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ABSTRACT 

Because it leads to a rapid and massive muscle hypertrophy, postnatal blockade of the 

activin type IIB receptor (ActRIIB) is a promising therapeutic strategy for counteracting muscle 

wasting. However, the functional consequences remain very poorly documented in vivo. Here, 

we have investigated the impact of 8-week ActRIIB blockade with soluble receptor (sActRIIB-

Fc) on gastrocnemius muscle anatomy, energy metabolism and force-generating capacity in 

wild-type mice using totally noninvasive magnetic resonance (MR) imaging and dynamic 31-

phosphorus MR spectroscopy. Compared to vehicle (PBS) control, sActRIIB-Fc treatment 

resulted in a dramatic increase in body weight (+29%) and muscle volume (+58%) calculated 

from hindlimb MR imaging, but did not alter fiber-type distribution determined via myosin heavy 

chain isoforms analysis. In resting muscle, sActRIIB-Fc treatment induced acidosis and PCr 

depletion, thereby suggesting reduced tissue oxygenation. During an in vivo fatiguing exercise 

(6-min of repeated maximal isometric contraction electrically-induced at a frequency of 1.7 

Hz), maximal and total absolute forces were larger in sActRIIB-Fc treated animals (+26% and 

+12%, respectively) whereas specific force and fatigue resistance were lower (-30% and 37%, 

respectively). Treatment with sActRIIB-Fc further decreased the maximal rate of oxidative ATP 

synthesis (-42%) and the oxidative capacity (-34%), but did not alter the bioenergetics status 

in contracting muscle. Our findings demonstrate in vivo that sActRIIB-Fc treatment increases 

absolute force-generating capacity and reduces mitochondrial function in glycolytic 

gastrocnemius muscle, but this reduction does not compromise energy status during sustained 

activity. Overall, these data support the clinical interest of postnatal ActRIIB blockade. 

 

Keywords: Skeletal muscle hypertrophy; Activin type IIB receptor; Myostatin; Force; Fatigue. 
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INTRODUCTION 

ActRIIB is a transmembrane serine-threonine kinase receptor highly expressed in 

mammalian skeletal muscle. It mediates signaling for myostatin (GDF8) and other members 

of the transforming growth factor β family that are involved in the negative regulation of skeletal 

muscle development (16, 37). Disruption of the ActRIIB signaling pathway leads to a rapid and 

massive increase in muscle mass resulting from fiber hypertrophy with increased myofiber 

protein synthesis (10, 58). In that context, several pharmacological approaches based on the 

postnatal ActRIIB signaling blockade have been considered for counteracting muscle wasting 

commonly associated to ageing, neuromuscular disorders and various catabolic diseases (17, 

33, 38). These approaches mainly include the systemic delivery of neutralizing antibodies 

against ActRIIB or myostatin (31, 36), and injection of a soluble recombinant form of ActRIIB 

(sActRIIB-Fc), which acts as a decoy receptor disrupting the interaction of endogenous 

ActRIIB receptor with its ligands (5, 38, 44). 

Although ActRIIB signaling blockade has been already tested in patients (30, 57) and 

animal models (10, 44, 47) suffering from dystrophic and neurological disorders, it is 

noteworthy that the impact of such a blockade has been very poorly documented in healthy 

muscle in vivo. This issue is however an important prerequisite for a better understanding of 

the effects of ActRIIB blockade in diseased muscle. It has been shown that postnatal disruption 

of the ActRIIB signaling in normal mice improves functional parameters such as grip strength 

(1, 33) and absolute force in isolated muscle (1, 15), but on the other hand decreases the 

resistance to fatigue (15, 52). These results are in all respects comparable to those obtained 

in myostatin-deficient mice in which the improved force has been documented (2, 19, 43, 45) 

and the increased fatigability has been assigned to a mitochondrial impairment evidenced on 

the basis of in vitro assays (45, 48) and in vivo 31P-MRS measurements (6, 19). Interestingly, 

long-term sActRIIB-Fc treatment in wild-type mice has been shown to reduce the expression 

of oxidative phosphorylation genes (50, 52, 60) as well as the level of porin, an outer 

mitochondrial membrane protein involved in ATP transport between the cytosol and the 
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mitochondrial matrix (52). These findings suggest that ActRIIB blockade negatively affects the 

muscle mitochondrial function, which could have undesirable clinical consequences. 

Nevertheless, this potent impairment has been so far assessed only though in vitro 

experiments, and the corresponding effects on energetics and mechanical performance in 

exercising muscle are then missing in vivo. 

The aim of the current study was to investigate strictly noninvasively the impact of long-

term ActRIIB signaling blockade on gastrocnemius muscle anatomy, energy metabolism and 

mechanical performance in wild-type mice. We intended especially to clarify (i) whether 

ActRIIB signaling blockade impairs mitochondrial function similarly to what has been reported 

in myostatin-deficient mice, and (ii) whether bioenergetics and force-generating capacity 

during a fatiguing bout of exercise are impaired under these conditions. Functional 

investigations were performed in electrostimulated muscle in vivo using MR imaging and 31P-

MR spectroscopy (31P-MRS) while the electrophoretic separation of myosin heavy-chain 

(MHC) isoforms provided information about the fiber type composition. 

 

 

 

MATERIALS AND METHODS 

Animal care and feeding 

Sixteen C57BL/6 3-month old mice (Janvier Labs, Le Genest Saint Isle, France) were 

used for these experiments conducted in strict accordance with the guidelines of the European 

Communities Council Directive 86/609/EEC for Care and Use of Laboratory Animals. All 

animal experiments were performed according to protocols reviewed and approved by the 

Institutional Animal Care Committee of Aix-Marseille University (permit number 93-21122012) 

and 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 four 

per cage in an environmentally controlled facility (12-12 h light-dark cycle, 22°C) with free 
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access to commercial standard food and water until the time of experiment. After experiments, 

animals were euthanized by cervical dislocation following isoflurane anesthesia. 

Gastrocnemius muscles were immediately removed, freeze-clamped with nitrogen-chilled 

metal tongs, and stored at -80°C for in vitro measurements. For each mouse, the delay 

between euthanasia and muscle freeze clamping was less than 20 s. 

 

Experimental design 

The postnatal blockade of ActRIIB signaling pathway was achieved 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 (44). Mice were assigned to two groups (n = 8 per group) of comparable mean body 

weights. For a total of 8 weeks, animals were injected subcutaneously twice weekly with either 

sActRIIB-Fc (10 mg/kg body weight) or an equal volume of vehicle (10 mM PBS; control 

group). 

 

Noninvasive investigation of gastrocnemius muscle function and energetics 

Each animal was tested twice over a one-week period in order to evaluate strictly 

noninvasively bioenergetics, anatomy and force-generating capacity in electrostimulated 

gastrocnemius muscle. During the first testing session, MR imaging measurements were 

performed to get information about muscle volume, and metabolic changes associated to 

muscle activity were investigated using 31P-MR spectroscopy throughout a standardized 6-min 

fatiguing exercise. During the second session, gastrocnemius muscle was electrostimulated 

with trains of incremental frequencies (1-150 Hz) and the corresponding force was measured. 

Animal preparation. Mice were initially anesthetized in an induction chamber using 

1.75% isoflurane in 33% O2 (0.2 L/min) and 66% N2O (0.4 L/min). The left hindlimb was shaved 

before an electrode cream was applied at the knee and heel regions to optimize 

transcutaneous electrostimulation. Anesthetized animal was placed supine in a home-built 
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cradle which has been especially designed for the strictly noninvasive MR investigation of 

gastrocnemius muscle function (20). This muscle was chosen because it is easily accessible 

for MR measurements and preferentially activated using our experimental methodology. The 

cradle integrates an ergometer consisting of 9 x 24 mm foot pedal coupled to a force 

transducer constructed by sticking a strain gauge (120-ohm internal resistance; ref 1-LY11-

6/120A, HBM GmbH, Darmstadt, Germany) on a Bakelite slat (0.4 mm thickness) in a 

Wheatstone bridge design (3 × 120 ohm). The animal’s foot was positioned on the pedal of 

the ergometer and the lower hindlimb was centered inside a 20-mm-diameter 1H Helmholtz 

imaging coil while the belly of the gastrocnemius muscle was located above an elliptic (8 x 12 

mm2) 31P-MRS surface coil. Corneas were protected from drying by applying ophthalmic 

cream, and animal’s head was placed in a home-built facemask continuously supplied with 

1.75% isoflurane in 33% O2 (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 home-built rectal thermometer. 

Muscle electrostimulation procedure and force output measurement. Muscle 

contractions were achieved by transcutaneous electrostimulation using two rod-shaped 1.5-

mm-diameter electrodes integrated in the experimental cradle and connected to a constant-

current stimulator (DS7A, Digitimer, Herthfordshire, United Kingdom). One electrode was 

placed at the heel level and the other one was located just above the knee joint. Electrical 

signal coming out from the force transducer was amplified (Operational amplifier AD620, 

Analog Devices, Norwood, MA, USA; 70-dB gain; 0-5 kHz bandwidth) and converted to a 

digital signal (PCI-6220, National Instrument, Austin, TX, USA) that was continuously 

monitored and recorded on a personal computer using the WinATS software version 6.5 

(Sysma, Aix-en-Provence, France).  

Preliminary adjustments. Before each experiment, muscle was passively stretched 

at rest by adjusting the angle between the foot and the lower hindlimb in order to produce 

maximal isometric twitch amplitude in response to supramaximal square wave pulses (1-ms 
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duration). The individual maximal electrostimulation intensity was determined by progressively 

increasing the stimulus intensity until there was no further peak twitch force increase. 

Fatigue exercise and force-frequency protocol. The fatiguing exercise was 

performed simultaneously to the dynamic 31P-MRS acquisition. It consisted in 6 min of 

repeated maximal isometric contractions induced electrically at a frequency of 1.7 Hz. 

Absolute force production (expressed as force-time integral, in N*s) was calculated by 

integrating the isometric force (in N) with respect to time. During the force-frequency protocol, 

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 

force data were processed as followed: The isometric peak force was measured for each train 

and the overall dataset was fitted to the Hill equation for calculating f50, i.e., the 

electrostimulation frequency for which 50% of the maximal force was exerted. Specific force 

was calculated by normalizing the absolute force with the gastrocnemius muscle volume 

quantified from hindlimb MR images (see below). 

MR data acquisition and processing. Explorations were performed in the 4.7-Tesla 

horizontal magnet of a 47/30 Biospec Avance MR system (Bruker, Karlsruhe, Germany) 

equipped with a Bruker 120-mm BGA12SL (200 mT/m) gradient insert. Ten consecutive 

noncontiguous 0.5-mm spaced axial slices (1-mm thickness) covering the region from the knee 

to the ankle were selected across the lower hindlimb. RARE images of these slices (8 echoes; 

effective echo time = 67.9 ms; actual echo time = 16.7 ms; 2000-ms repetition time; one 

accumulation; 20 x 15 mm field of view; 256 x 256 matrix size) were recorded at rest. 31P-MR 

spectra (8 kHz sweep width; 2048 data points) from the gastrocnemius region were 

continuously acquired at rest (6 min), during the 6-min fatiguing exercise and during the 

following 15-min of recovery period. MR data acquisition was gated to muscle 

electrostimulation in order to reduce potential motion artifacts due to contraction. A fully 

relaxed spectrum (12 scans, 20-s repetition time) was acquired at rest, followed by a total of 

768 saturated 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 
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exercise and were summed by packets of 32, allowing a 60-s temporal resolution. The 

remaining 512 FIDs were obtained during the postexercise recovery period and were summed 

as 7 packets of 32 FIDs followed by 3 packets of 64 FIDs (120-s temporal resolution) and one 

packet of 96 FIDs (160-s temporal resolution). 

MR data were processed using custom-written analysis programs developed under the 

IDL (Interactive Data Language, Exelis Visual Information Solutions, Boulder, CO, USA) 

environment (35, 40). For each MR image, region of interest was manually outlined so that the 

corresponding cross sectional area of the gastrocnemius muscle was measured. Muscle 

volume was calculated by summing the volumes between consecutive slices. Relative 

concentrations of phosphocreatine (PCr), inorganic phosphate (Pi) and ATP were obtained 

from 31P-MR spectra by a time-domain fitting routine using the AMARES-MRUI Fortran code 

(56) and appropriate prior knowledge for the ATP multiplets. Absolute amounts of 

phosphorylated compounds were expressed relative to a resting ATP concentration 

determined in vitro using a bioluminescence-based method (see below), and intracellular pH 

was calculated from the chemical shift of the Pi signal relative to PCr (3). ADP concentration 

was calculated from [PCr], [ATP] and pH considering the equilibrium constant (K = 1.67 109 M-

1) of the creatine kinase (CK) reaction (53). VPCrstim (the initial rate of PCr degradation at the 

start of the fatiguing exercise, in mM/min) was calculated as the product of kstim (the pseudo-

first-order rate-constant of PCr degradation) and [PCr]cons (the amount of PCr consumed at the 

end of the exercise). The constant kstim was determined by fitting with a least mean-squared 

algorithm the time-course of PCr degradation to a single exponential curve described by the 

equation: [PCr]t = [PCr]end+[PCr]cons*e-kt, where [PCr]end is the concentration of PCr measured 

at the end of the exercise. Similarly, VPCrrec (the initial rate of PCr resynthesis at the start of 

the recovery period following the fatiguing exercise, in mM/min) was calculated as the product 

of krec (the pseudo-first-order rate-constant of PCr resynthesis) and [PCr]cons. In order to 

determine krec, the PCr time-course during the recovery period was fitted with a least mean-

squared algorithm to a single exponential curve described by the equation: [PCr]t = [PCr]rest-

[PCr]cons*e-kt, where [PCr]rest is the concentration of PCr measured at rest. The maximal rate of 
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oxidative ATP synthesis (Qmax, mM/min) was calculated using VPCrrec and the level of ADP 

measured at the end of the fatiguing exercise as previously described (28): Qmax = 

(1+Km/[ADP]end)VPCrrec where Km (the apparent Michaelis-Menten constant of mitochondrial 

respiration for ADP, i.e., the ADP concentration at half-maximal rate of oxidative ATP 

synthesis) is 30 μM in mouse gastrocnemius muscle (29). The rate of proton efflux from the 

muscle (in mM/min) was calculated in the early stage of the postexercise recovery period from 

the changes in pH and levels of high-energy phosphorylated contents as described previously 

(19, 28). PCr cost of contraction (PCrcost, in μmol/Ns) was calculated as the ratio between 

VPCrstim and the specific force generated at the start of the fatiguing exercise. Oxidative cost 

of contraction (Oxcost, in μmol/N*s) was calculated at the end of muscle activity as the ratio 

between VPCrrec and specific force produced (11) considering that, at this time, ATP 

production from oxidative phosphorylation is equal to VPCrrec (49, 55). 

 

Myosin heavy-chain isoforms analysis 

Freeze-clamped muscles (50 mg) were homogenized in 600 µl of a solution containing 

(mM): NaCl 300, NaH2PO4 100, Na2HPO4 50, Na4P2O7 10, MgCl2 1, EDTA 10 and β-

mercaptoethanol 1.4; pH 6.5. After incubation for 24 h at 4°C, the homogenates were 

centrifuged (15 min, 13000 x g, 4°C). The supernatants were diluted 1:1 with glycerol and 

stored at -80°C. Total protein concentrations were measured with the Pierce BCA Protein 

Assay Kit (Thermo Scientific, Illkirch, France) according to the manufacturer's instructions. 

Two µg of total proteins were denatured and then subjected to electrophoresis as previously 

described (8) using a Mini Protean Tetra system (Bio-Rad, Marnes-la-Coquette, France). Gels 

were run at 72 V for 48 h, stained with IRDye® Blue Protein Stain (LI-COR Biosciences, 

Lincoln, NE, USA), and then scanned in the 700 nm channel of an infrared imaging system 

with a 42-µm spatial resolution (Odyssey®, LI-COR Biosciences, Lincoln, NE, USA). MHC 

isoforms were identified by comparing them with bands of myosin extracts from control soleus 

muscle (8) and quantified with the ImageJ software (http://imagej.nih.gov/ij/). 
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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 for 15 min at 4°C, homogenates were centrifuged (15 

min, 2000 x g, 4°C). The supernatants were neutralized with K2CO3, and placed for 30 min at 

4°C. After being centrifuged (15 min, 2000 x g, 4°C) to remove precipitates, the supernatants 

were aliquoted and stored at -80°C. ATP concentrations were determined using the 

bioluminescence ATP determination kit (ref. A22066, Invitrogen, Eugene, Oregon, USA) 

according to the manufacturer's instructions. Luminescence was measured on a microplate 

reader (Victor X3, PerkinElmer, Waltham, MA, USA). All samples were run in duplicate. 

 

Mitochondrial DNA content 

Total genomic DNA was isolated from freeze-clamped gastrocnemius muscle using 

the Nucleospin Tissue extraction kit (Macherey-Nagel, Düren, Germany). Isolated gDNA was 

quantified using the Nanovue Plus Spectrophotometer (GE Healthcare, Life Technologies, 

France). A real time PCR was performed using the SYBR Green PCR Master Mix Protocol 

(Bio-Rad France, Marnes-la-Coquette, France) in triplicate on the CFX96 Real Time System 

(BioRad France). A 10 min denaturation step at 94°C was followed by 40 cycles of 

denaturation at 94°C for 10 s and annealing/extension at 60°C for 30 s. mtDNA content was 

determined with the mitochondrial cytochrome c oxidase II (COXII) gene expression (forward 

5’GCCGACTAAATCAAGCAACA3‘ and reverse 5‘CAATGGGCATAAAGCTATGG3‘) 

normalized to the genomic NADH deshydrogenase uboquinone flavoprotein 1 (Ndufv1) gene 

(forward 5‘CTTCCCCACTGGCCTCAAG3‘ and reverse 5‘CCAAAACCCAGTGATCCAGC3‘). 

 

Statistical analysis 

Data are expressed as mean ± SE. Statistical analyses were performed using JMP 

software version 9 (SAS Institute Inc., Cary, NC, USA). Significant differences were 
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determined by unpaired two-tailed Student’s t-tests or by two-factor (group × 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. The significance level was set at P < 0.05. 

 

 

 

RESULTS 

Morphological changes 

At the end of the 8-week treatment period, body weight and gastrocnemius muscle 

volume were larger (+29% and +58%, respectively) in animal treated with sActRIIB-Fc (Fig. 

1A and 1B). Furthermore, ActRIIB blockade did not alter the proportion of MHC isoforms in the 

gastrocnemius muscle (Fig. 1C) . 

 

Mechanical performance 

The force-frequency curve was constructed from data obtained during incremental 

frequency trains in electrostimulated gastrocnemius muscle (Fig. 2A). As shown in Fig. 2B and 

2C, treatment with sActRIIB-Fc did not affect the maximal tetanic force but significantly 

reduced the maximal specific tetanic force. Besides, there was no difference between both 

groups for f50, i.e., the electrostimulation frequency for which 50% of the maximal force was 

exerted (Fig. 2D). 

Changes in absolute force production and fatigue resistance during the 6-min in vivo 

fatiguing exercise are shown in Fig. 3A and 3B. Absolute force transiently increased in the 

early stage of the exercise to reach a maximal value (Fmax); Fmax and force increase (Fmax-Fstart) 

were larger (+26% and +33%, respectively) in animals receiving sActRIIB-Fc (Fig. 3C and 3D). 

Afterward, force progressively decreased until the end of the exercise as a sign of fatigue 
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development (Fig. 3A). Interestingly, fatigue resistance became significantly lower in sActRIIB-

Fc treated animals from the middle of the exercise (Fig. 3B). At the end of the exercise, the 

extent of force reduction was larger in animals treated with sActRIIB-Fc (68 ± 4 % vs. 50 ± 4 

%; Fig. 3B). Overall, total force produced during the whole fatiguing exercise was 12% larger 

in the group receiving sActRIIB-Fc (Fig. 3E). Besides, the shape of specific force curve during 

the fatiguing exercise was similar between both groups (Fig. 4A). Nevertheless, maximal 

specific force (Fig. 4B) and total specific force produced during the whole fatiguing exercise 

(Fig. 4C) were significantly lower (-19% and -28%, respectively) in sActRIIB-Fc treated 

animals.  

 

Bioenergetics  

In resting gastrocnemius muscle, there were no differences between both groups for 

[PCr]/[ATP] ratio, [Pi] and [ATP] (Table 1). On the contrary, [PCr], [ADP] and pH were 

significantly lower in animals treated with sActRIIB-Fc. Importantly, the mitochondrial DNA 

copy numbers remained largely unchanged following sActRIIB treatment (Fig. 5). 

At the start of the fatiguing exercise, PCr was rapidly consumed (Fig. 6A) at a similar 

rate between both groups (Fig. 7A) and PCr cost of contraction was not affected by sActRIIB-

Fc treatment (Fig. 7B). In the middle of the exercise, [PCr] reached a steady state that 

remained stable until the end of the contractile session (Fig. 6A), when the extent of PCr 

degradation (D[PCr]) did not differ between both groups (Table 1). For each animal, Pi 

accumulated throughout the fatiguing exercise with an initial phase of rapid and massive 

accumulation followed by a phase of steady state (Fig. 6B) whereas [ATP] remained close to 

its basal value during the whole exercise (Fig. 6C). At the end of the exercise, there were no 

differences between PBS and sActRIIB-Fc groups for [Pi] and D[ATP] (Table 1). The time-

course of intracellular pH was also strongly similar between both groups, with a rapid acidosis 

early in the exercise, followed by a phase of steady state that remained fairly constant until 

the cessation of electrostimulation (Fig. 6D). At that time, the extent of acidosis was not 
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affected by sActRIIB-Fc treatment (Table 1). Besides, the oxidative cost of contraction did not 

differ between both groups (Fig. 7C) but the maximal rate of oxidative ATP synthesis (Qmax) 

was 44% lower in animals treated with sActRIIB-Fc (Fig. 7D). 

During the recovery period following the fatiguing exercise, phosphorylated compound 

levels and pH progressively returned toward their respective basal values (Fig. 6A, 6B, 6C and 

6D). Noteworthy, the initial rate of PCr resynthesis and proton efflux were lower (-34% and -

92%, respectively) in animals treated with sActRIIB-Fc (Fig. 7E and 7F). 

 

 

 

DISCUSSION 

This study is the first attempt for investigating in vivo the effect of long-term ActRIIB 

signaling blockade on muscle anatomy, energy metabolism and force-generating capacity. We 

mainly found that ActRIIB blockade (i) impairs oxidative mitochondrial function while (ii) 

absolute force generation is increased and (iii) specific force and fatigue resistance are both 

reduced. Despite these abnormalities, the bioenergetics status throughout a fatiguing bout of 

exercise was not altered. 

One of the major findings of the current study is that long-term disruption of ActRIIB 

signaling impairs mitochondrial function in skeletal muscle, which is comparable to data 

obtained in myostatin-deficient animals (2, 6, 19, 45). We found actually that sActRIIB-Fc 

treatment dramatically reduced the maximal rate of oxidative ATP synthesis (-42%), which is 

considered as a robust and highly reproducible in vivo index of oxidative mitochondrial 

capacity that has been widely used in research and clinical applications (4, 7, 26, 32). Our 

findings are in agreement with previous in vitro experiments conducted in wild-type mice 

showing that sActRIIB-Fc delivery reduces the expression of genes involved in mitochondrial 

oxidative phosphorylation (50, 60) and decreases the level of porin, a mitochondrial membrane 

protein involved in the transport of ATP between mitochondrial matrix and cytosol (52). 
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Nevertheless, in agreement with previous experiments in soleus and EDL muscles from 

healthy mice treated with sActRIIB-Fc (52), we measured that the mitochondrial DNA copy 

number in gastrocnemius muscle remained largely unchanged following sActRIIB treatment, 

hence indicating that the mitochondrial impairment was not caused by any decreased 

mitochondria content. Besides, it must be kept in mind that the ability of mitochondria to 

produce ATP critically depends on oxygen supply. Interestingly, we observed that pH and PCr 

level were both significantly lower in resting hypertrophied muscle. This indicates that 

sActRIIB-Fc limits muscle oxygen availability given that the combination of intracellular 

acidosis and PCr depletion is an indicator of basal muscle hypoxia (12). Accordingly, we found 

that proton efflux at the start of the postexercise period was significantly slower in mice treated 

with soluble ActRIIB, hence leading to assume that the hypoxic state might be due to 

decreased tissue perfusion. Our assumption is consistent with previous histological analyses 

showing that muscle capillarity is reduced in normal mice receiving a 4-month sActRIIB-Fc 

treatment (52) and in myostatin-deficient muscle (2, 51). Consequently, it is possible that 

sActRIIB-Fc limits oxygen delivery to the muscle, which in return would reduce mitochondrial 

respiration. Noteworthy, we found that sActRIIB-Fc treatment did not alter basal ATP level but 

reduced that of ADP. Considering the CK reaction that reversely transfers high-energy 

phosphate from PCr to ADP to form ATP via the reaction: PCr + ADP + H+ ↔ ATP + creatine  

(34),  the reduced ADP level could be interpreted as a compensatory mechanism allowing to 

maintain ATP homeostasis in the face of both an intracellular acidosis and a reduced PCr 

content. 

The mouse gastrocnemius muscle is predominantly glycolytic. However, considering 

that energy metabolism plays a critical role in muscle contraction, one can now ask whether 

the mitochondrial impairment induced by ActRIIB blockade causes functional alteration in 

exercising muscle, i.e., when energy demand is substantially larger. This question is legitimate 

given the contrasting effect of sActRIIB-Fc on mechanical performance. Firstly, we shown that 

force increase (Fmax-Fstart) and both maximal (Fmax) and total absolute force produced during 

the 6-min in vivo fatiguing exercise were larger in animals treated with sActRIIB-Fc, which is 
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in line with previous studies showing an increased forelimb grip strength in normal mice 

receiving sActRIIB-Fc (1, 33). Importantly, our findings confirm that sActRIIB-Fc treatment 

might be beneficial for patients suffering from muscle wasting. Secondly, our results related to 

the specific force clearly indicated that the mechanical performance was reduced as compared 

to what could have been expected on the basis of the muscle hypertrophy. Actually, we 

showed that muscle hypertrophy was not accompanied by a proportional increase in absolute 

force. On the contrary, specific force was reduced in animals treated with sActRIIB-Fc in 

agreement with what has been already reported in hypertrophied muscle of myostatin-deficient 

mice (2, 19, 42). Thirdly, we observed that sActRIIB-Fc treatment did not improve maximal 

tetanic force in vivo. Although counterintuitive, this finding has been already reported in 

isolated muscles from myostatin-deficient mice (2) or from wild-type mice treated with 

sActRIIB-Fc (1, 15) or myostatin neutralizing antibodies (36). While the underlying cause for 

this phenomenon has not been documented, one must be aware that myostatin deficiency 

reduces the relative collagen content, which alters muscle mechanistic by increasing the 

stiffness of muscle aponevrosis and tendon (43, 59). It is then conceivable that the long-term 

ActRIIB blockade produces similar alterations, hence ultimately lowering the ability to generate 

tetanic tension. Lastly, we found that ActRIIB signaling inhibition reduced fatigue resistance 

during the in vivo fatiguing exercise, which corroborates other studies showing that sActRIIB-

Fc delivery increases fatigability in hindlimb muscle electrically stimulated in situ (15) and 

decreases the time to exhaustion during incremental speed running tests (52). 

Despite the mitochondrial and mechanical abnormalities reported herein, several lines 

of evidence led us to believe that sActRIIB-Fc treatment is not deleterious for energy 

metabolism in exercising muscle. Intramyofibrilar PCr concentration is controlled by the CK 

reaction and the PCr-CK system is considered to have a crucial role in ATP homeostasis 

during exercise. The system actually functions as an energy buffer at the transition from rest 

to exercise and – with continuation of exercise – as an energy carrier directly involved in the 

transport of high-energy phosphate between the sites of production (mitochondrial matrix) and 

utilization (cytosol) of ATP (24). In the present study, sActRIIB-Fc treatment did alter neither 
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the initial rate of PCr degradation nor the PCr cost of contraction at the start of the fatiguing 

exercise, thereby indicating that the energy buffering function of the PCr-CK system remained 

unaffected. At the end of the exercise, there were no differences between both groups for 

oxidative cost of contraction and extents of both PCr consumption and [ATP] reduction, which 

demonstrates that (i) sActRIIB-Fc treatment does not alter the energy transport function of the 

PCr-CK system and (ii) energy metabolism entirely fits ATP demand for contraction. Also, it is 

noteworthy that the time-dependent changes in pH during the fatiguing exercise were similar 

between both groups. Considering that intracellular acidosis in contracting muscle mainly 

reflects glycolytic flux, our data suggests that glucose metabolism was not disturbed by 

ActRIIB blockade, which is in line with previous experiments showing that sActRIIB-Fc 

treatment does affect neither muscle glucose uptake (1) nor transcription of gene involved in 

glucose metabolism (52). Overall, one can affirm that the fact that muscle capacity for 

generating force does not take full advantage of muscle hypertrophy is not due to alteration in 

energy metabolism, and other mechanism(s) should then occur but this issue has to our 

knowledge never been documented. 

Typological changes, calcium fluxes alteration and muscle architecture changes have 

been put forward as accounting factors of the increased fatigability and the decreased specific 

force reported in myostatin-deficient animals (2, 9, 43, 46, 59). In these animals, the relative 

fraction of glycolytic fibers – which produce more force but conversely are more susceptible to 

fatigue – is increased at the expense of both oxidative and oxidative-glycolytic fibers (18, 22, 

39). We have checked fiber composition in the gastrocnemius muscle and found that ActRIIB 

blockade did not cause fiber-type conversion, as previously shown in other sActRIIB-Fc 

treated mouse muscles such as quadriceps, EDL, soleus and plantaris (13, 33, 52). Our finding 

therefore rules out any typological change as an accounting factor of the altered mechanical 

performance in sActRIIB-Fc treated muscle. Accumulation of tubular aggregates at the 

calcium-release channel of the sarcoplasmic reticulum has also been proposed to alter 

calcium handling during excitation-contraction cycles in myostatin-deficient mice thereby 

altering mechanical performance (2, 9). Nevertheless, this issue remains unlikely herein 
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because we found that ActRIIB blockade did not affect f50 (the electrostimulation frequency for 

which 50% of the maximal tetanic force was exerted) an in vivo indicator of calcium sensitivity 

(21, 54). On the other hand, it is possible that the reduced mechanical capacity in sActRIIB-

Fc treated animals was linked to hypertrophy-induced alterations of fiber pennation angles 

caused by increased muscle cross sectional area. This muscle architecture alteration would 

thus impair the transmission of force by myofilaments (25, 41). 

In conclusion, our study demonstrates in vivo that the pharmacological blockade of 

ActRIIB impairs mitochondrial function possibly via muscle oxygenation limitation, but this 

impairment does not compromise bioenergetics status and gastrocnemius muscle function 

during sustained muscle activity. However, it must be kept in mind that the gastrocnemius 

muscle is predominantly glycolytic and our results cannot be extrapolated to type I oxidative 

muscle fiber. On the other hand, it is noteworthy that despite reduced specific force and 

increased fatigability in the late phase of muscle activity, ActRIIB blockade also increases 

absolute force-generating capacity. Although fatigue resistance and specific force are 

important variables of muscle function, patients' performance is usually assessed according 

to whether they produce enough force to accomplish a short-duration task. In that context, it 

is obvious that the increased absolute force-generating capacity represents a functional 

advantage. Therefore, beyond the demonstration that ActRIIB signaling plays key roles in the 

balance between muscle mass, force generation, oxidative metabolism and resistance to 

fatigue, our data strengthen ActRIIB blockade as a promising clinical application for muscle 

wasting disorders. 
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FIGURE LEGENDS 

Figure 1. Effect of a 8-week treatment with PBS or sActRIIB-Fc on body weight (A), 

gastrocnemius muscle volume (B) and relative distribution of MHC isoform proteins (C). 

Representative blot depicting the electrophoretic separation of gastrocnemius muscle MHC 

isoforms (D), which were identified by comparing them with bands of myosin extracts from 

control soleus muscle. Data are means ± SE. * Significantly different from PBS. 

 

Figure 2. Absolute force produced during the in vivo force-frequency protocol in 

gastrocnemius muscle (A). Treatment with sActRIIB-Fc did not affect the maximal tetanic force 

(B) but reduced the maximal specific tetanic force (C). Besides, there was no difference 

between both groups for f50 (D), which represents the electrostimulation frequency for which 

50% of the maximal force was exerted. Data are means ± SE. * Significantly different from 

PBS. 

 

Figure 3. Changes in absolute force production (A) and fatigue resistance (B) throughout the 

6-min in vivo fatiguing exercise performed simultaneously to metabolic MR acquisition. 

Maximal force (Fmax; panel C), force increase (Fmax-Fstart; panel D) and the total amount of force 

produced during the whole exercise (E) were larger (+26%, +33% and +12%, respectively) in 

animals treated with sActRIIB-Fc. Data are means ± SE. PAnova indicates the overall result of 

the two-way repeated measures ANOVA; when justified (P-value < 0.05), Tukey post-hoc 

multiple comparisons were used for determining pairwise time-points differences. * 

Significantly different between both groups. 

 

Figure 4. Changes in specific force production throughout the 6-min in vivo fatiguing exercise 

performed simultaneously to metabolic MR acquisition (A). Maximal specific force (B) and the 

total amount of specific force produced during the whole exercise (C) were lower in animals 

treated with sActRIIB-Fc. Data are means ± SE. PAnova indicates the overall result of the two-
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way repeated measures ANOVA; Tukey post-hoc multiple comparisons indicate a significant 

difference between both groups at each time point. * Significantly different from PBS. 

 

Figure 5. Effect of a 8-week treatment with PBS or sActRIIB-Fc on gastrocnemius muscle 

mitochondrial DNA content expressed as the cytochrome c oxidase II (COXII) relative copy 

numbers normalized to NADH deshydrogenase uboquinone flavoprotein 1 (Ndufv1) genomic 

DNA copies. Data are means ± SE.  

 

Figure 6. In vivo changes in gastrocnemius muscle [PCr] (A), [Pi] (B), [ATP] (C) and pH (D) 

during the 6-min fatiguing exercise and the 15-min recovery period. For each panel, the first 

time point (t = 0) indicates the basal value. Data are means ± SE. 

 

Figure 7. Initial rate of PCr consumption (A) and PCr cost of contraction (B) at the start of the 

fatiguing exercise, oxidative cost of contraction (C), maximal rate of oxidative ATP synthesis 

(D), and initial rate of PCr resynthesis (E) and proton efflux (F) at the start of the recovery 

period. Data are means ± SE. * Significantly different from PBS. 
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Table 1 

 

Effect of a 8-week treatment period with PBS or sActRIIB-Fc on mouse gastrocnemius 

bioenergetics assessed in vivo using 31P-MR spectroscopy. 

 

 PBS sActRIIB-Fc 

Basal   

     [PCr]/[ATP] 2.52 ± 0.10 2.47 ± 0.07 

     [PCr], mM 13.2 ± 0.5 11.6 ± 0.3* 

     [ATP], mM 5.1 ± 0.2 4.7 ± 0.2 

     [Pi], mM 2.1 ± 0.3 2.8 ± 0.4 

     [ADP], μM 6.2 ± 0.6 4.5 ± 0.1* 

     pH 7.04 ± 0.04 6.95 ± 0.01* 

End of the 6-min fatiguing exercise   

     D[PCr] (relative to basal), mM 8.6 ± 0.7 8.8 ± 0.5 

     D[ATP] (relative to basal), mM 0.49 ± 0.12 0.63 ± 0.21 

     [Pi], mM 11.2 ± 0.7 12.3 ± 0.6 

     [ADP], μM 27 ± 4 32 ± 3 

     DpH (relative to basal), pH unit 0.47 ± 0.05 0.46 ± 0.05 

 

Data are means ± SE. * Significantly different from PBS. 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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