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Nampt controls skeletal muscle development by
maintaining Ca2þ homeostasis and
mitochondrial integrity
Astrid L. Basse 1,10, Marianne Agerholm 1,10, Jean Farup 2,3,10, Emilie Dalbram 1,10, Joachim Nielsen 4,
Niels Ørtenblad 4, Ali Altıntaş 1, Amy M. Ehrlich 1, Thomas Krag 5, Santina Bruzzone 6, Morten Dall 1,
Roldan M. de Guia 1, Jonas B. Jensen 2, Andreas B. Møller 2, Anders Karlsen 7, Michael Kjær 7,
Romain Barrès 1, John Vissing 5, Steen Larsen 8,9, Niels Jessen 2,3, Jonas T. Treebak 1,*
ABSTRACT

Objective: NADþ is a co-factor and substrate for enzymes maintaining energy homeostasis. Nicotinamide phosphoribosyltransferase (NAMPT)
controls NADþ synthesis, and in skeletal muscle, NADþ is essential for muscle integrity. However, the underlying molecular mechanisms by
which NADþ synthesis affects muscle health remain poorly understood. Thus, the objective of the current study was to delineate the role of
NAMPT-mediated NADþ biosynthesis in skeletal muscle development and function.
Methods: To determine the role of Nampt in muscle development and function, we generated skeletal muscle-specific Nampt KO (SMNKO) mice.
We performed a comprehensive phenotypic characterization of the SMNKO mice, including metabolic measurements, histological examinations,
and RNA sequencing analyses of skeletal muscle from SMNKO mice and WT littermates.
Results: SMNKO mice were smaller, with phenotypic changes in skeletal muscle, including reduced fiber area and increased number of
centralized nuclei. The majority of SMNKO mice died prematurely. Transcriptomic analysis identified that the gene encoding the mitochondrial
permeability transition pore (mPTP) regulator Cyclophilin D (Ppif) was upregulated in skeletal muscle of SMNKO mice from 2 weeks of age, with
associated increased sensitivity of mitochondria to the Ca2þ-stimulated mPTP opening. Treatment of SMNKO mice with the Cyclophilin D in-
hibitor, Cyclosporine A, increased membrane integrity, decreased the number of centralized nuclei, and increased survival.
Conclusions: Our study demonstrates that NAMPT is crucial for maintaining cellular Ca2þ homeostasis and skeletal muscle development, which
is vital for juvenile survival.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Nicotinamide adenine dinucleotide (NADþ) is an essential cofactor
found in all living cells. NADþ is continuously reduced and oxidized in
metabolic processes, such as glycolysis, oxidative phosphorylation,
and redox signaling. However, it is also a crucial co-substrate for
several NADþ degrading enzymes, such as sirtuins [1], Poly (ADP-
ribose) Polymerases (PARPs) [2,3], and CD38, with ADP-ribosyl
cyclase/NADþ-ase activity [4]. Thus, NADþ plays important roles in
metabolism, cell survival, DNA repair [5], Ca2þ-signaling [6], and
maintaining circadian rhythms [7]. The majority of NADþ is recycled
from the NADþ precursors nicotinamide (NAM) and nicotinamide
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riboside (NR) [8,9]. NADþ regeneration from NAM is considered to be
the main route for NADþ salvage [10,11]. This process is mediated by
the rate-limiting enzyme nicotinamide phosphoribosyltransferase
(NAMPT) [12,13] and nicotinamide mononucleotide (NMN) adenylyl-
transferase (NMNAT) 1e3 [14]. In skeletal muscle, this pathway is
essential for maintaining NADþ levels [11,15,16].
Maintaining appropriate NADþ levels is vital for skeletal muscle
function in the context of specific myopathies. One of the most com-
mon forms of genetic muscular disorders is Duchenne muscular
dystrophy (DMD) [17]. DMD patients have an increased expression of
PARPs and a decreased gene expression of NAMPT and other
NADþ salvage enzymes [18]. Furthermore, levels of NADþ and NAMPT
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are reduced in the mdx mouse model of DMD, and supplementation
with the NADþ precursor NR partly rescues the dystrophic phenotype
in this model [18]. NR treatment also delays early- and late-stage
disease progression of mice with mitochondrial myopathy [19]. In
addition, ablating NAMPT-mediated NADþ salvage reduces NADþ

levels by 85% and leads to progressive muscle degeneration in the
adult mouse [15]. While NADþ levels are coupled to muscle pathol-
ogies, the mechanism(s) by which NADþ controls skeletal muscle
function remains largely unknown.
A common denominator for several myopathies is prolonged opening
of the mitochondrial permeability transition pore (mPTP) [20]. mPTP is
a high-conductance voltage- and Ca2þ-sensitive channel in the inner
mitochondrial membrane. Full opening of the mPTP results in high ion
conductance, rapid mitochondrial swelling, mitochondrial collapse,
and necrotic cell death. Conversely, transient mPTP opening efficiently
buffers Ca2þ and reactive oxygen species from the mitochondria [21].
Exogenous addition of NAD(H) inhibits mPTP opening in isolated
mitochondria [22], and treatment with the NADþ precursor NMN
abolishes the increased Ca2þ-induced mPTP opening reported in
hearts with transverse aortic constriction [23]. Furthermore, knockout
of the NADþ-dependent deacetylase, SIRT3, accelerates age-
dependent increases in mPTP sensitivity in the heart [24]. Thus,
NAMPT may play a role in maintaining cellular Ca2þ homeostasis by
maintaining NADþ levels.
To investigate the importance of NADþ salvage capacity for muscle
development and function, we generated skeletal muscle-specific
Nampt knockout (SMNKO) mice. In the current study, we demon-
strate that SMNKO mice have significant reductions (i.e., 90%) in
NADþ levels in skeletal muscle, with a profound degeneration and loss
of muscle mass ultimately resulting in premature mortality. SMNKO
mice have higher levels of the mPTP activator Cyclophilin D (CYPD) and
increased Ca2þ-induced mitochondrial swelling, both indicative of
amplified mPTP sensitivity. Treatment of SMNKO mice with the CYPD
inhibitor, Cyclosporine A, increases survival, suggesting that an
increased mPTP opening is an essential driver for the dystrophy-like
SMNKO phenotype. Our findings suggest that NADþ salvage capac-
ity plays an essential role in muscular health by maintaining Ca2þ

homeostasis and mitochondrial integrity.

2. METHODS

2.1. Resource availability

2.1.1. Corresponding author
For further information and requests for resources and reagents,
please contact the corresponding author, Jonas T. Treebak (jttreebak@
sund.ku.dk).

2.1.2. Materials availability
This study did not generate new unique reagents.

2.1.3. Data and code availability
The RNAseq dataset generated during this study is publicly available on
the GEO database with the accession number: GSE147453.

2.2. Experimental model and subject details

2.2.1. Generation and housing of knockout mice
Animal experiments were conducted according to the European
directive 2010/63/EU of the European Parliament and the Council of
the protection of animals used for scientific purposes and approved
2 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
by the Danish Animal Experiments Inspectorate (License: #2012-15-
2934-307, #2015�15�0201�00796, and #2018-15-0202-
00161). We generated mice carrying loxP sites surrounding exon 3 of
the Nampt gene (NamptTM1Jtree) [16]. Skeletal muscle-specific
deletion of Nampt was generated by crossing homozygotes floxed
Nampt mice and mice carrying the cre-recombinase driven by the
human a-skeletal actin (HSA) promoter at one allele [25]. Animals
used for experimental work were bred by crossing a heterozygote
Nampt male mice (HSA-Creþ/- and Namptfl/fl) with floxed Namptfl/fl

female mice. All mice were bred on the C57BL/6JBomTac back-
ground (Taconic, Denmark) for 2e9 generations before usage in
experiments. Mice were kept in a temperature-controlled (22� 1 �C)
room with a 12-h light/dark cycle in an enriched environment. Mice
were fed ad libitum with either a chow diet (#1310, Altromin, Ger-
many) or an NR-enriched diet (Customized, Research diets, New
Brunswick [Table S2]), as indicated. Littermates lacking the HSA-Cre
served as wildtype (WT) controls. Animals were inspected every day,
and survival calculations were based on animals found dead in the
cage and animals euthanized for ethical reasons, fulfilling one or
more of the following criteria for ethical euthanasia: 1) a reduction
(>10%) in body weight observed over 48 h, 2) no or poor locomotion
by handling, or 3) tachypnea. 210 mg/L Cyclosporine A (Sandimmun
Neoral, Orifarm) was added to the drinking water from birth to 12
weeks of age, as indicated, and refreshed every second to third day.
The sex of the mice is a mix of females and males unless otherwise
stated in the figure legends. The age of the animals is indicated in the
figure legend.

2.2.2. Ex vivo muscle contractions
This experiment was performed as previously described [26].
Extensor digitorum longus (EDL) and soleus muscles were dissected
from 6-week-old WT and KO mice after they were anesthetized by
Avertin (2,2,2-Tribromoehtanol [SigmaeAldrich #T48402] and 2-
methyl-2-butanol 99% [SigmaeAldrich #152463]) intraperitoneal
injection. Muscles were incubated in a KrebseRinger buffer (117 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4,
24.6 mM NaHCO3) supplemented with 0.1% bovine serum albumin,
8 mM mannitol, and 5 mM glucose and oxygenated (95% O2 and 5%
CO2), and warmed to 30 �C in a myograph system (820MS DMT,
Denmark). The optimal muscle length was determined at the start of
each experiment by identifying the length at which maximal isometric
twitch response occurred (pulse voltage 12 V, pulse width 0.5 ms).
Contractile function from single twitches (the average from three
twitches separated by > 30 s, 12 V, 0.5 ms pulse width) was
assessed by measuring peak isometric twitch force, time to peak
twitch force, half-relaxation time, rate of force production, and rate of
force decline. The area under the curve from tetanic contractions
(pulse voltage 12 V, width 0.2 ms, interval 6.50 ms, frequency
150 Hz, 75 pulse counts in each train, 500 ms total train time,
5,000 ms pause between trains for a total of 55 trains for soleus and
23 for EDL) was determined by summating the products of peak
force and contraction duration from each tetanic contraction. All
absolute force measurements were normalized using a muscle cross-
sectional area (CSA) to find specific force (muscle mass divided by
the product of the muscle density coefficient (1.06 g/cm3), optimal
muscle length, and the muscle-specific fiber length coefficient (0.44
for EDL and 0.71 for soleus) [15].

2.2.3. Cell culture
WT and Nampt knockdown C2C12 myoblasts were maintained under
standard conditions [16].
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.3. Method details

2.3.1. Body composition measurement
Mice between 4 and 12 weeks of age were scanned by quantitative
magnetic resonance (MR) using EchoMRI (Echo Medical Systems)
every second week to determine body composition.

2.3.2. Indirect calorimetry
Male WT and SMNKO mice 8e14 weeks of age were allowed to ac-
climatize in individual metabolic cages with or without a running wheel
for 24 h before the first measurement. Subsequently, oxygen con-
sumption, carbon dioxide production, food intake, and wheel-running
activity were measured with a LabMaster system (TSE Systems),
and data were collected in the following 2e4 days.

2.3.3. NADþ, NADPþ, NADH, and NADPH quantification
NADþ, NADPþ, NADH, and NADPH levels in the skeletal muscle of WT
and SMNKOmice weremeasured using an enzymatic cycling assay [27].
In short, 5e20 mg of tissue was homogenized in 400 mL of 0.6 M
perchloric acid (for NAD(P)) or 0.1 M NaOH (for NAD(P)H). The NAD(P)H
extract was incubated at 70 �C for 10 min, and both fractions were
centrifuged for 5 min at 13.000 g. The supernatants were transferred to
new tubes and diluted in 100 mM Na2HPO4 (pH 8, for NAD(P)) or 10 mM
TriseHCl (pH 6, for NAD(P)H). 100 mL of the diluted extracts were
pipetted into a white 96-well plate, after which 100 mL reaction mix was
added. For NAD/NADH, the reaction mix contained 100 mM Na2HPO4,
10 mM flavinmononucleotide, 2% ethanol, 90 U/mL alcohol dehydro-
genase, 130 mU/mL diaphorase, 2.5 mg/mL resazurin, and 10 mM
nicotinamide. For NADPþ/NADPH, the reaction mix contained 100 mM
Na2HPO4, 10 mM flavinmononucleotide, 1.25 mM MgCl2, 35 mM
glucose-6 phosphate, 6 U/mL glucose-6-phosphate dehydrogenase,
130 mU/mL diaphorase, 2.5 mg/mL resazurin, and 10 mM nicotinamide.
Fluorescence increase (Ex 540 nm/Em 580) was measured over 30 min,
and the metabolite content was calculated from a standard curve and
normalized to the weight of the frozen tissue. The NADþ measurements
were performed on the time-course cohort in Figure S1I and the NR
rescue experiment in Figure 7A using an NADþ assay kit (#E2ND-100,
BioAssay Systems) following the manufacturer’s instructions. The NADþ

levels were normalized to the weight of the frozen tissue.

2.3.4. Western blot analyses
Protein was extracted from mouse skeletal muscle tissue by steel bead
homogenization (Tissue Lyser II, Qiagen) in an ice-cold lysis buffer (pH
7.4, 10% glycerol, 1% IGEPAL, 50 mM Hepes, 150 mM NaCl, 10 mM
NaF, 1 mM EDTA, 1 mM EGTA, 20 mM sodium pyrophosphate, 2 mM
sodium orthovanadate, 5 mM nicotinamide, 4 mM Thiamet G, and
protease inhibitors [SigmaFast]). The following procedure was per-
formed at 4 �C: homogenates were run end-over-end for 45 min,
followed by centrifugation at 16,000 g for 10 min. The supernatant was
stored in aliquots at 80 �C until further analysis. Protein concentration
was measured by BCA (#23223 and #23224, Thermo Scientific).
Western blot analyses were performed as described [28]. Protein
abundance was detected by immunoblotting using the following an-
tibodies: NAMPT (#A300e372A, Bethyl), HK2 (#2867, Cell Signaling),
p-AMPK (Thr172, #2531, Cell Signaling), Complex I (NDUFB8,
#459210, Invitrogen), Complex IV (MTCO1, #459600, Invitrogen), p-
ULK1 (Ser555, #5869, Cell Signaling), p62 (#ab56416, Abcam), Beclin
1 (#3738 Cell Signaling), LC3 (#3868, Cell Signaling), CYPD (#110324,
Abcam), BAX (#2772, Cell Signaling), p-CREB (Ser133, #9198, Cell
Signaling), SERCA1 (#12293, Cell Signaling), and Poly (ADP-ribose)
(#ALX-804-220, ENZO Lifescience).
MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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2.3.5. Hematoxylin and eosin staining
Quadriceps muscles from 2- to 8-week-old WT and SMNKO mice were
dissected and placed in 10% neutral buffered formalin (#HT501128,
Sigma) for 24e36 h at room temperature. The muscles were trans-
ferred to ethanol and further prepared by embedding in paraffin,
divided into sections, and stained using hematoxylin and eosin, as
previously described [26].

2.3.6. Immunohistochemistry
Paraffin-embedded sections were placed in an oven at 60 �C for
30 min, allowed to cool down, and then submerged for 2 � 10 min in
histo-clear to remove paraffin. Sections were then rehydrated in
2 � 3 min 99% ethanol, 2 � 2 min in 96% ethanol, 1 min in 70%
ethanol, and 2 min in dH2O. Antigen retrieval was performed by boiling
for 2 � 7 min in citrate buffer (pH 6). After cooling, sections were
incubated for 20 min in PBSþ0.2% Triton-100X, followed by
3 � 5 min wash in PBS. Blocking was performed for 1h in PBS, 10%
goat serum, and mouse IgG blocking (2 drops per 2.5 mL, M.O.M. kit,
#BMK-2202, Vector laboratories), followed by a 2 � 2 min wash in
PBS. Sections were then incubated for 5 min in PBS þ block dilutant
(600ul per 7.5 mL, M.O.M. kit, Vector laboratories), excess liquid was
tipped off, and the sections were incubated overnight at 4 �C in pri-
mary antibodies in block dilutant. Primary antibodies were anti-PAX7
(1:10, Developmental Studies Hybridoma Bank [DHSB]), MyoD1
(1:200, clone 5.8A, DAKO), Laminin (1:100; #Z0097, Dako), eMyHC
(1:100; Clone F1.652, DHSB), F4/80 (1:400, #ab6640, Abcam), and
CCL3 (1:500, #ab64693, Abcam). The following day, the sections were
washed in 3 � 5 min PBS, followed by incubation in appropriate
secondary antibodies. For the detection of mouse antibodies, we
performed 15 min incubation with biotinylated anti-mouse IgG (10 mL/
2.5 mL, M.O.M. kit, Vector laboratories) in PBS þ1% BSA at room
temperature. For detection of rat antibodies, we performed 1 h incu-
bation with biotinylated anti-rat IgG (1:500, #A24553, Invitrogen) or
anti-rat IgG Alexa fluor 647 (#A21247, Invitrogen) in PBSþ 1% BSA at
room temperature. Following washing 3 times for 5 min in PBS, we
performed a 1h incubation of streptavidin-Alexa fluor 488 (1:250,
#32354, Invitrogen) to detect biotinylated antibodies and additional
secondary antibodies, goat anti-rabbit Alexa fluor 568 (1:500,
#A11079, Invitrogen) in PBS þ 1% BSA at room temperature. When
needed, Wheat Germ Agglutinin (WGA, #W11261, Invitrogen) was
added to the secondary antibody incubation step. Following this step,
the slides were washed for 5 min in PBS, incubated with DAPI for 5 min
in PBS (1:50,000, #62248, Invitrogen), and finally, washed one more
time for 5 min in PBS before mounting using Fluoro-mount and adding
coverslips. To determine sarcolemma damage, we quantified myo-
fibers positive for IgG. Re-hydrated cryo-sections were incubated for
1.5 h with goat anti-mouse IgG H þ L Alexa fluor 647 (1:500; #A-
21235, Invitrogen) and WGA (1:500, #W11261, Invitrogen) in PBS with
1% BSA. Afterward, slides were washed 3 times for 5 min in PBS and
mounted in Fluoro-mount. Slides were stored at 4 �C in dark before
analysis. Appropriate negative control staining was utilized to verify the
specific binding of secondary antibodies. Sections were visualized and
analyzed using a Leica DM2000 fluorescent microscope and a Leica
Hi-resolution Color DFC camera (Leica), combined with image-analysis
software (Leica Qwin ver. 3.2, Leica) or an EVOS M7000 automated
imaging system (ThermoFisher). All images were obtained at 20x or
40x magnification, and the number of centrally located nuclei, PAX7þ

cells, or MyoDþ cells was normalized to the fiber number or area.
Macrophage content (F4/80þ) and IgG positive fibers were normalized
to the area. The fiber area was analyzed in an image analysis software
(Leica Qwin ver. 3.2, Leica, or SMASH [29]) and expressed in mm2.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Fibrosis was quantified using the WGA stain from three independent
images from each biological replicate using the threshold function in
ImageJ (NIH).

2.3.7. Immunostaining for muscle fiber type
Cryosections of soleus and EDL muscles (cut in transverse orientation)
were stained with monoclonal anti-myosin heavy chain (MyHC) anti-
bodies (DSHB, University of Iowa): BA-D5 (IgG2b, MyHC-I specific), SC-
71 (IgG1, MyHC-2A specific), and BFeF3 (IgM, MyHC-2B specific), as
described previously [30]. Type 2X fibers are not recognized by these
antibodies and therefore appear black. Three different goat-anti-
mouse Alexa fluorophore conjugated secondary antibodies (Life
Technologies) were used to bind to each primary antibody selectively:
IgG2b, Alexa 647; IgG1, Alexa 488; and IgM, Alexa 555. Muscle
sections, 10 mm thick, were fixed in 2% PFA for 30 min and per-
meabilized with 0.1% Triton-X100 for 10 min. After washing in
immunobuffer (IB¼ 0.25% BSA, 50 mM glycine, 0.033% saponin, and
0.05% sodium azide diluted in PBS), sections were blocked for 1 h in
2% BSA, then briefly washed twice with IB for 5 min. A solution with all
the primary antibodies diluted in IB was then prepared, and sections
were incubated for 2 h at 37 �C. After three washes with IB, sections
were incubated for 1 h at 37 �C, with a solution containing the three
different secondary antibodies diluted in IB. After three washes with IB
and a brief rinse in PBS, sections were mounted with Fluoromount
(SigmaeAldrich). Images were collected using a dry� 20 0.8 NA Plan
Apo objective on an LSM 710 confocal microscope (Zeiss) driven by
Zen 2012. The used excitation laser lines were 488, 561, and 633 nm,
respectively. Three tracks were sequentially used for acquisition, with
488 and 633 channels recorded with PMTs, while the 561 channel was
recorded with a GaAsP detector array. The matching dichroic mirrors
were used for all channels, and the pinhole was set at 1 AU for 580 nm.
Images were exported to ImageJ, and the composition of different MHC
fiber types was quantified by counting sections of each muscle bed
(Type I, blue; Type IIa, green; Type IIb, red; Type IIx, black) using the
Cell Counter plugin.

2.3.8. Measurements of lactate, ATP, creatine (Cr), Phospho-Cr
(PCr), and glycogen
Muscles were frozen and later freeze-dried, dissected free of non-
muscle tissue, powdered, weighed, and extracted with HClO4, as
previously described [31]. Neutralized extracts were analyzed spec-
trophotometrically (#DU 650; Beckman Coulter) for Lactate, ATP, PCr,
and Cr, as previously described [32]. Muscle glycogen was analyzed
from a separate portion of the freeze-dried muscle [33]. Briefly, freeze-
dried muscle tissue (1.5 mg) was boiled in 0.5 mL of 1 M HCl for
150 min before it was rapidly cooled, whirl-mixed, and centrifuged at
3,500 g for 10 min at 4 �C. Next, 40 mL of the boiled muscle sample
and 1 mL of a reagent solution containing Tris-buffer (1 M), distilled
water, ATP (100 mM), MgCl2 (1 M), NADP

þ (100 mM), and glucose 6-
phosphate dehydrogenase were mixed before the process was initi-
ated by adding 10 mL of diluted hexokinase. Muscle metabolites are
expressed as mmol kg�1 dry weight.

2.3.9. Mitochondrial respiration
Quadriceps muscle was removed and placed in an ice-cold BIOPS
buffer on ice [34], and single muscle fibers were dissected. The
muscle fibers were permeabilized for 30 min in a BIOPS buffer con-
taining 50 mg/mL saponin and washed twice for 10 min in MIR05 [34].
Muscle fibers were weighed prior to respiratory measurements in 2 mL
MIR05. Mitochondrial respiration was determined using high-
resolution respirometry (Oxygraphs-O2k, Oroboros Instruments). The
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respiration of the isolated muscle fibers was tested in response to a
combination of 2 mM malate, 10 mM glutamate, and 5 mM pyruvate.
ADP was then titrated at 0.25 mM and 5 mM, and 10 mM cytochrome
c, 10 mM succinate, and 2.5 mM antimycin A was subsequently added.
Finally, a combination of 2 mM ascorbate and 0.5 mM N, N, N0, N0-
tetramethyl-p-phenylenediamine dihydrochloride (TMPD) was added.
The following substrate was added when steady-state respiration was
obtained. A calibration step for ascorbate and TMPD was performed to
subtract background O2 consumption. Measurement was performed at
high oxygen levels (450-200 nmol/mL). Each sample was measured in
duplicate, and chamber temperature was set to 37 �C. Respiration was
normalized to muscle fiber wet weight (mg). The coupling ratio be-
tween complex II and complex I was calculated as (O2 flux after
succinate - O2 flux at ATP 5.0 mM)/O2 flux at ATP 5.0 mM, and the
coupling ratio between complex IV and complex I was calculated as O2
flux after TMPD/O2 flux at ATP 5.0 mM.

2.3.10. Citrate synthase activity assay
Protein lysates of quadriceps muscle were diluted 1:10 in 0.1 M Trise
HCl, pH 8.1. 10 mL diluted lysate was added in duplicates to a 96-well
plate, together with 150 ml of a reaction mix containing 44 mg/mL 5,50-
dithiobis (2-nitrobenzoic acid), and 333.3 mg/mL acetyl-CoA in 0.1 M
TriseHCl. Absorbance at 412 nm was measured for 5 min in a Hidex
Sense plate reader (Hidex, Finland) to assess background activity.
10 mL of 10 mM oxaloacetate was then added to each well, and the
increase in absorbance at 412 nm was measured for 5 min. Citrate
synthase activity was calculated in the linear range of absorbance and
normalized to the protein content of the lysate.

2.3.11. Mitochondrial morphology by electron microscopy
Muscle segments were fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.3) and prepared for transmission electron
microscopy. After the primary fixation, the muscle segments were
rinsed four times in 0.1 M sodium cacodylate buffer and post-fixed
with 1% osmium tetroxide (OsO4) in a 0.1 M sodium cacodylate
buffer for 90 min at 4 �C. After post-fixation, the segments were rinsed
twice in 0.1 M sodium cacodylate buffer at 4 �C, dehydrated through a
graded series of alcohol at 4e20 �C, infiltrated with graded mixtures of
propylene oxide and Epon at 20 �C, and embedded in 100% Epon at
30 �C. Ultra-thin (60 nm) sections were cut (using a Leica Ultracut UCT
ultramicrotome) in two depths (separated by 150 mm) and contrasted
with uranyl acetate and lead citrate. Sections were examined and
photographed in a pre-calibrated Philips CM100 transmission electron
microscope (Philips) and a Veleta camera (Olympus Soft imaging So-
lutions). Six longitudinally oriented fibers were photographed at
x13,500 magnification in a randomized systematic order, including 12
images from the subsarcolemmal region and 12 images from the
myofibrillar region per fiber. In cross-sectional-oriented sections, 30
images were obtained in a randomized, systematic order distributed
throughout the available fibers (7e126) per muscle. In all the photo-
graphed longitudinal-oriented fibers, the volumetric content of inter-
myofibrillar, subsarcolemmal, and total mitochondria was estimated by
point counting [35] using a grid size of 460 nm, which creates 256
points per image. The volumetric content of intermyofibrillar, sub-
sarcolemmal, and total mitochondria is expressed per myofibrillar
space (mm3 mm-3), per fiber surface area (mm3 mm-2), and fiber
space (mm3 mm-3), respectively. The total volumetric content of
mitochondria (IMF þ SS) was calculated as IMF þ SS/12.5 based on
the assumption that the fibers were cylindrical with a diameter of
50 mm and that the volume beneath the surface area was equal to a
triangular prism with the dimensions of 1 � 1 � 25 mm. The
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mitochondrial cristae surface area per mitochondrial volume (SV) was
estimated by the equation SV ¼ 2 IL, where IL indicates intersections
per test line [35]. Grid sizes of 90 and 270 nm were used to estimate
mitochondria volume and cristae surface area, respectively. The
volumetric content of total mitochondrial content was also estimated
on the images obtained from cross-sectional sections by point
counting using a grid size of 1500 nm, which creates 132 points per
image.

2.3.12. Transcriptomic analysis by RNA sequencing
Total RNA from gastrocnemius muscle was isolated using the RNeasy
Mini Kit (74,106, Qiagen). Quantification of RNA was determined using
a spectrophotometer (Nanodrop 8000, Thermo Scientific), and integrity
was measured using a Bioanalyzer 2100 (Agilent). Total RNA
sequencing libraries were prepared by the Single-Cell Omics platform
at the Center for Basic Metabolic Research using the Illumina TruSeq
Stranded total RNA Gold protocol (Illumina). The total RNA (380 ng) was
depleted of rRNA by RiboZero beads, fragmented, and cDNA was
synthesized using SuperScript III Reverse Transcriptase (Thermo
Fisher Scientific). cDNA was adenylated to prime for adapter ligation,
and after a clean-up using AMPure beads (Beckman coulter), DNA
fragments were amplified using PCR, followed by a final clean-up.
Libraries were quality controlled using a Bioanalyzer instrument (Agi-
lent Technologies) and subjected to 38-bp paired-end sequencing on a
NextSeq 500 system (Illumina).

2.3.13. Mitochondrial swelling assay
Mitochondria were isolated from the freshly dissected gastrocnemius
muscles of 4- to 5-week-old WT and SMNKO mice, following the
procedure described in [36]. The mitochondrial pellet was suspended
in a swelling buffer (150 mM KCl, 5 mM HEPES, and 2 mM K2HPO4 [pH
7.2]), and protein concentration was measured with a Bradford assay
(BioRad #5000205). 200 mL of the mitochondrial suspension (~20 mg
protein) was added to each well, and mitochondrial swelling was
measured as absorbance at 540 nm [37]. To stimulate mitochondrial
swelling a submaximal (100 mM) or a maximal (400 mM) dose of CaCl2
was added to each well, and absorbance was measured every 30 s for
the next 40 min. Basal absorbance was normalized to mitochondrial
protein content, whereas calcium-induced swelling was normalized to
absorbance before calcium addition.

2.3.14. Thiobarbituric acid reactive substances (TBARS) assay
(fluorometric)
The TBARS assay (Cayman #10009055) was performed according to
the manufacturer’s instructions using gastrocnemius muscle. The data
were normalized to protein input.

2.3.15. Fluorimetric determination of intracellular Ca2þ levels
The [Ca2þ] measurements were performed as in [38]. Briefly, WT and
Nampt knockdown C2C12 myoblasts [16] were incubated with 10 mM
Fura2-acetoxymethyl ester (Fura2-AM) for 40 min at 37 �C in a
complete medium and washed with Hanks’ balanced salt solution
(HBSS) or Ca2þ-free HBSS before thapsigargin (TG) addition. [Ca2þ]
measurements and calibration were performed with a micro-
fluorimetric system (Cairn Research).

2.4. Ca2þ uptake and release rate in sarcoplasmic reticulum (SR)
vesicles
The fluorescent dye technique was used to determine Ca2þ uptake and
release rates in SR vesicles, as described in detail elsewhere [39].
Briefly, muscle homogenate was mixed with 2 mL assay buffer and the
MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
SR vesicle Ca2þ uptake initiated by adding ATP (5 mM), and the free
[Ca2þ] was determined fluorometrically (20 Hz, Ratiomaster RCM,
Photon Technology International) using the fluorescent Ca2þ indicator
indo-1 (1 mM). When [Ca2þ] reached a plateau, SR vesicle Ca2þ

release was initiated by adding 4-chloro-m-cresol (5 mM). The SR
Ca2þ uptake rate was defined as the time it took for free [Ca2þ] to
decrease by 63% (tau) and, in addition, as rates at specific physio-
logical free [Ca2þ]. Values obtained for SR Ca2þ release rates are
relative and expressed as arbitrary units: Ca2þ g protein�1 min�1.
Assays of Ca2þ uptake and release were performed in triplicate.
Protein content in the muscle homogenate was measured in triplicate
using a standard kit (#23225, Pierce BCA protein).

2.5. Quantification and statistical analysis

2.5.1. Bioinformatics methods
The raw reads from the RNA-sequencing were aligned to the mouse
genome using STAR v2.5.2b [40], and gene coverages were computed
by featureCounts v1.5.2 [41] using GENCODE [42] annotation release
M13. Lowly expressed genes with less than 2 counts per million (CPM)
in at least 2 samples were removed. Differentially expressed genes
(DEGs) were computed using edgeR v3.22.0 [43] with the glmQLFit/
glmQLFTest function using a model of the form y ~ 0 þ group, where
group represents the unique combinations of the genotype and age of
the mice muscle samples. Genes having a false discovery rate (FDR)
below 0.05 were considered differentially expressed. A gene set
enrichment analysis (GSEA) was performed using clusterProfiler
v3.10.0 [44]. Z-scores for the heatmap generation were calculated
from CPM values of each gene and clustered using a “ward.D2” al-
gorithm [45] using Pearson distance.

2.5.2. Statistical analysis
All data are presented as mean � standard error of the mean (SEM),
and the level of significance was set to p < 0.05. Statistical analysis
was performed by Student’s unpaired t-test, repeated-measures two-
way or three-way analysis of variance (ANOVA), as appropriate, with
Tukey’s test as post-hoc. Survival rate was analyzed by a ManteleCox
test (log-rank). Statistical analysis for the transcriptomic data was
performed as described above. Explanation of the statistical outcome
of each experiment can be found in figure legends.

3. RESULTS

3.1. Skeletal muscle-specific Nampt ablation results in reduced
growth and premature death
NAMPT was depleted in the skeletal muscle of skeletal muscle-specific
Nampt knockout (SMNKO) mice (Figure 1A), leading to a 91% decrease
in NADþ and NADH levels (Figure 1B,C). Moreover, NADPþ and NADPH
levels were reduced by 37% and 39%, respectively (Figure 1D,E).
There were no significant changes in the NADþ/NADH or NADPþ/
NADPH ratios. SMNKO mice were born close to the expected Men-
delian frequency of 25% (21%, n ¼ 188) and showed no visual ab-
normalities at birth. At 4 weeks of age, body weight was reduced by
7.3 g (�0.1) in male and 6.4 g (�0.6) in female SMNKO mice
compared to wild-type (WT) littermates, which may be explained by a
slower growth rate in the early weeks of life. The differences in body
weight persisted over the measured period (Figure 1F,G). Assessment
of body composition revealed reductions in lean- and fat-mass from
week 4e12 (Figure 1H,I, S1A, and S1B) as well as a decrease in body
fat percentage in SMNKO mice (Figure 1J,S1C). Furthermore, SMNKO
mice displayed spinal cord deformities and kyphosis (Figure 1K), which
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 1: Skeletal muscle-specific Nampt ablation results in reduced growth and premature death. A) NAMPT protein levels in gastrocnemius muscle of male WT and
SMNKO mice (9e14 weeks of age, n ¼ 8e13). B and C) NADþ and NADH levels in gastrocnemius muscle of male WT and SMNKO mice (9e14 weeks of age, n ¼ 8e13). D and
E) NADPþ and NADPH levels in gastrocnemius muscle of male WT and SMNKO mice (9e14 weeks of age, n ¼ 8e13). F and G) Bodyweight measurements in (F) male and (G)
female mice (n ¼ 9e40). H and I) Lean and fat mass measurements in WT and SMNKO male mice (n ¼ 9e40). J) Body fat percentage in WT and SMNKO male mice (n ¼ 9e40).
K) Representative CT scan of a WT and an SMNKO mouse at 5 weeks of age, displaying spinal cord deformities and kyphosis. L) Survival curves of WT (n ¼ 102) and SMNKO
(n ¼ 40) mice. M and N) Twitch force traces (M) and max force (N) in soleus of WT and SMNKO mice (6 weeks of age, n ¼ 8). O and P) Twitch force development (O) and decay
(P) in soleus of WT and SMNKO mice (6 weeks of age, n ¼ 8). Q) Tetanic force measured as area under the curve (AUC) in soleus of WT and SMNKO mice (6 weeks of age, n ¼ 8).
Error bars represent SEM. * Difference to WT control of the same age. # Main effect of genotype.

Original Article
is often associated with aging phenotypes or severe neuromuscular
defects [46]. The lifespan of the SMNKO mice was reduced, with only
37% of the mice surviving past 12 weeks of age (Figure 1L). The
contractile function of soleus and EDL muscle from SMNKO mice was
reduced in response to single electrical pulses ex vivo (Figure 1M and
S1D). Maximum twitch force production was reduced in both muscles
(Figure 1N and S1E), and the rate of force development and relaxation
was slower (Figure 1O, 1P, S1F, and S1G) in soleus but not EDL
muscles of SMNKO mice. The cumulative force generated from
repeated tetanic contractions was also only significantly attenuated in
6 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
soleus but not in EDL muscles from SMNKO mice compared to that in
WT littermates (Figure 1Q and S1H).

3.2. SMNKO mice develop severe myopathy from 6 weeks of age
Survival curves separated from 4 weeks of age, and the SMNKO
phenotype was further assessed in a longitudinal study of mice at 2, 4,
6, and 8 weeks of age. NADþ levels in the skeletal muscle of SMNKO
mice were depleted at all ages (Figure S1I). The poly (ADP-ribose)
polymerase (PARP) family of enzymes is a significant consumer of
NADþ [47]. Thus, to determine the potential contribution of PARPs to
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the depletion of NADþ, we assessed PARylation in WT and SMNKO
mice at 6 and 12 weeks of age. PARylation was increased in SMNKO
mice at both ages compared to WT controls (Figure S1J). In a separate
cohort, we observed a remarkable upregulation of PARP1 in the
quadriceps muscle of SMNKO mice (Figure S1K). These data suggest
that PARP activity may contribute significantly to depleting NADþ levels
in SMNKO mice. Immunohistochemical analysis of SMNKO mice
showed striking morphological changes of the muscle fibers. The
mean fiber size gradually increased over time in WT mice (Figure 2A),
and at 2 and 4 weeks of age, the mean fiber area of the SMNKO mice
was similar to littermate controls. However, while the mean fiber area
doubled in WT mice from 4 to 6 weeks of age, there was no change in
fiber area in SMNKO mice. A detailed analysis of fiber size distribution
revealed a high frequency of smaller fibers (200e600 mm2) at 2 and 4
weeks of age in WT and SMNKO mice, which persisted at 6 and 8
weeks in the SMNKO mice (Figure 2B). The decrease in fiber size was
not associated with changes in fiber type composition in soleus or EDL
(Figure S1L and S1M). Moreover, atrophic fibers were not dominant in
the SMNKO muscles (Figure 2C), indicating that the change in fiber size
composition is likely due to ongoing fiber regeneration in the SMNKO
mice. H&E staining showed infiltrated necrotic muscle fibers but no
signs of apoptosis (Figure 2C). At 8 weeks of age, H&E staining
revealed accumulation of adipocytes between the muscle fibers in the
SMNKO mice, a phenomenon commonly seen together with fibrosis in
chronic myopathies [48]. Concurring with these results, we found a
marked increase in extracellular matrix content (wheat germ agglutinin
[WGA] staining) at 8 weeks of age in SMNKO mice compared to WT
littermates (Figure 2D), indicating tissue fibrosis. Ultimately, these
findings indicate a severely degenerative muscle phenotype similar to
those observed in DMD or muscle denervation.
Skeletal muscle regeneration is fully dependent on a pool of quiescent
muscle stem cells [49,50]. To understand whether muscles in SMNKO
mice were in a regenerative state, we quantified the content of PAX7þ

muscle stem cells. We found no significant differences between the
SMNKO and WT strains in the total number of PAX7þ muscle stem
cells (Figure 2E). However, when examining the content of activated
myogenic progenitor cells (MyoDþ cells), there was a marked increase
in SMNKO mice starting at 6 weeks of age, which continued to rise at 8
weeks of age (Figure 2F). The content of activated myogenic stem cells
was accompanied by a similar and robust increase (>30% of fibers) in
centralized nuclei at 6 and 8 weeks of age in the SMNKO mice
compared to WT (Figure 2G). Finally, in addition to the increase in
active muscle stem cells and centralized nuclei, we noted the presence
of muscle fibers expressing the embryonic isoform of myosin heavy
chain (eMyHC) in SMNKO mice (Figure 2H), which was not evident in
the WT mice (data not shown). Collectively, these findings suggest that
a compensatory regenerative response is initiated between 4 and 6
weeks of age in the SMNKO mice under homeostatic conditions (i.e.,
without inducing an injury). Despite having what appears to be a
functional pool of muscle stem cells, the SMNKO mice seem unable to
recover, and the regenerative/degenerative phenotype is further
exacerbated from 6 to 8 weeks of age, ultimately leading to premature
death. Notably, the onset and development of the described phenotype
are remarkably similar to degenerative conditions associated with
defects in the interaction between the dystrophin sarcoglycan complex
and laminin [51]. Based on the marked initiation of a regenerative
program and evidence of necrosis, we decided to quantify macro-
phages. Macrophages are involved in the phagocytosis of necrotic fi-
bers and provide essential indications for regeneration [52,53]. We
observed the infiltration and accumulation of macrophages in skeletal
muscle of SMNKO mice of 6 weeks of age (Figure 2I), concurring with
MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
the evidence of regeneration. Collectively, our data suggest that
SMNKO mice progressively develop a severe myopathy beginning at 4
weeks of age, which appears to develop despite the presence of a
functional pool of muscle stem cells.

3.3. Skeletal muscle from SMNKO mice show decreased
mitochondrial function despite normal mitochondrial structure
The impaired regeneration and necrotic cell death observed in SMNKO
mice could be due to an energy deficiency. To determine the impact of
Nampt ablation on the energy status of skeletal muscle, we assessed
ATP levels and the phosphocreatine to total creatine ratio. At 4 weeks
of age, ATP levels were severely reduced by 86% in SMNKO mice
(Figure 3A). This difference decreased in the following weeks, but ATP
levels never reached those of WT littermates. At 8 weeks of age, the
phosphocreatine to total creatine ratio was reduced by 41% in SMNKO
mice (Figure 3B). We next assessed whether the energy stress
translated to a decreased mitochondrial respiratory capacity in the
NADþ depleted cells by assessing mitochondrial respiration in per-
meabilized, single muscle fibers of WT and SMNKO mice. Coupled
respiration (state 3) was reduced by 58% in the SMNKO mice
(Figure 3C). However, the coupling ratio of O2 flux mediated by
Complex I at 5 mM of ADP in relation to respiration stimulated by
malate, glutamate, and pyruvate (MGP) was decreased in SMNKO
mice. In contrast, the substrate control ratio (Complex II/Complex I-
induced respiration) was higher in SMNKO fibers (Figure 3DeE).
Moreover, Complex IV respiration induced by TMPD and ascorbate was
not different between genotypes (Figure 3C). These data point to
Complex I as the primary defective site of the respiratory chain. The
impaired function of Complex I has been associated with the increased
production of reactive oxygen species (ROS) [54,55]. Thus, we
assessed lipid peroxidation in the skeletal muscle of SMNKO and WT
mice at 6 and 12 weeks of age. Malondialdehyde (MDA) was not
different between genotypes (Figure 3F), suggesting similar levels of
lipid peroxidation. Furthermore, gene expression levels of the ROS
scavenger proteins Catalase and MnSOD were assessed. Cat
expression was not different between genotypes, but Sod2 was
decreased at 6 and 8 weeks of age in SMNKO mice compared to WT
controls (Figure S2AeB). These data indicate similar levels of ROS in
both genotypes despite defective Complex I respiration in the SMNKO
mice.
Interestingly, protein abundance of the OXPHOS Complex I subunit
(NDUFB8), the Complex IV subunit (MTCO1; Figure S2C,S2D, and S2L),
and citrate synthase activity (Figure S2E) in SMNKO mice and WT
littermates were similar at all ages. This finding indicates a comparable
mitochondrial content in the skeletal muscle of SMNKO and WT mice.
To directly evaluate mitochondrial volume and structure, we performed
TEM imaging in the quadriceps of SMNKO and WT mice (Figure 3G). Z-
disc width was unaltered between genotypes (Figure S2F). Z-disc
width varies coordinately with fiber type, with fast-twitch muscle fibers
having thinner z-discs [56]. Therefore, the maintenance of z-disc
distance is consistent with a similar fiber type composition between
genotypes. Total intermyofibrillar and subsarcolemmal mitochondrial
volumes were similar between genotypes (Figure 3HeJ), and the
surface area of the mitochondrial cristae was identical (Figure 3K).
Thus, the deletion of Nampt in skeletal muscle leads to severe energy
stress and decreased mitochondrial respiratory capacity but does not
affect mitochondrial content or structure as measured by OXPHOS
protein abundance and TEM imaging, respectively.
In response to the severe energy stress associated with the lack of
Nampt, phosphorylation of AMPK in skeletal muscle of SMNKO mice
was dramatically increased at 6 and 8 weeks of age (Figure 3L and
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Figure 2: SMNKO mice develop severe myopathy from 6 weeks of age. A) Average fiber area in quadriceps muscle of WT and SMNKO mice (n ¼ 2e3). B) Frequency
distribution of fiber areas in quadriceps muscle of WT and SMNKO mice (n ¼ 2e3). C) Representative hematoxylin and eosin (HE) staining in quadriceps muscle of WT and SMNKO
mice at 8 weeks of age. / Marks central nuclei. * Marks fat replacement. D) Percentage wheat germ agglutinin (WGA) deposition in quadriceps muscle of WT and SMNKO mice
(n ¼ 2e3), and representative WGA staining at 8 weeks of age. Bar ¼ 50 mm. E) Quantification of PAX7 positive cells in quadriceps muscle of WT and SMNKO mice (n ¼ 2e3) and
representative image at 8 weeks of age. Bar ¼ 50 mm ◄Marks PAX7 positive cells. F) Quantification of Myoblast determination protein 1 (MyoD) positive cells in quadriceps muscle
of WT and SMNKO mice (n ¼ 2e3) and representative image at 8 weeks of age. Bar ¼ 50 mm ◄ Marks MyoD positive cells. G) Quantification of central nuclei of quadriceps
muscle of WT and SMNKO mice (n ¼ 2e3), and representative cross-section images at 8 weeks of age. Bar ¼ 50 mm ◄ Marks central nuclei. H) Representative cross-sectional
image of eMyHC positive cells in 8-week-old SMNKO mice. Bar ¼ 50 mm * Marks normal eMyHC positive fibers after regeneration, ◄ Marks small newly formed eMyHC positive
fibers. I) Quantification of F4/80 positive macrophages in quadriceps muscle of WT and SMNKO mice (n ¼ 2e3), and representative image at 8 weeks of age F4/80 and CCL3
double-positive macrophages. Bar ¼ 50 mm * Marks infiltrating F4/80 and CCL3 double-positive macrophages, ◄ marks interstitial F4/80 positive macrophages. Bar graphs: Error
bars represent SEM. * Difference to WT control of the same age.

Original Article

8 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Light Dark
0

1

2

3

4

Fo
od

in
ta

ke
[g

]

*

15 20 25 30 35
0.20

0.25

0.30

0.35

0.40

0.45

Body weight [g]

Li
gh

tp
ha

se
EE

[k
ca

l/h
] ANCOVA

Slope: p = 0.506
Intercept: p = 0.394

ZT 0 ZT 6 ZT 12 ZT 18 ZT 24
0.0

0.2

0.4

0.6

EE
[k

ca
l/h

]

ZT 0 ZT 6 ZT 12 ZT 18 ZT 24
0.7

0.8

0.9

1.0

R
ER

[V
CO

2/V
O

2]

6wk 12wk
0.0

0.1

0.2

0.3

0.4

0.5

M
DA

(μ
M

/μ
g

pr
ot

ei
n*
μl

-1
)

A B

G

H I J

Q

O

N

P

WT SMNKO
D E

C

F

2wk 4wk 6wk 8wk
0

10

20

30

40

AT
P

[m
m

ol
/k

g
d.

w
.]

*
*

*

2wk 4wk 6wk 8wk
0.0

0.1

0.2

0.3

0.4

PC
r/T

ot
al

C
re

at
in

e

*

Light Dark
0.7

0.8

0.9

1.0

RE
R

[V
CO

2/V
O

2]

#

#

R

MGP

ADP 0.2
5 mM

ADP 5.0
mM

Succ
inate

Antim
yc

in
A

TMPD + Asc
0

100

200

300

400

O
2

flu
x

[p
m

ol
/m

g/
se

c]

p
=
0.
05
79

#

*

WT
SMNKO

0.0

0.5

1.0

1.5

Su
bs

tr
at

e
co

nt
ro

lr
at

io
co

m
pl

ex
II/

co
m

pl
ex

I *

0.00

0.02

0.04

0.06

0.08

0.10

To
ta

lm
ito

ch
on

dr
ia

lv
ol

um
e

pe
rf

ib
er

vo
lu

m
e

[μ
m

3
μm

-3
]

0.00

0.02

0.04

0.06

0.08

In
te

rm
yo

fib
ril

la
rm

ito
ch

on
dr

ia
vo

lu
m

e
pe

rm
yo

fib
ril

la
r

vo
lu

m
e

[μ
m

3
μm

-3
]

0.0

0.1

0.2

0.3

0.4

Su
bs

ar
co

le
m

m
al

m
ito

ch
on

dr
ia

l
vo

lu
m

e
pe

rf
ib

er
su

rfa
ce

ar
ea

[μ
m

3
μm

-2
]

0

10

20

30

Su
rf

ac
e

ar
ea

of
cr

is
ta

e
pe

rm
ito

ch
on

dr
ia

l
vo

lu
m

e
[μ

m
2

μm
-3

]

2wk 4wk 6wk 8wk
0.0

0.5

1.0

1.5

2.0

A
M

PK
p-

17
2

[A
.U

]

*

*

2wk 4wk 6wk 8wk
0.0

0.5

1.0

1.5

U
LK

1
p-

55
5

[A
.U

] *
*

K

M

15 20 25 30 35
0.2

0.3

0.4

0.5

0.6

Body weight [g]

Da
rk

ph
as

e
EE

[k
ca

l/h
] ANCOVA

Slope: p = 0.932
Intercept: p = 0.197

15 20 25 30 35
0.0

0.5

1.0

1.5

2.0

Body weight [g]

Li
gh

tp
ha

se
fo

od
in

ta
ke

[g
]

ANCOVA

Slope: p = 0.011

15 20 25 30 35
2.0

2.5

3.0

3.5

4.0

4.5

Body weight [g]

D
ar

k
ph

as
e

fo
od

in
ta

ke
[g

]

ANCOVA Slope: p = 0.194
Intercept: p = 0.062

0

2

4

6

Co
up

lin
g

ra
tio

co
m

pl
ex

I/M
G

P

*

L

Figure 3: Mitochondrial function in skeletal muscle and whole-body energy metabolism is diminished in SMNKO mice. A) ATP levels in tibialis anterior (TA) muscle of WT
and SMNKO mice (n ¼ 2e6). B) Phosphocreatine (PCr) to total creatine ratios in TA muscle of WT and SMNKO mice (n ¼ 2e6). C) Mitochondrial respiration in permeabilized single
muscle fibers of WT and SMNKO mice. O2 flux was measured during the addition of malate (2 mM) þ glutamate (10 mM) þ pyruvate (5 mM) (MGP), ADP 0.25 mM (submaximal
response), ADP 5 mM (maximal response), cytochrome c (10 mM), succinate (10 mM), antimycin A (2.5 mM), and N,N,N0,N’-tetramethyl-p-phenylenediamine (TMPD)
(0.5 mM) þ ascorbate (2 mM), (7e10 weeks of age, n ¼ 4). D and E) Substrate control ratio (Complex II to Complex I respiration) (D) and complex IV to complex I respiration (E),
(7e10 weeks of age, n ¼ 4). F) Lipid peroxidation (TBARS, Fluorometric assay) in gastrocnemius muscle of WT and SMNKO mice (6þ 12 weeks of age, n ¼ 6e9). G) Longitudinal
transmission electron microscopy picture of quadriceps muscles from an 8-week-old WT and SMNKO mouse. H-J) Total (H), intermyofibrillar (I), and subsarcolemmal (J)
mitochondrial volume in quadriceps muscles of WT and SMNKO male mice, (5e8 weeks of age, n ¼ 6). K) Surface area of the mitochondrial cristae in quadriceps muscles of WT
and SMNKO male mice. (5e8 weeks of age, n ¼ 6). L and M) Protein levels of 50-adenosine monophosphate-activated protein kinase (AMPK) pT172 (L) and Unc-51 like autophagy
activating kinase (ULK1) pS555 (M) in quadriceps muscle of WT and SMNKO mice (n ¼ 2e6). N) 24-hour time course of respiratory exchange ratio (RER) and average RER in the
light and the dark phase of sedentary WT and SMNKO male mice (8e14 weeks of age, n ¼ 8e13). O) 24-h time course of energy expenditure (EE) in the light and the dark phase
of sedentary WT and SMNKO male mice (8e14 weeks of age, n ¼ 8e13). P) ANCOVA analysis with EE in the light and the dark phase as the dependent variable and body weight
as a covariant for WT and SMNKO male mice (8e14 weeks of age, n ¼ 8e13). The analysis shows that genotype does not significantly affect EE independently of body weight. Q)
Food intake in the light and the dark phase of sedentary WT and SMNKO male mice (8e14 weeks of age, n ¼ 8e13). R) ANCOVA analysis with food intake in the light and the dark
phase as the dependent variable and body weight as a covariant for WT and SMNKO male mice (8e14 weeks of age, n ¼ 8e13). The analysis shows that genotype significantly
affects EE independently of body weight. Error bars represent SEM. * Difference to WT control of the same age/treatment/light phase. # Main effect of genotype.
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S2L). Cellular autophagy plays a vital role during muscle development
and maintains cellular homeostasis and energy balance in muscle fi-
bers [57]. Autophagy is induced by AMPK activation [58] through a
direct phosphorylation on Unc-51 like autophagy activating kinase
(ULK1) S555 [59]. Accordingly, we observed increased ULK1 S555
phosphorylation in skeletal muscle from SMNKO mice from 6 weeks of
age (Figure 3M and S2L). The protein abundance of autophagic initi-
ators, such as Beclin 1 and p62, was also increased by Nampt deletion
(Figure S2G,S2H, and S2L). An increase in the LC3B II and LC3B I ratio
indicates increased autophagy flux [60]. An abundance of LC3B II was
increased in the SMNKO mice at 6 and 8 weeks of age (Figure S2I and
S2L), with no change in LC3B I (Figure S2J and S2L), resulting in an
increased LC3B II/LC3B I ratio at 6 weeks of age (Figure S2K).
Collectively, these data suggest that autophagy is increased upon
Nampt deletion in skeletal muscle.

3.4. Adult SMNKO mice have altered whole-body energy
metabolism
SMNKO mice were placed in metabolic chambers to investigate how
increased energy stress affects whole-body metabolism. SMNKO mice
had a lower respiratory exchange ratio (RER) in both light and dark
phases (Figure 3N), suggesting an increased reliance on lipid oxida-
tion. Moreover, energy expenditure was lower in SMNKO mice than in
WT littermates (Figure 3O), but an ANCOVA analysis showed that this
effect was dependent on body weight (Figure 3P). Thus, SMNKO mice
and WT littermates use similar amounts of energy according to body
weight. Food intake differed between genotypes only in the dark
phase, with reduced consumption in SMNKO mice (Figure 3Q and 3R).
Therefore, differences in body weight between genotypes may be due
to reduced energy intake in the SMNKO mice. When SMNKO mice were
given access to running wheels, the distance and running time were
shorter than in WT littermates (Figure S3A,S3B). SMNKO mice ran 1.7
km/night, whereas WT littermates ran 9.0 km/night (Figure S3A). We
were unable to detect differences in RER between genotypes when
mice had access to running wheels (Figure S3C). This lack of differ-
ence was potentially due to an exercise-induced lowering of daily
average RER in WT mice that did not occur in SMNKO mice. A similar
effect of exercise on the daily RER in WT mice has been reported [61].
As expected, there was a greater increase in energy expenditure in
response to wheel running in WT mice than in SMNKO mice
(Figure S3D), and this effect was independent of body weight
(Figure S3E). Moreover, food intake was reduced in SMNKO mice
compared to WT littermates during the active phase (Figure S3F,S3G).
Thus, the depletion of Nampt in skeletal muscle alters substrate uti-
lization in the sedentary state and reduces voluntary exercise volume.

3.5. Knockout of Nampt results in time-dependent changes in
skeletal muscle gene expression patterns
To identify potential mediators of the SMNKO phenotype, we performed
RNA sequencing in gastrocnemius muscles from the longitudinal study
of mice sacrificed at 2, 4, 6, and 8 weeks of age. The analysis revealed
extensive changes in gene expression over time, indicated by the
distinct separation of the 2-week-old mice from the older mice in the
heatmap and principal coordinate analysis (PCoA; Figure S3H and 4A).
SMNKO mice did not separate from WT mice at 2 and 4 weeks of age,
but at 6 and 8 weeks of age, there was a clear separation between WT
and SMNKO mice (Figure 4A). At 2, 4, 6, and 8 weeks of age, we found
11, 895, 1469, and 8605 genes to be differentially expressed between
genotypes, respectively (Figure 4B). A gene set enrichment analysis of
these genes separated by age showed the regulation of four main
types of biological pathways (Figure S3I). Genes related to
10 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
mitochondrial respiration and energy metabolism were downregulated
in SMNKO mice at 6 and 8 weeks of age. Moreover, gene expression
associated with neuronal ensheathment and myelination was reduced
at 2 and 8 weeks of age, indicating a defect in the normal development
of innervation in response to Nampt deletion in skeletal muscle fibers.
At 4 weeks of age, genes related to cell division were downregulated in
the SMNKO mice (Figure S3I). Conversely, genes related to this term
were upregulated at 8 weeks of age, supporting the observed increase
in tissue regeneration observed at later time points. Genes associated
with immune system activation and inflammation were increased at all
investigated time points (Figure S3I). This finding was in line with
histological observations of increased macrophage infiltration
(Figure 2I).
Data were screened for differentially regulated genes at 2 weeks of age
(Table S1). Of the 11 genes that were differentially regulated at this
time point, we were intrigued to find an upregulation of Peptidyl-prolyl
cisetrans isomerase F (Ppif), which was upregulated throughout the
time course (Figure 4C). Ppif encodes for CYPD, a well-characterized
regulator of the mPTP [20]. In addition to Ppif, the expression of four
other genes related to mPTP and mitochondrial Ca2þ handling: Bcl-2-
associated X (Bax), Mitochondrial Calcium Uniporter (Mcu), Trans-
locator protein (Tspo), and Solute Carrier Family 8 Member B1
(Slc8b1). These genes were elevated in SMNKO mice at 8 weeks of
age (Figure 4D,S4A, S4B, and S4C). In a separate cohort of adult
SMNKO mice, we confirmed the increased levels of CYPD and BAX at
the protein level (Figure 4E,F). Together, these findings demonstrate
increased levels of mPTP and Ca2þ handling components in SMNKO
mice.

3.6. Mitochondria from SMNKO mice show increased sensitivity to
Ca2þ-induced swelling
We isolated mitochondria from the gastrocnemius muscle to test
whether the increased abundance of CYPD in SMNKO mice was
associated with altered sensitivity to Ca2þ-induced mitochondrial
swelling. Absorbance at 540 nm is inversely correlated with mito-
chondrial size [37]. The lower absorbance of mitochondria from
SMNKO mice suggests a larger basal volume of isolated mitochondria
(Figure 4G). In response to stimulation with submaximal or maximal
Ca2þ concentrations, mitochondria from both WT and SMNKO mice
showed a dose-dependent decrease in absorbance (Figure 4H). In this
data set, there was a 3-way interaction between treatment, time, and
genotype (n ¼ 7e9; p < 0.001). The calculation of the average
swelling rate for each group revealed an interaction between treatment
and genotype, which was driven by an increased swelling rate in the
mitochondria of SMNKO mice during submaximal Ca2þ stimulation
(Figure 4I). This effect demonstrates that mitochondria from SMNKO
mice have an increased sensitivity to Ca2þ-induced swelling.
To determine how NAMPT depletion affects Ca2þ homeostasis, we
used C2C12 myoblasts with a stable 80% knockdown of Nampt [16].
Cytosolic Ca2þ levels were 2.4-fold higher, and endoplasmic reticulum
(ER) Ca2þ levels were 38% lower in the Nampt knockdown cells
compared to control cells (Figure 4J,K). Treatment with nicotinamide
(NAM) rescued cytoplasmic Ca2þ levels but did not affect ER Ca2þ

levels. Consistent with indications of perturbed Ca2þ homeostasis in
C2C12 knockdown cells, the biological pathway term “positive regu-
lation of cytosolic calcium ion concentration” was enriched in the
RNAseq data in SMNKO mice at 8 weeks of age. Moreover, we
observed increased phosphorylation of the Ca2þ responsive tran-
scription factor cAMP-Responsive Element-Binding Protein (CREB) at
S133 [62] in SMNKO mice (Figure 4L). The increased cytosolic Ca2þ

could be due to the aberrant uptake of extracellular Ca2þ uptake,
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Figure 4: Gene expression, Ca2D-homeostasis, and Ca2D-induced mitochondrial swelling are altered by Nampt depletion. A) Principal coordinate analysis (PCoA) of RNA
sequencing data from gastrocnemius muscle of WT and SMNKO mice (n ¼ 2e6). B) Upset plot showing overlaps of genes differentially expressed between genotypes at the four
ages (n ¼ 2e6). C and D) Expression based on RNA sequencing data of mitochondria permeability transition pore (mPTP) related proteins: Peptidyl-prolyl cisetrans isomerase F
(Ppif) (C), and Bcl-2-associated X (Bax) (D), on gastrocnemius muscle of WT and SMNKO mice (n ¼ 2e6). E and F) Protein levels of CYPD (E) and BAX (F) in WT and SMNKO male
mice (9e14 weeks of age, n ¼ 8e13). G) Mitochondrial volume measured as basal absorbance at 540 nm in isolated mitochondria from gastrocnemius muscle of WT and SMNKO
mice (4e5 weeks of age, n ¼ 7e9). H) Mitochondrial swelling in response to stimulation with a submaximal (100 mM CaCl2) or maximal Ca

2þ (400 mM CaCl2) concentration,
measured in isolated mitochondria from gastrocnemius muscle of WT and SMNKO mice. A 3-way interaction between treatment, time, and genotype was found (4e5 weeks of
age, n ¼ 7e9, p < 0.001). I) Rate of mitochondrial swelling in response to stimulation with a submaximal (100 mM CaCl2) or maximal Ca

2þ (400 mM CaCl2) concentration in WT
and SMNKO mice, calculated as the slope of the curves in 4H over the entire time course (n ¼ 7e9). J and K) Basal cytosolic Ca2þ levels (J) and DCa2þ levels upon addition of
Thapsigargin, reflecting Ca2þ replenishment in endoplasmic reticulum (ER) (K) of C2C12 myoblasts transduced with scramble or shRNA against Nampt. The Nampt knockdown
cells were treated with vehicle or nicotinamide (NAM) for 24 h before the measurement (n ¼ 3). L and M) Protein levels of cAMP-Responsive Element-Binding Protein (CREB)
pS133 (L) and sarcoplasmic and endoplasmic reticulum Ca2þ ATPase 1 (SERCA1) (M) in WT and SMNKO male mice (9e14 weeks of age, n ¼ 8e13). N and O) Expression based
on RNA sequencing data of the SERCA1 regulatory proteins: Sarcalumenin (Srl) (N), and Sarcolipin (Sln) (O), in gastrocnemius muscle of WT and SMNKO mice (n ¼ 2e6). P and Q)
Ca2þ reuptake measured as the s value (P) or the high and the low slope (Q) in isolated sarcoplasmic reticulum (SR) vesicles from male WT and SMNKO mice, (13 weeks of age,
n ¼ 4). R) Ca2þ release in isolated SR vesicles from male WT and SMNKO mice (13 weeks of age, n ¼ 4). Bar graphs: error bars represent SEM. Box plot: boxes extend from the
25th to 75th percentiles, and the whiskers represent the smallest to the largest value. * Difference to WT/scramble control of the same age/treatment.
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mediated by sarcolemma damage, as previously reported [15].
Furthermore, the expression of Ca2þ transporters connected to the
sarcolemma was not increased in the SMNKO mice (Figure S4DeJ).
Perturbed Ca2þ homeostasis could also be mediated by changes in
Ca2þ release or reuptake from the sarcoplasmic reticulum (SR). Sarco/
endoplasmic reticulum Ca2þ ATPase (SERCA) 1 levels were decreased
in the SMNKO mice (Figure 4M), along with the expression of sarca-
lumenin (Srl; Figure 4N), a Ca2þ buffering and SERCA interacting
protein in the skeletal muscle SR [63]. Moreover, the expression of
sarcolipin (Sln), an inhibitor of SERCA [64], was increased at 6 and 8
weeks of age (Figure 4O). Higher Sln expression may translate to
higher SLN levels, serving to lower ATP consumption by SERCA1.
Collectively, these observations suggest that SERCA1 activity is
affected, but neither Ca2þ release nor Ca2þ reuptake (s) in isolated SR
vesicles was altered in SMNKO mice compared to WT (Figure 4Pe4R).
As this analysis of Ca2þ handling capacity was performed under
conditions with surplus ATP, these data suggest that the specific ac-
tivity of the SERCA pump in SMNKO mice is unaffected and that the
putative increase in cytosolic Ca2þ may be a consequence of lower
SERCA abundance, altered allosteric regulation of Ca2þ handling
components, or increased extracellular Ca2þ influx.

3.7. Cyclosporine a treatment increases survival rate in SMNKO
mice
To test the importance of increased mPTP sensitivity for the survival of
the SMNKO mice, we treated the SMNKO mice with the CYPD inhibitor
Cyclosporine A (CsA). CsA is also known to have potent immunosup-
pressant abilities [65]. Based on previous studies, mice were treated
with 210 mg/L CsA in the drinking water [66,67]. The CsA treatment
increased the survival rates of SMNKO mice by 42% from birth to 12
weeks of age (Figure 5A), but CsA did not appear to affect the energetic
stress of the SMNKO muscle (Figure 5AeB). To study whether CsA
treatment had positive effects on skeletal muscle morphology, we
performed histological analyses of quadriceps muscle from mice
treated with CsA for either 6 or 12 weeks. CsA treatment did not
prevent the reduction in fiber size in SMNKO mice but unexpectedly
decreased the fiber area in both genotypes (Figure 5D). However,
treatment with CsA reduced the number of centrally located nuclei in
SMNKO mice and WT littermates, indicating fewer regenerative myo-
fibers (Figure 5E). CsA treatment did not affect CYPD protein abun-
dance (Figure 5F). To directly assess whether CsA treatment reduced
myofiber damage, we analyzed the content of IgGþ fibers (i.e., fibers
with sarcolemma damage) in WT and SMNKO mice with or without CsA
treatment. This analysis revealed a marked increase in IgGþ in the
SMNKO mice at 12 weeks of age compared to WT at 6 weeks of age
(Figure 5GeH). Interestingly, the CsA treatment completely prevented
the presence of IgGþ fibers at 6 weeks in SMNKO mice, though this
effect was not maintained at the 12-week time point (Figure 5GeH).
This finding confirms that CsA delays the degenerative muscle
phenotype and sarcolemmal damage, which may ultimately increase
the lifespan of the SMNKO mice. Collectively, these data show that CsA
treatment increases the survival rate in SMNKO mice, which was
associated with a reduced need for muscle regeneration and improved
muscle health.

3.8. Decreases in NAMPT or NADþ is not a common mechanism
for human muscle atrophy or myopathies
Provided with evidence that the loss of NADþ leads to severe muscle
atrophy and myopathy, we investigated if conditions of age-related
muscle atrophy (sarcopenia) or common myopathies were associ-
ated with the loss of NADþ. Firstly, we obtained biopsies from
12 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
individuals with sarcopenia and age-matched healthy controls. NAMPT
and NADþ levels were previously found to be decreased in muscle
from a small number of individuals with sarcopenia [68]. However, we
observed no differences in NAMPT and NADþ levels between healthy
and sarcopenic muscle (Figure S5AeB). Moreover, sarcopenia did not
alter the abundance of CYPD, HK2, and phosphorylated AMPK levels
(Figure S5CeE), indicating no aberrant regulation of mPTP opening
and energy status in this cohort of patients. Next, we obtained biopsies
from individuals with two types of myopathy: Becker muscular dys-
trophy (BMD) and Hypokalemic periodic paralysis (HypoPP). BMD is a
common structural myopathy caused by mutations in the gene coding
for the large sarcolemma scaffold protein dystrophin [69]. HypoPP is a
rare, autosomal dominant channelopathy characterized by muscle
weakness or paralysis in response to low potassium levels. Most cases
are caused by a mutation in the voltage-gated Ca2þ channel dihy-
dropyridine receptor (DHPR) gene CACNA1S [70,71], which leads to
dysregulated Ca2þ-signaling. We did not observe a change in NAMPT
levels in the two patient groups (Figure S5F), but surprisingly, NADþ

levels increased by 26% in the HypoPP patients (Figure S5G). Neither
CYPD nor HK2 protein abundance was affected in the myopathy pa-
tients (Figure S5HeI), while AMPK phosphorylation was increased with
BMD (Figure S5J). Collectively, while SMNKO mice are clearly atrophic
and display a degenerative muscle phenotype, our human data indi-
cate that muscle atrophy or severe myopathies are not necessarily
related to the loss of NADþ.

3.9. SMNKO mice die due to energy deficiency
To determine the cause of death of the SMNKO mice, muscle tissue
was collected just before death. Mice were considered close to death
when fulfilling more than one of the following criteria: a 10% reduction
in body weight, limited locomotion by handling, or abnormal breathing.
The minimal mobility was observed in most cases. Under these ter-
minal conditions, SMNKO mice had decreased NAMPT, NADþ, NADH,
NADPþ, and NADPH levels in skeletal muscle compared to WT litter-
mates (Figure 6AeE). However, there was no further reduction in these
metabolite levels compared to that in the surviving SMNKO mice
(Figure 1AeE). Likewise, the average fiber area and the number of
central nuclei showed a similar change in the terminal and the sur-
viving SMNKO mice (Figure 6FeG vs. 2A and 2G). The mPTP-related
proteins CYPD and BAX were also not further induced in the terminal
SMNKO mice (Figure 6HeI vs. 4E-F). To exclude cardiac failure as a
cause of death, we compared the hearts of SMNKO mice and WT
littermates. Under terminal conditions, cardiac levels of NAMPT did not
differ between SMNKO mice and WT littermates, whereas NAMPT
protein abundance was significantly reduced in the surviving SMNKO
mice compared to their WT littermates (Fig. S6A). However, this
reduction did not affect cardiac levels of NADþ, which remained similar
between SMNKO mice and WT littermates from the survival cohort
(Fig. S6B). In the death cohort, NADþ levels were found to be slightly
elevated compared with WT mice (Fig. S6B). In addition, we assessed
cardiac tissue weight in SMNKO mice and WT littermates from both
cohorts. The cardiac growth rate was found to be similar between
SMNKO mice and WT littermates (Fig. S6C), and though the hearts of
SMNKO mice generally appear smaller, no significant reduction in
cardiac weight was found once normalized to body weight (Fig. S6D).
Based on these data, there does not seem to be any macroscopic
differences in the hearts of SMNKO mice and WT littermates.
Next, we evaluated the energy status of the terminal SMNKO mice.
ATP levels were decreased to 18 mmol/kg dry weight in both the
terminal and the surviving SMNKO mice, whereas phosphocreatine
levels were unchanged (Figure 6JeK). Muscle glycogen levels were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Cyclosporine A treatment improves survival of the SMNKO mice. A) Survival curve of WT and SMNKO mice given drinking water supplemented with or without
210 mg/L Cyclosporine A (CsA) (n ¼ 30e31). B) ATP levels in quadriceps muscle from WT and SMNKO mice treated þ/� CsA (6 or 12 weeks of age, n ¼ 6e13). C) AMPK pT172
levels in quadriceps muscle from WT and SMNKO mice treated þ/� CsA (6 or 12 weeks of age, n ¼ 6e13). D) Average fiber area in quadriceps muscle of WT and SMNKO mice
treated þ/� CsA in the drinking water (6 or 12 weeks of age, n ¼ 5e7). E) Quantification of central nuclei of quadriceps muscle of WT and SMNKO mice given þ/� CsA in the
drinking water (6 or 12 weeks of age, n ¼ 5e7). F) Protein levels of Cyclophilin D in gastrocnemius muscle from WT and SMNKO mice given þ/� CsA in the drinking water (6 or
12 weeks of age, n ¼ 6e13). G) Quantification of IgGþ positive cells in quadriceps from WT and SMNKO mice treated þ/� CsA (6 or 12 weeks of age, n ¼ 5e7). H)
Representative images from IgG staining of Quadriceps muscle of WT and SMNKO mice treated þ/� CsA. Error bars represent SEM. * Difference to WT control mice. # Main effect
of genotype. $Main effect of CsA.
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Original Article
increased in both cohorts (Figure 6L). The subsarcolemmal and inter-
and intra-myofibrillar accumulation of glycogen was evident in
electron microscopy images and caused ultrastructural changes by
occasionally breaking up the Z-line and splitting myofibrils longitu-
dinally (Figure S6E). This did not cause apparent changes in the Z-
line register. This process is unlike that observed in WT muscle,
where no accumulation of glycogen is present. In the diaphragm of
the terminal SMNKO mice, ATP levels were decreased, and glycogen
levels were increased (Figure S6FeG). The general increase in
glycogen levels could indicate a metabolic ‘block’ of glycolysis or a
reduction in the spatial availability of glycogen for break-down,
though no effect of the genotype was observed in muscle lactate
levels in the two cohorts (Figure 6M). HK2 overexpression can
enhance glycogen storage in skeletal muscle [72], and both cohorts
14 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
of SMNKO mice showed increased HK2 levels (Figure 6NeO). Liver
glycogen levels were similar between the genotypes in the survival
cohort but decreased by 43% in the terminal SMNKO mice
(Figure 6P). The decrease in liver glycogen was likely driven by an
acute energy shortage. Supporting this notion, blood glucose levels
were low in the terminal SMNKO mice (Figure 6Q), possibly due to
inadequate food intake. Thus, our results highlight the essential role
of NAMPT in regulating glucose storage and/or utilization and in
maintaining whole-body energy homeostasis.

3.10. NR supplementation delays but does not rescue the SMNKO
phenotype
In an attempt to rescue the phenotype of the SMNKO mice, the diet
was changed to a purified diet (Table S2) supplemented with the NADþ
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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precursor, NR (200 mg/kg body weight). The NR-supplemented diet
was given to breeding parents and their offspring throughout the
experiment. Though NADþ levels in muscle from SMNKO mice
remained unaffected, the NR-supplemented diet increased NADþ

levels in skeletal muscle of WT mice at 4 weeks of age (Figure 7A). The
NR-supplemented diet increased ATP content in the skeletal muscle of
both WT and SMNKO mice at 4 weeks of age, but not at later time
points (Figure 7B). The average fiber area was increased, and the
number of centrally located nuclei was rescued in response to the NR-
enriched diet at 6 weeks but not at 8 weeks of age (Figure 7CeD).
However, the survival of the SMNKO mice was not affected by the NR-
supplemented diet (Figure 7E). Thus, the NR-supplemented diet only
delayed muscle degeneration in the SMNKO mice.

4. DISCUSSION

Growing evidence highlights the importance of NADþ availability in
aging and disease development [73,74]. Here, we demonstrate that
the deletion of Nampt in skeletal muscle results in severe growth
deficiency, myopathy, and decreased survival, indicating the essential
role of NADþ biosynthesis in skeletal muscle development and
maintenance. Only 10% of NADþ remained in the skeletal muscle of
SMNKO mice, demonstrating that salvaging from alternative NADþ

precursors, such as nicotinic acid and NR, does not contribute
significantly to the NADþ pool in skeletal muscle.
SMNKO mice suffer from myopathy, characterized by decreased
sarcolemma integrity, decreased fiber size, fibrosis, and centrally
located nuclei. We found Nampt to be important for intracellular Ca2þ

homeostasis, indicating a direct link between NADþ salvage capacity
and Ca2þ handling. We also observed a decrease in SERCA1 protein
abundance and an increase in the sarcolipin expression in SMNKO
mice. Similar observations were reported for muscular dystrophies
[75,76]. Indeed, animal models of DMD and other myopathies can be
rescued by SERCA1 overexpression or sarcolipin reduction [76e78],
highlighting the general importance of Ca2þ homeostasis in the
development of muscular dystrophies.
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We found that neither Ca2þ release nor Ca2þ reuptake in isolated SR
vesicles from SMNKO mice was affected. However, Ca2þ homeostasis
may be affected in vivo, as isolated SR vesicles lack direct contact with
regulatory proteins in the cytosol and plasma membrane. In addition,
the experiments with isolated SR were performed under conditions
with non-limiting ATP levels. ATP is essential for the activity of the
SERCA pump and for Ca2þ pumps in the plasma membrane [79], in
addition to acting as an essential buffer of Ca2þ [80]. Therefore, the
substantial decrease in ATP levels seen in SMNKO mice may directly
affect Ca2þ homeostasis.
Moreover, the decrease in ATP levels in SMNKO mice leads to
increased AMPK phosphorylation. Increased AMPK phosphorylation
has also been observed in mdx mice [81]. In these mice, further
activation of AMPK can ameliorate their dystrophic phenotype,
including a rescue of their abnormal sensitivity to the Ca2þ-stimulated
mPTP opening [81]. Extracellular Ca2þ influx is sufficient to induce
muscle dystrophy [82]. Our data indicate decreased sarcolemma
integrity, which would increase Ca2þ levels in the cytosol. The
knockout of Nampt has been shown to impair sarcolemma integrity in
skeletal muscle [15] and may be a consequence of impaired ADP
ribosylation of proteins necessary for maintaining membrane organi-
zation and structure. ADP ribosylation is an NADþ-dependent process,
and modification of integrin a7 is important for the binding of integrin
a7b1 to laminin to maintain membrane integrity [83,84]. Our current
thinking is that the lack of sarcolemma integrity is the primary driver of
the disrupted Ca2þ homeostasis in the SMNKO mice and that low
NADþ levels and the resulting low ATP concentrations may exacerbate
this condition.
The expression of CYPD and sensitivity to the Ca2þ-stimulated mPTP
opening was increased in SMNKO mice. This finding identifies low
NADþ levels as a signal for mPTP opening. One pathway by which
NAMPT deficiency could regulate the mPTP opening is via an increased
expression of CYPD. CYPD levels are increased in response to the
knockout of Mitochondrial Transcription factor A (Tfam) and in patients
with mitochondrial myopathies [85]. Thus, decreased mitochondrial
metabolism in SMNKO mice could promote the increase in CYPD
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levels. Another more direct effect of low NADþ levels on mPTP opening
could arise from increased CYPD activity in response to NADþ-
dependent changes in acetylation levels. Acetylation of the Complex V
protein, oligomycin-sensitive conferring protein (OSCP), at K70 pro-
motes an interaction between OSCP and CYPD, which sensitizes the
opening of the mPTP [23]. In addition, SIRT3 directly deacetylates
CYPD on K166 [24]. The CYPD-mediated opening of the mPTP plays an
essential role in several types of human and murine myopathies, as
treatment with CYPD inhibitors rescue the dystrophic phenotype [85e
89]. Consistently, CsA treatment has increased the survival rate in
SMNKO mice and reduced the number of centrally located nuclei in
skeletal muscle. This improvement in muscle health occurred inde-
pendently of changes in CYPD protein levels, suggesting that CsA
exerts its effect by inhibiting CYPD activity.
Besides inhibiting CYPD, CsA interacts with other cyclophilins. The
binding of CsA to cyclophilin A inhibits a calcineurin-mediated immune
response [90]. Calcineurin also plays a role in myotube formation and
myocyte hypertrophy via the myogenic transcription factors MEF2 and
MyoD [91]. Thus, the inhibition of calcineurin may explain the negative
effect of CsA treatment on fiber size in SMNKO mice and WT litter-
mates. In support of this notion, CsA treatment inhibits muscle cell
differentiation in vitro and skeletal muscle regeneration after induced
trauma in vivo [92]. Conversely, the immunosuppressive effect of CsA
may play a positive role. We found an increased number of infiltrating
macrophages in SMNKO mice at 6 and 8 weeks of age, and genes
related to immune reactions were upregulated at 2 weeks of age.
Inflammation is an integral part of the pathogenesis of muscular
dystrophies such as DMD [93]. Thus, we cannot exclude the possibility
that the positive effects of CsA treatment are due to its immunosup-
pressive effects.
Decreased NADþ levels in the mdx mice may result in impaired
mitochondrial volume and function. This hypothesis is supported by the
fact that NR supplementation boosts protein levels of the OXPHOS
complexes and CS activity in the skeletal muscle of mdx mice [18]. As
we did not observe a decrease in the nuclear- and mitochondrial-
encoded OXPHOS complexes, CS activity, or mitochondrial volume in
SMNKO mice, where the reduction in NADþ levels is much more se-
vere, NADþ depletion alone is unlikely to regulate the mitochondrial
protein level. However, NADþ certainly plays an essential role in
mitochondrial function. Here, we observed the substantial impairment
of mitochondrial oxygen consumption upon NADþ depletion.
Our data support previous findings on the importance of NAMPT in
skeletal muscle function [15]. However, SMNKO mice display a distinct
phenotype regarding juvenile development, muscle function, and
survival compared to the previously described muscle-specific Nampt
knockout model. This difference could be due to the choice of Cre
promoter. Postnatal human a-skeletal actin (HSA) is expressed across
all muscle fiber types [94], whereas the expression of the myosin light-
chain 1f (Mlc1f) promoter used previously [15] has a low expression in
type I fibers, present in muscle types, such as the diaphragm and
soleus [95]. A difference in KO efficiency in the diaphragm, where we
see a severe effect measured by changes in ATP and glycogen levels,
could potentially explain the observed variations in survival between
the two knockout models.
The reduction in adiposity and RER in SMNKO mice suggest an
increased reliance on lipid metabolism. This reliance could be due to a
block in glycolysis in the NADþ-depleted muscles. In support of this
possibility, glycogen levels were increased in the skeletal muscle from
SMNKO mice. The chemical inhibition of NAMPT with FK866 blocks
glycolysis at the level of GAPDH in C2C12 cells [15,16], whereas the
stable knockdown of Nampt increases glycolysis [16]. Metabolomic
16 MOLECULAR METABOLISM 53 (2021) 101271 � 2021 The Author(s). Published by Elsevier GmbH. T
analyses showed no alterations of intermediates in the distal part of the
glycolytic pathway in response to the muscle-specific knockout of
Nampt, suggesting no block in glycolysis [15]. This inconsistency could
depend on the level of NADþ left in the cell, as models with very low
NADþ levels, seen in the FK866 treated cells and the SMNKO mice,
seem to have a common block in glycolysis [15].
The NR-enriched diet only increased NADþ levels in the skeletal
muscle of 4-week-old WT mice. This discovery is consistent with
previous observations, which found that NADþ levels in skeletal
muscle are unaltered by supplementing NR in the drinking water [15].
A study with double-labeled NR demonstrated that orally administered
NR only reached the skeletal muscle in the form of nicotinamide or
NMN [11], and the bioavailability of NR for human skeletal muscle is
debatable [96,97]. Despite the unaffected NADþ levels, the NR-
enriched diet increased ATP levels in both genotypes at 4 weeks of
age and rescued fiber size, and also increased the appearance of
centralized nuclei in SMNKO mice at 6 weeks of age. Similar positive
effects of oral NR treatment were previously reported [15]. While NR
may not affect NADþ availability inside the fiber, it is interesting to note
that NRK2 has been shown to interact with the integrin a7b1 complex
[98] and that exogenous NADþ is important for reducing muscle fiber
degeneration and increases laminin organization in zebrafish skeletal
muscle [99]. Thus, as NR is not detected in blood after oral admin-
istration [11], strategies to bypass the first-pass metabolism of NR
could prove useful for improving sarcolemma integrity and muscle
function in specific dystrophic conditions.
In conclusion, we demonstrate that NAMPT-mediated NADþ biosyn-
thesis constitutes the primary route of NADþ salvaging in mouse
skeletal muscle. Nampt deletion causes a profound loss of NADþ in
skeletal muscle, concomitant with reduced membrane integrity,
altered Ca2þ-homeostasis, and impaired mitochondrial function and
integrity, which has fatal consequences for skeletal muscle develop-
ment and survival.
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