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Abbreviations

¥IP-MRS: 31-phosphorus MR spectroscopy

ActRIIB: activin type 1IB receptor

DMD: Duchene muscular dystrophy

fso : the electrostimulation frequency for which 50% of the maximal tension was exerted
MR: magnetic resonance

MHC: myosin heavy-chain

sActRIIB-Fc: soluble ActRIIB signaling inhibitor

TPCrrec: time constant of phosphocreatine resynthesis during the post-exercise period



Abstract

Postnatal blockade of the activin type IIB receptor (ActRIIB) represents a promising
therapeutic strategy for counteracting dystrophic muscle wasting. However, its impact upon
muscle function and bioenergetics remains poorly documented under physiological
condition. Here, we have investigated totally noninvasively the effect of 8-week
administration of either soluble ActRIIB signaling inhibitor (sActRIIB-Fc) or vehicle PBS
(control) on gastrocnemius muscle force-generating capacity, energy metabolism and
anatomy in dystrophic mdx mice using magnetic resonance (MR) imaging and dynamic 31-
phosphorus MR spectroscopy (*'P-MRS) in vivo. ActRIIB inhibition increased muscle volume
(+33%) without changing fiber-type distribution, and increased basal animal oxygen
consumption (+22%) and energy expenditure (+23%). During an in vivo standardized
fatiguing exercise, maximal and total absolute contractile forces were larger (+40% and
+24%, respectively) in sActRIIB-Fc treated animals, whereas specific force-generating
capacity and fatigue resistance remain unaffected. Furthermore, sActRIIB-Fc administration
did not alter metabolic fluxes, ATP homeostasis and contractile efficiency during the fatiguing
bout of exercise, although it dramatically reduced the intrinsic mitochondrial capacity for
producing ATP. Overall, sActRIIB-Fc treatment increased muscle mass and strength without
altering the fundamental weakness characteristic of dystrophic mdx muscle. These data

support the clinical interest of ActRIIB blockade for reversing dystrophic muscle wasting.

Keywords: Skeletal muscle hypertrophy; myostatin inhibition; Duchenne muscular

dystrophy; muscle fatigue.



INTRODUCTION

ActRIIB is a transmembrane serine-threonine kinase receptor that mediates the
signaling for myostatin (GDF8) and other members of the transforming growth factor 3 family
involved in the negative regulation of skeletal muscle growth (1, 2). It has been shown that
pharmaceutical disruption of ActRIIB signaling pathway using soluble ActRIIB receptor
(sActRIIb-Fc) or neutralizing antibodies against ActRIIB or myostatin leads to a rapid and
massive increase in muscle mass (3-9). These findings have put forward postnatal ActRIIB
blockade as a promising strategy for reversing muscle wasting common to ageing
(sarcopenia) and to muscle degenerative disorders such as Duchenne muscular dystrophy
(DMD) (7, 10, 11).

DMD is a fatal X-linked myopathy caused by mutations in the DMD gene resulting in
the absence or severe reduction of functional protein dystrophin from the sarcolemma (12).
This disorder is characterized by muscle weakness in association with bioenergetics
abnormalities including mitochondrial dysfunction and reduced basal content of high-energy
phosphorylated compounds (13-15). Despite the molecular and pathophysiological
mechanisms involved in DMD are well described, there is still no cure for restoring
dystrophin. Then, stimulation of muscle growth throughout ActRIIB signaling disruption could
be a mean for improving muscle function in DMD patient (16). Interestingly, in addition to the
muscle mass growth, ActRIIB inhibition has been shown to reduce myofiber damage in
response to contraction in the mdx mouse model of DMD (17, 18). However, the
corresponding functional advantage remains poorly documented and controversial. For
example, it has been reported in mdx mice that irrespectively of muscle typology, ActRIIB
blockade either increases (3, 18), has no effect (19, 20) or even decreases (20) absolute
force-generating capacity in electrostimulated muscle ex vivo. Moreover, considering that
ActRIIB inhibition decreases fatigue resistance in healthy muscle (20, 21), sActRIIB-Fc
treatment could be potentially deleterious for dystrophic muscle but this issue has never

been addressed. At the bioenergetics level, indirect calorimetry experiments have



demonstrated that caloric output was increased by 25% in mdx mice treated with sActRlIlb-
Fc, hence suggesting that basal energy metabolism is disturbed (3). Furthermore, we and
others have reported that the mRNA and protein levels of key regulatory genes promoting
oxidative metabolism are reduced in mdx mice treated with soluble ActRIIB, which indicates
that ActRIIB inhibition impairs oxidative muscle metabolism (20, 22). This impairment could
have undesirable clinical consequences given that the dystrophic phenotype is by itself
associated with mitochondrial dysfunction (14, 15) and low oxidative capacity is known to
increase the risk for cardiovascular and metabolic diseases (23). Overall, it must be pointed
out that the very few studies having investigating so far the effect of ActRIIB blockade upon
dystrophic muscle function have been performed mainly in vitro, and data regarding
mechanical performance in relation to energy production and regulation are then still
missing.

The aim of this study was to determine the impact of ActRIIB inhibition on dystrophic
muscle function and bioenergetics under physiological condition. For this purpose, mdx mice
were injected semiweekly with the rodent form of sActRIIB-Fc for a total of 8 weeks.
Gastrocnemius muscle force-generating capacity, energy metabolism and anatomy were
investigated totally noninvasively using hindlimb MR imaging and *'P-MRS as previously
described (24). *'P-MRS is a valuable technique for dynamically and simultaneously
monitoring high-energy phosphorylated compounds levels, acidosis, oxidative capacity and
ATP turnover in exercising muscle in vivo. We have analyzed the corresponding results
together with lean mass and fat content quantification using whole-body MR imaging, indirect
calorimetry measurements and fiber type composition determination from myosin heavy-

chain (MHC) isoforms analysis.



MATERIALS AND METHODS

Animal care and feeding

Seventeen 3-month-old mdx mice generated from a colony maintained on a
C57BI/10ScSn background (Pierre et Marie Curie faculty of Medicine, Paris, France) were
used for these experiments. All animal experiments were conducted in strict accordance with
the guidelines of the European Communities Council Directive 86/609/EEC for Care and Use
of Laboratory Animals, and were performed according to protocols reviewed and approved
by the Institutional Animal Care Committee of Aix-Marseille University (permit number 93-
21122012) under the supervision of BG (license number 13.164 2008/11/25). Every attempt
was made to minimize the number and the suffering of animals. Mice were socially housed
as 4-5 per cage in an environmentally controlled facility (12-12 h light-dark cycle, 22°C) with
free access to commercial standard food and water. After experiments, animals were
euthanized by cervical dislocation following isoflurane anesthesia. Gastrocnemius muscle
were immediately removed, freeze-clamped with nitrogen-chilled metal tongs, and stored at -

80°C for in vitro measurements.

Experimental design

In vivo blockade of ActRIIB signaling was done using a soluble fusion protein
(sActRIIB-Fc, also called RAP-031, Acceleron Pharma Inc., Cambridge, MA, USA)
generated by fusing the ActRIIB extracellular domain to the mouse immunoglobulin Fc
region (5). Mice were randomly assigned to two groups and were injected subcutaneously
twice weekly for a total of 8 weeks with sActRIIB-Fc (10 mg/kg body weight; n = 8) or an

equal volume of vehicle (10 mM PBS; control group; n = 9).

Noninvasive investigation of gastrocnemius muscle function and energetics
Each animal was tested twice over a one-week period in order to evaluate totally

noninvasively  force-generating capacity, energy metabolism and anatomy in



electrostimulated gastrocnemius muscle. During the first testing session, hindlimb MR
images were recorded to get information about muscle volume, and metabolic changes
associated to muscle activity were investigated using *'P-MR spectroscopy throughout a
standardized fatiguing bout of exercise (6 min of repeated maximal isometric contractions
induced electrically at a frequency of 1.7 Hz). During the second session, gastrocnemius
muscle was electrostimulated with trains (0.75 sec duration; rest interval of 30 sec) of
incremental frequencies (1, 10, 20, 30, 50, 75, 100, and 150 Hz) and the corresponding
contractile tension was measured.

Animal preparation. Each mouse was initially anesthetized in an induction chamber
using 4% isoflurane in 33% O, and 66% N2O. The left hindlimb was shaved before electrode
cream was applied at the knee and heel regions for optimizing transcutaneous muscle
electrostimulation. Animal was then placed supine in a home-built cradle, which has been
especially designed for the totally noninvasive MR investigation of gastrocnemius muscle
function and bioenergetics (24); this muscle was chosen because it is easily accessible for
MR measurements and preferentially activated using our experimental methods. The cradle
integrates two rod-shaped transcutaneous electrodes (one electrode was located at the heel
level and the other one was located above the knee joint) connected to a constant-current
stimulator (DS7A; Digitimer, Herthfordshire, United Kingdom) and an ergometer consisting of
a foot pedal coupled to a force transducer. This former was constructed by sticking a strain
gauge (120-ohm internal resistance ref 1-LY11-6/120A; HBM GmbH, Darmstadt, Germany)
on a 0.4-mm thickness Bakelite slat in a Wheatstone bridge design (3 x 120 ohm). Animal’'s
foot was placed on the pedal of the ergometer and the hindlimb was centered inside a 'H
Helmholtz imaging coil (20-mm diameter) while the belly of the gastrocnemius muscle was
positioned above an elliptic (8 x 12 mm?) *'P-MRS surface coil. Corneas were protected from
drying by applying ophthalmic cream, and mouse’s muzzle was placed in a facemask
continuously supplied with 1.75% isoflurane in 33% O (0.2 L/min) and 66% N2O (0.4 L/min).
Body temperature was controlled and maintained at a physiological level throughout the

experiment using a feedback loop including an electrical heating blanket, a temperature



control unit (ref. 507137; Harvard Apparatus, Holliston, MA, USA) and a rectal thermometer
constructed with a NTC thermistor SMC series (ref NCP18XW220J03RB-2.2K, Murata,
Kyoto, Japan).

Mechanical data acquisition. Resting muscle was passively stretched by modifying
the angle between the foot and the hindlimb in order to produce maximal isometric twitch
tension in response to supramaximal square wave pulses (1-ms duration). The individual
maximal electrostimulation intensity was determined by progressively increasing the stimulus
intensity until there was no further peak twitch tension increase. Electrical signal coming out
from the force transducer of the ergometer was amplified (Operational amplifier AD620;
Analog Devices, Norwood, MA, USA; gain = 70 dB; 0-5 kHz bandwidth) and converted into a
digital signal (PCI-6220; National Instrument, Austin, TX, USA) that was continuously
monitored and recorded on a personal computer using the WIinATS software version 6.5
(Sysma, Aix-en-Provence, France).

MR data acquisition. Explorations were performed in the 4.7-Tesla horizontal
magnet of a 47/30 Biospec Avance MR system (Bruker, Karlsruhe, Germany) equipped with
a 120-mm BGA12SL (200 mT/m) gradient insert. Ten consecutive noncontiguous axial slices
(0.5-mm spaced; 1-mm thickness) covering the region from the knee to the ankle were
selected across the hindlimb. RARE images of these slices (8 echoes; 67.9-ms effective
echo time; 16.7-ms actual echo time; 2000-ms repetition time; one accumulation; 20 x 15
mm? field of view; 256 x 256 matrix size) were acquired at rest. *'P-MR spectra (8 kHz
sweep width; 2048 data points) from the gastrocnemius region were continuously recorded
at rest (6 min), during the 6-min fatiguing bout of exercise, and during the following 15-min
recovery period. MR data acquisition was gated to muscle electrostimulation for reducing
potential motion artifacts due to contraction. A fully relaxed spectrum (12 scans, 20-s
repetition time) was acquired at rest, followed by 768 free induction decays (FID; 1.875-s
repetition time). The first 64 FIDs were acquired at rest and summed together. The next 192
FIDs were acquired during the fatiguing exercise and were summed by packets of 32,

allowing a 60-s temporal resolution. The remaining 512 FIDs were obtained during the post-



electrostimulation recovery period and were summed as 7 packets of 32 FIDs followed by 3
packets of 64 FIDs and one packet of 96 FIDs.

Data processing. Mechanical data were processed as followed: For the fatiguing
exercise, absolute force production (expressed as force-time integral, in N*s) was calculated
by integrating the isometric force (in N) with respect to time. Specific force (in N*s/mm?) was
obtained by scaling absolute force to muscle volume calculated from hindlimb MR images
(see below). For the incremental frequencies electrostimulation protocol, tension was
measured for each train and the corresponding data were fitted to the Hill equation providing
fso0, i.€., the stimulation frequency for which 50% of the maximal tension was exerted. MR
data were processed with custom-written analysis algorithms developed using the IDL
platform (Interactive Data Language, Research System, Inc., Boulder, CO, USA) (25, 26).
Region of interest was manually outlined for each hindlimb MR image so that the
corresponding cross sectional area of the gastrocnemius muscle was measured. Muscle
volume was then calculated by summing the volumes included between consecutive slices.
Relative concentrations of phosphocreatine (PCr), inorganic phosphate (P;) and ATP were
obtained from 3'P-MR spectra by a time-domain fitting routine using the AMARES-MRUI
Fortran code (27) and appropriate prior knowledge for the ATP multiplets. Absolute
concentrations were expressed relative to basal ATP level determined in vitro using a
bioluminescence-based method (see below), and intracellular pH was calculated from the
chemical shift of the P; signal relative to PCr (28). ADP concentration was calculated from
[PCr], [ATP] and pH considering the equilibrium constant (K = 1.67 10° M) of the creatine
kinase (CK) enzyme reaction (29).

Metabolic fluxes calculation. Metabolic fluxes from oxidative and anaerobic
pathways were quantified during the 6-min fatiguing exercise as previously described (30-
32). These robust and highly reproducible methods have been widely used to investigate
muscle bioenergetics in vivo under physiological and pathological conditions in humans (33-
35) and animal models (36-38). The rate of ATP production from oxidative phosphorylation

(Q) was calculated considering that ADP stimulates mitochondrial ATP synthesis through a



hyperbolic relationship (39): Q = Qmax/ (1 + K/ [ADP]), where Qmax represents the maximal
rate of oxidative ATP synthesis and K, (i.e., ADP concentration at the half-maximal ATP
oxidative rate) is approximately 30 uM in murine gastrocnemius muscle. Qmax Was calculated
as follows: Qmax = VPCrrec X (1 + Kin/ [ADPJend), where VPCrrec and [ADP]eng is the initial rate
of PCr resynthesis at the start of the recovery period and [ADPJenq is the ADP level at the end
of the fatiguing exercise. VPCrec was the ratio between APCr (the amount of PCr
consumption measured at the end of the exercise) and TPCrwc (the time constant of PCr
resynthesis during the post-exercise period). In order to determine TPCrc, the time-course of
the post-electrostimulation PCr resynthesis was fitted to a first-order exponential curve with a
least mean-squared algorithm. Noteworthy, TPCrrc is considered as an in vivo measure of
the intrinsic mitochondrial oxidative capacity considering that PCr resynthesis during the
postexercise recovery period relies exclusively on oxidative ATP generation (31, 40, 41).
Anaerobic ATP production rate was calculated as the sum between ATP produced by
PCr degradation via CK reaction and by anaerobic glycolysis. The rate of ATP production
from the CK reaction (D) was directly calculated using the time-course of PCr throughout the
fatiguing exercise: D = -dPCr/df. Glycolytic ATP production rate (L) was determined
considering that it is related to glycolytic proton generation (Hgiy) with a stoichiometry of 1.5
moles ATP per mole of proton (42): L = 1.5 x Hayy. Proton generation can be inferred from
intramuscular pH taking into account (i) protons consumed by PCr degradation via the CK
reaction (Hck), (ii) protons passively buffered in the muscle cytosol (Hpg), (iii) proton efflux
from the cell (Hemux) and (iv) protons produced by oxidative phosphorylation (Hox): Hely = Hck
+ Hg + Hesmux - Hox (32). Hek was calculated from the time-dependent changes in [PCr] using
the proton stoichiometric coefficient (¢ = 1 / (1 + 10P"®79) representing the number of
protons generated per mole of PCr degraded (43): Hck = odPCr/dt. The amount of protons
buffered in the cytosol was estimated from the apparent buffering capacity (fotal, in Slykes,

millimoles acid added per unit change in pH) and from the rate of pH change: Hg = -fotal X

dpH/dt, where St takes into account the buffering capacity of P (G = 2.3[Pj] / ((1+10P™

10



675))(1+10®75PH))) and the tissue buffering capacity (Sissue) (43). It has been shown that Sissue
varies linearly between pH 7 (16 Slykes) and pH 6 (37 Slykes) in murine gastrocnemius
muscle (44); accordingly, fissue = -21pH + 123. Proton efflux was calculated using the linear
pH-dependence constant (4, in mM/min/pH unit) relating proton efflux rate and pH: Heriux = -
AApH. The constant 4 was determined from the initial recovery after electrostimulation
cessation and considering that, despite the intracellular proton load associated with aerobic
PCr resynthesis, pH recovers back to its basal value as a result of a net proton efflux from
the cell: A = -Hemux / ApH. Therefore, Hemux can be calculated considering proton production
from CK reaction and mitochondrial ATP synthesis and pH changes: Hefux = Hck + Hox
+fotadpH/dt. Proton production by oxidative ATP synthesis was quantified from the
coefficient m, which represents the number of proton produced by mole of ATP generated

through oxidative phosphorylation (43): Hox = mVPCrrec, wWith m = 0.16 / (1 + 10©1PH),

In vivo quantification of body fat content

MRI acquisitions were performed with the 47/30 Biospec Avance MR system, using a
whole-body imaging coil (PRK 200 RES 200, Bruker, Karlsruhe, Germany). Mice were
anesthetized with isoflurane as described above. Axial MR images were acquired across the
entire body length excluding the tail using a high-resolution 3-D (turbo spin echo) sequence
(5.530-ms echo time; 77.85-ms effective echo time; 300-ms repetition time; 2 averages; 40 x
40 x 80 mm? field of view, 128 x 128 x 64 matrix size). Fat volume was quantified using an
automatic segmentation method based on a pixel intensity analysis of MR images with FSL
(FMRIB Software Library v5.0.2.2, Oxford University, UK; http://www.fmrib.ox.ac.uk/fsl). Fat

mass was calculated considering that density of adipose tissue is 0.92 g/cm?® (45).

Indirect calorimetry measurements

Measurements were performed using a two-chamber Oxylet system (Panlab,

Barcelona, Spain) with a constant inlet flow of room air (5 mL/min) maintained throughout the
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experiment. The temperature of the calorimetric room was set at 23°C. Animals were
individually acclimated and kept for 24 h in metabolic cages with free access to food and
water. Total oxygen consumption (VO2) and CO; production (VCO.) were continuously
analyzed with the following sequence: 5 min from cage #1, 5 min from cage #2, and 5 min
from room air. Energy expenditure (EE) was calculated as follows: EE = VO, x (3.815 +
1.232RQ), where RQ is the respiratory ratio of VCO, to VO,. Ambulatory activity was

determined simultaneously with the collection of indirect calorimetry data.

Myosin heavy-chain (MHC) isoforms analysis

Freeze-clamped muscles (50 mg) were homogenized in 600 pl of a solution
containing 300 mM NaCl, 100 mM NaH;PO., 50 mM Na;HPO., 10 mM NasP.O7 10, 1 mM
MgCl,, 10 mM EDTA and 1.4 mM B-mercaptoethanol, pH 6.5. After incubation (24 h at 4°C),
the homogenates were centrifuged (15 min, 13000 x g, 4°C) and the supernatants were
diluted 1:1 with glycerol. Total protein concentrations were measured with the Pierce BCA
Protein Assay Kit (Thermo Scientific, lllkirch, France) according to manufacturer's
instructions. Two ug of total proteins were denatured and run on 8% polyacrylamide gels for
48 h at 72 V using a Mini Protean Tetra system (Bio-Rad, Marnes-la-Coquette, France)
(46). Gels were then stained with IRDye® Blue Protein Stain (LI-COR Biosciences, Lincoln,
NE, USA) and scanned (42-um spatial resolution) in the 700-nm channel of an infrared
imaging system (Odyssey®, LI-COR Biosciences, Lincoln, NE, USA). MHC isoforms were
identified according to their apparent molecular masses and quantified using the ImageJ

software (http://imagej.nih.gov/ij/).

In vitro determination of intramuscular ATP content

Freeze-clamped muscles (40-60 mg) were homogenized in 1.2 mL of ice-cold
perchloric acid (0.6 M). After incubation (15 min at 4°C), homogenates were centrifuged (15
min, 2000 x g, 4°C), and the supernatants were neutralized with K2CO3 and placed for 30

min at 4°C. ATP concentrations were determined using the Bioluminescence ATP
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Determination Kit (ref. A22066, Invitrogen, Eugene, OR, USA). Luminescence was
measured on a micro-plate reader (Victor X3, PerkinElmer, Waltham, MA, USA). All samples

were run in duplicate.

Statistical analysis

All data are reported as means + SEM. Body weight differences were evaluated by
two-factor (group x time) analysis of variance (ANOVAs) with repeated measures on time
followed when appropriate by Tukey-Kramer post-hoc multiple comparison tests for
determining pairwise differences between groups. Other differences were determined by
paired or unpaired two-tailed Student’s f-test. The significance level was set at P < 0.05. All

analyses were performed with JMP software version 9 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Physiological changes

Mice treated with sActRIIB-Fc displayed a large and continuous increase in body
weight (Fig. 1a). They were significantly heavier than PBS-treated animals one week after
initiation of injections and until the end of the 8-week treatment period (Fig. 1a). At that time,
food intake, body weight and lean mass were larger (+18%, +22% and +25%, respectively)
in the group treated with sActRIIB-Fc (Figs. 1b,c,d), whereas fat mass did not differ between
both groups (Fig. 1e). Further, sActRIIB-Fc led to a dramatic increase (+33%) in
gastrocnemius muscle volume (Fig. 1f), but did not affect the relative distribution of MHC

isoform proteins (Figs. 1g,h).
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Indirect calorimetry measurements
Treatment with sActRIIB-Fc increased both oxygen consumption and energy
expenditure (+22% and +23%, respectively; Figs. 2a,b) whereas the respiratory ratio (Fig.

2¢) and the ambulatory activity (Fig. 2d) did not differ between both groups.

Gastrocnemius muscle mechanical performance

The force-frequency curve was constructed from contractile force data obtained
during gastrocnemius muscle electrostimulation with trains of incremental frequencies (Fig.
3a). Single twitch tension was 32% larger in animals treated with sActRIIB-Fc (Fig. 3b),
whereas maximal tetanic force and fso (the electrostimulation frequency for which 50% of the
maximal force was exerted) were not affected by sActRIIB-Fc treatment (Fig. 3c,d).
Changes in absolute contractile force throughout the 6-min in vivo fatiguing bout of exercise
were similar between both groups (Fig. 4a): force transiently increased in the early stage of
the exercise to reach a maximal value that was 40% larger in animals receiving sActRIIB-Fc
(Fig. 4b). Afterward, force progressively decreased as a sign of fatigue development until the
end of the exercise; at this stage, the extent of force reduction did not differ between both
groups (Fig. 4c). Overall, total force produced during the whole exercise was 24% larger in
animals receiving sActRIIB-Fc (Fig. 4d). Besides, the shape of specific force curve during
the fatiguing exercise was similar between PBS and sActRIIB-Fc groups (Fig. 5a).
Noteworthy, maximal (Fig. 5b) and total specific force produced during the whole exercise

(Fig. 5¢) were not altered by sActRIIB-Fc treatment.

Bioenergetics, metabolic fluxes and energy cost of contraction

Bioenergetics variables were assessed in vivo throughout a standardized rest-
exercise-recovery protocol. In resting muscle, PCr content was significantly larger (+20%) in
animals treated with sActRIIB-Fc (Table 1). On the contrary, there were no difference
between groups for [PCr]/[ATP], [ATP], [Pi] and pH. During the 6-min fatiguing exercise, PCr

was initially degraded at a rate that was 73% larger in sActRIIB-Fc-treated animals (Table
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1). After 3 min, PCr stabilized until the cessation of contractions (Fig. 6a) hence indicating
the establishment of a metabolic steady state. At that time, the extent of PCr degradation
was 35% larger in sActRIIB-Fc group (Table 1), thereby revealing that the energetics stress
in response to exercise was higher in these mice. In both groups, Pi accumulated throughout
the exercise with an initial phase of rapid and massive accumulation followed by a phase of
steady state (Fig. 6b), whereas ATP level remained close to the basal value during the
whole exercise (Fig. 6c), which indicates that ATP homeostasis was maintained.
Importantly, the fact that the extent of ATP depletion at the end of the exercise did not differ
between both groups (Table 1) led to assume that ATP regeneration capacity was not
altered in sActRIIB-Fc treated mice. Intracellular acidosis is contracting muscle is mainly due
to ATP production from glycolysis (42). In the present study, the time-course of intracellular
pH was characterized by a rapid acidosis in the first half of the exercise (Fig. 6d), thereby
indicating an acceleration of the glycolytic flux. After 3 min of exercise, pH reached a steady
state in PBS-controls mice and remained fairly constant until the cessation of contractions; in
the sActRIIB-Fc treated group on the contrary, pH decreased continuously until the end of
the exercise (Fig. 6d) when it reached a value that was lower than in the PBS group (Table
1). Over the whole exercise, it is noteworthy that sActRIIB-Fc treatment did not affect
oxidative, anaerobic and total ATP production (Figs. 7a-c). Also, there were no differences
between groups for the relative contribution of oxidative and anaerobic processes to ATP
production (Fig. 7d) and for ATP cost of contraction (Fig. 7e). During the recovery period
following the fatiguing exercise, phosphorylated compound levels and pH progressively
reached their respective basal values (Figs. 6a-d). Noteworthy, sActRIIB-Fc treatment
prolonged (+60%) the PCr resynthesis time constant (TPCrwc), thereby demonstrating a
reduced intrinsic mitochondrial oxidative capacity (31, 40, 41). Nevertheless, there were no
differences between both groups for the initial rates of PCr resynthesis (VPCrwc) and proton

efflux (Table 1).
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DISCUSSION

This is the first in vivo study investigating the effect of long-term pharmaceutical
ActRIIB blockade on dystrophic skeletal muscle function and bioenergetics. The key findings
are that sActRIIB-Fc administration: (i) promotes gastrocnemius muscle volume without
altering the relative distribution of MHC isoforms; (ii) increases both maximal and total
absolute contractile forces produced throughout a fatiguing bout of exercise, whereas
specific force-generating capacity and fatigue resistance are not disturbed; (iii)) does not
affect metabolic fluxes, ATP homeostasis and energy cost of contraction in contracting
muscle, but (iv) prolongs the time constant of oxidative PCr resynthesis following muscle
activity. At the whole-body level, ActRIIB blockade further increases lean mass, oxygen
consumption and energy expenditure, but has no effect on body fat content and respiratory
ratio.

As expected, long-term ActRIIB inhibition led to dramatic morphological changes. At
the end of the 8-week treatment period, body weight and gastrocnemius muscle volume
were larger (+22% and +33%, respectively) in mice receiving sActRIIB-Fc. The fact that the
extent of muscle mass gain was larger than that of body weight augmentation could be
linked to a greater effect of ActRIIB inhibition on lean mass as already observed in
myostatin-deficient animals (2, 47) and in wild-type mice treated with sActRIIB-Fc (48).
Actually, we have evidenced using whole-body MR imaging that sActRIIB-Fc treatment
significantly increased lean mass but had no effect on body fat content, hence suggesting
that ActRIIB inhibition alters basal energy homeostasis. We have performed indirect
calorimetry experiments to test this assumption and found that ActRIIB inhibition increased
both animal oxygen consumption and energy expenditure (+22% and +23%, respectively)
while the ambulatory activity remained unchanged. These findings, which are comparable to
those from previous studies in hypertrophied myostatin-deficient mice (47, 49), demonstrate
that sActRIIB-Fc treatment increases the basal metabolic rate, which could ultimately affect

animal endurance capacity. Also, it must be underlined that the treatment did not alter the
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respiratory ratio thereby indicating that the relative contributions of lipid oxidation and
carbohydrate to basal energy demand remained unchanged. Importantly, the fact that
ActRIIB inhibition increased lean mass without affecting body fat content is in line with the
view that hypertrophied muscle favors dietary fat utilization for growth and maintenance,
which in return limits adipose tissue accumulation (50).

A major step was to determine in vivo whether ActRIIB blockade is beneficial for
dystrophic muscle mechanical performance. We found that single maximal twitch tension
(+32%) and total absolute force production during the fatiguing bout of exercise (+24%) were
larger in hypertrophic gastrocnemius muscle, which is consistent with another study showing
that ActRIIB blocking induces a roughly proportional increase in body mass and grip strength
in mdx mice (51). Also, we did not detect any difference between both groups for maximal
and total specific forces produced during the whole fatiguing exercise. These data
corroborate ex vivo experiments in extensor digitorum longus muscle from sActRIIB-Fc
treated mdx mice (3, 17, 18) and further evidence that muscle capacity for generating force
takes full advantage of muscle hypertrophy. Noteworthy, lack of dystrophin leads to repeated
cycles of fiber degeneration and regeneration processes that decrease the sarcolemma
integrity with age so that muscle becomes more susceptible to contraction-induced injury.
Then, it would be of interest to further determine whether the larger maximal force-
generating capacity we measured in sActRIIB-Fc treated mdx mice is maintained with age.
To a larger extent, given that high levels of mechanical stress are known to produce muscle
damage in patients with DMD (52), one can wonder whether these patients could fully
benefit from potent improved maximal force capacity resulting from the ActRIIB blockade or
whether this would exacerbate the disease.

Moreover, the present study constitutes the first demonstration that sActRIIB-Fc
treatment does not affect fatigue resistance in dystrophic muscle despite an increased
fatigability has already been shown in hypertrophied muscle of myostatin-deficient mice (53,
54). In these mice, the larger fatigability has been attributed to typological changes with a

shift toward glycolytic fibers, which are poorly resistant to fatigue. In accordance with
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previous measurements of fiber-type distribution in soleus and extensor digitorum longus
muscles from wild-type and mdx mice submitted to ActRIIB inhibition (20, 55), we found that
sActRIIB-Fc treatment did not disturb gastrocnemius muscle typology, which could explain
why muscle fatigability was not altered in mdx mice submitted to ActRIIB blockade. This
finding stands out from our calorimetry experiments data suggesting that soluble ActRIIB
treatment alters animal endurance capacity. Nevertheless, on must be aware that we have
tested fatigue resistance during short duration standardized exercise and the effect of
soluble ActRIIB treatment on endurance capacity warrants to be further investigated
throughout prolonged exercise session.

Surprisingly, we observed that ActRIIB blockade did not improve maximal tetanic
tension whereas it increased single twitch tension. These results are however in no way
unusual since similar observations have been reported in isolated muscles from animals
lacking myostatin (56) or mice treated with sActRIIB-Fc (21, 48) or myostatin neutralizing
antibodies (9). The underlying cause for this phenomenon remains to be elucidated. It is
unlikely that this is due to any decreased myofilaments sensitivity to calcium because we
found that the stimulation frequency for which 50% of the maximal force was exerted — an in
vivo indicator of calcium sensitivity (57) — was not affected by sActRIIB-Fc treatment. On the
other hand, it is established that myostatin deficiency reduces muscle collagen content,
thereby altering muscle mechanistic by increasing the stiffness of muscle aponevrosis and
tendon (58, 59). It is then conceivable herein that long-term ActRIIB blockade produces
similar alterations hence reducing the ability to generate tetanic tension because of limitation
of individual twitches fusion during high-frequency repetitive stimulations.

Another important result is that sActRIIB-Fc treatment produced marked alterations in
dystrophic muscle bioenergetics. First and foremost, we measured that ActRIIB blockade
dramatically increased (+60%) the time constant of PCr resynthesis following repeated
fatiguing contractions similarly to what has been already reported in 3'P-MRS studies in
animals lacking myostatin (60) and in wild-type and dystrophic mice treated with soluble

ActRIIB (20). Such an increase indicates that the intrinsic mitochondrial capacity for
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generating ATP was reduced (31, 40, 41), which corroborates in vitro experiments
demonstrating that mRNA and protein levels of key regulatory genes promoting oxidative
metabolism are reduced in mdx mice treated with soluble ActRIIB (20, 22) and therefore
joints the view that ActRIIB inhibition is deleterious for mitochondrial function (20, 22, 61). In
addition, we found that sActRIIB-Fc treatment increased the basal PCr content, accelerated
the start-exercise PCr degradation rate and worsened both acidosis and PCr depletion
during sustained muscle activity. It must be kept in mind that PCr is under the control of the
creatine kinase (CK) enzyme reaction to play a critical role in muscle bioenergetics. The
PCr-CK system indeed acts to maintain ATP pool highly charged in exercising muscle,
functioning as an energy buffer at the transition from rest to exercise and afterwards as an
energy carrier directly involved in the transport of high-energy phosphate between
mitochondria and the sites of ATP utilization (myofilaments and ion pumps). Thus, it is
tempting to hypothesize that the metabolic alterations induced by sActRIIB treatment
compromises energy supply in contracting muscle. However, this hypothesis can be ruled
out here since there were no differences between both groups for oxidative and anaerobic
ATP production fluxes during exercise. As a result, we found that sActRIIB-Fc treatment did
not disturb ATP homeostasis in exercising muscle, which means that ATP regeneration
entirely fitted ATP demand for contraction. Moreover, despite the reduced intrinsic
mitochondrial capacity for generating ATP, we found that sActRIIB-Fc treatment did not
affect VPCrr, i.e., the apparent oxidative capacity. VPCrec. was calculated as the ratio
between APCr (the amount of PCr consumption measured at the end of the exercise) and
the postexercise PCr resynthesis time constant (31, 40, 41). Consequently, the larger basal
PCr content in sActRIIB-Fc treated animals could be interpreted as a compensatory
mechanism allowing a “normal” apparent oxidative capacity in the face of the intrinsic
mitochondrial failure. Besides, we found that the ATP cost of contraction, which reflects the
contractile efficiency, was not altered by sActRIIB-Fc treatment. This result might appear at a
first glance paradoxical with the increased energy expenditure we have characterized using

calorimetric experiments in awaked animals treated with sActRIIB-Fc. However, it must be
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kept in mind that this increase was measured at rest at the whole-body level and might then
differ from what is measured in exercising muscle.

In conclusion, this study provides original data demonstrating that ActRIIB signaling
plays a crucial role in whole-body mass control, muscle function and bioenergetics in mdx
mice. Given that ActRIIB signaling endows muscle with higher oxidative capacity and fatigue
resistance (20, 54), the risk was that ActRIIB inhibition exacerbates the dystrophic
phenotype, which is by itself already associated with mitochondrial dysfunction and impaired
muscle mechanical performance (14, 15). Yet, we found that although it dramatically reduces
the intrinsic mitochondrial capacity for producing ATP, sActRIIB-Fc treatment does not alter
metabolic fluxes, ATP homeostasis and contractile efficiency during a fatiguing bout of
exercise, and further increases muscle mass and strength. Our findings therefore support

the potential clinical interest of ActRIIB blockade for reversing dystrophic muscle wasting.
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Table 1

Effect of 8-week treatment with PBS or sActRIIB-Fc on gastrocnemius muscle bioenergetics

assessed in vivo using *'P-MRS.

PBS sActRIIB-Fc

Resting period

[PCrJ/[ATP] 2.95+0.13 3.22+0.16

[PCr], mM 99+04 11.9 £ 0.6*

[ATP], mM 34+0.2 3.8+0.3

[Pi], mM 1.2+0.2 1.3+0.2

pH 7.16 £ 0.04 7.11+£0.02
Onset of the 6-min fatiguing exercise

Initial rate of PCr consumption, mM/min 6.0+0.8 10.4 £ 1.0*
End of the 6-min fatiguing exercise

PCr depletion (relative to rest), mM 74103 10.0 £ 0.4*

ATP depletion (relative to rest), mM 0.15+0.22 0.70£0.35

pH 6.66 + 0.02 6.45 + 0.05*
Post-exercise recovery period

PCr resynthesis time constant (TPCrrec), min 2.3+0.3 3.7+04

Initial rate of PCr resynthesis (VPCrrec), mM/min 28+04 20+0.3

Proton efflux, mM/min 1.8+1.3 19+1.8

Data are means + SEM. * Significantly different from PBS.
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FIGURE LEGENDS

Figure 1: Physiological changes. Changes in body weight throughout a 8-week treatment
with PBS or sActRIIB-Fc in mdx mice (a). Daily food intake (b), body weight (c), lean (d) and
fat mass (e), gastrocnemius muscle volume (f) and MHC isoform proteins (g) at the end of
the treatment. Representative blot depicting the electrophoretic separation of MHC isoform

(h). Data are means + SEM. * Significantly different from PBS.

Figure 2: Indirect calorimetry measurements. Effect of a 8-week treatment with PBS or
sActRIIB-Fc on oxygen consumption (a), energy expenditure (b), respiratory quotient (¢) and
ambulatory activity (d) in awaked mdx mice over a 24-hour period in individual calorimetric

cages. Data are means + SEM. * Significantly different from PBS.

Figure 3: Force frequency relationship in gastrocnemius muscle. Absolute contractile
tension produced by the gastrocnemius muscle during the in vivo force-frequency protocol
(a). Treatment with sActRIIB-Fc increased single twitch tension (b) but has no effect on
maximal tetanic force (¢) and fso (d), which is the electrostimulation frequency for which 50%
of the maximal isometric tension was exerted. Data are means + SEM. * Significantly

different from PBS.

Figure 4: Gastrocnemius muscle absolute force-generating capacity. Absolute force
produced throughout the 6-min in vivo fatiguing exercise performed simultaneously to the
dynamic *'P-MRS acquisition after a 8-week treatment with PBS or sActRIIB-Fc (a). Maximal
force (b), extent of force reduction measured at the end of the exercise and expressed as
percent of onset value (¢) and total amount of force produced during the whole exercise (d).

Data are means + SEM. * Significantly different from PBS.
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Figure 5: Gastrocnemius muscle specific force-generating capacity. Specific force
produced throughout the 6-min in vivo fatiguing exercise performed simultaneously to the
dynamic 3'P-MRS acquisition after a 8-week treatment with PBS or sActRIIB-Fc (a).
Treatment with sActRIIB-Fc did affect neither maximal specific force (b) nor the total amount
of specific force produced during the whole exercise (c¢). Data are means + SEM. *

Significantly different from PBS.

Figure 6: Dynamic and noninvasive investigation of gastrocnemius muscle
bioenergetics using in vivo *'P-MRS. In vivo changes in gastrocnemius muscle [PCr] (a),
[Pi] (b), [ATP] (c) and pH (d) throughout the 6-min fatiguing exercise and during the following
15-min recovery period. For each panel, the first time point (t = 0) indicates the basal value.

Data are means + SEM.

Figure 7: Metabolic fluxes and ATP cost of contraction. Oxidative (a), anaerobic (b) and
total (¢) ATP production, relative contributions of oxidative and anaerobic processes to total
ATP production (d) and total ATP cost of contraction (e) calculated over the in vivo fatiguing

exercise after 8-week treatment with PBS or sActRIIB-Fc. Data are means + SEM.

32



a 5.

H
o

Body weight (g)

20 -

15

45
40
35
30
25
20
15
10

Body weight (g)

=—h
N W
a o
© O

N
(=]
o

-
o
o

(4]
o

Gastrocnemius volume (mm?)
&
o

o

w
(4]

30 -

25 -

Figure 1

x * % % %

O PBS
@ sActRIIB-Fc

[]PBsS

Il sActRIB-Fc

[]PBS

[l sActRIIB-Fc

6 8 10 12 14 16

Injection
d 40 -

30 -

20 4

Lean mass (g)

10 1

[]PBs

Il sActRIIB-Fc

g 100,
90 |
80 -
70 |
60 -
50 |
40 |
30 |
20 |
10 -

Percent MHC isoform

lla/llx IIb

[C1PBs [l sActRIIB-Fc

b 4.
*
cER
(]
k4
3
=
5 27
o
L
>
T 1
a)
0
[]pBs
Il sActRIIB-Fc
e ;.
4
G
» 37
1]
£
b —1 2 9
©
T8
1 A
0
[]pBs
Il sActRIIB-Fc
o lalllx
| —
™ lib
v} 4
5 2
P
i
m
o

33



Figure 2

T I

[C]pPBs

.
had
<)

Q

. . .
© < N
<) <)

0.0

o
(uneoy)
alnypuadxa ABiau3g

*

[]PBS

f
o
o
N

©

T T
o o o
o wn

150 A

/i)
uondwnsuod uabAxQ

- sActRIIB-Fc

T I

[]PBs

r T T T
0 5 0 5
2

bt - O
Ayanoe Aloyeinquuy
©
(&)
L
m I
[
k3]
)
- H
< o © < N Q
-— o o o o o
uanonb Alojendsa
1) juan jelldsay

[]PBs

Il sActRIIB-Fc

[l sActRIIB-Fc

34



Tension (N)

Figure 3

600 - b 140 -
*
500 1 Z 120
C -
400 - § 100
§ 8041
300 - <=
.;.3 60
200 A
O PBS 3 401
100 @ sActRIIB-Fc % 20
0 T T T T T T 1 0
0 25 50 75 100 125 150 [Jess
Electrostimulation frequency (Hz) Il sActRIB-Fc
c 600 - d 20 -
T
.g 500 - T
@ 15
£ 400 -
L N
§Z 300 - Z 10 -
5 <
= 3
g 200 A
.(% 5 J
s 100
0 0
I pBs []PBs

Il sActRIIB-Fc [l sActRIIB-Fc



Figure 4

*

[]pBs

[e] o 0 o 7o)
N N -— —
(Youmy/s,Nw)
Ne) 9010} [BWIXE

O PBS
@ sActRIIB-Fc

L L L L
© < N O 0 © < N
- - T

18 -

(yonmy/s,Nw) 82104
«

o

[l sActRIIB-Fc
T I

[]PBs

Time (min)

f
(2]

©

T
N © OV S O N «— O

(s,N) @240} [eJo |

I

[]PBs

f
o
wn

o

T T T T
o o o o
< ™ N -

(%) uononpai 82104

0

Il sActRIIB-Fc

Il sActRIB-Fc

36



Specific force
(mN*s/twitch/mm?)

0.09 -
0.08 -
0.07 1
0.06 -
0.05
0.04 4
0.03
0.02 1
0.01 4

0.00

O PBS

@ sActRIIB-Fc

2

3

Time (min)

Figure 5

o

Maximal specific force

(mN*s/mm?3)

0.10 1

0.08 1

0.06 4

0.04 4

0.02 4

0.00

[]PBS

Il sActRIIB-Fc

(2]
8

w
o

Total specific force
(mN*s/mm?)
= ¥)
o o

[]PBs

Il sActRIB-Fc

37



V]
[EEGEEN
A~ O

[PCr] (mM)

16
14
12
10

[P] (mM)

O N b O ®

[ATP] (mM)

7.2

7.0
I 6.8

6.6 -

6.4

6.2

Figure 6

Exercise

Recovery period

i
1
]
i
i
i
i
|
OPBS
@ sActRIIB-Fc
1
T T T T T E T T T T T T T T T T T T T T
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Time (min)
Exercise Recovery period

O PBS
@ sActRIIB-Fc

10 11 12 13 14 15 16 17 18 19 20 21

~ 4
o0
O -

Time (min)

Exercise

Recovery period

'
g
OPBS

1 i @ sActRIIB-Fc
]

0 1 2 3 4 5 6 7 8 9 1'01'1 1'21'31'41l51'61'71'81'92l021

Time (min)
Exercise Recovery period

@ sActRIIB-Fc

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Time (min)

38



Figure 7
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