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Extracellular matrix remodelling is associated with muscle force increase in overloaded mouse

plantaris muscle

Aims: Transforming growth factor-B (TGF-B) sig-
nalling is thought to contribute to the remodelling
of extracellular matrix (ECM) of skeletal muscle
and to functional decline in patients with muscu-
lar dystrophies. We wanted to determine the role
of TGF-B-induced ECM remodelling in dystrophic
Methods: We experimentally induced the
pathological hallmarks of severe muscular dystrophy
by mechanically overloading the plantaris muscle in
mice. Furthermore, we determined the role of TGF-3
signalling on dystrophic tissue modulation and on
muscle function by (i) overloading myostatin knock-
out (Mstn~'~) mice and (ii) by additional pharmaco-
logical TGF-B inhibition via halofuginone. Results:
Transcriptome analysis of overloaded muscles revealed
upregulation predominantly of genes associated with

muscle.

Histology revealed in wild-type mice signs of severe mus-
cular dystrophy including myofibres with large variation
in size and internalized myonuclei, as well as increased
ECM deposition. At the same time, muscle weight had
increased by 208% and muscle force by 234%. Myostatin
deficiency blunted the effect of overload on muscle mass
(59% increase) and force (76% increase), while having
no effect on ECM deposition. Concomitant treatment with
halofuginone blunted overload-induced muscle hypertro-
phy and muscle force increase, while reducing ECM depo-
sition and increasing myofibre size. Conclusions: ECM
remodelling is associated with an increase in muscle mass
and force in overload-modelled dystrophic muscle. Lack
of myostatin is not advantageous and inhibition of ECM
deposition by halofuginone is disadvantageous for muscle
plasticity in response to stimuli that induce dystrophic

ECM, inflammation and metalloproteinase activity. muscle.
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Introduction

Muscle fibrosis, histologically observable by an
increased deposition of extracellular matrix (ECM) pro-
teins, is a hallmark of muscular dystrophy; however,
its functional consequence is largely unknown. The
increase in muscle connective tissue can be accompa-
nied by an increase in muscle mass at initial stages of
disease, such as typically seen in the calf muscles of
boys with Duchenne muscular dystrophy (DMD). Mus-
cle hypertrophy is associated with a larger absolute
muscle force in the mdx mouse model of DMD [1,2].
However, human DMD muscle, in contrast to mdx
mouse muscle, eventually exhibits irreversible muscle
wasting and becomes paralytic due to fatty-fibrotic
metaplasia. The pathophysiological events leading to
the histological changes of fibrosis in muscular dystro-
phies are well known. Muscle fibres destabilize at the
sarcolemmal level due to the lack of specific proteins in
the dystrophin-associated glycoprotein complex, for
example, dystrophin in the case of DMD. Destabilized
fibres are prone to contraction-induced damage and
necrosis, which in turn induces inflammation, macro-
phage-induced clearance of degenerated fibres, muscle
stem cell activation and myofibre regeneration. How-
ever, macrophages as well as regenerating muscle stim-
(FAPs),
which are the main ECM producing myofibroblasts in
skeletal muscle [3,4]. Following repetitive cycles of de-
and regeneration and ensuing permanent ECM produc-
tion, skeletal muscle of DMD patients degrades entirely
towards fatty fibrosis at the end stage [5-7]. Chronic
cycles of muscle de- and regeneration alters molecular

ulate so-called fibro/adipogenic precursors

signature of FAPs, which become primed towards a
fibroblast fate TGF-f signalling,
acquired insensitivity to Notch signalling directs FAPs
towards an adipocyte fate [8,9].

under whereas
The pathogenic
response of FAPs depends also on the type of muscular
dystrophy. Indeed, in the mdx mouse, FAPs shift to per-
sistent fibrogenesis, whereas in the mouse model for
limb muscular dystrophy type 2B, FAPs cause adi-
pogenic muscle replacement [8,10].

Current concepts consider connective tissue stimula-
tion as an epiphenomenon of muscle de- and regenera-
tion caused by associated inflammation [11]. Manifest
fibrosis is thought to have a negative feedback on mus-
cle regeneration, as it coincides in time with the
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gradual disappearance of muscle fibres [7]. In DMD
patients, muscle becomes stiffer from early disease
stages onwards, eventually leading to musculo-tendi-
nous retraction. In DMD, fibrosis is initially more
advanced at the level of the muscle-tendon interphase
[12], suggesting a heterogeneous response to patho-
physiological stimuli along the length of the muscles
and a regional specificity of ECM function.

Increased ECM deposition and muscle fibrosis are
commonly regarded as pathogenic events that would
call for therapeutic intervention [13,14]. Several of
such interventions with antifibrotic agents interfering
with TGF-f signalling have been tested in hundreds of
patients with muscular dystrophy since 2005. How-
ever, they show a lack of efficacy in those trials for
which results are available, whereas many trials are
not yet concluded (NCT02525302; NCT01978366;

NCT01847573; NCT02515669; NCT02310763;
NCT02907619; NCT02841267; NCT02606136;
NCT02354781; NCT01239758; NCT01099761;

NCT01519349 and NCT00104078).

TGF-B signalling, notably via growth factors TGF-$1
and myostatin, strongly stimulates muscle fibrosis by
an increase in intracellular Smad2/3 activity and sub-
sequent ECM synthesis and remodelling [11,15]. Inhibi-
tion of TGF-B signalling by neutralizing antibodies
directed against TGF-B1 or TGF-B-receptor 1 reduces
muscle fibrosis and increases muscle regeneration
[16,17]. Abrogation of myostatin signalling either in
Mstn™’~ mice or by treatment with soluble activin
receptor-IIb decreased fibrosis and increased muscle
regeneration [18-20]. Halofuginone blocks TGF-p-me-
diated collagen synthesis through inhibition of Smad3
phosphorylation [21]. In the mdx mouse, halofuginone
decreases muscle fibrosis, increases muscle stem cell
activity and increases muscle fibre size, thereby exert-
ing an antidystrophic effect [22-26].

In normal mice, chronic mechanical overload of the
plantaris muscle can elicit histological hallmarks of
muscular dystrophy. In an experimental setting, this
can be achieved by surgical ablation of synergic mus-
cles [27-31]. Such mechanical stress causes muscle
degeneration and inflammation in the beginning, fol-
lowed by regeneration, increased variation in myofibre
size with an increase in mean fibre cross-sectional area
and increased ECM deposition, resulting in increased
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muscle mass [32—-38]. Strikingly, this tissue adaptation
causes an increase in maximal tetanic force of up to
100% [30,36]. Presently, researchers think this force
increase would be the result of muscle fibre hypertro-
phy only.

We here interfered with TGF-f signalling during the
adaptive response of the plantaris muscle following surgi-
cal ablation of synergic muscles. We tested the effect of
halofuginone treatment on muscle physiology and on the
muscle transcriptome in the overloaded muscles. We
found, rather surprisingly, that an increase in muscle
force indeed requires TGF-B-mediated ECM remodelling,
whereas muscle fibre hypertrophy itself seems to be dis-
pensable.

Methods

Animals, mechanical overloading and treatment

We performed all procedures in accordance with
national and European legislation, under the license 75-
1102 (France). Three-month-old female Mstn~'~ (n = 6)
mice [39] and age- and sex-matched wild-type (WT) con-
trol mice (n = 6) of the same genetic background
(C57BL/6]) were used for this study. For morphometric
and transcriptomic analysis of overloading, animals were
anesthetized with intraperitoneal pentobarbital (50 mg/
kg body weight) and the plantaris muscles on both sides
were mechanically overloaded by surgical removal of the
soleus muscles and of a major portion of the gastrocnemius
muscles as described [19,27]. After 2 weeks of overload-
ing, mice were sacrificed by atlanto-occipital dislocation
for removal and cryopreservation of both plantaris mus-
cles. For investigation of pharmacological TGF-B-inhibi-
tion, Mstn~'~ (n = 6) and control mice (n = 6) were
injected three times per week for 6 weeks intraperi-
toneally with either 10 pg of halofuginone (Vetranal®,
SIGMA 32481) or the equivalent volume of PBS. We
started the identical overload procedure 2 weeks after
initiation of the halofuginone treatment and measured
muscle force of the plantaris muscle 5 weeks later. After
sacrifice, we dissected and cryopreserved the plantaris
muscle for histological analysis.

Whole muscle force measurements

Skeletal muscle function was evaluated by measuring
in situ isometric force, as previously described [36].
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Animals were anaesthetized as described above. During
the physiological experiments, supplemental doses were
given as required to maintain deep anaesthesia. The
knee and foot were fixed with clamps and stainless-steel
pins. The plantaris muscle was exposed and the distal
tendon was cut and attached to an isometric trans-
ducer (Harvard Bioscience, Holliston, MA, USA) using
a silk ligature. The sciatic nerves were proximally
crushed and distally stimulated with a bipolar silver
electrode using supramaximal square-wave pulses of
0.1 ms duration. Responses to tetanic stimulation with
a pulse frequency of 50-143 Hz were recorded during
successive bursts. At least 1 min was allowed between
the trains of contractions. Absolute maximal force was
determined at the optimal length, being considered the
length of the muscle at which maximal tension was
obtained during the tetanus. Force was normalized to
the muscle mass as an estimate of specific maximal
force. Body temperature was maintained at 37°C using
radiant heat throughout the experiment.

Histology

Serial transverse sections of 12 pm from plantaris mus-
cles from the mid-belly region were obtained using a
cryostat. Haematoxylin and eosin staining was per-
formed using routine histological protocols. For MHC
immunohistochemistry, frozen unfixed 12 pm sections
were blocked for 1 h in PBS containing 2% BSA and 2%
foetal calf serum. Sections were then incubated overnight
with primary antibodies. After washes in PBS, sections
were incubated for 1 h with secondary antibodies with
various fluorophores (Alexa Fluor®, ThermoFisher Scien-
tific, Waltham, MA, USA ). After washes in PBS, slides
were finally mounted with Fluoromount-G (Thermo-
Fisher Scientific). For expression analysis of myosin
heavy-chain (MHC) isoforms we used as primary anti-
bodies: anti-MHCI (hybridoma#A4.840, DSHB), anti-
MHCIIa (hybridoma#SC-71, DSHB) and anti-MHCIIb
(hybridoma#BF-F3, DSHB). Other primary antibodies
were anti-laminin (Z0097, Agilent Dako, Santa Clara,
CA, USA) and anti-collagen 1 (ab34710, Abcam, Cam-
bridge, UK).

For the quantification of collagen-1 fluorescence
intensity on full cross sections of the plantaris muscle,
all parameters during image acquisition were kept iden-
tical and the images were analysed morphometrically
for the percentage of collagen per muscle cross section
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after identical grey-level thresholding using Image]
v1.49 (https://imagej.nih.gov/ij/).

Muscle fibre morphology was also investigated on
full cross sections of the plantaris muscle. Images were
captured using a digital camera (Hamamatsu ORCA-
AG, Massy, France) attached to a motorized fluores-
cence microscope stage (Zeiss Axiolmager Z1, Jena,
Germany). These images were projected onto a flat-
screen coupled with a graphic tablet that enabled man-
ual retracing of muscle fibre outlines. Morphometric
analyses were done with the MetaMorph v7.5 software
(Molecular Devices, Sunnyvale, California, USA).

Transcriptome analysis

Frozen muscle was homogenized on ice using an ultra-
turrax (15951-45; IKA, Staufen, Germany) and RNA
was extracted via the TRIzol® protocol. N = 6 samples
of each condition were analysed (3 animals, both legs).
Quality of the RNA was controlled using the 2100 Bio-
analyzer (Agilent, Santa Clara, CA, USA). cRNA was
produced, labelled and hybridized, according to the
manufacturer’s instructions, on the GeneChip® Mouse
Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA),
which represents 28,853 genes; 27,543 with ENSEMBL
support and 19,434 with full-length RefSeq support.
The arrays were scanned with the 428 Scanner (Affy-
metrix) and signal intensities were processed with the
Affymetrix GeneChip Command Console Software
(AGCC) to produce the RMA (Robust Multi-Array Aver-
age) normalized CEL files that could be uploaded to the
GenePattern platform for further downstream analysis
and visualization [40].

We identified those genes that were significantly up-
and downregulated between the various conditions by
at least a factor of 2.0. In order to control for multiple
testing, we only considered genes as significantly regu-
lated if their false discovery rate (FDR) was below 0.01.
The raw data of this experiment can be accessed at the
GEO database under GSE127255, URL: https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127255.
Pathway, gene network and functional annotation
analysis of the regulated genes were done with DAVID
6.8 at the URL: https://david.ncifcrf.gov/term2term.jsp
using the default settings [41]. Enrichment of gene
clusters was considered significant if the FDR was
below 0.01. For Principal Component Analysis in two
dimensions (PCA 2D), we In(x)-transformed the original
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values and applied the unit variance scaling to rows.
We calculated the principal components by singular
value decomposition (SVD) with imputation using the
program ClustVis at https://biit.cs.ut.ee/clustvis/ [42].
The exact list of genes and their expression differences
is provided in Table S1.

RNA isolation and RT-qPCR

Total RNA from frozen plantaris muscle tissue was iso-
lated using TRIzol® (ThermoFisher Scientific) extraction
in combination with the RNeasy Mini kit (Qiagen, Hil-
den, Germany). RNAse-free DNase I (Qiagen or Ther-
mofisher Scientific) was used to eliminate traces of
DNA in the RNA extract. Isolated RNA was quantified
using the NanoVue Plus GE HealthCare spectropho-
tometer (Dutscher, Issy-les-Moulineaux, France). cDNA
synthesis was done on full RNA extracts from muscle
using the ThermoScript RT-PCR system (ThermoFisher
Scientific) with random hexamer primers for first-
strand cDNA synthesis. Reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) was done
according to the SYBR Green protocol (BioRad, Her-
cules, CA, USA) in triplicates on the CFX96 Touch
Real-Time detection system (BioRad) using iTaq Univer-
sal SYBR Green Supermix (BioRad). A 10 min denatu-
ration 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. Before sample analysis, we had deter-
mined for each gene and primer set the PCR efficiencies
with a standard dilution series (10E1-10E7 copies/pl),
which subsequently enabled us to determine the copy
numbers from the C; values. mRNA levels were nor-
malized to 10E3 copies of Gapdh mRNA or 10E6 copies
18S rRNA. Fold changes were calculated according to
the efficiency corrected —AAC; method [43]. The
sequences for the oligonucleotide primers are listed in
Table S2.

Statistical analysis

We compared groups statistically using the anova test,
except as for comparing fibre diameters, for which we
used the two-tailed non-parametric Mann—-Whitney U-
Test because of high n-number. Values are depicted as
means + SD (Standard Deviation). Significance levels
were set at P < 0.05. For transcriptome analysis and
for other multiple testing procedures, results were
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considered significant if the False Discovery Rate (FDR)
was below 0.01 [44].

Results

Part 1: Determination of the molecular signature of
overload

We performed an array-based transcriptome analysis
after 2 weeks of plantaris muscle overloading. This pro-
vided a global view on cellular processes during muscle
adaptation to overload. The investigated muscles fell
into four groups: (i) untreated wild-type (WT) muscle;
(WT-OVL)
untreated myostatin knockout (Mstn~'~) muscle and
(iv) overloaded myostatin knockout (Mstn~'~-OVL)
muscle.

(ii) overloaded wild-type muscle;  (iii)

Comparison of transcriptome signatures between
WT and WT-OVL muscles

In WT mice, overload caused a significant upregulation
by a factor of 2.0 or above of n =909 genes and
downregulation of n = 342 genes (Table S1). Func-
tional clustering revealed that the highest enrichment
scores for Gene Ontology (GO) terms were associated
with the ECM, inflammation and metalloproteinase
activity as a strong indicator of ECM remodelling (Fig-
ures 1 and 2A). Interestingly, the highest GO-term
depletion scores were mainly associated with muscle
metabolic function such as mitochondrial metabolism,
glycogen usage and oxidoreductase activity (Figures 1
and 3A).

Comparison of mRNA expression levels of ECM
genes between WT and Mstn '~ muscles

Transcriptome and cluster analysis of ECM genes did
not reveal any difference between untreated WT and
Mstn™'~
mensional principal component analysis (PCA 2D),

muscles (Figure 2A). Remarkably, on two-di-

individual muscles from both genotypes clustered very
closely and both groups largely overlapped. This sug-
gests little interindividual variability and near equal
ECM gene expression in both genotypes. Overload
induced strong upregulation of the entire ECM gene
cluster in both genotypes. However, now the PCA 2D
blot reveals a clear separation between the two

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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genotypes with a comparatively higher upregulation of
ECM genes in the WT group. This suggests that lack of
myostatin, as expected, would reduce ECM remodelling
via attenuation of the TGF-f signalling pathway activa-
tion, albeit not completely abrogating it by far.

We next confirmed the results of RNA-microarray
analysis by RT-qPCR for representative up- and down-
regulated genes. We found that mRNA copy number
fold changes correlated between RNA sequencing and
RT-gPCR for all analysed genes including exemplary
ECM-associated genes Postn, Mmp12 and Col6a3 (Fig-
ure S1).

Comparison of mRNA expression levels of
inflammatory response genes between WT and
Mstn~’~ muscles

Transcriptome and cluster analysis of inflammatory
response genes again revealed little
between untreated WT and Mstn~’~ muscles (Fig-
ure 2B). However, overload induced a strong inflam-
matory response in both genotypes, with a large

differences

overlap of both muscle groups on the PCA 2D blot,
suggesting that lack of myostatin did not protect from
overload-induced myofibre necrosis and its subsequent
inflammatory response.

Comparison of mRNA expression levels of genes
encoding mitochondrial proteins between WT and
Mstn~’~ muscles

RNA expression analysis and cluster analysis for genes
encoding mitochondrial proteins revealed similar sets of
high- and low-expressing genes, if comparing untreated
WT and Mstn~’~ muscles following unit variance scal-
ing (Figure 3A). However, the magnitude of expression
differed between the two genotypes, resulting in a clear
separation of the genotypes along the ordinate of the
PCA 2D blot. Overload moved gene expression in the
same direction, however, with lesser response in
Mstn™'~-OVL,

Comparison of mRNA expression levels of genes
encoding sarcomeric proteins between WT and
Mstn~’~ muscles

Transcriptome and cluster analysis of genes encoding
sarcomeric proteins revealed an entirely different

NAN 2021; 47: 218-235
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Figure 1. Relative enrichment and depletion of muscle expressed genes after overload. WT and Mstn™’~ samples were combined. The
bars depict the relative fold enrichment or depletion of groups of GO-annotated genes, while the dots depict the false discovery rate (FDR).

All enrichments and depletions were significant with an FDR < 0.01.

expression status between untreated WT and Mstn™'~
muscles (Figure 3B), thereby confirming previous data
following Affymetrix GeneChip analysis [45]. Further-
more, overload changed gene expression profiles in
both genotypes, however, clusters remained separated
when comparing the groups on the PCA 2D blot. This
suggests that the contractile phenotype of skeletal mus-
cle adapts differently to overload in the absence of myo-
statin.

We next analysed transcription of genes encoding
muscle myosin isoforms (Figure S2). We found a clear
separation of gene clusters on the PCA 2D blot depend-
ing on the genotype (Mstn™'~ versus WT) and whether
muscles were overloaded or not. The -clustergram
allowed us to compare the expression of an exemplary
set of genes characteristic for oxidative and glycolytic
muscle fibres. As expected, WT muscle expressed Myh2
and Myh7 encoding oxidative isoforms (MHC2a and
MHCI1, respectively), whereas both were downregulated

in untreated Mstn '~ muscle. Furthermore, during
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overload we observed a downregulation of Myh4 in
WT muscle, encoding the fast glycolytic
(MHC2b), which was consistent with a fibre conversion
towards oxidative isoforms. However, Mstn™'~
failed to downregulate the glycolytic isoform and to
upregulate oxidative isoforms in response to overload,
suggesting that Mstn~’~ muscle may resist overload-in-
duced fibre type conversion.

Of note, overload-induced expression of developmen-
tal MHC isoforms Myh3 (encoding embryonic MHC),
Myh8 (encoding perinatal MHC) and Myl4 (encoding
embryonic MLC1) was seen in both genotypes. This

isoform

muscle

finding is in line with an overload-induced degenera-
tion/regeneration cycle and the emergence of myofibres
with internalized myonuclei (see below).

Part 2: Tissue and functional response to overload

Our RNA expression analysis suggested ECM remod-
elling to be a significant adaptive response of muscle to

NAN 2021; 47: 218-235
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extracellular matrix (GO:0005578) and extracellular matrix (GO:0031012). (B) Heat map and clustergram of the genes associated with the
GO-terms immune system process (GO:0002376) and positive regulation of inflammatory response (GO:0050729). For both systems, the up-
regulation was more prominent in the WT samples as compared to the Mstn~’~ muscle samples. The Principal Component Analysis in
two dimensions (PCA 2D) of the four experimental conditions with six biological replicates is depicted on the right side. For PCA 2D,
original values were In(x)-transformed and the unit variance scaling was applied to rows; singular value decomposition (SVD) with
imputation was used to calculate principal components. X- and Y-axes show principal components 1 and 2 that explain the indicated
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N = 24 data points. The exact list of genes and their expression differences is provided in Table S1.

overload. We next wanted to understand the conse-
quence of overload-induced ECM remodelling on muscle
structure and function. In addition, our RNA expres-
sion studies suggested, rather surprisingly, that myo-
statin abrogation did not prevent muscle fibrosis.
Hence, we additionally treated WT and Mstn'~
with the fibrosis inhibitor halofuginone.

Plantaris muscles from sedentary adult WT and

mice

Mstn~’~ mice were subjected to 5 weeks of mechanical
overload following surgical ablation of soleus and gas-
trocnemius muscles. Animals were concomitantly trea-
ted with either halofuginone or PBS, starting 2 weeks
before the surgical intervention. We thus obtained
muscles from eight different experimental settings: (i)

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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control wild-type PBS injected (WT-PBS); (ii) overload
wild-type PBS injected (WT-OVL-PBS); (iii) halofuginone
treated wild-type (WT-HLF); (iv) overload and halofugi-
none-treated wild-type (WT-OVL-HLF); (v) control myo-
statin  knockout PBS injected (Mstn~'~-PBS); (vi)
overload myostatin knockout (Mstn™'~-OVL-PBS); (vii)
halofuginone-treated myostatin knockout (Mstn™'~-
HLF); (viii) overload and halofuginone-treated myo-

statin knockout (Mstn~’~-OVL-HLF).

Effect of overload on muscle ECM remodelling

Quantification of muscle cross-section area (CSA) occu-
pied by collagen 1 expression revealed an increase from

NAN 2021; 47: 218-235
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Figure 3. Relative regulation after overload of transcript numbers of genes associated with the mitochondrion and structural proteins of
the skeletal muscle in WT and Mstn~’~ mice. (A) Heat map and clustergram of the genes associated with the GO-term mitochondrion
(GO:0005739). (B) Heat map and clustergram of the genes associated with the GO-terms skeletal muscle contraction (GO:0003009),
ventricular cardiac muscle tissue morphogenesis (GO:0055010), transition between fast and slow fibre (GO:0014883), myosin complex
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conditions with six biological replicates is depicted on the right side. The exact list of genes and their expression differences are provided
in Table S1.

25% to 33% in WT-OVL plantaris muscle (P = 0.0015)
and an increase from 25% to 36% in Mstn ' ~-OVL
plantaris muscle (P < 0.0001), (Figures 4A and 5C).
Concomitant treatment with halofuginone limited ECM
deposition to 29% in WT-OVL-HLF (P = 0.0102), thus
4% less than in WT-OVL (29% compared to 33%) and
limited increase to 31% in Mstn ' “-OVL-HLF
(P =0.0311), thus 5% less than in Mstn~'~-OVL (31%
compared to 36%). These results show that halofugi-
none, but not lack of myostatin, inhibited overload-in-
duced ECM deposition.

Effect of overload on muscle mass

Overload induced a 208% weight increase in WT-OVL
plantaris muscle (from an average of 13 to 40 mg,

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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P < 0.0001) and only 59% weight increase in Mstn~’
“-OVL  plantaris muscle (from 32 to 51 mg,
P < 0.0001), (Figure 4B). Concomitant halofuginone
treatment restricted increase in muscle weight to 146%
in WT-OVL-HLF (P < 0.0001), thus, 62% less than in
WT-OVL (32 mg compared to 40 mg), and restricted
increase to 25% in Mstn~'~-OVL-HLF (P =0.0015 for
HLF effect, however, P = non-significant for combined
effect), thus, 34% less than in Mstn™'~-OVL (40 mg
compared to 51 mg).

analysis (Figures 4C and 5A,B)
revealed that overload increased fibre diameters by
11% in WT-OVL plantaris muscle (from 28 to 31 um).
Concomitant treatment with halofuginone increased
fibre diameters further by 7% WT-OVL-HLF compared
to WT-OVL (33 pm versus 31 um). Strikingly, overload

Morphometric
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~/~ mice following halofuginone treatment. Adult female WT

and Mstn '~ mice were treated three times per week with intraperitoneal injections of PBS or 10 pg of halofuginone (HLF) for 6 weeks.
Overload (OVL) surgery on the plantaris muscle was done after 2 weeks of treatment on both hind limbs. Mice were analysed 5 weeks
after the overload surgery. WT diagrams are in grey, Mstn~'~ diagrams are in black. Values are depicted as means + SD. (A) Diagrams
depict the percentage of cross-sectional area positive for the collagen 1 immune signal at mid-belly cross sections of the plantaris muscle
(n = 9-15). Significance levels were calculated using the two-way anova test. WT diagram: “P = 0.0015 (effect of OVL), °P = 0.0102
(combined effect of OVL and HLF). Mstn™'~ diagram: *P < 0.0001 (effect of OVL), °P = 0.019 (effect of HLF) and °P = 0.0311 (combined
effect of OVL and HLF). (B) Diagrams depict plantaris muscle wet weight (n = 6-12). Two-way ANovA test was performed. WT diagram:

ap < 0.0001 (effect of OVL), °P = 0.0011 (effect of HLF) and °P < 0.0001 (combined effect of OVL and HLF). Mstn™'~ diagram:

ap < 0.0001 (effect of OVL) and °P = 0.0015 (effect of HLF). (C) Mean fibre diameter of the plantaris muscle fibres on mid-belly sections
following immunostaining against collagen 1 (n = 2,000-5,000/group). Two-tailed non-parametric Mann-Whitney U-Test was
performed. WT diagram: “P < 0.0001 (effect of OVL) and ®p < 0.0001 (effect of HLF). Mstn™'~ diagram: “P < 0.0001 (effect of OVL) and
®p < 0.0001 (effect of HLF). (D) Diagrams depict absolute maximal force. (n = 4-12/group). Two-way aNova test was performed. WT
diagram: “P < 0.0001 (effect of OVL), ®p = 0.0388 (effect of HLF) and °P = 0.0015 (combined effect of OVL and HLF). Mstn™/~ diagram:
ap < 0.0001 (effect of OVL) and °P = 0.0224 (effect of HLF). (E) Diagrams depict plantaris muscle-specific maximal force (n = 4-12/
group). Two-way ANovA test revealed no statistical differences between groups. (F) Diagrams depict the percentage of fibres of the plantaris
muscle containing at least one central myonucleus. Sections were quantified on mid-belly sections following haematoxylin and eosin
staining (n = 3/group). Two-way ANovA test was performed. WT diagram: *P < 0.0001 (effect of OVL). Mstn~'~ diagram: %p < 0.0001

(effect of OVL).

overload resulted in exactly the same fibre size (31 pm)
irrespective of the genotype, which caused WT fibres to

=/~ fibres to hypotrophy. Con-

hypertrophy and Mstn
comitant halofuginone increased fibre diameter to
33 um in both genotypes. All treatment effects on fibre
diameter were highly significant (P < 0.00001).

In conclusion, these results suggest that the increase
in muscle mass in response to overload is mainly due

to an increase in ECM.

Effect of overload on muscle force generation

Overload induced a 234% increase in absolute maximal
muscle force in WT-OVL plantaris (from 191 to 638
mN, P < 0.001), whereas it increased only by 132%
under concomitant halofuginone treatment
(P =0.0015), thus, 102% less than in WT-OVL (444
mN versus to 638 mN) (Figure 4D). Remarkably, over-
load induced only a 76% force increase in Mstn™'~-
OVL plantaris (from 415 to 729 mN, P < 0.0001) (Fig-
ure 4D). Concomitant treatment with halofuginone
limited the increase in muscle force further to only
34% in Mstn~'~-OVL-HLF (P = 0.0224 for HLF effect,
P = non-significant for combined effect), thus, 42% less
than in Mstn~'~-OVL (558 mN versus 729 mN). Speci-
fic force did not change significantly (Figure 4E). These
results suggest that force increase following overload
was associated with the intensive ECM remodelling.
Lack of myostatin provided no functional advantage for
the overloaded muscle.

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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Effect of overload on muscle histology

Overload induced a massive appearance of fibres with
internalized myonuclei, which is considered a marker
of fibre regeneration following necrosis. This was seen
in both genotypes irrespectively of concomitant
halofuginone treatment (Figure 4F, P < 0.0001 for WT
and P = 0.0013 for Mstn~'"). In addition, we observed
increased fibre size variability following overload for
both genotypes (Figures 5A-C).

Effect of overload on muscle contractile phenotype

These above RNA analysis suggested that Mstn '~ mus-
cle may resist overload-induced fibre type conversion.
Indeed, in WT muscle, overload substantially converted
fibre types from fast glycolytic MHCIIb expressing fibres
towards slow oxidative MHCI (P = 0.0093) and fast
oxidative MHCIIa expressing fibres (P = 0.0091), (Fig-
ures 6A-C). Lack of myostatin, however,
reduced overload triggered conversion towards MHCI
fibres and MHCIIa fibres. The effect of halofuginone on
fibre-type conversion was only minor (Figures 6A-C).

largely

Effect of overload on TGF- signalling

RT-qPCR on RNA from plantaris muscle homogenates
revealed strong increases in transcription for genes
involved in TGF- signalling following overload for WT

mice and Mstn~’~ mice: Tgfb1, Tgfb2, Tgfbr2, Serpinel

NAN 2021; 47: 218-235
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Figure 5. Overload effect on fibre diameter and fibrosis in WT and Mstn~

/—

mice following halofuginone treatment. Mice were treated as

described in Figure 4. (A-B) Fibre size histograms of WT (A) and Mstn~'~ (B) plantaris muscle fibres on mid-belly sections following
immunostaining against collagen 1 (n = 2000-5000 fibres/group). (C) Fluorescent microscopic images following immunostaining against
collagen 1 (green) of mid-belly transverse sections of plantaris muscles. Scale bar: 100 pum.

and P21 genes (P < 0.05 for all genes and genotypes),
(Figure 7). We were unable to discriminate any effect
of myostatin knockout or halofuginone on the expres-

sion of any of these genes.

Discussion

This study reveals unexpected findings regarding the
role of muscle ECM that question current paradigms in
skeletal muscle pathophysiology.

In WT mice, we reproduced previous findings on the
chronic effects of surgical ablation of plantaris muscle

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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synergists; namely, an increase in muscle ECM deposi-

tion, in fibre size variation, in mean fibre cross-sec-

tional area, in muscle mass and in maximal tetanic
force, as well as many regenerated fibres and a shift
towards a more oxidative muscle phenotype. The mag-
nitude of these parameters is similar to those published
previously, thereby validating our experimental setup
[36,37,46]. The origin of increased ECM deposition can
easily be explained, likely to be triggered by the severe
muscle inflammation and the increased TGF-B sig-
nalling that is induced in plantaris muscle following
surgical ablation of synergists as seen by us and others
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[33,34]. The functional effect of such ECM remodelling
in this chronic overload model, however, remains
unknown.

Here, we show that treatment with halofuginone
reduced ECM deposition in overloaded muscles, while
myofibre size increased. This result confirms the antifi-
brotic and promyogenic effect of halofuginone in

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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Figure 6. Overload effect on muscle fibre type composition in WT
and Mstn™'~ mice following halofuginone treatment. Mice were
treated as described in Figure 4. Inmunostaining on plantaris
muscle cross sections was performed against either MHCI fibres
alone (A) or MHCIIa and MHCIIb fibres together (B, C), in which
case unstained MHCIIa/IIb were excluded from quantification
since they could either be MHCI or MHCIIx fibres. WT diagrams
are in grey, Mstn '~ diagrams are in black. Values are depicted
as means £+ SD (n = 3 muscles/group). Two-way ANova test was
performed. (A) Diagrams depict MHCI fibre-type distribution. WT
diagram: “p = 0.0093 (effect of OVL). Mstn '~ diagram:

ap = 0.0008 (effect of OVL), °P = 0.0219 (effect of HLF) and

‘P = 0.0219 (combined effect of OVL and HLF). (B) Diagrams
depict MHCIIa distribution. WT diagram: “P = 0.0091 (effect of
OVL). Mstn~'~ diagram: °P = 0.0023 (effect of OVL). (C)
Diagrams depict MHCIIb distribution. Mstn™'~ diagram:

4P = 0.006 (effect of OVL).

skeletal muscle as previously observed in mouse models
for muscular dystrophy [22-26]. Such “amelioration”
of muscle histology by halofuginone, curiously, blunted
the increase in muscle mass. Therefore, muscle ECM
makes a non-negligible part of muscle mass and its pro-
following overload, which was
reduced by halofuginone. However, ECM deposition, is

portion increases
likely combined with increased extracellular water
retention, as shown by ?3*Na MRS in dystrophic mus-
cle [47,48], explaining the important increase on mus-
cle wet weight following overload and the inhibition by
concomitant treatment with halofuginone.

The increase in maximal force generation in response
to overload was also blunted by halofuginone. Thus,
tendencies for changes in ECM, muscle mass and mus-
cle force correlated with each other, whereas these
parameters did not correlate with myofibre size.
Although we found an association between ECM
remodelling and muscle force increase, we are lacking
proof whether ECM remodelling is causative. Alterna-
tive explanations, such as load-induced increase in
active contractile force, must be considered, although
we did not observe changes in specific force generation.
Of note, we here determined specific force of the whole
plantaris muscle. However, in order to differentiate
between respective contributions of the contractile
apparatus versus ECM remodelling, force generation
should be compared between skinned and non-skinned
fibres. Therefore, studies of lateral force transmission
would be required to dissect the effect of overload on
active contraction, tensile strength and shearing.

Force transmission depends on the viscoelastic proper-
ties of the muscles, which in turn depends on its ECM

NAN 2021; 47: 218-235
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Figure 7. Effect of overload on the expression of TGF-f signalling components in WT and Mstn~

/

~ mice following halofuginone

treatment. Mice were treated as described in Figure 4. Histograms depict the RT-qPCR results showing the relative mRNA copy numbers
as expressed per 10E3 x Gapdh mRNA copies in the plantaris muscle of WT (in grey) and Mstn~'~ (in black) mice, of TGF-p ligands Tgfb1
and Tgfb2, TGF-P receptor Tgfbr2, Serpinel and P21. WT diagrams are in grey, Mstn '~ diagrams are in black. Values are depicted as

means + SD (n = 3-5/group). Two-way aNova test was performed.

composition. Weakened ECM is associated with force
drop and decreased force transmission in Marfan syn-
drome and Ehlers-Danlos syndrome [49-52]. In healthy
muscle, the endomysium does not contribute to tensile
strength as its compliance is too large. However, its
shear properties are pivotal for lateral force transmission,
which exerts tension on tendons via perimysium and
epimysium [53]. We suggest that overload-induced ECM
remodelling changes passive muscle properties at the
endomysial level, thereby increasing force transmission,
a hypothesis that remains to be proven experimentally.

We also lack experimental proof, whether the hyper-
trophic effect of halofuginone on overloaded muscle
fibres was direct or indirect. We did not find any hyper-
trophic response to halofuginone in non-overloaded WT
muscles and there was no change in the expression of
the TGF-B signalling target P21, suggesting that
halofuginone acted more indirectly on muscle via inhi-
bition of ECM remodelling.

We here compared the phenotype of WT to Mstn™'~
plantaris muscle, which had not yet been studied before.
We found increased muscle mass, muscle fibre hyper-
trophy and hyperplasia, increased maximal tetanic
force, decreased specific force and a shift from oxidative

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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fast fibres towards fast glycolytic fibres. These findings
are in agreement with the expected phenotype from
Mstn knockout and notably resemble the phenotype of
Mstn'~
plantaris, is also a fast muscle [54-56].

Ablation of synergistic muscles had different conse-
quences for Mstn~’~ plantaris muscle and for WT con-

extensor digitorum longus muscle, which, like

trols. Although the increase in total muscle weight and
force was similar, the proportional increase in these
parameters was much lower in Mstn™’'~
pared to WT mice. Similar findings for muscle mass
were seen in muscles from another mouse strain, the
BEH mice [57], which also carry a loss-of-function
mutation in Mstn. In BEH mice, however, maximal

mice as com-

muscle force did not increase at all following overload,
leading to a strong decrease in specific force [58]. Here,
we found an inability of overloaded Mstn~'~ muscle to
convert towards slow MHCI fibres and a decreased con-
version towards fast MHCIIa fibres, while maintaining
a higher number of fast glycolytic MHCIIb fibres. How-
ever, these findings do not explain the blunted force
“fast” muscle phenotype would
rather be expected to generate stronger force in com-
parison to the “slow” phenotype of the overloaded WT

increase because a
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muscle. Intriguingly, we observed a strong decrease in
Mstn~'~ myofibre diameter following overload, which
was mainly due to a strong increase in small fibres and
not by loss of large fibres. Thus, in overloaded Mstn™’'~
plantaris, maximal tetanic force increased despite a shift
towards smaller fibre diameters.

Overload-induced de- and regeneration of myofibres
was clearly visible by the increase in myofibres with
internalized myonuclei and by the expression of devel-
opmental MHC isoforms. Previous studies have shown
that regenerating muscle transiently also upregulates
MHCIIb expression, however, we here found its mRNA
message was downregulated. Since MHCIIb is only very
transiently expressed, our analysis might have been too
late, or maybe its upregulation was overruled by the
effect of overload.

Interestingly, we did not find any difference in ECM
remodelling between Mstn~’~ and control muscles fol-
lowing overload, if at all, ECM deposition tended to be
stronger in Mstn~’~ muscle. This suggests that lack of
myostatin may not have as much of an antifibrotic
effect as previously suggested, if at all [17]. This view is
supported by the findings that myostatin is not upregu-
lated; in fact, myostatin is downregulated following
overload. This also applies to dystrophic mdx mice
proposing the notion that myostatin expression may be
unrelated to ECM remodelling [59,60]. We show that
halofuginone, in contrast to myostatin deficiency, did
blunt ECM deposition and increased myofibre size in
'~ muscle. This further supports the
notion that ECM remodelling would be independent of
myostatin signalling and likely caused by increased
TGF- signalling. This also suggests that increased ECM
deposition itself may be the cause of muscle fibre
hypotrophy and that this outweighed the hypertrophic
effect of myostatin deficiency.

We were surprised to find a downregulation of genes
related to oxidative and mitochondrial metabolism as

overloaded Mstn™

this stands in contrast to the conversion toward more
oxidative fibre types. Our interpretation of these find-
ings is that overload changed the overall composition
of muscle tissue towards connective tissue, which is
less metabolically active, as can also be seen by the
even higher depletion of genes associated with the
glycogen metabolic process (Figure 1).

Chronic muscle overload following ablation of syner-
gistic muscles is widely used as a model for resistance
training. However, we show here, as others have done

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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previously, that the mechanical stress of overload
causes myofibre damage, inflammation, regeneration
and ECM deposition, as well as conversion toward slow
fibre types, which all are typical findings in muscular
dystrophies [32—38]. Furthermore, TGF- signalling is
strongly induced following overload as well as in mus-
cular dystrophies [34,61-64]. Interestingly, in DMD
muscle, fibrosis starts at the muscle-tendon interphase,
a site with the highest mechanical stress on the muscle
fibres [12,65]. We therefore wondered whether fibrosis
would represent a simple sequelae or a protective com-
pensation, and whether we could extrapolate the find-
ings of our study to muscular dystrophies in general.
We would like to forward the daring hypothesis that
muscle ECM remodelling in states of muscular dystro-
phies may improve force transmission, thereby lowering
the required force output from the contractile portions
of the muscle which ultimately might protect muscle
fibres from further load-induced injury. If true, this
would contradict the current rationale for therapeutic
strategies aiming at the primary end-point of muscle
fibrosis reduction. However, there are also several
reports in the literature that would contradict our the-
ory: (i) Blocking of TGF-B1 signalling decreased fibrosis
and reduced exercise-induced loss of muscle force In
mdx mice [66]. (ii) Lateral force transmission was
decreased in mdx mice [67]. (iii) Muscle compliance is
increased, leading to aberrant mechanotransduction
[68]. However, it remains unexplored to what degree
endomysial fibrosis compensates for deficient transmem-
brane stability in lack of dystrophin, or whether ECM
remodelling in DMD is a purely secondary and unre-
lated pathological response, which only bears negative
consequences for muscle biomechanics. To address
these questions, further work will be required, and we
will repeat our experiments in mdx mice.

In summary, we here show that halofuginone blunts
ECM deposition and stimulates hypertrophic myofibre
growth following chronic mechanical overload of plan-
taris muscle; however, this reduces overall increase in
muscle mass and force. Lack of myostatin does not con-
vey any beneficial effect. In fact, overload of Mstn™'~
muscles induced values for fibre size, ECM deposition
and muscle force that were not different from WT mice.
We hypothesize that muscle ECM remodelling would be
an important physiological response to mechanical
stress and that this would be associated with the ability
of the muscle to optimize force transmission.
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Data Sharing and Data Accessibility

The raw data of this publication consisting of 24 datasets
of Affymetrix Mouse Gene 1.0 ST Array readouts (CEL
files) can be accessed freely at the GEO database under
GSE127255, URL: https://www.ncbi.nlm.nih.gov/ge
o/query/acc.cgi?acc=GSE127255.
condition is represented by three biological replicates.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Correlation between mRNA copy number
fold changes measured with RNA-microarray and RT-
qPCR for representative up- and down-regulated genes.
CN, copy numbers (copy numbers were normalized to
GAPDH mRNA copy numbers for low-copy genes and
to 18S rRNA copy numbers for high-copy genes);
Mstn, myostatin; SI, signal intensity normalized by the
Agilent MAS 5.0 algorithm; WT, wild-type

Figure S2. Relative regulation after overload of tran-
script numbers of genes encoding the various myosin
heavy and light chains. (A) Heat map and clustergram
of various heavy and light myosin isoforms. Copy num-
bers of the genes that encode the myosin isoforms
Myh3, Myh8, and Myl4 [1]. These three myosin iso-
forms characteristically contribute to the early and
developmental forms of myosin and are highlighted by
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red ar-rows. These isoforms are clearly upregulated
after overload. (B) Principal component analysis in two
dimen-sions (PCA 2D) of the four experimental condi-
tions with 6 biological replicates. For PCA 2D, original
values were In(x)-transformed and the unit variance
scaling was applied to rows; singular value decomposi-
tion (SVD) with imputation was used to calculate prin-
cipal components. X- and Y-axes show principal
components 1 and 2 that explain the indicated total
variance. Prediction ellipses are such that with proba-
bility 0.95, a new ob-servation from the same group
will fall inside the ellipse. N = 24 data points. The
exact list of genes and their expression differences are
provided in Table S1.

Table S1. Up- and downregulated genes with an FDR
below 0.01. Comparison WT overload vs. WT no over-
load (WT_noovld vs. WT_ovld) and
between Mstn~'~ overload vs. WT overload (Mstn_ovld
vs. WT_ovld).

Table S2. Oligonucleotide primer sequences used for
the RT-qPCR assays on Figure 7.
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