,), food intake, and activity
levels were monitored during the indirect calorimetry tests using the
Comprehensive Laboratory Animal Monitoring System (Columbus
Instruments) after 3 weeks of treatment. After 5 weeks of NR treat-
ment, the grasp strength of four limbs was measured (Columbus
Instruments); this was repeated four times with 5-min intervals.
Endurance capacity was performed as published (46, 47) after 7 weeks
of treatment. All animals were sacrificed after an overnight fast and
4- to 6-hour refed conditions. Blood was collected upon sacrifice, whereas
tissues were collected, weighed, and flash-frozen in liquid nitrogen.

Ethical approval
These experiments were authorized by the Veterinary Office of the
Canton of Vaud, Switzerland (authorization no. 2665).

Cell culture
The C2C12 mouse myoblast cell line was obtained from the American
Type Culture Collection (CRL-1772TM). Cells were treated with NR

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

(1 mM) with or without EX527 (10 pM; E7034, Sigma-Aldrich).
C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM), including glucose (4.5 g/liter), 10% fetal calf serum,
and gentamicin (50 pg/ml). Differentiation of C2C12 cells into myo-
tubes was induced for more than 4 days in DMEM, including glucose
(4.5 g/liter), 2% horse serum, and gentamicin (50 pg/ml). Cells were
tested for mycoplasma using MycoProbe (#CUL001B, R&D
Systems), following the manufacturer’s instructions.

Creatine kinase

Collected plasma was used for creatine kinase measurements using
the Creatine Kinase Flex Reagent Cartridge (Siemens Healthcare
Diagnostics AG) on the Dimension Xpand Plus Instrument (Siemens
Healthcare Diagnostics AG).

Histology
Histological specimens were prepared and analyzed as previously
described (17). Muscle damage was assessed with 1% solution of
Evans Blue dye (EBD), which is injected into the peritoneal cavity,
using 1% volume to body weight, 24 hours before sacrifice. EBD is
dissolved in phosphate-buffered saline (PBS) [0.15 M NaCl, 10 mM
phosphate buffer (pH 7.4)] and sterilized by passage through mem-
brane filters with a 0.2-um pore size. Upon sacrifice, the hind leg
skin of the mice is removed, and the animals are photographed for
dye uptake into skeletal muscles, indicated by blue coloration. Muscle
sections from EBD-injected animals are incubated in ice-cold acetone
at —20°C for 10 min, washed three times for 10 min with PBS, counter-
stained with DAPI and mounted with VECTASHIELD Mounting
Medium. Microscopy images of red emission fluorescence from
EBD-positive muscle fibers were analyzed using Image] software.
We determined the minimal Feret’s diameter and cross-sectional
area in tibialis anterior muscles of chow diet- and NR-fed mdx mice
using the Image] software quantification of laminin-stained muscle
images. We analyzed a minimum of 3000 fibers for each condition
and measurement. The minimal Feret’s diameter is defined as the
minimum distance between two parallel tangents at opposing borders
of the muscle fiber. This measure has been found to be resistant to
deviations away from the optimal cross-sectioning profile during
the sectioning process (48).

Enzyme activity measurements

Total PARP activity was analyzed in tissue homogenates using the
HT Colorimetric PARP Apoptosis Assay Kit (Trevigen). This
PARP activity assay kit is sensitive to PARylation of proteins that
are 2 U of PAR in length and larger. CS activity was determined in
tissue homogenates using a commercial CS assay kit (Sigma).

Tissue and C2C12 cell NAD* quantification

NAD™ was extracted using acidic extraction method and analyzed
with mass spectrometry. Frozen muscle tissues or cultured cells taken
from the —80°C freezer were immediately extracted in 1 M perchloric
acid and neutralized in 3 M K,COj; on ice. After centrifugation, the su-
pernatant was mixed with buffer A [H,0O + 20 mM ammonium acetate
(pH 9.4)] and loaded onto a column (150 x 2.1 mm; Kinetex EVO C18,
100 A). HPLC was run for 2 min at a flow rate of 300 ul/min with 100%
buffer A. Then, a linear gradient to 100% buffer B [methanol + 5 mM
ammonium acetate (pH 8.5)] was performed (at 2 to 11 min). Buffer B
(100%) was maintained for 4 min (at 11 to 15 min), and then a linear
gradient back to 100% buffer A (at 15 to 17 min) began. Buffer A was
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then maintained at 100% until the end (at 17 to 25 min). NAD" eluted
as a sharp peak at 3.3 min and was quantified on the basis of the peak
area compared to a standard curve and normalized to tissue weight or
protein of frozen muscle tissues or to the protein content of cultured cells.

Identification of Nampt- and Parp1-correlated genes

and parameters

Quadriceps microarray data (Affymetrix Mouse Gene 1.0 ST) and phe-
notyping data from a BXD mouse genetic reference population (20)
were analyzed for correlations with Nampt or Parpl transcript expres-
sion using the GeneNetwork program. All raw data are publicly availa-
ble on National Center for Biotechnology Information Gene Expression
Omnibus (GSE60151) and on GeneNetwork (www.genenetwork.org).

Gene expression analyses

Total muscle RNA extracted using TRIzol was transcribed to
complementary DNA using QuantiTect Reverse Transcription
Kit (Qiagen). Expression of selected genes was analyzed using the
LightCycler 480 System (Roche) and SYBR Green chemistry. All
quantitative polymerase chain reaction (PCR) results were
presented relative to the mean of 36b4, B2m, and Gapdh (AAC,
method). Primer sets for quantitative reverse transcription PCR
(qRT-PCR) analyses are shown in table SI.

Western blotting and blue native PAGE

Samples were lysed in lysis buffer [50 mM tris (pH 7.4), 150 mM KCl,
1 mM EDTA, 1% NP-40, 5 mM NAM, 1 mM sodium butyrate, protease
inhibitors]. Proteins were separated by SDS-PAGE and transferred onto
nitrocellulose or polyvinylidene difluoride membranes. Blocking and
antibody incubations were performed in 5% bovine serum albumin.
SIRT1 antibody was from Abcam, anti-FOXO1 antibody was from Cell
Signaling, PAR antibody was from Millipore, and anti-acetyl-FRKH
(FOXO) antibody was from Santa Cruz Biotechnology. Antibody
cocktail (the MitoProfile Total OXPHOS Rodent WB Antibody
Cocktail) for mitochondrial subunits was purchased from MitoSciences.
Antibody detection reactions were developed by enhanced chemi-
luminescence (Advansta) using x-ray films or imaged using the ¢300
imaging system (Azure Biosystems). Quantification was done using Im-
age] software. Blue native PAGE on isolated mitochondria from muscle
or C2C12 cells was performed using the NativePAGE Novex Bis-Tris
Gel System (Invitrogen), as described previously (49).

Respirometry on C2C12 myotubes

C2C12 myotubes in suspension were used to measure basal respiration
rates using high-resolution respirometry (Oxygraph-2k, OROBOROS
Instruments), as described previously (50). Then, oligomycin (2.5 uM),
a complex V inhibitor, was injected to measure proton leak, and then
the protonophore agent FCCP (0.2 mM) was titrated to achieve max-
imum electron transfer flux. O, flux obtained in each step of the pro-
tocol was normalized by the protein content of the sample used for
the analysis.

In vivo spectroscopy and data analysis

A Bruker 14-T magnet was used to study the mouse hindlimb muscle
(51). Briefly, mice were fasted overnight and then given food ad libitum
2 hours before performing MRS and optical spectroscopy. Mice were
anesthetized using 2.5% tribromoethanol (0.01 ml/g). Left distal hindlimbs
are shaved and cleared of dander, and mice are situated in place using
flexible hook and loop-fastening straps to the inside of a custom-built

Ryu et al., Sci. Transl. Med. 8, 361ra139 (2016) 19 October 2016

MR/optics probe for the vertical bore 14-T spectrometer (Bruker), as
previously described (51). Shaved distal hindlimbs were centered
inside a horizontal MR solenoid coil with fiber optic wires situation
to either side of the hindlimb. The MR solenoid coil was tuned and
matched to 'H and *'P, and MR was optimized by shimming the 'H
signal of tissue H,O. *'P spectra were then acquired using fully re-
laxed conditions with proton decoupling (80 transients, 4096 com-
plex points, 20-kHz sweep width, and 30-s interpulse delay). Dynamic
MR (45° flip angle, 4 transients, 4096 complex points, 20-kHz sweep
width, and 1.5-s interpulse delay) was acquired in the following pe-
riods: rest (2 min), ischemia (9 min), and recovery (9 min). O, (100%)
was administered starting after 1 min of rest during the dynamic
phase and continued throughout the experiment. All fully relaxed
spectra were Fourier-transformed with apodization of 40 Hz and
baseline-corrected. Detailed conditions and analysis of MRS data for
ATP fluxes and NAD" are found in the Supplementary Materials.

In vivo measurement of isometric torque and induction

of muscle injury

These experiments were performed as described (52). Briefly, animals
were anesthetized using ~2% isoflurane inhalation, and sterile oph-
thalmic cream was applied on each eye. Under a heat lamp, a needle
(25 gauge) was manually placed through the distal femur to stabilize
the femur onto the rig. The ankle was then secured to a custom-
machined adjustable lever arm with adhesive tape. The ankle rod was
adjusted so that it lies anteriorly on the distal leg just above the foot.
The position of the ankle rod was not altered between age-matched
animals of the same species so that the lever would be constant between
tests. The lever arm was attached to a stepper motor (model T8904,
NMB Technologies) and a torque sensor (model QWFK-8M, Sensotec).
Subcutaneous electrodes (J0O5 Needle Electrode Needles, 36BTP, Jari
Electrode Supply) were used to stimulate the femoral nerve. To obtain
maximal isometric torque, the pulse amplitude was adjusted to opti-
mize twitch tension, and the optimal position of the leg was deter-
mined by measuring twitches at different lengths of the quadriceps.
Using a commercial software (LabVIEW version 2013, National
Instruments), each experiment synchronizes contractile activation,
the onset of knee rotation, and torque data collection. To assess injury
during force lengthening contractions, stimulation of the quadriceps
muscles was performed, whereas a computer-controlled motor simulta-
neously moved the lever arm against the direction of knee extension.
This led to a lengthening (eccentric) contraction. The loss of force pro-
duction during maximal and repeated lengthening contractions was a
result of muscle injury. A maximal tetanic contraction is then obtained
to determine maximal contractile tension (P,). Maximal tetanic con-
tractions can be performed repeatedly over time, with the final tension
expressed as percentage of P,.

C. elegans studies
C. elegans movement was recorded for 45 s at days 1 to 8 of adult-
hood using a Nikon DS-L2/DS-Fil camera and controller setup,
attached to both a computer and a standard bright-field micro-
scope. The movement of worms during aging was calculated by
following worm centroids using a modified version of the freely
available software Parallel Worm Tracker for MATLAB (10). These
experiments were repeated at least three times.

Treatments were performed by adding NR (1 mM) or mNAM
(1 mM or 1 uM; Sigma) dissolved in water and added into nematode
growth medium (NGM) agar just before pouring the plates. Worms
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were exposed to NR during the full life, from eggs until death. To en-
sure a permanent exposure to the compound, plates were changed
twice a week. Worm paralysis was assessed as previously described
(53). Experiments with heat-inactivated bacteria were performed by
placing OP50 Escherichia coli into a water bath at 65°C for 35 min.
Muscle degeneration experiments were performed on 90-mm petri
dishes containing NGM agar. Plates were induced overnight at room
temperature with 4 mM isopropyl-B-p-thiogalactopyranoside and
seeded with HT115 bacteria expressing either empty vector RNAi
L4440 or sir-2.1 RNAI clone (R11A8.4, clone purchased from Geneser-
vice and sequenced) grown in LB medium with ampicillin (100 pg/ml)
and tetracycline (12.5 pg/ml) until reaching an optic density between 0.6
and 0.8. Synchronized egg populations of dys-1(cx18);hlh-1(cc561ts)
double-mutant animals (31) were cultured at 15°C for 8 days and har-
vested for a 25-min fixation in 1 ml of PBS supplemented with 20 pl of
37% formaldehyde. Samples were then permeabilized using cold
methanol for 2 min and stained by rhodamine-coupled phalloidin, a
marker of filamentous actin, as described previously (54). Using a
Zeiss Axioplan microscope (objective, x40), the two most visible mus-
cle quadrants of each animal were scored for missing cells or cells
showing fragmented, aggregated, or destroyed actin fibers (40 cells
per animal and at least 60 worms per condition were examined per
experiment). All experiments were performed blindly three times and
compared using Student’s ¢ test. Illustrative images of the actin network
for each condition were recorded using a Zeiss LSM 510 meta fluores-
cence confocal microscope (objective, x40) and analyzed using Image].

Statistics

Differences between two groups were assessed using two-tailed  tests.
Differences between more than two groups were assessed using one-
way analysis of variance (ANOVA). To compare the interaction be-
tween two factors, two-way ANOVA tests were performed. ANOVA,
assessed by Bonferroni’s multiple-comparison test, was used when
comparing more than two groups. GraphPad Prism 5 was used for
all statistical analyses. All P values <0.05 were considered significant.
*P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/8/361/361ra139/DC1

Materials and Methods

Fig. S1. Enrichment of mitochondrial-related transcripts with Nampt expression in genetically
diverse BXD mice.

Fig. S2. Expression of NAD*-related transcripts in human muscle and PARP protein expression
and PARylation in mouse models of muscular dystrophy.

Fig. S3. NR enhances mitochondrial content in C2C12 myotubes and improves function in dys-
1;hlh-1 double-mutant C. elegans.

Fig. S4. Improvements in the phenotype of NR-treated mdx mice.

Fig. S5. Average intensity of nuclei immunohistochemically stained with an anti-PAR antibody.
Fig. S6. Increases in the minimal Feret's diameter of mdx/Utr”~
with NR.

Table S1. Primer sets for qRT-PCR analyses.
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Editor's Summary

Making muscle work better

Degenerating muscle——whether from muscular dystrophies, myopathies, or other diseases——loses
its mitochondria (the energy supply) and an essential cofactor nicotinamide adenine dinucleotide (NAD
*), while gaining an extra load of enzymes that use up NAD™, as reported by Ryu and colleagues. The
resulting loss of NAD 7 is exacerbated by a drop in NAD" biosynthetic enzymes, such as NAMPT.
Restoration of NAD ¥ levels in either mice or worms with disease-like degenerating muscles improved
muscle function, a consequence of more mitochondria, more muscle structural proteins, and a decrease
in inflammation. The authors suggest that NAD™ repletion may be a successful therapeutic approach for
a number of muscle-wasting diseases.
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