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Abbreviations: 

AcR (in figures), see sActRIIB-Fc 

Aqp4, aquaporin 4; 

Atg4b, autophagy related 4B cysteine peptidase; 

ANOVA, analysis of variance; 

BCAA, branched chain amino acid 

Cont, PBS placebo treated control 

DMD, Duchenne Muscular Dystrophy; 

Ebna1bp2, EBNA1 binding protein 2; 

EDL, extensor digitorum longus; 

FASN, fatty acid synthase; 

FC, fold change 

FDR, False Discovery Rate; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 

GSEA, gene set enrichment analysis; 

IGF, insulin-like growth factor; 

KEGG, Kyoto encyclopedia of genes and genomes; 

mdx, muscular dystrophy caused by X chromosomal mutation, animal model of DMD; 

MUP, major urinary protein; 

NES, normalized enrichment score; 

p, phosphorylated; 

PBS, phosphate buffered saline (a placebo/vehicle); 

PDK4, pyruvate dehydrogenase kinase 4; 

PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; 

PVDF, polyvinylidene difluoride 

Run, voluntary wheel running; 

sActRIIB-Fc, soluble activin receptor fused to Fc domain of immunoglobulin G1; 

STAT5, signal transducer and activator of transcription 5; 

TCA cycle, tricarboxylic acid cycle (also known as Krebs cycle and citric acid cycle); 

UCP3, uncoupling protein 3 

wt, wild type 
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ABSTRACT 

Duchenne Muscular Dystrophy is characterized by muscle wasting and decreased aerobic 

metabolism. Exercise and blocking of myostatin/activin signaling may independently or combined 

counteract muscle wasting and dystrophies. The effects of myostatin/activin blocking using soluble 

activin receptor-Fc (sActRIIB-Fc) administration and wheel running were tested alone or in 

combination for seven weeks in dystrophic mdx mice. Expression microarray analysis revealed 

decreased aerobic metabolism in the gastrocnemius muscle of mdx mice compared to healthy mice. 

This was not due to reduced home-cage physical activity, and was further downregulated upon 

sActRIIB-Fc treatment in enlarged muscles. However, exercise activated pathways of aerobic 

metabolism and counteracted the negative effects of sActRIIB-Fc. Exercise and sActRIIB-Fc 

synergistically increased expression of major urinary protein, but exercise blocked sActRIIB-Fc 

induced phosphorylation of STAT5 in gastrocnemius muscle. In conclusion, exercise alone or in 

combination with myostatin/activin blocking corrects aerobic gene expression profiles of dystrophic 

muscle towards healthy wild type mice profiles. 

Keywords: Physical activity, muscular dystrophy, muscle hypertrophy, mRNA profiling, 

oxidative metabolism 



4 
 

1. INTRODUCTION 

Duchenne Muscular Dystrophy (DMD) is a disease characterized by progressive wasting of skeletal 

muscle (Koenig et al 1987). Restoration of dystrophin expression in all of the muscles of the body is 

difficult, and the effectiveness of such treatment likely depends on the muscle quality of DMD 

patients. Therefore, approaches aimed at the stimulation of muscle growth and function are being 

developed, which may complement dystrophin restoration approaches (Amthor and Hoogaars 

2012,Ljubicic et al 2014). 

The lack or inhibition of myostatin seems to have various positive effects, such as increased muscle 

size and strength (Pistilli et al 2011,Amthor and Hoogaars 2012,Zhou et al 2010,Hulmi et al 

2013a,Hoogaars et al 2012,McPherron and Lee 1997,Lee et al 2005). Recent evidence showed that 

it also increases muscle mass after a single-dose treatment in humans (Attie et al 2013), supporting 

its possible therapeutic use for some neuromuscular diseases and muscle wasting. However, there is 

also some evidence that it can have side-effects, such as decreased muscle oxidative capacity 

(Rahimov et al 2011,Amthor et al 2007,Matsakas et al 2012,Matsakas et al 2010,Hulmi et al 

2013a,Ploquin et al 2012,Relizani et al 2014). On the other hand, muscular dystrophy is in itself 

associated with a decrease in oxidative capacity and gene expression in skeletal muscle (Timmons 

et al 2005). Low aerobic capacity, which is an outcome of decreased muscle oxidative metabolism, 

is a strong predictor of increased all-cause mortality (Blair et al 1989). Moreover, in DMD (Webster 

et al 1988) and in its animal model mdx mice (Moens et al 1993), less oxidative muscle fibers result 

in a decreased resistance to dystrophic pathology (for a review, see (Ljubicic et al 2014)). Thus, 

treatments that improve oxidative capacity may be especially beneficial to dystrophic muscle and 

are anticipated to complement myostatin blocking. 

Some forms of exercise such as voluntary wheel running may offer benefits in mdx mice (Landisch 

et al 2008,Call et al 2008), whereas forced high intensity exercise, e.g. treadmill running, may 
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sometimes be detrimental to dystrophic mice or humans (Grange and Call 2007). Recent evidence 

indicates that muscle endurance and markers of aerobic capacity seem to be positively affected by 

exercise when combined with myostatin blocking (LeBrasseur et al 2009,Hulmi et al 2013b) and 

after myostatin deletion (Matsakas et al 2012,Matsakas et al 2010). Timmons et al. (Timmons et al 

2005) has identified approximately 90 genes in skeletal muscle that are responsive to endurance 

exercise training in healthy individuals and that are modulated similarly in DMD muscle when 

compared to healthy controls. An exception was a collection of genes involved in oxidative 

metabolism that were regulated oppositely in DMD and in exercise, i.e. upregulated by exercise, but 

downregulated by DMD (Timmons et al 2005). It is, however, not known whether exercise in 

dystrophic muscle with or without myostatin/activin blocking modulates gene expression pathways 

towards or away from the pattern observed in healthy muscle. Moreover, the possible interaction 

effects of these theoretically opposite treatments is interesting because it is known that the effect of 

drug or gene modulation can be different depending on whether it is administered to an active or 

sedentary individual (Booth and Laye 2009). On the other hand, the effects of exercise can depend 

on possible co-treatments. For instance, the positive effects of exercise on cardiorespiratory 

function and mitochondrial content were reported to be totally impaired when combined with 

simvastatin drug (Mikus et al 2013). 

We have previously reported that running wheel exercise with or without myostatin/activin 

blocking in dystrophic mice increases the markers of oxidative capacity equal to or above the levels 

of healthy mice while normalizing the amount of voluntary running (Hulmi et al 2013b). Here, in a 

follow-up study, we provide a transcriptome-wide gene expression profiling of dystrophic murine 

skeletal muscle after exercise and/or myostatin/activin blocking. By simultaneously comparing 

these treatments to healthy control mice, we observed that exercise modulates dystrophic muscle 

towards a healthier profile in the gene sets of aerobic metabolism. Also independent, synergistic, 
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compensatory and antagonistic effects of exercise and myostatin/activin blocking are shown in gene 

expression profiles as well as at the protein level. 

 

2. MATERIALS AND METHODS 

2.1. Animals  

Six to seven weeks old male C57Bl/10ScSnJ mice and male mdx mice originating from the same 

strain (Jackson Laboratories, Bar Harbor, Maine, USA) were used in the experiments. The mice 

were housed in standard conditions (temperature 22°C, light from 8:00 AM to 8:00 PM) and had 

free access to tap water and food pellets (R36, 4% fat, 55.7% carbohydrate, 18.5% protein, 3 kcal/g, 

Labfor, Stockholm Sweden). 

2.2. Ethics Statement 

The treatment of the animals was in strict accordance with the European Convention for the 

Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes. The 

protocol was approved by the National Animal Experiment Board (Permit Number: ESLH-2009-

08528/Ym-23). 

2.3. Experimental design 

Myostatin/activin blocker in the form of soluble activin receptor Fc (sActRIIB-Fc, 5-mg/kg) or 

placebo (PBS) was injected intraperitoneally once per week for seven weeks with or without 

voluntary wheel running exercise in young 7-week old mdx mice. Thus, the mdx mice were 

randomly divided into 4 groups in a 2 x 2 design: 1) sedentary control injected with PBS placebo, 2) 

sedentary injected with sActRIIB-Fc, 3) running wheel and injection with PBS placebo, and 4) 

running wheel with sActRIIB-Fc (n=8 in each). As a fifth group, wild type mice (C57Bl/10ScSnJ) 
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were injected with PBS and acted as healthy sedentary controls (n=5). Thus the design included 

both wild type and mdx controls. To allow for the sActRIIB-Fc treatment to take effect, the mice 

were prevented from exercising by locking the running wheels for two days at the start of the 

experiment. In order to study only long-term effects of exercise, the mice also did not have access 

to running wheels on the last two days of the experiment. 

During the experiments all conditions were standardized. The injections were conducted in pairs. 

One person prepared sActRIIB-Fc or PBS and searched for the next mouse while the other person 

performed the injection without knowing the identity of the mouse or the treatment. The 

investigators in every analysis were blinded to the treatment group. The mice were euthanized after 

the experiments by cervical dislocation after whichblood and tissue samples were collected.  

2.4. sActRIIB-Fc production 

The recombinant fusion protein was produced and purified in house as described in detail earlier 

(Hulmi et al 2013a). Our protein is similar, but not identical to that originally generated by Se-Jin 

Lee (Lee et al 2005). In short, the fusion protein contains the ectodomain (ecd) of human sActRIIB 

and a human IgG1 Fc domain. The protein was expressed in Chinese hamster ovary (CHO) cells 

grown in a suspension culture.  

2.5. Voluntary wheel running, feed intake and muscle function 

Voluntary wheel running was selected as the exercise modality in this study as it may offer benefits 

in mdx mice (Landisch et al 2008,Call et al 2008), whereas forced exercise, such as treadmill 

running, may sometimes be detrimental to dystrophic mice (Grange and Call 2007).  

The mice were individually housed in cages where they had free access to custom-made running 

wheels (diameter 24 cm, width 8 cm) 24 h/day. Sedentary animals were housed in similar cages 

without the running wheel. 
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2.6. Home-cage activity by force plate recording 

Vertical ground reaction forces were measured using a custom-made force plate (linearity 99%, 

cross-talk <2%). Forces were measured by four uniaxial strain gauges, one located in each corner of 

the cage. A 14-bit A/D converter (DI-710, DATAQ Instruments, Akron, OH, USA) was used for 

digitizing the force data at a sampling rate of 80 Hz. The measurement range of the strain gauge 

was ±250 g, while the digitization precision was <0.02 g. 

Three measurement time-points were selected: 1-5 days before the first treatment injections, during 

the third week of the treatments and at the end of the sixth week. Each measurement was conducted 

over a period of 24-hours. The measurement was conducted in the animal’s own cage and in the 

same room with the other mice in this experiment. The recorded force values were summed from 

four strain gauges followed by filtering. The activity index was calculated as follows. The absolute 

values of the differences between consecutive force values were calculated. The mean of the 

absolute values were calculated from every second (20 values per second), the 1-second means 

were summed for 24h period, and the sum was divided by the body mass of the mouse. The 

background value, calculated from the lowest activity index, was removed. The activity time 

calculation was based on identifying and summing the active seconds from the activity index data. 

These seconds were identified as active when the activity index value was higher than the threshold 

level (4 times the level of background activity). This activity analysis has been modified for our 

purposes from analysis methods previously developed and validated by us and others (Biesiadecki 

et al 1999,Rantalainen et al 2011,Silvennoinen et al 2014). 

2.7. Muscle sampling 

Hind leg muscles gastrocnemius, soleus, musculus quadriceps femoris, extensor digitorum longus 

(EDL) and tibialis anterior were immediately removed, weighed, and frozen in liquid nitrogen. The 
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muscle weights have been published earlier (Hulmi et al 2013b). Gastrocnemius muscle was 

selected for further analysis. 

2.8. Western immunoblot analyses 

The gastrocnemius muscle was pulverized in liquid nitrogen and then ~40 mg of the powder was 

homogenized in ice-cold buffer with proper inhibitors and total protein measured using the 

bicinchonic acid protein assay (Pierce Biotechnology, Rockford, IL) with an automated KoneLab 

analyzer (Thermo Scientific, Vantaa, Finland) as previously reported (Hulmi et al 2013b). 

Muscle homogenates in a Laemmli sample buffer were heated at 95 C° to denature proteins and 

further treated similarly as previously (Hulmi et al 2013b,Hulmi et al 2013a). In short, protein was 

separated by SDS-PAGE and transferred to a PVDF membrane, blocked and incubated overnight at 

4°C with primary antibodies. The membrane was then washed and incubated with secondary 

antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1h followed by 

washing. Proteins were visualized by ECL (SuperSignal west femto maximum sensitivity substrate, 

Pierce Biotechnology, Rockford, IL, USA) and quantified using a ChemiDoc XRS device with 

Quantity One software (version 4.6.3. Bio-Rad Laboratories, Hercules, CA, USA). 

The uniformity of the protein loading was confirmed by staining the membrane with Ponceau S and 

by re-probing the membrane with an antibody against GAPDH (Abcam, Cambridge, UK). The 

results are corrected to the mean of Ponceau S (strong band at ~42 kDa) and GAPDH value. 

Antibodies. The antibodies recognized the phosphorylation of STAT5 at Tyr694, fatty acid synthase 

(FASN) (Cell Signaling Technology, Danvers, MA, USA), major urinary proteins (MUP), 

uncoupling protein 3 (UCP3) (Abcam, Cambridge, UK) and pyruvate dehydrogenase 4 (PDK4) 

(Novus Biologicals, Littleton, CO, USA). Moreover, STAT5 total protein was analyzed using 

specific antibody against STAT5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) with similar 

protocols as earlier (Hulmi et al 2013b). 
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2.9. RNA and DNA isolation and cDNA synthesis 

Gastrocnemius muscle was pulverized and homogenized in liquid nitrogen after which 65-75 mg of 

muscle powder was weighed into Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA and 

DNA fractions were extracted according to the manufacturer’s guidelines and analyzed with 

Nanodrop ND-1000 (Thermo Fisher Scientific Inc., Waltham MA, USA) in duplicate. Before 

mRNA analysis, any possible remaining DNA was further degraded using DNAse kit (TURBO 

DNA-free™ Kit, Applied Biosystems by Life Technologies, South San Francisco, CA, USA). The 

quality of RNA was confirmed by spectrophotometry (OD260/OD280 ratio of 1.9 to 2.0), agarose gel 

electrophoresis as well as using Agilent Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, 

USA). From RNA-gels stained with ethidiumbromide, 18S and 28S ribosomal RNA (rRNA) were 

photographed under UV-light and quantified using a ChemiDoc XRS device with Quantity One 

software (version 4.6.3. Bio-Rad Laboratories, USA).  

2.10. Microarray analysis 

RNA samples of 5 mice from each group and 4 from the controls were analyzed with Illumina 

Sentrix MouseRef-8 v2 Expression BeadChip containing approximately 25600 annotated transcripts 

and over 17900 unique genes (Illumina Inc., San Diego, CA, USA) by the Finnish Microarray and 

Sequencing Centre at the Turku Centre for Biotechnology according to the manufacturer´s 

instructions. Raw data were normalized with quantile normalization (including log2-transformation 

of the data) (Smyth and Speed 2003) and data quality was assessed using Chipster software (IT 

Center for Science, Espoo, Finland) (Kallio et al 2011) and R with Limma package (Smyth 2004). 

The normalized gene expression data were imported into Excel spreadsheets (Microsoft Corp., 

Redmond, WA, USA). From the genes represented by multiple probes, the probe with the highest 

fold-change ratio was used for further analysis. MIAME guidelines were followed during array data 

generation, preprocessing, and analysis. The complete data set is publicly available in the NCBI 

Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE52766). 
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2.11. Data Analysis 

The differentially expressed genes in the microarray data between the mdx and wild type sample 

groups were detected utilizing linear modeling and empirical Bayes methods of the Limma  package 

of R while the raw p-values were adjusted using the Benjamini and Hochberg method.  The genes 

with an adjusted P ≤ 0.05 and with absolute fold change ≥ 1.5 were considered to be differentially 

expressed. 

Enrichment of functionally related genes in three different gene set collections was first performed 

using a non-biased method by Gene Set Enrichment Analysis software (GSEA; Version 2.0) (57) as 

previously done in our laboratory (Leskinen et al 2010,Kivela et al 2010,Kujala et al 2013). For this 

analysis, ranking lists representing different ratio combinations of the normalized data of the five 

experimental groups were created by averaging the group results for each gene. The fold-change 

ratio was the chosen method to rank the genes to discover enriched gene sets. The collection used 

was the Canonical Pathways collection (1452 gene sets, C2:CP, version 3.0) 

(http://www.broadinstitute.org/gsea/msigdb/collections.jsp). The number of permutations by gene 

set was set to 1000 and gene sets with at least five and no more than 500 genes were taken into 

account in each analysis. Each analysis was carried out at least five times and all the results were 

averaged into a single value. The statistical significance was calculated using false discovery rate 

(FDR). The level of significance was set at FDR < 0.05. The DAVID functional annotation (Dennis 

et al 2003) was used to further analyze the effects of the phenotype and the treatment, and the genes 

upregulated with fold change ≥ 1.5 were uploaded to DAVID. GSEA is able to reveal changes in 

expression of a large set of genes even when the average change of gene expression is 20 % as 

typically is the case with e.g. oxidative metabolism (Mootha et al 2003,Subramanian et al 2005), 

and even lower when an adaptation effect of exercise is investigated (Egan and Zierath 2013). In 

DAVID, the enrichment analysis was run against the default gene groups including gene ontologies 

(Ashburner et al 2000), and KEGG-pathways (Kanehisa et al 2008), as well as against chromosomal 
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locations and cytoband information. Heatmap illustrations were performed with MATLAB, and the 

across-samples standardized gene expression data was hierarchically clustered utilizing Euclidean 

distance and average linkage methods.   

All the other data except microarray were evaluated by analysis of variance (ANOVA) followed by 

Tukey´s post hoc test. The level of significance in these analyses was set at p < 0.05. Data are 

expressed as means ± SE. Correlations were analyzed using Pearson's Product Moment Coefficient. 
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3. RESULTS 

Myostatin / activin blocker in a form of soluble activin receptor Fc (sActRIIB-Fc) or placebo (PBS) 

was injected seven weeks with or without voluntary running exercise in young male mdx mice. 

Wild type male C57Bl/10ScSnJ mice, originating from the same strain as mdx mice, were injected 

with PBS and acted as healthy non-exercised controls. 

3.1. Physiological characteristics 

This is a follow-up study of (Hulmi et al 2013b). In brief, sActRIIB-Fc increased muscle mass in all 

the muscles weighed whereas exercise in these mdx mice enhanced muscle aerobic capacity (e.g. 

citrate synthase and SDH activities) to similar or higher levels than those observed in healthy mice 

without major changes in muscle histology. With the exception of the first 2-3 weeks of fast muscle 

growth when the volume of voluntary running, and capillary and mitochondrial density were 

decreased by sActRIIB-Fc, no major effect of sActRIIB-Fc on the determinants or regulators of 

oxidative metabolism were observed as explained earlier (Hulmi et al 2013b). Previously 

unreported relative comparisons of the effect of sActRIIB-Fc in increasing muscle mass in 

sedentary (sActRIIB-Fc vs. PBS) or in running mice (sActRIIB-Fc running vs. PBS running)  were 

as follows (mean ± SE): gastrocnemius 26.7 ± 6.3 % and 13.7 ± 4.3 % (difference between 

sedentary and running mice injected with sActRIIB-Fc: P<0.05), soleus 10.1 ± 4.2 %  and 16.5 ± 

6.1 % (NS.), EDL 19.5 ± 5.4 and 19.9 ± 4.8 % (NS.), tibialis anterior 25.3 ± 4.5 and 14.0 ± 4.2 % 

(P=0.11, NS.), quadriceps 25.8 ± 4.1% and 15.5 ± 3.4 % (P=0.09, NS.). 

3.2. Muscle ribosomal RNA is increased in mdx mice and sActRIIB-Fc decreases muscle DNA 

content 

Higher total RNA concentration per mg of muscle tissue was observed in mdx mice when compared 

to similarly treated healthy wild type mice, without any effect of running or sActRIIB-Fc (Fig. 1A). 

Concordantly, 28S and 18S rRNA bands had 20-50 % higher intensity in mdx control than in wild 
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type control mice with a tendency for running to further increase 28S and 18S RNA by 25 (P=0.06) 

and 10 % (P=0.10), respectively without an effect of sActRIIB-Fc (Fig. 1B). Muscle protein 

concentrations were unaffected by dystrophy or the treatments (Fig. 1C). sActRIIB-Fc 

administration decreased muscle DNA concentrations (ANOVA P=0.03) the direction being 

towards wild type mice (Fig. 1D), whereas exercise decreased the ratio of protein to RNA (ANOVA 

P=0.01), the direction being slightly away from that of wild type mice (1E). The ratio of protein to 

DNA was decreased in mdx mice when compared to wild type mice, but this difference was 

prevented by the combination of running and sActRIIB-Fc (Fig. 1F). 

3.3. Gene expression profile of mdx mice is corrected towards healthy mice by the treatments 

Clustering the whole gene expression data revealed clear differences between the mdx and wild 

type control mice. Instead, there was no clear division between the various differently treated mdx 

samples in the genome-wide clustering result (Supplemental Fig S1). Next, the calculation of the 

number of individual genes toward or away from the level of controls was conducted using a 50 % 

distance criteria. All the treatments tended to slightly modulate the gene expression profile of the 

gastrocnemius muscle towards that of healthy muscle and the effect tended to be strongest for 

exercise or the combination of exercise and sActRIIB-Fc (Table 1). 

3.4. The modulation of gene sets towards wild type mice with exercise  

The main purpose of the present study was to investigate overall trends in larger gene sets instead of 

single genes as well as the adaptation of muscle transcriptome to exercise training, a response that is 

typically small in the individual mRNA levels (Egan and Zierath 2013), as in the present study with 

running wheels. Considering that also the timing of muscle collection was after many weeks of 

rather moderate doses of sActRIIB-Fc administration instead the onset of higher dose treatment 

(Hulmi et al 2013a) and that there is a rather large variation within mdx mice, no consistent changes 

in individual genes were observed in the microarray due to sActRIIB-Fc (the genes most responsive 

are listed as a supplemental Table S1). A further mRNA analysis was thus conducted using gene 
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clustering analysis from the gastrocnemius muscle with a gene set enrichment analysis (GSEA) that 

is designed to find physiologically meaningful results from large gene sets with <20 % average 

changes in individual gene expression (Subramanian et al 2005). Analysis using DAVID produced, 

to a large extent, similar results and thus the results from GSEA are shown if not otherwise 

mentioned. Of the canonical processes or pathways, 212 were upregulated and 24 downregulated 

between mdx mice and wild type control mice both injected with PBS placebo at FDR<0.05 

(Supplemental Table S2). Most notably, pathways for aerobic metabolism (e.g. electron transport 

chain,  metabolism of lipids and lipoproteins, branched chain amino acid (BCAA) degradation, 

oxidative phosphorylation) were among the 10 most downregulated pathways in dystrophic muscle 

in GSEA (FDR<0.005, Fig. 2 and Supplemental Table S2) while the oxidative mitochondrial 

pathways were also the most downregulated in DAVID (Supplemental Table S4). Decreases in 

these pathways were associated with the downregulation of peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α) pathway gene set in mdx mice when compared to 

wild type mice (Biocarta, FDR=0.01) (Supplemental Table S2) along with the previously reported 

decreased PGC-1α protein in these mice (Hulmi et al 2013b). sActRIIB-Fc treatment alone 

decreased some of these (electron transport chain and oxidative phosphorylation) even further 

(FDR<0.05) (Fig. 2A-B green spheres). Importantly, all of the most strongly downregulated 

pathways that were mentioned above, as well as many others downregulated in mdx mice (e.g. fatty 

acid metabolism and glucose regulation for insulin secretion), were upregulated by aerobic exercise 

and thus towards the wild type controls (Fig. 2). More results of the pathways in different 

comparisons are shown in Supplemental Table S2. The genes contributing to the enrichments of 

these gene sets are shown in Supplemental Table S3.  

Supporting the GSEA results, DAVID analysis showed that individual genes from a gene set of 

lipid metabolism revealed a profile in which several genes regulating lipid metabolism were 

downregulated in dystrophic muscle and this difference gradually disappeared with exercise in most 
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of the mice (Fig. 3). In summary, running modulated dystrophic muscle towards a profile of wild 

type mice in the level of absolute number of genes and gene sets of aerobic energy metabolism. 

Myostatin/activin blocking downregulated some of the gene sets for mitochondrial energy 

production, but exercise attenuated or blocked this decrease. 

3.5. Myostatin/activin blocking attenuated some of the exercise-effects on aerobic metabolism 

Many of the effects of exercise on gene sets were similar whether sActRIIB-Fc treatment was used 

or not. This can be seen in similar increases in e.g. electron transport chain, oxidative 

phosphorylation, BCAA degradation, fatty acid oxidation, peroxisome as well as metabolism of 

lipids and lipoproteins in the GSEA analysis (red and yellow spheres in Fig. 2, respectively). 

However, differences were also observed. For instance, exercise alone (red spheres in Fig. 2) 

significantly increased tricarboxylic acid (TCA) (FDR=0.003) and glucose regulation of insulin 

secretion (FDR=0.002) pathways, but sActRIIB-Fc co-treatment blocked these exercise effects 

(yellow spheres in Fig. 2C and 2G, FDR=0.59 and FDR=0.18, respectively). 

3.6. More gene sets are differently regulated with combined treatment compared to single 

treatment alone  

GSEA showed that sActRIIB-Fc activated 92 canonical cell processes in active mice (mdx-

sActRIIB-Fc Run vs. mdx-Run), but only one process in sedentary mice (mdx-sActRIIB-Fc vs. 

mdx-Cont) (FDR<0.05) (Supplemental Table S2). Furthermore, sActRIIB-Fc did not decrease any 

canonical cell process in active muscles, but decreased 11 of these processes in sedentary muscle 

(FDR<0.05) (Supplemental Table S2). Exercise activated 35 canonical cell processes in mice 

treated with sActRIIB-Fc (mdx-sActRIIB-Fc Run vs. mdx-sActRIIB-Fc), but only 19 processes in 

PBS-treated mice (mdx-Run vs. mdx-control) (FDR<0.05) (Supplemental Table S2). Exercise 

downregulated (FDR<0.05) only one canonical cell process in mice treated with sActRIIB-Fc, but 

17 processes in PBS-treated mice (Supplemental Table S2). Therefore, the effects of sActRIIB-Fc 
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and exercise were different in mice subjected to combined treatments as compared with animals 

given either treatment alone. 

3.7. Various proteins are independently regulated or interact due to the effects of 

myostatin/activin blocking and exercise 

To further understand the possible independent and interaction effect of these two treatments, we 

analyzed several proteins or phosphoproteins that have a role in energy metabolism and/or proteins 

of which gene expression were affected in microarray by the treatments or the phenotype. 

sActRIIB-Fc increased the phosphorylation of STAT5 only in sedentary muscle (P<0.01 and 

exercise x drug interaction effect P=0.048) (Fig. 4A). Major urinary protein (MUP), a lipocalin 

family of proteins also involved in energy metabolism (Hui et al 2009), tended to be enriched by 

exercise in microarray (DAVID, not shown) and show changes between the groups in individual 

MUP genes (Supplemental Fig. S2). More important, there was an exercise x sActRIB-Fc 

interaction effect in MUP (P=0.009) (Fig. 4B). This was observed as increased MUP with combined 

treatment (sActRIIB running) when compared to running alone (P<0.05). Lipid metabolism was 

downregulated in mdx mice and activated by exercise as shown in Fig. 2 and Fig. 3. The effect of 

exercise on this gene set is supported by increased protein content for protein important in glucose-

fat switch, PDK4 (running effect P=0.004), independent of sActRIIB-Fc (Fig. 4C, Supplemental Fig. 

S2). The level of PDK4 was unchanged after 7 weeks of sActRIIB-Fc injection, but it was 

significantly decreased ~30 % 2 days after sActRIIB-Fc (Supplemental Fig. S3) showing that 

myostatin blocking can regulate PDK4, but this effect seems to be diminished after longer-term (2-7 

weeks) treatment. In another protein regulating energy metabolism, UCP3, a trend for an increase 

was observed in PBS-treated mice (P=0.09) (Fig. 4D). Another protein that has a role in muscle 

lipid metabolism, FASN, was not responsive to any of the treatments (Fig. 4E). A clear increase in 

the overall expression was seen for phosphorylated and total ERK 1/2 in mdx mice when compared 
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to wild type control mice (P<0.05) without an effect of the treatments or changes in the ratio of 

pERK 1/2 to ERK 1/2 (Fig. 4F). These results showed that sActRIIB-Fc and exercise strongly 

interacted with regard to MUP and pSTAT5, whereas the effect of exercise on PDK4 was 

independent of sActRIIB-Fc. 

3.8. Exercise and sActRIIB-Fc effects at the mRNA level 

Although the focus of the present study was gene sets instead of individual genes, genes with high 

expression levels in our micro array due to the treatments and/or phenotype and/or previously 

shown to have a function in exercise or growth were selected for analysis by quantitative Real-Time 

PCR (See Supplemental Methods). Of those, aquaporin 4 mRNA, a water-channel protein (Basco et 

al 2013), increased due to exercise (2x2 ANOVA exercise effect P=0.002), in a similar way as the 

in microarray data (increased in every running vs. sedentary mice, but the mean change 32 % was 

not significant after multiple correction, not shown), restoring the difference towards the wildtype 

control levels (Supplemental Fig S4). Dystrophic mice had 50 % lower levels of myostatin mRNA 

than wildtype controls (P<0.001) (Supplemental Fig S4) suggesting that the effect of blocking 

myostatin in mdx mice may be weaker than in healthy mice. No effects of the treatments or muscle 

dystrophy were observed on Atg4b or on Ebna1bp2 mRNA (Supplemental Fig S4) or on the 

housekeeping gene GAPDH relative to total RNA. 

3.9. Home-cage habitual physical activity  

To examine whether voluntary activity levels may explain differences in the oxidative gene 

signature of dystrophic and wild type mice as well as sActRIIB-Fc and PBS-injected mice, habitual 

physical (locomotor) activity was analyzed. Before the treatments began, no differences were 

observed between the different groups of mdx mice. During the experiment, there was a significant 

group-effect observed in a 2 factor repeated measures ANOVA in both activity time and activity 

index, which was explained simply by the groups with running wheel access being more active. No 
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consistent differences in the measures of the level of habitual activity between mdx and wild type 

mice were observed, except at 6 weeks (~13 weeks of age) when the activity time of mdx mice was 

slightly higher when compared to control mice (Fig. 5). Thus, it seems that lower physical activity 

levels cannot explain the decreased aerobic metabolism in mdx mice. In addition, no change was 

observed in sActRIIB-Fc injected mice, thus the effects of sActRIIB-Fc on further decreasing gene 

sets of oxidative phosphorylation and the electron transport chain were probably direct and not 

through changes in physical activity. 

To further confirm that physical activity does not explain lower gene expression activity of 

oxidative metabolism and related gene sets in mdx mice, Pearson’s correlation coefficients were 

calculated between the physical activity measures and several signaling pathway centroids (Kivela 

et al 2010) for PBS-injected mdx and wild type control groups separately and together (n=9). 

Signaling pathways selected for this analysis were ones that were significantly different in both mdx 

vs. wild type and running vs. non-running comparisons. Centroids were calculated as a mean of 

enriched or leading-edge subset of genes (i.e. genes producing the GSEA enrichment score) of a 

certain signaling pathway.  The genes contributing to the enrichment of these gene sets are 

presented in the Supplemental Table S3. The activity time or index did not correlate significantly 

(P>0.05) between any of the centroids and, thus, cannot explain the decreased aerobic metabolism 

in the mdx mice (Supplemental Table S5). 

 

 

4. DISCUSSION 

In this follow-up study (Hulmi et al 2013b) we point out that the further decrease in oxidative 

capacity by myostatin/activin blocking, also reported by others (Rahimov et al 2011,Amthor et al 
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2007,Matsakas et al 2012,Matsakas et al 2010,Hulmi et al 2013a,Ploquin et al 2012,Relizani et al 

2014), is localized to the gene sets of oxidative phosphorylation and the electron transport chain. 

These two pathways along with other pathways regulating oxidative metabolism were, however, 

upregulated by aerobic exercise to similar or even higher level than in healthy wild type 

controls.This finding is significant considering the importance of aerobic capacity and aerobic 

muscle phenotype in health (Blair et al 1989,Kujala et al 1998). Furthermore, this is of interest 

especially in muscular dystrophy, as the role of low oxidative capacity in the pathophysiology of 

mdx and DMD muscles is well established (Timmons et al 2005,Kuznetsov et al 1998,Hulmi et al 

2013b,Moens et al 1993,Webster et al 1988,Ljubicic et al 2014).  

The reason for the remodeling of muscle dystrophic muscle fibers towards less oxidative phenotype, 

also noticed earlier (Zhao et al 2009,Rahimov et al 2011,Chelh et al 2009), is unknown. It has been 

suggested that a possibly lower activity level in muscular dystrophy could explain, at least in part 

this result and thus may be an indirect effect of the disease. The voluntary running levels in running 

wheels (Hara et al 2002) and also locomotion activity of mdx mice have been reported to be lower 

than that of wild type mice (Landisch et al 2008). We have unpublished evidence that, indeed, the 

distance travelled in our mdx mice was lower than in wildtype mice before the start of the 

treatments (at the age ~6 weeks), but not 3 or 6 weeks later.  However, our data measured with a 

force plate system (Silvennoinen et al 2014), which takes into account all forces acting against the 

ground including stationary movements (e.g. eating, drinking and grooming), showed that the level 

of habitual home-cage physical activity was not lower in mdx mice. Furthermore, correlation 

analysis showed that habitual activity did not explain the major differences in the gene sets of 

aerobic metabolism observed between mdx and wild type control mice. We cannot exclude the idea 

that some forms of lower intensity physical activity that were not detected with our system might 

explain the decreased aerobic metabolism. Nevertheless, our results suggest that the main reason for 

the decreased aerobic metabolism is likely something other than the lower level of physical activity 
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of mdx mice. The lack of dystrophin has a role in impaired signaling at the sarcolemma (Evans et al 

2009). One possible mediator of decreased aerobic capacity/metabolism in mdx muscle and its 

restoration by running is PGC-1α, probably the best-known regulator of oxidative capacity 

(Chinsomboon et al 2009). We previously reported a decrease in PGC-1α protein in the 

gastrocnemius muscle of these 13-14 week old mdx mice, and the restoration of PGC-1α to or 

above the wild type mice with running (Hulmi et al 2013b). In contrast, in the tibialis anterior 

muscle of mdx mice, an increased PGC-1α protein has been reported suggesting a compensatory 

adaptation to minimize the extent of pathological changes in muscle (Ljubicic et al 2011). 

Nevertheless, in the present study, we provide further evidence using gene set enrichment analysis 

that the PGC-1α pathway may be a strong candidate to explain the decreased aerobic metabolism in 

mdx mice and that this is independent of the habitual home-cage physical activity of these mice. 

Unlike habitual physical activity, physical exercise in the form of wheel running had positive 

effects on oxidative metabolism in mdx mice. This supports our previous results showing that the 

activity, content and regulators of mitochondrial enzymes in the skeletal muscle of these mice were 

increased by running (Hulmi et al 2013b). Here, we show that higher expression could be seen in a 

wide range of gene sets from lipid and BCAA metabolism to the TCA cycle, electron transport and 

oxidative phosphorylation. These longitudinal results in mice support those of an earlier cross-

sectional study by Timmons et al. (Timmons et al 2005) who showed that various genes of 

oxidative phosphorylation acted in an opposite manner in subjects with DMD and healthy, 

previously sedentary people after a training period. Importantly, in the present study exercise was 

sufficient to block this decrease in oxidative metabolism and thus preserved the oxidative 

phenotype of muscle. This further supports the beneficial effect of exercise in at least mild forms of 

muscle dystrophy. A recent randomized controlled trial showed that well designed exercise is both 

feasible and safe and seems to reduce the functional deterioration due to muscle disuse in boys with 

DMD (Jansen et al 2013). Further studies are needed to investigate the dose and the type of exercise 



22 
 

as certain types of heavy exercise, even though possibly beneficial in correcting aerobic metabolism, 

may sometimes actually be detrimental in muscular dystrophy patients (Grange and Call 2007). 

Even though there was a clear beneficial effects of exercise correcting the decreased aerobic 

metabolism in mdx mice, we did not previously notice in these mice any major improvements in 

mdx muscle histology or in muscle endurance after running, although increased daily voluntary 

running during the first weeks of the experiment suggests some form of improvement in more 

specific muscle function (Hulmi et al 2013b). Therefore, the effects of exercise should be 

investigated in the future together with dystrophin correction (Hoogaars et al 2012). 

The expression of the gene set for BCAA degradation was previously reported to be associated with 

high aerobic capacity (Kivela et al 2010). The gene set of BCAA degradation is also increased in 

habitually physically active twin pairs compared with their inactive co-twins (Leskinen et al 2010) 

and is associated with lower serum BCAA concentration (Kujala et al 2013). In the present study, 

dystrophic mice had downregulated BCAA degradation that was reversed to a more or less healthy 

control level by exercise. This may reflect enhanced mitochondrial fatty acid oxidation and energy 

production (Kainulainen et al 2013,Wagenmakers 1998). Similarly to BCAA degradation, 

decreased gene sets of lipid and fatty acid metabolism in dystrophic muscle were observed 

supporting the previously reported impaired fat oxidation in mdx mice (Even et al 1994). 

Importantly, exercise increased and, thus, restored the gene sets of lipid and fatty acid metabolism 

in mdx mice. Increased fat metabolism by exercise was associated with increased PDK4 protein, a 

positive regulator of fat vs. glucose use as an energy source (Sugden and Holness 2003). Similarly 

to gene sets of fat metabolism, this increase also occurred independent of sActRIIB-Fc.  

The second aim of the study was to investigate if the exercise or myostatin/activin blocking 

differentially affect muscle metabolic pathways when these treatment modalities are combined. In 

the present study we have shown independent, synergistic, compensatory and antagonistic effects of 

exercise and sActRIIB-Fc at the RNA and protein level. For instance, increases in some of the gene 
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sets and protein levels by exercise were independent of sActRIIB-Fc (e.g. BCAA degradation and 

gene sets related to fatty acid and lipid metabolism, PDK4 and AQP4). On the other hand, exercise 

and sActRIIB-Fc acted in an opposing manners in the gene sets of electron transport chain and 

oxidative phosphorylation, with the effect of exercise being sufficient to block the sActRIIB-Fc-

induced decreases. As an example of antagonistic effects, sActRIIB-Fc was able to block the 

upregulation in the TCA-cycle gene set induced by exercise while exercise was able to completely 

block the strongly induced phosphorylation of STAT5 by sActRIIB-Fc. A synergistic effect of 

exercise and sActRIIB-Fc was observed in MUP protein levels. 

MUPs are thought to be produced mainly in the murine liver, but are also involved in the biogenesis 

of mitochondria (Hui et al 2009). In addition to the interaction effect of sActRIIB-Fc and exercise, 

elevated MUP was also observed in mdx mice when compared to wild type mice. Previously, in a 

proteomic analysis, MUPs were shown to be elevated in the plasma of mdx mice when compared to 

wild type mice (Colussi et al 2010). Clearly, more research is needed to understand the potential 

importance of MUPs in skeletal muscle. Another example that showed an interaction effect of 

exercise and sActRIIB-Fc was the phosphorylation of STAT5. In skeletal muscle, the transcription 

factor STAT5 conveys signals from hormones such as growth hormone and insulin and its 

deficiency leads to the downregulation of insulin-like growth factor I (IGF-I) expression (Klover 

and Hennighausen 2007,Chen et al 1997). Previously, IGF-I was shown to be mandatory for the 

hypertrophy induced by the overexpression of follistatin, a myostatin/activin blocker (Kalista et al 

2012). Indeed, in the present study, exercise that blocked the phospho-STAT5 response also 

attenuated the sActRIIB-Fc-induced increase in gastrocnemius muscle size. The consequences of 

exercise in modulating the effects of  myostatin/activin blocking warrants further mechanistic 

studies. Another protein possibly mediating some of the effects of exercise in dystrophic mice is a 

water-channel protein AQP4, which is associated with the dystrophin complex and its levels are 

reduced in DMD in humans and in mice (Nicchia et al 2008,Frigeri et al 2002). In the present study, 
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the gene expression of AQP4 was induced by exercise in mdx mice restoring the difference to the 

level of wildtype controls. The functional importance of this exercise effect in dystrophic mice 

remains to be determined, but AQP4 has been recently shown to be important in exercise-induced 

adaptation of skeletal muscle of healthy mice (Basco et al 2013). 

Previously, the effect of genes in various loss or gain of function experiments has been shown to be 

dependent on the exercise status (Booth and Laye 2009). On the other hand, the effects of exercise 

can depend on co-treatments, which supports our data. For instance, the effects of exercise on 

cardiorespiratory function and mitochondrial content were reported to be totally impaired when 

simvastatin drug was combined with exercise (Mikus et al 2013). The gene set enrichment analysis 

showed that the effect of sActRIIB-Fc was, in general, much larger in the exercised than in 

sedentary mice. The effect of exercise was also more pronounced in the sActRIIB-Fc-treated mice 

than in PBS-treated mice. Some of the effects of sActRIIB-Fc are similar to those of resistance 

training and different than those of aerobic training, such as increased muscle size and unaltered or 

even decreased aerobic capacity (Rahimov et al 2011,Mero et al 2013,Hulmi et al 2013b).  It has 

been shown that the effects of aerobic exercise are more robust in resistance-trained than in 

endurance-trained muscle and vice versa (Coffey et al 2006). Thus as in the present study, the 

observed effect of sActRIIB-Fc (mimicking some effects of resistance exercise) can be stronger 

during co-treatment with endurance exercise when compared to single treatments. It is 

acknowledged that a medical treatment regulating muscle metabolism can also affect exercise 

activity levels. We showed earlier that sActRIIB-Fc decreases the amount of voluntary running in 

the first, but not anymore during last weeks of the experiment (Hulmi et al 2013b), similarly as 

what has been observed in myostatin depleted mice (Personius et al 2010). 

Treatment with sActRIIB-Fc decreased muscle DNA concentration in mdx mice, and the direction 

of this change was towards the wild type control mice without an effect of the treatments on muscle 

RNA concentrations. This result after pharmacological blockade of myostatin and activins supports 
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the earlier finding from myostatin depleted mice that were reported to have decreased DNA per mg 

muscle due to increased muscle mass, but unchanged RNA or protein concentrations (Welle et al 

2006). Total protein per DNA was decreased in mdx mice when compared to wild type mice, but 

this difference was prevented by the combination of running and sActRIIB-Fc. The importance of 

these results in practice remains to be determined. Finally, it is possible that some other muscles, 

such as more oxidative soleus or diaphragm might have shown slightly different results, but we 

believe that the adaptations presented from gastrocnemius muscle reflect similar responses from the 

other muscles as well. 

In summary, exercise can modulate gene expression profiles of a dystrophic gastrocnemius muscle 

towards healthy control mice regarding gene sets of oxidative metabolism. As low oxidative 

metabolism is involved in the pathophysiology of mdx and DMD muscles, exercise can be 

suggested to constitute a complementary therapy for dystrophin restoration approaches and 

treatment modalities for enhancing muscle strength and size. The level of habitual physical activity 

does not alone seem to explain the downregulated oxidative phenotype in mdx muscle and instead a 

direct effect of the lack of dystrophin is a more probable cause. The effects of exercise and blocking 

myostatin/activin can be in some measures similar, and in some different when the treatments are 

combined in comparison to the single treatments alone. Our present results support the 

recommendation to recognize the possible combined effect of physical activity or exercise, when 

studying the effects of a drug. 
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Figure legends 

Figure 1. RNA, DNA and protein concentrations in gastrocnemius muscle of mdx mice treated 
with sActRIIB-Fc and exercise alone or in combination and in comparison to wild type 
controls. A and C-F) RNA, DNA and protein concentrations per total muscle wet weight or per 
DNA or RNA in gastrocnemius muscle. B) Ribosomal RNA shown using agarose gel 
electrophoresis of total RNA. For that, total RNA was extracted as described in methods and 
subjected to electrophoresis through an agarose gel. A representative gel is shown. 28S is 28S 
ribosomal RNA, 18S is 18S ribosomal RNA. mdx = dystrophic mice, wt = wild type mice. PBS = 
placebo control injection, AcR = sActRIIB-Fc injection, Run = wheel running. * = P< 0.05 vs. PBS 
injected mdx mice. 
 
 
Figure 2. The gene sets of aerobic metabolism are modulated in the skeletal muscle of mdx 
mice and regulated towards wild type controls with exercise alone and in combination with 
sActRIIB-Fc. Gene Set Enrichment Analysis (GSEA) (Subramanian et al 2005) was conducted 
from microarray of gastrocnemius muscle. Different gene set results are shown in A-H. A) Electron 
transport chain, B) oxidative phosphorylation, C) TCA cycle (tricarboxylic acid acid cycle), D) 
BCAA degradation (degradation of branched chain amino acids valine, leucine and isoleucine), E) 
fatty acid metabolism, F) peroxisome, G) metabolism of lipids and lipoproteins, H) glucose 
regulation of insulin secretion. NES = normalized enrichment score in GSEA. Positive and negative 
enrichment scores denote a large number of genes upregulated or downregulated, respectively, in 
the given gene set. * = FDR < 0.05, ** = FDR <0.01, *** = FDR < 0.001. If FDR>0.05, the exact 
FDR-values are shown. mdx-Cont or wt-Cont = mdx mice or wild type mice, respectively, injected 
PBS control. AcR = sActRIIB-Fc injection, Run = wheel running. Exact effect size scores and 
FDR-values for these and other comparisons are in (Supplemental Table S2). 
 

 

Figure 3. Heat map of lipid metabolism pathway (SP_PIR_KEYWORDS). For this, genes with  
≥ 1.5 fold change differences between the groups were loaded to DAVID. The difference in lipid 
metabolism between mdx and wild type mice is at least partially corrected with running as most of 
the running mice show more similar profile with the wild type mice than the other groups. mdx-
Cont or wt-Cont = mdx mice or wild type mice, respectively, injected PBS control. AcR = 
sActRIIB-Fc injection, Run = wheel running. 
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Figure 4. Protein results after 7 weeks. A) Phosrphorylated (p) STAT5 and total STAT5, B) MUP, 
C) PDK4, D) UCP3, E) pERK 1/2 and total ERK 1/2, F) FASN. G) Representative blots. mdx = 
dystrophic mice, wt = wild type mice. In the representative blots, mdx-Cont = mdx mice injected 
PBS control, mdx-Run = mdx mice with wheel running, mdx-AcR = mdx mice injected with 
sActRIIB-Fc, mdx-AcR Run = mdx mice treated with sActRIIB-Fc and wheel running, wt-Cont = 
wild type mice treated with PBS control. The data is presented as relative to PBS injected mdx mice. 
In MUP blot, + = positive control lysate. Band at ~20 kDa also seen in positive control was 
quantified. * alone indicates statistical difference (p<0.05) compared to PBS injected mdx mice or 
to another group if above a marked line. The results are corrected to the mean of Ponceau S and 
GAPDH value. 

 

 
Figure 5. Home-cage physical activity before and during the 7-wk period. A) Activity time 
and B) activity index using force plate measurements. mdx-Cont = mdx mice injected PBS 
control, mdx-Run = mdx mice injected PBS and treated with wheel running, mdx-AcR = mdx mice 
injected with sActRIIB-Fc, mdx-AcR Run = mdx mice treated with sActRIIB-Fc and wheel running, 
wt-Cont = wild type mice treated with PBS control.* indicates statistical difference (p<0.05) to wild 
type control mice at each time-point. 
 

 

 

Tables 

 

Table 1. The number of genes modulated by treatments in mdx mice closer to (more than 50 % 
towards) healthy wild type controls. For this analysis, we selected only the gene probes with 
average expression level significant at a level P<0.05 over background. From the genes represented 
by multiple probes, the probe with the highest fold-change ratio was selected. The calculation of 
genes toward or away from controls was conducted for all these probes using a 50 % distance 
criteria using self-developed Macro in Microsoft Excel. Thus, no change means that still after the 
treatment, the average value of the gene in the group is closer to mdx mice than wild type control. 
Instead, positive and negative means that after the treatment the result is more than 50 % toward or 
more than 50 % away from healthy wild type mouse, respectively. 

 

Comparison to wild type control Positive Negative No change 
mdx sActRIIB-Fc 1696 1553 5376 
mdx Run 1746 1335 5544 
mdx ActRIIB-Fc Run 2008 1689 4928 
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