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Abstract

Skeletal muscle mitochondria readily accumulate Ca>" in response to SR store-releasing stimuli thanks to the activity of the
mitochondrial calcium uniporter (MCU), the highly selective channel responsible for mitochondrial Ca*" uptake. MCU
positively regulates myofiber size in physiological conditions and counteracts pathological loss of muscle mass. Here we
show that skeletal muscle-specific MCU deletion inhibits myofiber mitochondrial Ca®* uptake, impairs muscle force and
exercise performance, and determines a slow to fast switch in MHC expression. Mitochondrial Ca>* uptake is required for
effective glucose oxidation, as demonstrated by the fact that in muscle-specific MCU '~ myofibers oxidative metabolism is
impaired and glycolysis rate is increased. Although defective, mitochondrial activity is partially sustained by increased fatty
acid (FA) oxidation. In MCU '~ myofibers, PDP2 overexpression drastically reduces FA dependency, demonstrating that
decreased PDH activity is the main trigger of the metabolic rewiring of MCU™'~ muscles. Accordingly, PDK4
overexpression in MCU™ myofibers is sufficient to increase FA-dependent respiration. Finally, as a result of the muscle-
specific MCU deletion, a systemic catabolic response impinging on both liver and adipose tissue metabolism occurs.

Introduction

Mitochondrial Ca®* uptake has pleiotropic roles. By buf-
fering [Ca2+] increases, it contributes to the regulation of
Ca’"-dependent functions that take place in the cytosol. In
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addition, within the organelle, Ca>" positively regulates key
dehydrogenases of the TCA cycle thus promoting ATP
synthesis. On the other hand, excessive mitochondrial
[Ca®*] has a pro-apoptotic function [1]. Mitochondria are
placed in close contact with the endoplasmic reticulum/
sarcoplasmic reticulum (ER/SR) Ca®" stores, thus sensing
microdomains of high [Ca®"] that enable prompt Ca*"
uptake [2]. Studies on this mechanism have been greatly
facilitated by the identification of the long sought mito-
chondrial calcium uniporter (MCU), the highly selective
channel responsible for Ca?* accumulation by the organelle
[3, 4]. MCU is composed of pore-forming subunits (MCU,
MCUDb) associated with essential MCU regulator, and of
regulatory proteins (MICU1-3) that, together, contribute to
the fine-tuned regulation of the channel activity [5-8].

We previously highlighted the positive role of mito-
chondrial Ca®" uptake in controlling muscle trophism.
Overexpression of MCU in the murine hindlimb triggers
muscle hypertrophy and exerts a protective effect against
denervation-induced atrophy, while MCU silencing causes
muscle atrophy [9]. Importantly, in trained elderly subjects
the improvement of muscle function is associated with
increased MCU expression [10]. Moreover, the MCU
complex has a peculiar composition in the skeletal muscle.
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Indeed, a muscle-specific MICUI1 splicing variant (i.e.,
MICUI1.1), by binding Ca®" with higher affinity, confers
myofiber mitochondria sustained Ca>" uptake and ATP
production required for contraction [11]. Finally, skeletal
muscle force is decreased in total MCU '~ mice, underlying
the crucial role of mitochondrial Ca*" uptake for energy
production required for muscle work [12].

To further clarify the role of skeletal muscle mitochon-
drial Ca>" uptake in organ physiology and metabolism and
to unveil potential systemic effects of skeletal muscle MCU
deletion, we have generated both a constitutive and an
inducible skeletal muscle-specific MCU knockout mouse
model. Locally, loss of MCU in skeletal muscle triggered
decreased muscle performance, a fiber-type switch toward
fast myosin heavy chains (MHCs), and a metabolic rewiring
toward preferential fatty acid (FA) oxidation. Systemically,
a catabolic response impinging on liver and adipose tissue
metabolism occurred.

Materials and methods

DNA plasmids

The following plasmids have been previously described:
mtGCaMPo6f [13] and R-GECO1 [14].

Flag-PDK4 and Flag-PDP2 were amplified by PCR from
mouse liver cDNA with the following primers and cloned in
pcDNA3.1:

Flag-PDK4 primers: Fw: 5-TAATGGATCCGCCAC-
CATGAAGGCAGCCCGCTTCGTGATG-3’;

Rev: 5’-TAATGAATTCTCACTTATCGTCGTCATCC
TTGTAATCCACTGCCAGCTTCTCCTTCGC-3’;

Flag-PDP2 primers: Fw: 5-TAATGGATCCGCCAC-
CATGTCAAGTACTGTGTCCTACTGGATCTTC-3’; and

Rev: 5’-TAATGAATTCTCACTTATCGTCGTCATCC
TTGTAATCACCCTCTTTACAGTAGGTATCAATTGA-
3.

Animals

All animal experiments were approved and performed in
accordance with the Italian law D. L.vo n_26/2014. C57BL/
6N-Mcu™!* mice were either produced by blastocyst
microinjection of mutant embryonic cell lines or purchased
from International Mouse Phenotyping Consortium (Mcu
HEPDO0762_7_BO01). The former were derived by micro-
injection into C57BL/6NCrl blastocysts of mutagenized
embryonic stem (ES) cell line from the EUCOMM con-
sortium (C57BL/6N-Mcu™!2EUCOMMHMEY) 3y - oyp Jabora-
tory, the second was produced by the consortium using
similar ES cells, but different clones, obtained in the same
recombination experiment. The mutant allele presents a

cassette composed of a FRT site followed by lacZ sequence
and a loxP site. This first loxP site is followed by neomycin
under the control of the human beta-actin promoter, SV40
polyA, followed by a FRT site and a second loxP site. The
third loxP site is located downstream exon 5 of MCU gene
(Ccdc109a). To generate the C57BL/6N-Mcu'™!® line (here
referred to as MCU™ line), C57BL/6N-Mcu"™!? mice were
crossed with an FLP-expressing line. FLP-recombinase
excited both the LacZ and neomycin-resistance cassettes
restoring MCU expression. Homozygous MCUY mice
were crossed with transgenic mice expressing the Cre
recombinase under the control of the Mlclf promoter
(Mlc1f-Cre) [15] or the Cre recombinase fused to the
mutated ligand-binding domain of the human estrogen
receptor under the HSA promoter (HSA-Cre—ERTz) [16].
MCUY mice from both procedures displayed similar phe-
notypes after Cre-recombination. For the present work,
MCUY mice derived from purchased C57BL/6N-Mcu™!?
mice were used. In all, 1.5 mg/30 g body weight (BW) of
tamoxifen (Sigma-Aldrich) dissolved in 10% EtOH and
90% sunflower oil (Sigma-Aldrich) was intraperitoneally (i.
p.) injected every 3 days for 6 weeks. In addition, the same
animals were fed with a tamoxifen-containing diet (Envigo
TAM400/CreER) that allowed administration of tamoxifen
of 40 mg/kg BW/die. In some key experiments, the Cre
control groups were used (mlclf-Cre and HSA-Cre-ER™
mice). All the mice were fed ad libitum and always sacri-
ficed before 9:30 a.m.

In vivo DNA transfection of mouse skeletal muscle

Adult male mice were used in all experiments. First, the
animal was anesthetized. Hyaluronidase solution (2 mg/ml)
(Sigma-Aldrich) was injected under the hindlimb footpad.
After 30 min, 20 pg of plasmid DNA in 20 pl of physiolo-
gical solution was injected with the same procedure of the
hyaluronidase. Then one gold-plated acupuncture needle
was placed under the skin at heel, and a second one at the
base of the toes, oriented parallel to each other and per-
pendicular to the longitudinal axis of the foot and connected
to the BTX porator (Harvard apparatus). The muscles were
electroporated by applying 20 pulses, 20 ms each, 1s of
interval to yield an electric field of 100 V. Single fibers
cultures were carried out 7-10 days later.

Mouse exercise studies

For acute concentric exercise studies, 3- or 6-month-old mice
were acclimated to and trained on a 10° uphill LE8700
treadmill (Harvard apparatus) for 2 days. On day 1, mice ran
for 5 min at 8 m/min and on day 2 mice ran for 5 min at 8 m/
min followed by another 5 min at 10 m/min. On day 3, mice
were subjected to a single bout of running starting at the speed
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of 10 m/min. Forty minutes later, the treadmill speed was
increased at a rate of 1 m/min every 10 min for a total of 30
min and then increased at the rate of 1 m/min every 5 min
until mice were exhausted. Exhaustion was defined as the
point at which mice spent >5 s on the electric shocker without
attempting to resume running. Total running time and total
running distance were recorded for each mouse.

For eccentric exercise training, 3-month-old mice were
acclimated to and trained on a 10° downhill for 2 days. On
day 1, mice ran for 5 min at 8 m/min and on day 2 mice ran
for Smin at 8 m/min followed by another 5 min at 10 m/
min. On days 3-5, mice were subjected to a single bout of
running starting at the speed of 10 m/min. Forty minutes
later, the treadmill speed was increased at a rate of 1 m/min
every 10 min for a total of 30 min and then increased at the
rate of 1 m/min every 5min until mice were exhausted.
Exhaustion was defined as above. Total running time and
total running distance were recorded for each mouse.

Muscle force and fatigue measurements

To measure muscle force in living animals, the contractile
performance of gastrocnemius muscle in vivo was measured
as described previously [17]. Briefly, anesthetized mice
were placed on a thermostatically controlled table, keeping
the knee stationary, and the foot firmly fixed to a footplate,
which was connected to the shaft of the motor of a muscle-
lever system (305B, Aurora Scientific). Contraction was
elicited by electrical stimulation of sciatic nerve. Teflon-
coated seven-stranded steel wires (AS 632, Cooner Sales)
were implanted with sutures on either side of the sciatic
nerve proximal to the knee before its branching. At the
distal ends of the two wires, the insulation was removed,
and the proximal ends were connected to a stimulator (S88,
Grass). To avoid recruitment of the dorsal flexor muscles,
the common peroneal nerve was cut.

The fatigue protocol consists of a tetanic stimulation
(frequency 100 Hz, 4-6 V) lasting 300 ms each second for a
total time of 120s.

Histology and fluorescence microscopy

For fiber size measurements, 20 um-thick cryosections were
fixed in 4% formaldehyde for 20 min, quenched with 50
mM NH,CI in phosphate-buffered saline (PBS) and blocked
in PBS containing 0.5% bovine serum albumin (BSA) for
20 min. Sections were then incubated with primary antibody
anti-Laminin (Sigma-Aldrich) to label the sarcolemma for 1

h at 37 °C and washed 3 times in PBS. Alexa Fluor 488-
conjugated secondary antibody (Thermo Fisher Scientific)
was used. Fiber size measurements were performed with the
Fiji distribution of ImagelJ [18].
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For fiber-type measurements, 20 um-thick cryosections
were blocked in M.O.M. working solution (Vector
Laboratories). Sections were then incubated with primary
antibody sc-71 (Hybridoma bank) 1:100 in 0.5% BSA in
PBS to label the type ITA myosins for 1h at 37 °C and
washed 3 times in PBS. Alexa Fluor 488-conjugated sec-
ondary antibody (Life Technologies) was used. Then sec-
tions were incubated with primary antibody Bf-f3
(Hybridoma bank) 1:100 in 0.5% BSA in PBS to label the
type IIB myosins for 1 h at 37 °C and washed 3 times in
PBS. Alexa Fluor 555-conjugated secondary antibody (Life
Technologies) was used. Finally, sections were then incu-
bated with primary antibody Bad5 (Hybridoma bank) 1:100
in 0.5% BSA in PBS to label the type I myosins for 1 h at
37°C and washed 3 times in PBS. Alexa Fluor 647-
conjugated secondary antibody (Thermo Fisher Scientific)
was used. Fiber-type analyses were performed with the Fiji
distribution of ImagelJ [18].

For hematoxylin and eosin (H&E) staining, 20 um-thick
cryosections were stained using Rapid Frozen Sections
H&E staining Kit (Bio-Optica) according to manufacturer’s
instructions. Briefly, cryosections were incubated in hema-
toxylin solution for 60s. Then, after 3 washes, they were
incubated in eosin solution for 30s. Finally, cryosections
were dehydrated.

RNA extraction, reverse transcription, and
quantitative real-time PCR

Total RNA was extracted from tibialis anterior (TA) mus-
cles, livers, and visceral adipose tissue (VAT) using the SV
Total RNA Isolation Kit (Promega) following the manu-
facturer’s instructions. The RNA was quantified with
Nanodrop (Thermo Fisher Scientific). Complementary
DNA was generated from 500 nmol of total RNA with a
cDNA Synthesis Kit SuperScript II (Thermo Fisher Scien-
tific). Oligo(dT)12—18 primers (Thermo Fisher Scientific)
were used as primer for first-strand cDNA synthesis with
reverse transcriptase. The obtained cDNA was analyzed by
real-time PCR using the 1Q5 thermocycler and the SYBR
green chemistry (Bio-Rad). The primers were designed and
analyzed with Primer3 [19]. The housekeeping gene Gapdh
was used as an internal control for cDNA normalization.
For quantification, expression levels were calculated by the
ACt method. Real-time PCR primer sequences were as
follows:

Mcu: Fw 5-AAAGGAGCCAAAAAGTCACG-3’;
Rv 5’-AACGGCGTGAGTTACAAACA-3’.

Gapdh: Fw 5-CACCATCTTCCAGGAGCGAG-3’;
Rv 5’-CCTTCTCCATGGTGGTGAAGAC-3".

Pgcla-tot: Fw 5’-CGCTGCTCTTGAGAATGGAT-3’;
Rv 5’-CGCAAGCTTCTCTGAGCTTC-3".
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Pgcla-1: Fw 5’-GGACATGTGCAGCCAAGACTCT-
3’; Rv 5’-CACTTCAATCCACCCAGAAAGCT-3".

Pgcla-4: Fw 5-TCACACCAAACCCACAGAAA-3’;
Rv 5’-CTGGAAGATATGGCACAT-3’.

Gb6pase: Fw 5-ACGCCCGTATTGGTGGGTCCT-3’;
Rv 5’-GCCAGAGGGACTTCCTGGTCCG-3’.

Pckl: Fw 5-CTGCATAACGGTCTGGACTTC-3’;
Rv 5’-CAGCAACTGCCCGTACTCC-3".

Pnpla2: Fw: 5-CTGAGAATCACCATTCCCACATC-
3’; Rv: 5’-CACAGCATGTAAGGGGGAGA-3’.

Lipe: Fw: 5-AGGATCGAAGAACCGCAGTC-3’;
Rv: 5’-GTCTTCTGCGAGTGTCACCA-3’.

Abhd5: Fw: 5-TGGTGTCCCACATCTACATCA-3’;
Rv: 5’-CAGCGTCCATATTCTGTTTCCA-3’.

Mgll:  Fw: 5-CACGTGGACACCATCCAGAA-3’;
Rv: 5’-GCCACTAGGATGGAGATGGC-3’.

Hmgces2: Fw: 5 -CCGGTGTCCCGTCTAATGG-3’;
Rv: 5’-GCAGATGCTGTTTGGGTAGC-3".

Bdhl: Fw: 5-ATAGGGCCTGAGAGGGAAGG-3’;
Rv: 5’-GCAGTACAAATGCATCCCGC-3’.

IL-6: Fw: 5’-TAGTCCTTCCTACCCCAATTTCC-3’;
Rv: 5-TTGGTCCTTAGCCACTCCTTC-3".

Western blotting and antibodies

To monitor protein levels, frozen muscles and frozen
livers were pulverized by means of Qiagen Tissue Lyser
and protein extracts were prepared in an appropriate
buffer containing: muscle lysis buffer (50 mM Tris pH
7.5, 150mM NaCl, 5mM MgCl,, 1 mM dithiothreitol,
10% glycerol, 2% sodium dodecyl sulfate (SDS), 1%
Triton X-100, Complete EDTA-free protease inhibitor
mixture (Roche), 1 mM PMSF, 1 mM NaVOs;, 5 mM NaF,
and 3 mM f-glycerophosphate) or RIPA buffer for liver
extracts (125 mM NaCl, 25mM Tris-Cl pH7.4, 1 mM
EGTA-Tris pH 7.4, 1% Triton-X100, 0.5% sodium
deoxycholate, 0.1% SDS, and Complete EDTA-free pro-
tease inhibitor mixture (Roche)). In all, 40 ug of total
proteins were loaded, according to BCA quantification.
Proteins were separated by SDS-polyacrylamide gel
electrophoresis, in commercial 4-12% acrylamide gels
(Thermo Fisher Scientific) and transferred onto nitro-
cellulose membranes (Thermo Fisher Scientific) by wet
electrophoretic transfer. Blots were blocked 1h at room
temperature (RT) with 5% non-fat dry milk (Bio-Rad) in
TBS-tween (0.5M Tris, 1.5M NaCl, 0.01% Tween)
solution and incubated at 4 °C with primary antibodies.
Secondary antibodies were incubated 1 h at RT. The fol-
lowing antibodies were used: anti-phosphoAKT (1:1000,
Cell Signaling), anti-AKT (1:1000, Cell Signaling) anti-
ACTIN (1:20,000, Santa Cruz), anti-FLAG (1:1000, Cell
Signaling) anti-phosphoGSK3o/p (1:1000, Cell Signal-
ing), anti-GSK3o/p (1:1000, Cell Signaling), anti-MCU

(1:1000, Sigma-Aldrich), anti-phosphoPDH (1:5000,
Abcam), anti-PDH (1:1000, Cell Signaling) anti-GRP75
(1:5000, Santa Cruz), and anti-TOM20 (1:20,000, Santa
Cruz). Secondary horseradish peroxidase-conjugated
antibodies were purchased from Bio-Rad and used at
1:5000 dilution.

Real-time imaging of mitochondrial and cytosolic
Ca?" in flexor digitorum brevis (FDB) fibers

Real-time imaging

FDB fibers were isolated 7-10 days after in vivo transfec-
tion. Muscles were digested in collagenase A (4 mg/ml)
(Roche) dissolved in Tyrode’s salt solution (pH 7.4)
(Sigma-Aldrich) containing 10% fetal bovine serum
(Thermo Fisher Scientific). Single fibers were isolated,
plated on laminin-coated glass coverslips, and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with
HEPES (42430 Thermo Fisher Scientific), supplemented
with 10% fetal bovine serum, containing penicillin (100 U/
ml), streptomycin (100 pg/ml). Fibres were maintained in
culture at 37 °C with 5% CO,.

Mitochondrial and cytosolic Ca>" measurements

FDB muscles were electroporated with a plasmid encoding
4mtGCaMPo6f together with R-GECO1. After single fiber
isolation, real-time imaging was performed. During the
experiments, myofibers were maintained in Krebs-Ringer
modified buffer (135 mM NaCl, 5 mM KCI, 1 mM MgCl,,
20mM HEPES, 1 mM MgSO,, 0.4 mM KH,PO,, 1 mM
CaCl,, 5.5 mM glucose, pH 7.4) at RT, in the presence of
75 UM N-benzyl-P-toluenesulfonamide (BTS, Sigma-
Aldrich) to avoid the fiber contraction. In all, 20 mM caf-
feine (Sigma-Aldrich) was added when indicated to elicit
Ca’" release from intracellular stores. Experiments were
performed on a Zeiss Axiovert 200 microscope equipped
with a x40/1.3 N.A. PlanFluor objective. Excitation was
performed with a DeltaRAM V high-speed monochromator
(Photon Technology International) equipped with a 75 W
xenon arc lamp. Images were captured with a high-
sensitivity Evolve 512 Delta EMCCD (Photometrics). The
system is controlled by MetaMorph 7.5 (Molecular Devi-
ces) and was assembled by Crisel Instruments.
4mtGCaMP6f and R-GECO1 were alternatively excited
every second at 490 and 560 nm, respectively, and images
were acquired through a dual band emission filter (520/40
and 630/60) (Chroma). Exposure time was set to 50 ms
(4mtGCaMP6f) and 150 ms (R-GECOL1). Acquisition was
performed at binning 1 with 200 of EM gain. Image ana-
lysis was performed with Fiji distribution of the Image]
software [18]. Images were background subtracted and
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linear unmixing was performed to get rid of bleed through
of the two fluorochromes. Data are expressed as F/FO where
FO is the mean intensity at the beginning of the experiment.

Cytosolic Ca>™ measurements

Fibers were dissected and loaded with 2 uM fura-2/AM
(Thermo Fisher Scientific) diluted in Krebs-Ringer modified
buffer (described above) containing 0.02% pluronic acid for
20 min at 37 °C and then washed with Krebs-Ringer mod-
ified buffer in presence of 75 uM BTS (Sigma-Aldrich) to
avoid the fiber contraction. 20mM caffeine (Sigma-
Aldrich) was added when indicated to elicit Ca>* release
from intracellular stores. Experiments were performed on a
Zeiss Axiovert 200 microscope equipped with a x40/1.3 N.
A. PlanFluor objective. Excitation was performed with a
DeltaRAM V high-speed monochromator (Photon Tech-
nology International) equipped with a 75 W xenon arc lamp.
Images were captured with a high-sensitivity Evolve 512
Delta EMCCD (Photometrics). The system is controlled by
MetaMorph 7.5 (Molecular Devices) and was assembled by
Crisel Instruments. Images were collected by alternatively
exciting the fluorophore at 340 and 380 nm and fluores-
cence emission recorded through a 515/30 nm band-pass
filter (Semrock). Exposure time was set to 50 ms. Acquisi-
tion was performed at binning 1 with 200 of electron-
multiplying gain. Image analysis was performed with Fiji
distribution of the ImageJ software. Images were back-
ground subtracted. Changes in fluorescence (340/380 nm
ratio) was expressed as R/R0O, where R is the ratio at time ¢
and RO is the ratio at the beginning of the experiment.

OCR (oxygen consumption rate) measurements

For OCR experiments, FDB fibers were isolated. Muscles
were digested in collagenase A (4 mg/ml) (Roche) dissolved
in Tyrode’s salt solution (pH 7.4) (Sigma-Aldrich) con-
taining 10% fetal bovine serum (Thermo Fisher Scientific).
Single fibers were isolated, plated on laminin-coated XF24
microplate wells and cultured in DMEM (D5030 Sigma-
Aldrich), supplemented with 1 mM NaPyr, 5 mM glucose,
33 mM NaCl, 15 mg phenol red, 25 mM HEPES, and 1 mM
of L-Glu. Fibres were maintained for 2 h in culture at 37 °C
in 5% CO,.

To measure exogenous FA utilization, the fibers were
cultured in DMEM (D5030 Sigma-Aldrich), supplemented
with 0.1 mM NaPyr, 5 mM glucose, 33 mM NaCl, 15 mg
phenol red, 25 mM HEPES, 1 mM of L-Glu, 0.5 mM car-
nitine, and 100 pM palmitate:BSA. Fibres were maintained
for 2 h in culture at 37 °C in 5% CO,.

The rate of oxygen consumption was assessed in real-
time with the XF24 Extracellular Flux Analyzer (Agilent),
which allows to measure OCR changes after up to four
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sequential additions of compounds. Fibers were plated as
reported above. A titration with the uncoupler FCCP was
performed in order to utilize the FCCP concentration (0.6
uM) that maximally increases OCR.

The results were normalized for the fluorescence of
Calcein (Sigma-Aldrich). Fibers were loaded with 2 uM
Calcein for 30 min. Fluorescence was measured using a
Perkin Elmer EnVision plate reader in well scan mode using
480/20 nm filter for excitation and 535/20 nm filter for
emission.

Glycolysis rate measurements

Glycolysis was measured by monitoring the conversion of
5-*H-glucose to *H,0, as described previously [20]. Briefly,
TA muscle fibers were incubated in a medium that con-
tained [5-H]-glucose (PerkinElmer) at a specific activity of
10 uCi. Labeled glucose metabolized by glycolysis pro-
duces *H,O that is released into the media. Following
incubation for 3h at 37°C, media was transferred to
uncapped tubes containing 0.5 ml of 0.2 M HCI. The tube
was transferred to a scintillation vial containing 1 ml of H,O
such that the water in the vial and the contents of the tube
were not allowed to mix. The vials were sealed, and dif-
fusion was allowed for 24 h. The amount of diffused 3H20
was determined by scintillation counting.

Lactate measurements

Freshly isolated TA muscle fibers were cultured in DMEM
(D5030 Sigma-Aldrich), supplemented with 1 mM NaPyr,
10mM glucose, 33 mM NaCl, 15 mg phenol red, 5 mM
HEPES, and 1 mM of L-Glu. Once an hour, an aliquot of
medium was collected and lactate concentration was mea-
sured by means of the colorimetric L-Lactate Assay Kit
(Abcam) according to the manufacturer’s instructions.

Muscle glycogen and FA content

Glycogen amount was measured by means of the colori-
metric Glycogen Assay Kit II (Abcam) according to the
manufacturer’s instructions. FA amount was measured by
means of the Free FA Quantification Kit (Abcam) according
to the manufacturer’s instructions.

Blood metabolite quantification

Blood was collected from the orbital sinus in heparin-coated
Pasteur pipettes and centrifuged immediately after collec-
tion. FAs and (-hydroxy-butyrate were dosed using an
automated spectrophotometer Cobas Fara II (Roche)
according to the manufacturer’s instruction. Blood glucose
levels were measured with an YSI 2300 STAT PlusTM
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glucose and lactate analyzer (YSI Life Sciences, Yellow
Springs, OH) according to the manufacturer’s instruction.

Lactate levels were measured using Stat Strip Xpress
measuring system (Nova Biomedical).

Glucose tolerance test

For the glucose tolerance test, mice were fasted for 5h.
Glucose (2 mg/g BW) was administered i.p. and the blood
glucose levels were followed during 2:30h using Con-
tourXT (Bayer).

Glucose uptake measurements

Glucose uptake in tissues was measured using a non-
radioactive colorimetric method [21] by means of the 2-
Deoxy-p-Glucose Uptake Measurement Kit (Cosmo Bio
Co., LTD, Tokyo, Japan). Mice were fasted 5 h before the
beginning of the experiment. Mice were then injected i.p.
with a solution containing p-glucose (1 g/kg) and 2-deoxy-
p-glucose (0.027 g/kg). One hour after injection, mice were
killed by cervical dislocation, and tissues (soleus, TA, and
liver) were rapidly removed and frozen in liquid nitrogen.
Soleus and TA muscles and 150 mg of liver were used for
the assay. Tissues were subsequently weighed and homo-
genized in 1 ml of Tris-HCI (10 mM, pH 8), with Tissue-
Lyser II (Qiagen), by shaking at maximum speed for 3 min,
and then heated at 95 °C for 15 min. Samples were then
centrifuged at 16,000 x g for 15 min at 4 °C to remove tis-
sue debris. Supernatants were finally collected, and a por-
tion was diluted in 20 pl (final volume; 4 ul for soleus, 5 ul
for TA, and 2 pl for liver) with the sample dilution buffer
provided with the kit. The assay was then performed fol-
lowing the manufacturer’s instructions.

Metabolomics analysis

Gastrocnemius muscles of adult mice were harvested and
underwent untargeted metabolomics analysis performed by
Metabolon, Inc. Briefly, samples were prepared using the
automated MicroLab STAR® system from Hamilton Com-
pany. The resulting extract was divided into five fractions:
two for analysis by two separate reverse phase (RP)/ultra-
performance liquid chromatography tandem mass spectro-
metry (UPLC-MS/MS) methods with positive ion mode
electrospray ionization (ESI), one for analysis by RP/
UPLC-MS/MS with negative ion mode ESI, one for ana-
lysis by hydrophiliic interaction liquid chromatography/
UPLC-MS/MS with negative ion mode ESI, and one sam-
ple was reserved for backup.

Interleukin (IL)-6 enzyme-linked immunosorbent
assay

IL-6 serum levels were measured by means of the mouse
IL-6 Kit (Abcam) according to the manufacturer’s
instructions.

Statistical analysis of the data

Statistical data are presented as mean + SD, unless other-
wise specified. Significance was calculated by Student’s ¢
test or Mann—Whitney rank-sum test.

Results

Constitutive muscle-specific MCU deletion causes
decreased muscle performance and fiber-type
switching

We have previously demonstrated that MCU silencing in
skeletal muscle causes decreased myofiber size and inhibi-
tion of trophic signaling routes [9]. To discern the con-
tribution of skeletal muscle mitochondrial Ca*>" uptake to
muscle physiology and whole-body metabolism, we gen-
erated a skeletal muscle-specific MCU ™'~ mouse model.
We crossed mice in which the exon 5 of the MCU gene is
flanked by loxP sequences with mice expressing the Cre
recombinase under the control of the myosin-light chain 1f
promoter (mlclf-Cre) [15], which is expressed since
embryogenesis (Fig. 1a). Expression of MCU in hindlimb
muscles of adult mlc1{-Cre::MCU™ (skMCU*/ ~) mice was
essentially absent indicating that efficient recombination
occurred (Fig. 1b and S1A-B). MCU deletion is expected to
blunt mitochondrial Ca®" transients triggered by Ca’*"
release from SR stores. To confirm this notion, FDB mus-
cles were simultaneously transfected in vivo with
4mtGCaMP6f, a Ca’'-sensitive probe targeted to the
mitochondria matrix [13], together with R-GECO, a cyto-
solic Ca*"-probe [14]. Upon caffeine-induced Ca’* release
from the SR, MCU™" myofibers showed robust cytosolic
Ca’" transients followed by effective mitochondrial Ca*"
uptake (Fig. Ic). In contrast, skMCU '~ mitochondria were
unable to take up Ca®" despite normal cytosolic Ca*"
increases (Fig. 1¢). Quantitative analysis of cytosolic [Ca*"]
highlighted a slight reduction of Ca®" transients in
skMCU '~ myofibers, suggesting a negative effect of
chronic MCU deletion on global Ca®" homeostasis
(Fig. 1d). However, basal cytosolic [Ca’"] was unaffected
by MCU deletion (Fig. le).

SPRINGER NATURE



368

G. Gherardi et al.

A mic1f-Cre mcufm
Mic1f promoter |REN
loxP loxP
skeletal
_—’—
muscle__—7 oxP .
other skMCU--
fS81IEE
loxP loxP
B TA muscle soleus muscle EDL muscle FDBmuscle
Mcufift - skMCU-- Mcufif skMCU-- Mcufif skMCU-- mMcufif skMCU--
-37 - -37 2
MCU wv e MCU = wm wm 37 meu - - MCU e e e -
TOM20 e e e i =15 GRP75 (e s s s s S 78 GRP75 — ——— — TOM20 s e s s . s~ 15
fifl 2
C MCU skMCU ERICE
- 20 mM caffeine 10 20 mM caffeine e = skMCU--
9 cyt Ca2* 9 —Cyt Ca2* ‘%
8 mitCaz- & —-m—mit Ca2* ‘:’_U
S o4
5 -6 c
wl w8 2c
3 3 S 2
2-410s 2410s = *
14— 1 1S
0 0 0
D = Mcu ) E = Mcu
w  25- EESKMCU/ w 3 20.mhficafteine! 0.6 1 EESKMCU--
3 2 E ° !
3 %20 ** 3.° g .05
& o s T2 L 04
o - 15 © - o~
Oq o o9 03
2810 og o &
2g 251 Mcufi 25 02
@ L » L oL
8= o5 = = skMCU-"- 8> 01
> > 10s S
0.0 2 iy S 00
F TA muscle EDL muscle soleus muscle G
caMcu D Mcui caMcui camMcufn
/- /- = skMCU--
2500, EHSkMCU 1600 - " SkMCU 2500
o ~ 1400 ~ 1400 * B
< 2000 " < 1200 £ < 2000 .
2 1500 21000 = g 1500
Py [ [ o]
N N N o
‘» 1000 @ @ 3 1000
o o o —
5 500 8 8 £ 500
0 0
3 months old
H
F 704
S 60 * cmeum g
= mskMCU- O
a 504 T
H s
2 401 =
£ 20 -
S 204
g z
E 204 2
3 104 2
o
» 04
1 2A others mcufi skMCU--
I 12,
~ 1.0 4
=
9
2 08
'gg 0.6
55 044
-0
§ 0.2 4 Mcuf/
= == skMCU-"
0.0 T T T T T 1
0 20 40 60 80 100 120

contraction number

skMCU '~ TA muscles did not show any sign of damage
(Figure S1C) but fiber size was reduced (Fig. 1f), although
at a milder degree than AAV-shMCU-treated muscles [9].
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Moreover, phosphorylation levels of Akt and mRNA
expression levels of PGCla4 were decreased (Figure S1D-
E). Overall, these results indicate that skMCU ™/~ mice
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Fig. 1 Constitutive muscle-specific MCU deletion decreases muscle
performance and causes fiber-type switching. a Mlc1f-Cre mice were
crossed with mice in which exon 5 of the MCU gene is flanked by
loxP sequences. Expression of the Cre recombinase in embryogenesis
determines the deletion of the MCU gene specifically in skeletal
muscle. For the sake of simplicity, throughout the manuscript the
Mic1f-Cre::MCU™" mice are named skMCU ", b Western blot ana-
lyses demonstrated efficient MCU deletion in hindlimb muscles. ¢
Cytosolic and mitochondria [Ca®*] were simultaneously measured in
adult FDB myofibers. While in MCU™ myofibers caffeine-induced
cytosolic Ca®" increase was followed by mitochondrial Ca*t uptake
(left representative traces), in skMCU ™~ mice mitochondrial Ca**
uptake was abolished (right representative traces). Histogram on the
right reports mean mitochondrial Ca>" peaks upon caffeine treatment.
*p <0.05, t test (two-tailed, unpaired) of >20 fibers per condition. Data
are presented as mean + SD. d Ratiometric measurements of cytosolic
Ca’" transients upon caffeine treatment highlighted a reduction in peak
cytosolic [Ca?*] of skMCU ™~ FDB myofibers compared to MCU™™
controls. *p <0.05, ¢ test (two-tailed, unpaired) of >20 fibers per
condition. Data are presented as mean + SD. Representative traces are
reported on the right side. e Resting cytosolic [Ca®*] was unaltered in
skMCU ™'~ FDB myofibers compared to MCU™™ controls. Data are
presented as mean + SD (>20 fibers per condition). f Fiber size was
reduced in skMCU ™"~ hindlimb muscles compared to controls. *p <
0.05, ¢ test (two-tailed, unpaired) of four animals per condition. Data
are presented as mean = SD. g Mean maximal running distance in a
single bout of run on a treadmill of MCUY and skMCU™~ mice
indicated that MCU deletion negatively affects exercise performance.
*p <0.05, ¢ test (two-tailed, unpaired) of four animals per condition.
Data are presented as mean + SD. h Immunofluorescence analyses of
soleus myofibers with antibodies specific for different myosin heavy
chains (anti-MyHC1 and anti-MyHC2A) demonstrated a reduction in
slow-twitch type 1 myosin-positive fibers and an increase in fast-
twitch type 2A myosin-positive fibers in skMCU ™~ samples. *p <
0.05, Mann—Whitney rank-sum test (two-tailed, unpaired) of four
animals per condition. Data are presented as mean + SD. Representa-
tive images are reported on the right side. Scale bar 100 um. i In vivo
fatigue of gastrocnemius muscles was measured in skMCU ™~ mice
compared to MCUfl/fl mice. Six animals per condition. Data are
presented as mean + SD (five animals per condition). Mean maximal
running distances after each of 3 days of downhill run on a treadmill of
MCUfI/fl and skMCU ™'~ mice. *p <0.05, ¢ test (two-tailed, unpaired)
of five animals per condition. Data are presented as mean + SD

mirror the effects of MCU silencing [9], thus representing
an ideal model for the analysis of both local and systemic
physiologic and metabolic outcomes of skeletal muscle
mitochondrial Ca>* uptake inhibition.

Next, we evaluated muscle performance. In vivo analysis
showed a decline in tetanic force of skMCU ™'~ compared to
MCUY mice (Figure S1F). We then measured the distance
run on a treadmill during a single bout of uphill strenuous
exercise. In line with the constitutive MCU ™'~ mice [12],
muscle-specific MCU deletion caused a deficit in running
capacity, both at 3 and 6 months of age (Fig. 1g and S1G-
H), thus demonstrating that impaired exercise performance
is caused by an intrinsic skeletal muscle defect. In addition,
a significant fiber-type switch was apparent, as opposed to
the constitutive MCU ablation [12]. Indeed, quantitative
analysis demonstrated reduced expression of the slow-
twitch type 1 MHC and an increase of the fast-twitch type

2A MHC in the soleus muscle of skMCU ™~ mice (Fig. 1h).
To assess the response to repeated isometric tetanic con-
tractions, we performed 120 isometric contractions of a
duration of 300 ms once every second. However, the rela-
tive decrease in force generation was not different between
MCU™ and skMCU '~ animals (Fig. 1i), indicating that
the differences in exercise performance is not due to a
different resistance to fatigue. Finally, repeated bouts of
exhausting downhill running in 3 consecutive days revealed
a progressive decrease in performance that was similar
between MCU™ and skMCU™'~ mice, indicating that
lengthening contraction-induced muscle damage occurs
independently of MCU (Figure S1I).

Muscle-specific MCU deletion triggers a metabolic
shift toward FA utilization

Mitochondrial Ca>" uptake is expected to control oxidative
metabolism [1]. To test whether decreased mitochondrial
Ca*" accumulation influences skeletal muscle respiration,
we measured OCR in freshly isolated FDB muscle myofi-
bers. Myofibers were treated consecutively with oligomy-
cin, to measure ATP-linked respiration; FCCP, to measure
maximal oxygen consumption; and finally with rotenone
and antimycin, to verify the extent of non-mitochondrial
respiration. skMCU ™~ fibers showed a decrease in the
basal, maximal, and ATP-linked respiration compared to
MCU-expressing fibers (Fig. 2a and S2A), in line with the
role of mitochondrial Ca®" uptake in regulating oxidative
metabolism. Both MCUY and skMCU™~ myofibers
showed little spare respiratory capacity (Fig. 2a). We
hypothesized that this effect might be due to the use of
freshly isolated myofibers that are still actively contracting.
To verify this hypothesis, we measured OCR in myofibers
treated with BTS to avoid fiber contraction [9]. In these
conditions, myofibers display large spare respiratory capa-
city, as expected (Figure S2B). Next, in skMCU '~ mice
blood lactate levels were increased (Fig. 2b and S2C).
These data suggest that the absence of mitochondrial Ca**
uptake drastically reduces pyruvate utilization by mito-
chondria, which is rather converted into lactate. To directly
determine the proportion of the glycolytic rate, we incu-
bated MCU™ and skMCU '~ myofibers with 5-*H-glu-
cose, and we measured the p-emission of *H,O produced by
glycolysis in the cell medium, as reported [20]. skMCU "~
samples released higher [*’H,O] compared to MCU™ fibers,
demonstrating increased glycolysis (Fig. 2¢). Accordingly,
skMCU = TA muscle myofibers showed increased lactate
production compared to MCU™ over time (Figure S2D).
Mitochondrial Ca®' uptake positively regulates the
activity of three critical mitochondrial dehydrogenases.
Isocitrate  dehydrogenase and a-ketoglutarate dehy-
drogenase are directly modulated by mitochondrial Ca®",
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instead pyruvate dehydrogenase (PDH) is indirectly acti-
vated by Ca2+, which stimulates the activity of PDH
phosphatase isoform 1 (PDP1) [22]. In line with the total
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Acyl Carnitine p=1.37+10"

MCU™~ mouse muscles [12] and the AAV-shMCU-
infected muscles [9], in skMCU '~ muscles phosphoryla-
tion levels of PDH were increased, suggesting the inhibition
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Fig. 2 Muscle-specific MCU deletion triggers a metabolic shift toward
fatty acid utilization. a OCR measurements indicated reduced
respiratory capacity in skMCU ™~ FDB myofibers compared to con-
trols. Left: representative traces. Right: quantification. To calculate
basal and maximal respiration, non-mitochondrial O, consumption
was subtracted from absolute values. ATP linked respiration was
calculated as the difference between basal and oligomycin-insensitive
O, consumption. Data are normalized on mean Calcein fluorescence.
*p<0.05, ¢ test (two-tailed, unpaired) of ten samples per condition.
Data are presented as mean + SD. b Blood lactate concentration was
increased in skMCU ™'~ mice compared to controls. *p <0.05, 7 test
(two-tailed, unpaired) of four animals per condition. Data are pre-
sented as mean =+ SD. ¢ The rate of glycolysis was determined by
measuring the conversion of 5-*H-glucose to *H,0. skMCU '~ TA
myofibers showed increased glycolysis rate relative to controls. *p <
0.05, ¢ test (two-tailed, unpaired) of four animals per condition. d
Phosphorylation levels of PDH were increased in skMCU™'~ TA
muscles compared to controls. e Glucose dependent-respiration was
decreased in skMCU ™'~ FDB myofibers compared to controls. Left:
OCR measurements were performed as in a. UK5099 was added to
inhibit the mitochondrial pyruvate carrier (MPC). Right: Glucose
dependency was calculated and expressed as the percentage of basal
OCR. Data are normalized on mean Calcein fluorescence. *p < 0.05, ¢
test (two-tailed, unpaired) of five samples per condition. Data are
presented as mean + SD. f Fatty acid (FA) content was increased in
skMCU™~ TA muscles relative to controls. *p<0.05, ¢ test (two-
tailed, unpaired) of six animals per condition. Data are presented as
mean + SD. g FA-dependent respiration was increased in skMCU ™/~
FDB myofibers compared to controls. Left: OCR measurements were
performed as in a. Etomoxir was added to inhibit FA utilization. Right:
FA dependency was calculated and expressed as the percentage of
basal OCR. Data are normalized on mean Calcein fluorescence. *p <
0.05, t test (two-tailed, unpaired) of five samples per condition. Data
are presented as mean + SD. h OCR measurement demonstrated dif-
ferential substrates utilization in skMCU™'~ myofibers. Left: during
OCR measurements UK5099 was added to freshly isolated myofiber
followed by etomoxir. Right: Glucose dependency and FA depen-
dency were calculated and expressed as the percentage of basal OCR.
Data are normalized on mean Calcein fluorescence. *p <0.05, ¢ test
(two-tailed, unpaired) of five samples per condition. Data are presented
as mean =+ SD. i Phosphorylation levels of ACC were increased in
skMCU™~ TA muscles compared to controls. j Untargeted metabo-
lomics analysis of skMCU™ and skMCU ™'~ muscles. Metabolites set
enrichment analysis revealed significant upregulation of acylcarnitine
and diacylglycerol lipids in skMCU ™'~ muscles (pathway p values are
reported). Metabolites that are significantly increased are labeled. The
size of the circles is proportional to the fold change (fold change
values are reported in Table 1). p Value is shown in the figure
(Welch’s two-sample ¢ test of nine animals per condition)

of its enzymatic activity (Fig. 2d and S2E). If pyruvate
utilization is impaired in skMCU ™'~ muscles, in MCU™"
mitochondria inhibition of pyruvate uptake should mimic
the effects of MCU deletion, while it should have little
effect in skMCU '~ myofibers. To test this hypothesis, we
performed OCR measurements in myofibers treated with
UK5099, an inhibitor of the mitochondrial pyruvate carrier
(MPC) [23-26]. MPC inhibition had small effect on basal
OCR of skMCU ™/~ myofibers, while it reduced O, con-
sumption of MCU™ fibers to the levels of untreated
skMCU '~ myofibers (Fig. 2e). These data demonstrating
the aberrant glucose oxidation in skMCU™~ muscles

suggest that other energy sources may be utilized by MCU-
depleted mitochondria. FA metabolism could represent such
alternative [27]. FA concentration was indeed elevated in
skMCU ™~ muscles compared to skMCUY® controls
(Fig. 2f). To determine the genuine contribution of FA
oxidation to mitochondrial respiration, we measured OCR
upon treatment with etomoxir, an inhibitor of carnitine
palmitoyltransferase-1 and thus of FA oxidation. While in
mcuf myofibers, FA accounted for 40% of the basal
respiration, in skMCU ™'~ fibers 80% of basal OCR was
dependent on FA (Fig. 2g). Treatment with UK5099 fol-
lowed by etomoxir further confirmed the differential sub-
strates utilization (Fig. 2h). In addition, acetyl-CoA
carboxylase (ACC) phosphorylation was increased in
skMCU '~ muscles, suggesting decreased ACC activity and
thus FA synthesis (Fig. 2i). These data demonstrate that
MCU deletion impairs glucose oxidation and triggers a
metabolic rewiring that favors FA utilization. Nonetheless,
OCR measurements in the presence of exogenous palmitate
demonstrated that the overall capacity to oxidize FA is
actually reduced in skMCU™'~ myofibers compared to
controls, because of the Ca’"-dependent regulation of the
above-mentioned tricarboxylic acid (TCA) cycle enzymes
(Figure S2F). Accordingly, untargeted metabolomics ana-
lysis of MCU™ and skMCU ™/~ muscles revealed sig-
nificant changes in lipid-related metabolites, while the other
metabolic pathways were mostly unaffected. In particular,
we detected increased levels of diacylglycerols, suggestive
of elevated triacylglycerol lipolysis, and acylcarnitines
(Fig. 2j and Table 1). Altogether these data demonstrate
that, despite lower absolute OCR values, p-oxidation in
MCU '~ muscles accounts for more than half of total OCR,
in contrast with MCU™ muscles, which mainly rely on
glucose oxidation.

PDH inhibition underlies the metabolic switch of
skMCU '~ myofibers

We wished to know whether the increased PDH phos-
phorylation (Fig. 2d) is sufficient to trigger the metabolic
switch of skMCU ™~ muscles. To this aim, we performed
two complementary experiments. First, we overexpressed
PDH kinase 4 (PDK4) in MCU"" FDB muscles to increase
PDH phosphorylation (Fig. 3a) and thus inhibit PDH
activity. Similarly to MCU deletion, PDK4 overexpression
caused a drastic increase in FA dependency, as demon-
strated by the great reduction in OCR upon etomoxir
treatment (Fig. 3b), that was barely observed in control-
transfected muscles. This result indicates that, in the
absence of pyruvate decarboxylation, FA metabolism con-
tributes to replenish the mitochondrial acetyl-CoA pool. As
complementary approach, we transiently overexpressed the
Ca*"-independent PDH phosphatase (PDP2) [22] in

SPRINGER NATURE
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Fig. 3 Pyruvate dehydrogenase inhibition underlies the increase in FA
oxidation of skMCU ™~ muscles. a Western blot analysis showed that
Flag-PDK4 overexpression in MCUY FDB muscles increased the
phosphorylation levels of PDH (pcDNA3.1 was used as control). b
FA-dependent respiration was increased in MCU"" PDK4-
overexpressing FDB myofibers. Left: OCR measurements were per-
formed as in Fig. 2a. Etomoxir was added to inhibit FA utilization.
Right: FA dependency was calculated and expressed as the percentage
of basal OCR. Data are normalized on mean Calcein fluorescence. *p
<0.05, t test (two-tailed, unpaired) of five samples per condition. Data

skMCU '~ FDB muscles to rescue PDH activity. PDP2
overexpression triggered PDH dephosphorylation (Fig. 3c)
in line with increased PDH activation. This was sufficient to
rescue pyruvate oxidation in skMCU ™'~ myofibers, as
demonstrated by the barely detectable effect of etomoxir
treatment on basal OCR in PDP2-overexpressing skMCU
= myofiber compared to control-transfected fibers
(Fig. 3d). These results conclusively demonstrate that loss
of MCU causes a metabolic switch toward increased FA
oxidation by decreasing PDH activity.

Muscle-specific MCU deletion impinges on systemic
metabolism

To verify whether altered energy substrate metabolism due
to the loss of skeletal muscle MCU triggers systemic
adaptations, we measured blood concentration of key
metabolites. Blood glucose levels were lower in skMCU ™/~
mice compared to Mmcuf (Fig. 4a and S3A). These data
suggest that, despite defective glucose oxidation, skMCU
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are presented as mean + SD. ¢ Western blot analysis showed that Flag-
PDP2 overexpression in skMCU™~ FDB muscles decreased the
phosphorylation levels of PDH (pcDNA3.1 was used as control). d
FA-dependent respiration was decreased in skMCU™~ PDP2-
overexpressing FDB myofibers. Left: OCR measurements were per-
formed as in Fig. 2a. Etomoxir was added to inhibit FA utilization.
Right: FA dependency was calculated and expressed as the percentage
of basal OCR. Data are normalized on mean Calcein fluorescence. *p
<0.05, t test (two-tailed, unpaired) of five samples per condition. Data
are presented as mean = SD

= muscles are perfectly capable to take up glucose.

Accordingly, skMCU ™~ TA and soleus muscles accumu-
lated 2-deoxy-p-glucose even more efficiently than MCU™™
muscles (Fig. 4b). In line with defective carbohydrates
utilization, in skMCU ™/~ muscles glycogen levels were
increased (Fig. 4c). In light of the role of skeletal muscle
activity in controlling systemic metabolism, we hypothe-
sized that muscle-specific deletion of MCU would impinge
on hepatic glucose metabolism. Indeed, the liver of skMCU
= mice accumulated less glucose than MCU™ mice
(Fig. 4d), pointing to a systemic metabolic adaptation in
which the liver might contribute to euglycemia by coun-
teracting the excessive muscle glucose uptake. The mRNA
levels of the gluconeogenesis enzymes glucose-6-
phosphatase (G6pase) and phosphoenolpyruvate carbox-
ykinase 1 (Pckl) were upregulated in skMCU '~ liver
compared to MCU™ controls (Fig. 4e). At the same time,
liver glycogen content was decreased (Fig. 4f). Glycogen
synthase activity was presumably inhibited, in line with
decreased phosphorylation, and thus increased activation of
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glycogen synthase kinase 3 (GSK3p). GSK3 is a target of
Akt that, coherently, was also dephosphorylated in skMCU

'~ livers (Fig. 4g and S3B). To verify whether a general
catabolic response occurs, we analyzed liver lipases'
expression. Hormone-sensitive lipase  (Lipe) and
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monoglyceride lipase (Mgll) mRNA levels were increased
in skMCU™~ liver compared to controls, and 1-
acylglycerol-3-phosphate O-acyltransferase (ABHDS) and
patatin-like phospholipase domain-containing 2 (Pnpla2)
had an increasing tendency (Fig. 4h). Liver catabolism
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<« Fig. 4 Muscle-specific MCU deletion impinges on systemic metabo-

lism. a Glucose tolerance test of MCUY and skMCU™~ mice.
skMCU ™~ mice had decreased glycemia at all time points compared
to McU™f *p <0.05, t test (two-tailed, unpaired) of five animals per
condition. Data are presented as mean + SD. b In vivo measurements
of 2-deoxy-p-glucose uptake revealed that skMCU ™/~ TA and SOL
muscles accumulated more glucose than MCUM muscles. *p<0.05, ¢
test (two-tailed, unpaired) of five animals per condition. Data are
presented as mean + SD. ¢ Glycogen content was increased in skMCU
~~ muscles relative to controls. *p < 0.05, Mann—Whitney rank-sum
test (two-tailed, unpaired) of four animals per condition. Data are
presented as mean+SD. d In vivo measurements of 2-deoxy-p-glu-
cose uptake revealed that skMCU ™/~ liver took up less glucose than
controls. *p <0.05, t test (two-tailed, unpaired) of five animals per
condition. Data are presented as mean+ SD. e Relative mRNA
expression levels of the gluconeogenesis enzymes G6pase and Pckl in
skMCU ™" liver compared to MCUM liver. *p <0.05, ¢ test (two-
tailed, unpaired) of nine animals per condition. Data are presented as
mean + SD. f Glycogen content was decreased in skMCU ™'~ mice
liver compared to controls. *p <0.05, Mann—Whitney rank-sum test
(two-tailed, unpaired) of six animals per condition. Data are presented
as mean = SD. g Phosphorylation levels of GSK3 o/ff and AKT were
decreased in skMCU ™~ livers compared to controls. Total AKT and
GSK3 o/p were used as control. h Relative mRNA expression levels of
the lipases Lipe, Abhd5, Mgll, and Pnpla2 in skMCU ™~ liver com-
pared to MCU™M liver. *p <0.05, t test (two-tailed, unpaired) of nine
animals per condition. Data are presented as mean =+ SD. i Relative
mRNA expression levels of the ketogenesis enzymes Bdhl and
Hmges2 in skMCU ™~ liver compared to MCUY liver. *p <0.05, ¢
test (two-tailed, unpaired) of nine animals per condition. Data are
presented as mean+SD. j Plasma beta-hydroxybutyric acid con-
centration was increased in skMCU ™'~ mice compared to controls. *p
<0.05, t test (two-tailed, unpaired) of four animals per condition. Data
are presented as mean + SD. k Plasma FA concentration was increased
in skMCU ™~ mice compared to controls. *p <0.05, ¢ test (two-tailed,
unpaired) of four animals per condition. Data are presented as mean +
SD. 1 The amount of visceral adipose tissue (VAT) was decreased in
skMCU ™~ mice compared to MCUY animals. *p <0.05, t test (two-
tailed, unpaired) of four animals per condition. Data are presented as
mean + SD. m Relative mRNA expression levels of the lipases Mgll,
Lipe, and Pnpla2 in skMCU ™'~ VAT compared to MCUM liver. *p <
0.05, ¢ test (two-tailed, unpaired) of five animals per condition. Data
are presented as mean + SD

triggered by muscle-restricted MCU deletion was finally
assessed by increased ketogenesis, as demonstrated by
increased expression of ketogenic enzymes, i.e., 3-
hydroxybutyrate  dehydrogenase 1 (Bdhl) and
hydroxymethylglutaryl-CoA synthase (Hmgcs2) (Fig. 4i),
and of blood B-hydroxybutyric acid levels (Fig. 4j). Finally,
blood FA levels were higher in skMCU '~ compared to
MCU™ samples (Fig. 4k). The latter result may be sug-
gestive not only of a hepatic response but could also
implicate adipose tissue remodeling. While BW was
unchanged (Figure S3C), VAT weight was decreased in
skMCU ™"~ relative to control mice (Fig. 41) and the
expression of Lipe and Pnpla2 lipases was increased
(Fig. 4m), indicating increased adipose tissue catabolism.
We wondered whether these systemic responses are
solely due to increased skeletal muscle glucose demand or
whether muscle-specific cytokines (myokines) are secreted

in response to MCU deficiency. In particular, IL-6 has been
shown to be produced by skeletal muscle during exercise
and to enhance FA oxidation, insulin-stimulated glucose
uptake, and to contribute to hepatic glucose production
during exercise [28]. IL-6 levels were increased in skMCU
= serum and muscle samples compared to controls (Fig-
ure S3D-E). These data indicate that combined effects might
be responsible for the systemic phenotype of skMCU ™/~
mice. However, a comprehensive analysis of the myoki-
nome will shed further light.

Overall, these data reveal that the skeletal muscle-
restricted defect in mitochondrial metabolism is partially
compensated through both (i) the exploitation of metabolic
flexibility within the defective tissue (shift toward FA oxi-
dation) and (ii) the triggering of a whole-body rewiring of
metabolic pathways.

MCU deletion in adult skeletal muscle causes
atrophy, impairs exercise performance, and triggers
a fiber-type switch

Constitutive gene deletion could trigger adaptive develop-
mental responses that may hinder a peculiar phenotype. To
overcome this issue, we developed an inducible muscle-
specific MCU knockout mouse (HSA-Cre-ERTz::MC U ﬂ),
in which the MCU" mouse is mated with the HSA-Cre-
ER™ mouse, i.e., a mouse carrying the Cre recombinase
fused to a mutated ligand-binding domain of the human
estrogen receptor o and controlled by the human skeletal
actin promoter [16]. Upon tamoxifen treatment, the Cre
enzyme translocates into the nucleus . The HSA-Cre-ER™::
MCUY mouse, treated with tamoxifen during adulthood,
was named iskMCU '~ (Fig. 5a). However, even long-term
tamoxifen administration was only partially effective in
deleting MCU. While in some muscles MCU synthesis was
inhibited, either totally or partially, in others (e.g., the dia-
phragm) it was unaffected (Fig. 5b and S4A). Coherently,
fiber size reduction was proportional to the degree of MCU
downregulation (Fig. 5c). Nevertheless, performance of
iskMCU ™'~ mice on an uphill exhaustion exercise protocol
was significantly reduced (Fig. 5d). Finally, in the soleus
muscle, the expression of slow-twitch type 1 MHC was
decreased, whereas that of type 2A MHC expression was
increased (Fig. 5e).

MCU deletion in adult skeletal muscle triggers local
and systemic metabolic adaptations

Similarly to skMCU ™'~ mice, basal, maximal, and ATP-
linked OCR of iskMCU '~ FDB myofibers were reduced
compared to control fibers (Fig. 6a and S5A). p-PDH in
FDB muscle was increased (Fig. 6b). In agreement with
impaired pyruvate utilization, the drastic reduction of basal
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Fig. 5 Inducible muscle-specific MCU deletion impairs skeletal mus-
cle performance and triggers fiber-type switch. a HSA-Cre-ER™ mice
were crossed with mice in which exon 5 of the MCU gene is flanked
by loxP sequences (MCU™). At 8 weeks of age, all mice received
tamoxifen treatment. Upon tamoxifen binding, Cre recombinase
determines the deletion of the MCU gene specifically in the skeletal
muscle. For the sake of simplicity, the tamoxifen-treated HSA-Cre-
ER™:MCU™ mice are named iskMCU ~'~. b Western blot analyses of
different iskMCU ™"~ muscles revealed variable downregulation of
MCU expression. ¢ Fiber size of iskMCU ™'~ hindlimb muscles was
reduced proportionally to the degree of MCU ablation detected in b.
*p <0.05, ¢ test (two-tailed, unpaired) of four animals per condition.
Data are presented as mean + SD. d Mean maximal running distance in

OCR triggered by UK5099-dependent MPC inhibition in
MCU™ myofibers (Figs 2e and 6¢) was not observed in
iskMCU '~ fibers (Fig. 6¢). In addition, FA dependency of
basal OCR was double in iskMCU '~ fibers compared to
controls (Fig. 6d). Although fasting glycemia was unaltered
(Fig. 6e and S5B), blood lactate levels were increased in
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a single bout of run on a treadmill of MCU™ and iskMCU ™~ mice
indicated that MCU deletion negatively affects exercise performance.
*p <0.05, t test (two-tailed, unpaired) of five animals per condition.
Data are presented as mean + SD. e Immunofluorescence analysis of
soleus myofibers with antibodies specific for different myosin heavy
chains (anti-MyHC1 and anti-MyHC2A) demonstrated a reduction in
slow-twitch type 1 myosin-positive fibers and an increase in fast-
twitch type 2A myosin-positive fibers in iskMCU ™/~ samples relative
to controls. *p<0.05, Mann—-Whitney rank-sum test (two-tailed,
unpaired) of four animals per condition. Data are presented as mean +
SD. Representative images are reported on the right side. Scale bar
100 ym

iskMCU ™'~ mice relative to controls (Fig. 6f and S5C),
coherently with impaired glucose oxidation. In addition,
similarly to skMCU ™/~ mice, loss of MCU in adult skeletal
muscle caused systemic metabolic effects, as demonstrated
by the increased blood FA (Fig. 6g) and ketone bodies
(Fig. 6h). The incomplete MCU deletion prevented any
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further biochemical and physiological analysis, although the
metabolic adaptations were anyway partially evident.

Discussion
The role of Ca*" uptake by the skeletal muscle mitochon-

dria was recently investigated [9, 10, 12], but outstanding
questions still remain.

First, the causes underlying the reduced exercise per-
formance consequent to MCU deletion are unclear. In our
study, deletion of MCU specifically in the skeletal muscle
impaired exercise performance, demonstrating that the
decreased running capacity is solely due to a skeletal
muscle defect. In vivo measurements demonstrated reduced
tetanic force of skMCU '~ muscles. However, the strength
developed at frequencies recruited during treadmill exercise
is unaffected by loss of MCU. In addition, our results

SPRINGER NATURE
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Fig. 6 MCU deletion in adult skeletal muscle impairs whole-body
metabolism. a OCR measurements indicated reduced respiratory
capacity in iskMCU ™~ FDB myofibers compared to controls. Left:
representative traces. Right: quantification. To calculate basal and
maximal respiration, non-mitochondrial O, consumption was sub-
tracted from absolute values. ATP linked respiration was calculated as
the difference between basal and oligomycin-insensitive O, con-
sumption. Data are normalized on mean Calcein fluorescence. *p <
0.05, ¢ test (two-tailed, unpaired) of ten samples per condition. Data are
presented as mean=SD. b Phosphorylation levels of PDH were
increased in iskMCU ™~ soleus muscles compared to controls. ¢
Glucose dependent-respiration was decreased in iskMCU ™'~ FDB
myofibers compared to controls. Left: OCR measurements were per-
formed as in a. UK5099 was added to inhibit MPC. Right: Glucose
dependency was calculated and expressed as the percentage of basal
OCR. Data are normalized on mean Calcein fluorescence. *p <0.05, ¢
test (two-tailed, unpaired) of five samples per condition. Data are
presented as mean + SD. d FA-dependent respiration was increased in
iskMCU ™~ Left: OCR measurements were performed as in a. Eto-
moxir was added to inhibit FA utilization. Right: FA dependency was
calculated and expressed as the percentage of basal OCR. Data are
normalized on mean Calcein fluorescence. *p < 0.05, t test (two-tailed,
unpaired) of five samples per condition. Data are presented as mean +
SD. e iskMCU ™~ mice had unaltered fasting glycemia compared to
MCU™ controls. Data are presented as mean = SD (five animals per
condition). f Blood lactate concentration was increased in iskMCU ™/~
mice compared to controls. *p <0.05, ¢ test (two-tailed, unpaired) of
four animals per condition. Data are presented as mean + SD. g Plasma
FA concentration was increased in iskMCU ™~ mice compared to
controls. *p <0.05, ¢ test (two-tailed, unpaired) of four animals per
condition. Data are presented as mean+SD. h Plasma beta-
hydroxybutyric acid concentration was increased in iskMCU™/~
mice compared to controls. *p <0.05, ¢ test (two-tailed, unpaired) of
four animals per condition. Data are presented as mean + SD

exclude the contribution of impaired fatigue resistance to
the skMCU '~ phenotype. Coherently with the decrease in
exercise performance, a slow-to-fast MHC shift char-
acterizes both skMCU ™~ and iskMCU '~ soleus muscles,
thus excluding a compensatory effect occurring during
development. Since muscle remodeling toward faster
MHCs occurs in disuse conditions [29], one possible
explanation is that the inefficient substrate oxidation of
MCU '~ muscles impairs muscle activity, which in turn
determines MHC expression remodeling.

The shift in MHC expression is coherent with a meta-
bolic switch toward decreased oxidative metabolism
(Fig. 7a). In line with this, we measured a major OCR
decrease in MCU-deleted fibers, indicating that MCU loss
can limit the supply of reducing equivalents to the electron
transport chain. This effect is partially mitigated by upre-
gulation in lipid catabolism. Similarly, inhibition of MPC
has been shown to trigger a profound metabolic rewiring
and to boost FA oxidation in muscle cells [27], thus sug-
gesting that the impairment in pyruvate catabolism is the
main trigger of the ongoing metabolic rewiring. To confirm
this notion, we here show that reduced PDH activity is
per se sufficient to shift substrate preference from carbo-
hydrates toward lipids. Nonetheless, the reduced maximal
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OCR in PDK4-overexpressing fibers suggests that optimal
glucose oxidation is required to sustain high-energy
demand, which is not otherwise met by the alternative FA
metabolism.  Accordingly, overexpression of the
Ca“-independent PDP2 isoform in skMCU ™/~ fibers was
sufficient to inhibit the preferred lipid oxidation. Altogether,
these data indicate that MCU controls muscle substrate
preference and warrants a high level of plasticity, by
impinging on the activity level of PDH. In the absence of
MCU, pyruvate to acetyl-CoA conversion slows down, thus
limiting the TCA supply, and rewiring of cell metabolism
toward preferential lipid catabolism partially compensates
this defect.

However, MCU loss causes an additional bioenergetics
defect, because mitochondrial Ca®" level is a positive
allosteric regulator of two additional TCA cycle enzymes
(i.e., isocitrate and a-ketoglutarate dehydrogenases). OCR
measurements in the presence of palmitate, directly
demonstrated that, although MCU '~ muscles mostly rely
on P-oxidation to sustain respiration, their overall capacity
to oxidize FA is actually reduced. Thus, in MCU ™'~ myo-
fibers, the flux of FA-derived acetyl-CoA through the TCA
cycle is slowed down because of isocitrate and -
ketoglutarate dehydrogenase inhibition, decreasing the
availability of reducing equivalents fuelling basal respira-
tion. Overall, the consequences of MCU deletion on mito-
chondria function in the skeletal muscle are apparent
already in basal conditions, although metabolic rewiring
mitigates potential more severe phenotype.

In light of the function of skeletal muscle activity on
whole-body metabolism, the metabolic defect of MCU-
deleted muscles translates into a systemic catabolic
response (Fig. 7b). Whether this is a direct effect of altered
serum metabolites concentrations, or rather circulating fac-
tors (i.e., myokines) play a role, is not clear yet.

By means of the iskMCU™~ mouse, we wished to
uncover potential phenotypic features otherwise lost by
developmental adaptations. However, complete MCU
deletion was achieved only in some muscles. Nonetheless,
iskMCU ™"~ mouse phenotype was similar to skMCU /",
suggesting that either embryonic compensations are negli-
gible or that complete MCU ablation in the adult would be
required to uncover further defects.

Finally, our models are in accordance with observations
made by cardiomyocyte-specific conditional MCU deletion
[30, 31] in terms of lack of overt basal phenotype and
absolute requirement of effective mitochondrial Ca”"
uptake to match the metabolic output with increased energy
demand. However, contrary to skMCU and iskMCU mus-
cles, baseline p-PDH was unaltered in MCU™"MM hearts
[30, 31], maybe reflecting either the lower MCU currents or
the high dependency on FA oxidation of cardiac
mitochondria.
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Fig. 7 Model. a Schematic representation of the metabolic con-
sequences of MCU deletion in the skeletal muscle. Left: Ca*" enters
mitochondria through the MCU complex and stimulates the PDH
activity. PDH converts pyruvate into acetyl-CoA, which in turn feeds
the TCA cycle. Right: in MCU ™"~ muscles mitochondrial Ca** uptake
is inhibited, PDH is inactive, and pyruvate oxidation is impaired. In
turn, TCA cycle activity decreases. Increased FA metabolism partially
compensates the impairment in glucose oxidation. In addition, FA
oxidation produces reducing equivalents that fuel the respiratory chain.

Overall, our data indicate that a complex metabolic
rewiring occurs in skMCU '~ muscles. Mitochondrial Ca**
uptake is required for efficient glucose oxidation and sus-
tains rapid flux through the TCA cycle. The impairment in
muscle performance of skMCU ™~ mice is mainly due to
reduced glucose oxidation consequent to inhibition of PDH
and thus TCA cycle activity, which is accompanied by
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b The primary skeletal muscle mitochondria defect triggered by MCU
deletion has an impact on whole-body metabolism. The decrease in
muscle glucose oxidation translates into increased glycolysis, glyco-
gen storage, and lactate production. The aberrant glucose utilization
signals to the liver and the adipose tissue, which in turn mobilize
nutrient depots. skMCU ™'~ mice have decreased muscle force,
impaired exercise performance, and display MyHC1 - MyHC2A
expression switch

fiber-type remodeling toward faster MHCs. Systemic
adaptations may also contribute to the decreased exercise
capacity. Metabolic flexibility in terms of increased FA
oxidation at least partially sustains muscle activity and
compensates for the impairment in carbohydrates' utiliza-
tion. On the one hand, this metabolic rewiring contributes to
explain the mild phenotype of MCU-deficient mouse
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models. On the other, despite these profound metabolic
adaptations, the selective loss of MCU in skeletal muscle
still shows a negative impact on muscle strength and per-
formance, thus further underlining the physio-pathological
relevance of mitochondrial Ca?" homeostasis.
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