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Muscular dystrophies such as Duchenne muscular dystrophy 
(DMD) are usually approached as dysfunctions of the affected 
skeletal myofibres and their force transmission. Comparatively 
little attention has been given to the increase in connective tis-
sue (fibrosis) which accompanies these muscular changes. Inter-
estingly, an increase in endomysial tissue is apparent long before 
any muscular degeneration can be observed. Fibrosis is the result 
of a reactive or reparative process involving mechanical, humor-
al and cellular factors. Originating from vulnerable myofibres, 
muscle cell necrosis and inflammatory processes are present in 
DMD. Muscular recovery is limited due to the limited number 
and capacity of satellite cells. Hence, a proactive and multimodal 
approach is necessary in order to activate protective mechanisms 
and to hinder catabolic and tissue degrading pathways. 
Several avenues are discussed in terms of potential antifibrotic 
therapy approaches. These include pharmaceutical, nutritional, 
exercise-based and other mechanostimulatory modalities (such 
as massage or yoga-like stretching) with the intention of exerting 
an anti-inflammatory and antifibrotic effect on the affected mus-
cular tissues. A preventive intervention at an early age is crucial, 
based on the early and seemingly non-reversible nature of the 
fibrotic tissue changes. Since consistent assessment is essential, 
different measurement technologies are discussed.

Key words: Duchenne muscular dystrophy, fibrosis, endo- and 
perimysium, extracellular matrix, TGF-β1, myostatin, antifibrotic 
therapy

Evidence for fibrotic tissue changes 
in DMD 

Most of the emphasis in muscular dystrophies – in re-
search as well as treatment – has been on the degeneration 
of skeletal muscle fibres. Comparatively little attention 
has been given to the pathogenesis of the well-developed 
fibrosis and fat replacement in the affected muscle tissues. 
Possibly this lack of attention would have been different 
if the suggestion of Guillaume-Benjamin Amand Duch-

enne to call the respective pathology ‘paralytic myoscle-
rosis’ (1) would have been taken over. In fact this type of 
pathology had been called ‘pseudohypertrophic muscular 
dystrophy’ for several decades prior to the suggestion of 
John Walton and Frederick Nattrass in 1954 to use the 
term ‘Duchenne dystrophy’ which has now become the 
prevailing fashion (2).

It is generally assumed that the proliferation of con-
nective tissue is a secondary phenomenon, and many 
physicians regard it simply as a compensatory replace-
ment of lost muscle. However, even several decades 
ago several researchers reported on an increase in en-
domysial tissue volume before any apparent muscle 
degeneration. They proposed that the prolific increase 
of collagenous connective tissue could be a significant 
co-determining factor in this myofascial pathology, pos-
sibly including an adverse effect on the nutrition of the 
enclosed muscle cells (3, 4). 

A longitudinal study of 25 DMD patients with an 
average follow-up time of over 10 years examined the 
correlation of the severity of the pathology and differ-
ent pathological features, including myofibre atrophy, 
necrosis, and fatty degeneration. Severity was gauged 
by muscle strength and age at loss of ambulation. The 
study concluded that endomysial fibrosis was the only 
myopathologic parameter that significantly correlated 
with poor motor outcome (5).

Muscle tissue has only limited potential for recovery. 
In DMD, constant myofibre breakdown cannot be fully 
compensated for by satellite cell proliferation. Inflam-
matory processes following muscular necrosis lead to 
fibrotic remodelling and finally fatty cell replacement. In 
DMD this phenomenon is often first seen in the posterior 
calf musculature, which is prone to overtraining because 
of its function as anti-gravity stabilizer (Fig. 1). 
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proteoglycans) being reinforced by stiffer fibrous pro-
teins. This matrix builds a supramolecular network that 
can transmit contractile muscle forces while maintaining 
tissue integrity. It provides intramuscular continuations 
of neurovascular tracts in which blood vessels and nerve 
branches are embedded. In addition, this integral matrix 
mediates the development and physiological behaviour 
of muscle cells. While in the past the ECM had been re-
garded as amorphous scaffolding for providing mechani-
cal support, recent findings emphasise the crucial impor-
tance of the ECM in transmembrane signalling as well as 
in developmental and regenerative processes (6, 7). The 
ECM is now increasingly being recognised as a very dy-
namic structure that constantly modifies its viscoelastic 
properties and adapts to changes in physiological as well 
as mechanical demands (8). 

Detailed analysis of the importance of epimuscular 
force transmission has also lead to significant improve-
ments in the understanding and treatment of spastic 
pareses. While in the past the focus was mainly on the ‘pri-
mary cause’, e.g. altered neuromuscular interaction, recent 
investigations have revealed that clinical behaviour in these 
children is often more crucially influenced by additional 
changes observed within the muscular connective tissues. 
Recognition of an often dramatically increased epimus-
cular force transmission to antagonistic muscles (via in-
creased endomysial and perimysial cross links) has now 
lead to encouraging surgical advances in this field (9, 10). 

It is therefore hardly surprising that an overlap between 
myopathies and connective tissue diseases is increasingly 
being recognised, involving their molecular dynamics as 
well as clinical expression  (6). For example the involve-
ment of collagen type VI has been demonstrated for many 
congenital muscular dystrophies, as reviewed by Schessl et 
al. (11). We therefore suggest that the following observa-
tions and recommendations regarding a stronger inclusion 
of connective tissue components in muscular dystrophies 
may be viewed as part of a similar shift of attention within 
the larger field of neuromuscular research. 

Fibrosis in DMD
Generally, fibrosis is referred to as the replacement 

of normal tissue with scar tissue. This means that fibrous 
connective tissue is the result of a reactive or reparative 
process. The following paragraph explains the link be-
tween the primary muscle disease DMD and fibrosis.

The genetic cause of DMD is an x-chromosomal 
mutation of the dystrophin gene. Dystrophin mechani-
cally stabilises myofibres by linking the cytoskeleton 
to the basal lamina through the dystroglycan complex. 
Dysfunction or lack of dystrophin leads to instability of 
muscle fibre membranes. As a result, the cells are less 

Figure 1. Typical age-related progression of muscle in-
filtration with loose connective tissue. 

T1-weighted MRI of both calves of a 6 year old boy (A), a 10 
year old boy (B), and a 14 year old boy (C) with DMD. At 6 years, 
no fatty degeneration was present. At 10 years, there is already 
moderate lipomatous degeneration. At 14 years the complete 
fatty degeneration of the lower leg muscles is apparent. Illustra-
tions used with gracious permission from Weber et al. (21). 

Extracellular matrix (ECM) as an overlooked factor

The recent shift in attention towards the role of con-
nective tissue in muscular dystrophies is not a singular 
phenomenon. Similar developments are now being ob-
served with other myopathies. While the focus in neu-
romuscular research has long been the myofibrils, the 
cytoskeleton and the cell membrane, the attention has 
gradually shifted towards the ECM. This shift was based 
on the growing recognition that the ECM is an extremely 
dynamic complex of molecules that closely interacts with 
sarcolemmal, nuclear and cytoskeletal elements (6). 

The architecture of the ECM can roughly be com-
pared to composite plastics in material science, with a ge-
latinous ground substance (made up of glycoproteins and 
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resistant to mechanical shear and prone to excess influx 
of electrolytes such as calcium and sodium. An increase 
of intracellular sodium leads to ATP depletion, because 
Na+/K+ pumps need to operate at full capacity. Wa-
ter molecules accompanying sodium produce cellular 
oedema. At rest the extracellular calcium ion concentra-
tion exceeds the cytoplasmic calcium ion concentration 
by a factor of 10,000. This gradient promotes calcium 
overload, resulting in mitochondrial uncoupling and the 
production of reactive oxygen species (ROS) such as ox-
ygen ions and peroxides. The biochemical downstream 
effects are the accumulation of acidic metabolites and 
the amplification of inflammatory substances such as 
cytokines (Fig. 2). 

Lactic acid was considered the key element in acido-
sis-induced tissue damage until the 1970s. However, lac-
tic acid is more than 99% dissociated into La– and H+ at 
physiological pH. La– increases collagen promoter activ-
ity leading to an increase of procollagen messenger RNA 
production and finally collagen synthesis. Furthermore, 
La– enhances angiogenesis via stimulation of vascular 
endothelial growth factor (VEGF) production in macro-
phages (12). 

Chemotaxis and mechanical stimuli initiate the pro-
duction of fibrous tissue. It is composed of extracellular 
fluid containing fibronectin, glycosaminoglycans and 
proteoglycans. These molecules can bind to water and 
thereby influence the mechanic properties of the tissue. 
The ECM also contains collagen fibres, collagen sheets 
and to a lesser extent elastin. The cells found in fibrous 
tissue are mainly fibrocytes and myofibroblasts. Both cell 
types are in smooth transition depending on the amount 
of contractile filaments. The contractile properties are 
mainly based on α-smooth muscle actin (α-SMA). Pre-
cursor cells differentiate into these cell types through var-
ious stimulators. One of them is the transforming growth 
factor-β1 (TGF-β1), which also promotes the build-up of 
ground substance as well as regulating expression of cata-
bolic enzymes and other mediators (13). Recently, it has 
been shown in an animal model that down-regulation of 
TGF-β1 is preventive for fibrosis (14, 15).

Interestingly the direction of strain on (myo)fi-
broblasts is decisive for the excretion of humoral and 
chemotactic substances. Significant higher release of 
interleukin-6 (IL6) and macrophage derived chemok-
ine  (MDC) were found in fibroblasts which have been 
strained heterobiaxially in comparison to non-strained 
and/or equibiaxially challenged cells. IL6 does not di-
rectly modulate collagenase activity, but it does induce 
the synthesis of a tissue inhibitor of metalloprotein-
ases. Under inflammatory conditions these proteinases 
are up-regulated in connective tissue. In other words, 
irregular strain such as in injury leads to IL6 produc-

tion, which balances the connective tissue degrading 
enzymes. In heterobiaxially strained cells, there is also 
a trend towards increased production of nitric oxide 
(NO), which is an important neurotransmitter and va-
sodilator (16).

Insulin-like growth factor (IGF) is a key element 
in controlling tissue activity not only during childhood 
growth but also in tissue repair and diseases like neo-
plastic cell growth. IGFs bind to cell surface receptors 
and to IGF-binding proteins, which themselves are 
powerful regulators of myofibroblast and satellite cell 
proliferation. Connective tissue growth factor (CTGF) 
also binds to IGF-binding proteins as well as to mem-
bers of the TGFβ family such as fibronectin and prob-
ably also myostatin. CTGF is associated with virtually 
all fibrotic remodelling. CTGF activity correlates with 
fibrotic activity in several tissues. Endothelin-1 induces 
CTGF expression in (myo)fibroblasts (17). 

Figure 2. Flowchart: from dystrophin deficiency to fibro-
sis. 

Membranes lacking the dystroglycan complex are intrinsically 
vulnerable to mechanical and oxidative stress. Overstrain and 
overuse lead to activation of stretch-activated cation channels. 
Influx of sodium and calcium cannot be compensated for by 
pumps regulating electrolyte balance. Cellular oedema and cal-
cium overload cause depletion of energy supply. Calcium acts 
as a second messenger and activates a cascade of inflamma-
tory processes. In terms of a vicious cycle, further stress on mus-
cle cell membranes and activation of ion channels is inevitable. 
Finally, the cellular integrity is unsustainable. Myofibre necrosis 
and inflammation lead to fibrotic tissue remodelling.
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Chronic tissue contracture is generated by a combi-
nation of cellular contraction and collagen fibre remodel-
ling (Fig. 3). Myofibroblasts actively contract via a calci-
um-dependent phosphorylation of the myosin light chain. 
Myofibroblasts exhibit spontaneous calcium oscillations, 
which are linked to mechanical force transmission. There 
is a second mode of contraction, which is based on a rho-
kinase-mediated inhibition of myosin dephosphoryla-
tion. This pathway is calcium-independent and accounts 
for long-lasting contractures. In summary, these cells 
can produce either smooth muscle cell like contractions 
in the range of several minutes to hours, but also long 
lasting and even irreversible contractures. In terms of a 
lockstep mechanism, the contracture is highly energy ef-
ficient (18).

Fibrocytes and myofibroblasts usually are present 
for a time during tissue repair, such as in wound heal-
ing. In the case of DMD, activation of myofibroblasts 
is persistent due to constant myofibre breakdown. This 
results in an altered production of ECM. The provi-
sional ECM in fibrosis is different in composition from 
the ECM in normal tissue, and its components origi-
nate mainly from myofibroblasts. In the early stage of 
fibrosis, the relative content of fibronectin and hyaluro-
nan is high in comparison to non-injured tissue. This 
microenvironment creates a very hydrated matrix and 
facilitates cell migration. Later this provisional matrix 
is replaced with an ECM containing a more dense ul-
trastructure (19). 

Muscle oedema in DMD and its reduction with eplerenone 

Previously muscle oedema was reported for DMD 
that was widely attributed to an interstitial inflamma-
tion (20). Recently oedema was regularly observed in all 
DMD boys as long as muscle tissue has not been com-
pletely replaced by fat and fibrosis (21). The oedema was 
already markedly visible at an age at which fatty degen-
eration is still absent (Fig.  4). Some of us showed that 
the oedema persisted at follow-up  (22) and was mainly 
caused by an elevated cytoplasmic Na+ concentration. 
Therefore the oedema seems mainly to be of osmotic 
origin and may contribute to fibre necrosis and finally to 
fibrosis. 

The ligands of the mineralocorticoid receptor have 
been known for a long time to regulate sodium-potassium 
homeostasis by transcriptional and translational effects 
on genes encoding the Na+/K+ ATPase (23) and the epi-
thelial sodium channel, ENaC. Recently additional non-
genomic effects of the ligands of the mineralocorticoid 
receptor in skeletal muscle via kinases have been report-
ed  (24). Similarly to the heart muscle  (25), the mecha-
nism to reduce sodium overload in skeletal muscle might 
be the sodium proton exchanger (NHE). 

This regulation contributes to the beneficial effects 
of the aldosterone antagonist spironolactone, which 
preserved cardiac and skeletal muscle function in mdx 
mice (26). As the more specific aldosterone antagonist 
eplerenone shows a reduced affinity to progesterone 
and androgen receptors, this drug might be more ap-
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Figure 3. Fibroblasts as the major mechanoresponsive 
cells in connective tissue. 

Mechanostimulation, fibronectin and/or chemical stimuli like re-
active oxygen species (ROS) activate fibroblast differentiation 
from precursor cells, protein expression and transition to mobile 
fibrocytes and myofibroblasts which are characterised by con-
tractile filaments (α-smooth muscle actin, α-SMA stress fibres). 
Mechanical stability is generated by focal adhesions which an-
chor the fibres to cell membrane. Several growth factors which 
stimulate synthesis of collagen and concomitant compounds are 
also expressed in response to mechanical loading. The most im-
portant examples are transforming growth factor-ß-1 (TGFß-1), 
insulin-like growth factor-I (IGF-I), platelet-derived growth factor 
(PDGF) and connective tissue growth factor (CTGF). These fac-
tors also induce proliferation of fibroblasts and myofibroblasts 
which connect via irregular extensions and also adherent junc-
tions. The contractile properties are substantial for fibrotic tissue 
shrinkage. These mechanisms finally result in increased produc-
tion of collagen, elastin, hyaluronan, glycoproteins and prote-
oglycans. Remodelling of the extracellular matrix (ECM) leads to 
fibrotic conversion of connective tissue and later fatty involution.
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propriate as a DMD treatment. Indeed administration 
to a severely affected female DMD patient resulted in 
a reduction in the strikingly increased cytoplasmic so-
dium and water signals as well as increased strength 
and mobility (27). 

Therapeutic avenues 
Antifibrotic drugs

Several avenues appear promising in antifibrotic 
therapy. The potential use of anti-inflammatory drugs 
–  such as TNFα drugs, inhibitors of NF-κB, steroidal 
and non-steroidal anti-inflammatory drugs (NSAIDs) as 
well as broader anti-inflammatories like flavocoxid – has 
recently been well reviewed by De Luca  (28) and pre-
viously by Zhou (29). The same applies to the potential 
use of antioxidants such as antagonist of the effects of 
angiotensin-II (example: losartan) and substances like N-

acetyl-cystein, epigallocatechin gallate  (found in green 
tea), idebenone, resveratrol and BN82270. In terms of 
further antifibrotic effects, drugs countering myostatin 
such as formeterol are promising candidates as well as 
the collagen type 1 synthesis inhibitor halofunginone. In 
addition, substances that enhance NO signalling such as 
sildenafil or poloxamer 188 are currently being investi-
gated as potential future antifibrotic medications (28, 30-
32). Activation of cyclic AMP via forskolin has recently 
been indicated as a promising antifibrotic avenue (33). 
Application of this approach to DMD  remains to be ex-
plored. Suramin, a TGF β1 blocker, effectively prevents 
muscle fibrosis in mdx mice (14). 

Eplerenone

According to GeneNote, mineralocorticoid aldos-
terone receptor expression is not specific to the kidney 
but is instead found in many tissues including cardiac, 

skeletal, and smooth muscle. 
Additionally, aldosterone ap-
pears to not only be synthesised 
in the adrenal gland but also 
locally in other organs such as 
the heart  (34). In the heart, it 
upregulates proinflammatory 
molecules such as growth factor 
TGF-β, adhesion molecules, and 
plasminogen activator inhibi-
tors through mechanisms that 
are both dependent on and inde-
pendent from the mineralocorti-
coid receptor, e.g. by osteopontin 
upregulation or through NF-κB 
activation (reviewed in 35). Ad-
ditionally, aldosterone increases 
reactive oxygen species through 
NADPH oxidase activation  (36, 
37). Taken together, aldosterone 
induces inflammation and oxida-
tive stress. Finally, aldosterone 
can induce fibrosis, an effect that 
can be inhibited by blocking the 
mineralocorticoid receptor with 
spironolactone (reviewed in 38). 
In skeletal muscle, a combina-
tion of an angiotensine-convert-
ing enzyme (ACE) inhibitor and 
spironolactone prevented fibro-
sis in a phenotypically very mild 
mouse model of Duchenne dys-
trophy (26). However, the many 
hormone side effects make it ill-
adapted for the treatment of chil-

Figure 4. Intracellular water and sodium accumulation in DMD muscle. 

Calves of a 5 year old DMD boy (left panels) and a 5 year old healthy volunteer (right): con-
ventional T1-weighted 1H-MR images (upper panels); short tau inversion recovery (STIR). 
1H-MR images (middle panels), and 23Na inversion recovery MR images (Na-IR, lower pan-
els). Neither the DMD boy nor the healthy volunteer showed fatty degeneration of the triceps 
surae muscles. However, an oedema is visible in the calf muscles of the DMD boy that is 
pronounced in the soleus muscles. The 23Na IR showed an elevated signal in the calf mus-
cles of the DMD boy compared to the volunteer. Note that the signal of the reference tube 
containing free 51.3 mM Na+ solution  (asterisks) is suppressed in the 23Na IR sequence, 
while the contralateral reference tube in which 51.3 mM Na+ is trapped in 5% agarose gel 
(circle) is quite visible. Modified after Weber et al. (22).
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dren. Eplerenone as a specific mineralcorticoid antago-
nist without the side effects of spironolactone has been 
shown to also inhibit fibrosis in tissues such as blood 
vessels, the heart and other internal organs (39, 40). Its 
use in Duchenne dystrophy is appealing and the single 
Duchenne patient in a very advanced disease stage that 
has been treated with eplerenone to date indeed showed 
increased mobility and strength (27).

Nutrition

While epigallocatechin gallate  (green tea extract) 
seems to have promising antifibrotic effects, much higher 
concentrations than are usually used for food supplements 
seem to be required (40). Whether an anti-inflammatory 
diet –  often involving omega-3 fatty acids and curcu-
min  – may be able to provide significant effects on fi-
brosis remains to be clarified (41). Supplementation with 
L-arginine has been shown to induce anti-inflammatory 
effects in mdx mice (42). However, there are indications 
that a combination of anti-inflammatory nutrition and 
appropriately calibrated exercise may trigger stronger 
effects than predicted by the summation of both compo-
nents (43). 

Temperature

It is possible that temperature modifications could 
be incorporated as part of future antifibrotic therapy with 
DMD patients. A recent investigation of the effects of 
temperature on fatigability showed that application of 
hyperthermia (35 °C) resulted in increased muscle fati-
gability in mdx mice (compared with controls), while no 
difference in fatigability between mdx and wild type mice 
was found at 20 °C  (44). This finding appears to be in 
congruence with common clinical recommendations for 
DMD patients to avoid hyperthermia during muscular ac-
tivity. 

Whereas the effects of temperature on inflamma-
tory dynamics have been more extensively explored, ad-
ditional studies have demonstrated significant effects of 
temperature changes on wound healing (45, 46). It seems 
relevant – particularly in relation to the above-explained 
cytokine dynamics involved in fibrosis – that application 
of hypothermia has been shown to exert inhibitory effects 
on wound healing in rats, and that these changes are as-
sociated with a delayed expression of TGF-β1 by macro-
phages (47).

As is often reported in the public media, application 
of hypothermia is currently being explored as a promis-
ing intervention to support recovery from overuse injuries 
in sports as well as from other types of tissue challeng-
es (48-50). In this respect the findings by Frink et al. (50), 
who explored the application of hypothermia after vari-

ous trauma models, provide important insights. It reports 
that the application of hypothermia resulted in a decrease 
in pro-inflammatory cytokines as well as chemokines and 
adhesion molecules, in addition to an increased anti-in-
flammatory cytokine response.

It would be of interest to clarify whether some of 
these effects could be utilised for a hypothermia-en-
hanced treatment of fibrosis. In fact, cryotherapy has 
already been successfully applied in the treatment of 
hypertrophic scars (51). Further studies are therefore rec-
ommended to explore the potential antifibrotic effects of 
hypothermia in muscular dystrophies. 

Exercise

While vigorous exercise can induce detrimental ef-
fects on muscle fibres in DMD patients  (52), there are 
several indications, which suggest that moderate, and ad-
equately tailored exercise may be beneficial. Call et al. (43) 
showed that daily voluntary running enhanced endurance 
capacity in mdx mice and that this improvement was as-
sociated with an attenuation of oxidative stress. Interest-
ingly the addition of antioxidant green tea extract had 
similar beneficial effects, while a combination of running 
and green tee extract had even larger effects. Ambrosio et 
al. (53) reported an antifibrotic effect of treadmill running 
in normal mice recovering from muscle damage. Extensive 
research with healthy humans has shown that adequately 
calibrated exercise can increase the release of IGF-1 and 
decrease myostatin levels  (54, 55). As explained earlier, 
both of these cytokine modifications would tend to foster 
antifibrotic effects. 

Further studies are needed to explore the potential ap-
plication of exercise in human DMD patients. Concerning 
the choice and adequate calibration of potential exercise 
loading, the study by Kern et al. (56) may be of interest 
which indicated that vibrational-proprioceptive exercise 
tends to induce a much stronger increase of IGF-1 and 
myostatin inhibition when compared with isokinetic ex-
ercise. Another recent study showed that uphill running 
induced adaptive effects on collagen tissues, consisting 
mainly of an increase of IGF-1 and decrease of TGF-β1 
expression, while avoiding pathological changes often 
associated with regular or downhill running (57). While 
this effect was explained by the dominantly concentric 
muscular contraction mode, treadmill running may not 
always be appropriate for moderate and advanced stages 
of DMD. Use of concentric cycle ergometers, however, 
could probably achieve similar effects (58, 59). 

Molecular microdialysis investigations suggest that 
exercise loading in healthy athletes is accompanied with 
an increased likelihood of overuse injury in the affected 
connective tissues if the same type of loading is repeat-
ed on a daily basis. However, if the exercise regimen is 
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performed with two or three ‘recovery days’ in between, 
healthier collagen remodelling can be observed (60). If a 
similar response pattern can also be confirmed in DMD 
patients, then a helpful model could be provided for the 
prescription of exercise regimens in these patients.

The authors agree with Markert et al.  (61) that if 
exercise is advised for DMD patients, it should be con-
firmed that antioxidant activity levels remain elevated af-
terwards. It would therefore be useful to determine which 
of the available measurement technologies is most practi-
cal and affordable while still sufficiently specific for this 
assessment (62-64). 

Additional mechanostimulatory modalities

Massage treatments have long been used in the treat-
ment of hypertrophic scars, however no substantial evi-
dence had been provided about their effectiveness (65). A 
recent animal study has now convincingly demonstrated 
that myofascial massage is able to effectively decrease 
and prevent post-surgical visceral adhesions in rats (66). 
This finding appears to be in congruence with the cell cul-
ture studies from Standley et al. (67), which indicate that 
a gentle massage-like stimulation of fibroblasts elicits 
an anti-inflammatory cytokine expression. Additional in 
vitro examinations from the same group (68) showed that 
a massage-like treatment, applied after a repetitive strain 
overloading challenge, induced a significant reduction in 
cellular apoptosis accompanied with a decrease in death-
related protein kinase (DAPK-2). 

Can these encouraging findings be extrapolated to 
massage-like treatments with humans? A new clinical 
massage study –  using for the first time biopsies from 
healthy human patients  – suggests a positive answer: a 
10 minute massage treatment applied to 11 young males, 
performed after exercise induced muscle damage, was 
shown to activate the mechanotransduction signalling 
pathways focal adhesion kinase (FAK) and extracellular 
signal-regulated kinase ½ (ERK1/2). It potentiated mito-
chondrial biogenesis signalling and altered the behaviour 
of NF-κB, causing less of this key inflammatory mediator 
to accumulate in the nucleus. Consequently, the NF-κB-
regulated heat shock proteins and immune cytokines IL-6 
and TNF-α were less active, a sign of less cellular stress 
and inflammation (69). 

While massage has commonly been advised for other 
purposes in the field of musculoskeletal medicine, these 
newly reported anti-inflammatory effects suggest that 
massage therapy could possibly be used as an alterna-
tive to NSAIDs in some circumstances. Further studies 
are nevertheless needed for clarification as to whether 
such massage-induced anti-inflammatory effects can be 
utilised in the treatment of fibrotic pathologies such as in 
muscular dystrophies. 

If mechanostimulation provides an important access 
point for influencing fibrosis development, then mechani-
cal traction, such as in therapeutic stretching, could possi-
bly be used as well. A rodent study using in vivo as well as 
ex vivo examination of a 10 minute static stretch applica-
tion showed that this stretch attenuated the increase in both 
soluble TGF-β1 (ex vivo) and type-1 procollagen (in vivo) 
following tissue injury. The investigators interpreted this 
as an indication for a potential anti-fibrotic effect of static 
stretching  (70). A subsequent in vivo study by the same 
group, also conducted with rodents, showed that a yoga-
like stretch application of 10 minutes – conducted twice a 
day over a period of 12 days – clearly decreased the inflam-
matory responses induced by previous injection of carrag-
ean into the subcutaneous connective tissues. Congruently 
this response included a reduction of macrophage expres-
sion in the respective soft connective tissues (71). 

Further research is required to clarify to what extend (if 
at all) the reported anti-inflammatory and/or antifibrotic ef-
fects of massage or stretching can be applied in DMD pa-
tients. Nevertheless, for potential future clinical application 
the following considerations can already be made concern-
ing the adequate sequencing of these modalities, based on 
the above reported insights regarding general physiological 
dynamics around thermostimulation and mechanostimula-
tion. While active exercise, such as with a bicycle ergom-
eter or with a vibrational-proprioceptive tool, may accord-
ingly be applied every second or third day only, we suggest 
that this could be preceded with a few minutes of slow and 
gentle yoga-like static stretching immediately before, with 
the added benefit of a temporarily increased mobility due 
to viscoelastic deformation (72). Hypothermia may then be 
applied immediately after exercise, while high dosages of 
anti-inflammatory nutrients such as green tea extract may 
be taken as additional support on these exercise days. If 
available, massage treatments could then be added on ‘non 
exercise days’ in order to complement the overall antifi-
brotic treatment. However, any exercise regimen should be 
accompanied by regular assessment of antioxidant stress 
levels as well as the on-going development of fibrotic tis-
sue changes (see below). 

General considerations for clinical 
treatment

Fibrosis in DMD is a complex cascade involving me-
chanical, humoral and cellular factors. Originating from 
wounded myofibres, muscle cell necrosis and inflamma-
tory processes are present in DMD. Muscular recovery is 
limited due to the limited number and capacity of satellite 
cells. Hence, a proactive and multimodal approach is nec-
essary in order to activate protective mechanisms and to 
hinder catabolic and tissue degrading pathways. 
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Fibrotic changes in muscle are not confined to DMD 
muscle. Back in the 1980s, Michelsson developed an ani-
mal model to study the effects that develop after forceful 
exercise of immobilised limbs. He concluded that auto-
inflammatory processes lead to myositis and secondarily 
to fibrosis and even calcification with heterotopic bone 
formation  (73). Two main points can be extracted for 
DMD. First of all, immobilisation is not advisable and 
second forceful overstrain should be avoided. 

Corticosteroids are frequently used in myofascial 
inflammation. Corticosteroids generally reduce gene 
expression and inhibit the proliferation and activity of 
myofibroblasts, which mainly leads to suppression of 
collagen production. Additionally myofibroblast mi-
gration, which is fundamental in fibrosis, is delayed 
after corticosteroid injection. These corticoid-associat-
ed disturbances on tendon cell metabolism may affect 
the structural integrity of the tendon and weaken its 
mechanical properties. There are many side effects of 
corticosteroids, which include a risk of diabetes, distur-
bance of hormonal glands and metabolism, suppression 
of angioneogenesis, immune function and coagulation. 
Hence, therapeutic protocols that lower the use of corti-
costeroids are desirable. 

Stiffening of pulmonary  
and pericardial connective tissues

Mortality in DMD patients is often due to respira-
tory or cardiac problems. In both body areas – the pulmo-
nary and the pericardial connective tissues – the fibrotic 
changes in muscular dystrophy tend to be very severely 
expressed and they tend to influence strongly muscular 
function (74, 75). An increased stiffening of related tis-
sues can impair muscular function. Pulmonary fibrosis, 
for example, can strongly impair respiratory functioning 
by increasing stiffness and decreasing the elasticity of 
bronchial connective tissues  (76). Development of anti-
fibrotic therapies should therefore place a special focus 
on their efficacy in relation to pulmonary and pericardial 
fibrosis. The reported successful application of sildena-
fil on reversing cardiac dysfunction in mdx mice (29) is 
certainly encouraging, although extrapolation of these 
findings to human muscular dystrophies needs to be fur-
ther investigated. Of similar interest are the recent inves-
tigations by Nelson et al.  (77) in which the application 
of 1D11 (a neutralising antibody to all three isoforms of 
TGF-β) significantly improved respiratory function in 
mdx mice. 

While results from mdx mice are not always repre-
sentative of the usually more severely developed dys-
trophic pathology in DMD, these preliminary findings 
suggest that an antifibrotic therapy could be helpful in en-

hancing life expectancy in human patients, in particular 
if they result in an attenuation of the fibrotic stiffening of 
pulmonary and pericardial connective tissues.

It may be tempting to explore therapeutic use of cold 
air inhalation, in which the air is enriched with antifibrot-
ic agents – possibly during exercise and/or during sleep. 
However, the exploration of this direction should take 
into account that inhalation of air that is excessively cold 
can also lead to bronchoconstriction, particularly if the air 
used is low in humidity (78). 

Use of adequate assessment 
technologies

MR imaging

Conventional hydrogen magnetic resonance imaging 
(1H-MRI) is a non-invasive in-vivo method without ionis-
ing radiation. Dependent on the sequences, it has the abili-
ty to resolve muscle, fat, connective tissue and bone. Lying 
still for 15 minutes is required, which most children after 
the age of 5 are capable of. According to our experience, 
children are not afraid of the examination if their head and 
chest can remain outside the MRI tube (21). 

T1-weighted images detect structural alterations and 
provide a qualitative assessment of skeletal muscle, but 
cannot differentiate between fat and water. A visual four-
point semi-quantitative scale rates the intramuscular fat 
using the intensity of subcutaneous fat as reference for 
lipomatous degeneration  (79). Implementation of a fat-
suppression procedure during a spin echo sequence (e.g., 
short-tau inversion recovery imaging) suppresses the 
signal from adipose tissue, and thus the resulting signal 
is more sensitive to increased extracellular or intracel-
lular water content, either consistent with an inflamma-
tory oedema or with an osmotic oedema. The scale can 
be expanded with the evaluation of STIR MR images as 
follows (21): 

Grade 1 – homogeneous, hypointense signal, con-
trasting sharply with subcutaneous and intermuscular fat 
(normal muscle, no oedema); 

Grade 2 – slightly hyperintense, patchy intramus-
cular signal changes on STIR (< 50% of muscle cross-
sectional area); 

Grade 3 – markedly hyperintense, patchy, but wide-
spread intramuscular signal changes on STIR (> 50% of 
muscle cross-sectional area); 

Grade 4 – homogeneous hyperintense signal in whole 
muscle on STIR (100% of muscle cross-sectional area).

Overall, skeletal muscle MRI is a powerful and sensi-
tive technique in the evaluation of muscle disease, and its 
use as a biomarker for disease progression or therapeutic 
response in clinical trials deserves further study.
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A major disadvantage of MR elastography is the high 
costs of this technology. Ultrasound elastography, a novel 
development for assessing tissue stiffness, is consider-
ably more affordable. This technology demonstrates a 
high applicability for the assessment of muscular tissues 
located within a few centimetres of the skin (85). While 
a skilled physician with excellent palpatory skills may be 
able to detect and assess regions of increased tissue stiff-
ness as well, this technology could be used to document 
the progression of muscular fibrosis (e.g. when conducted 
once per year) in a quantifiable manner  (86). However, 
for assessment of the important fibrotic changes in bron-
chial and pericardic tissues in DMD patients, ultrasound 
elastography is not sufficient. For these purposes, MR 
elastography seems more suitable.

Myography

The development of passive tissue stiffness can also 
be assessed by biomechanical measurement of the tis-
sue response to a calibrated indentation. Several port-
able tools are available that claim to measure muscle 
viscoelastic properties by simulated palpation through 
the skin  (87). The newly developed MyotonPRO seems 
most promising, as it contains a highly sensitive triaxial 
accelerometer and its basic technology has been success-
fully tested in conditions such as Parkinson’s disease and 
stroke (88, 89). While a previous model (Myoton-2) had 
been examined as a reliable tool for measuring muscle 
viscoelastic stiffness in healthy adults (90), the reliability 
of this improved version still needs to be properly exam-
ined, particularly with a wider range of patients and tissue 
properties, including DMD patients with different disease 
severities. Only tissues close to the skin can be examined; 
deeper connective tissues such as from deeper muscles or 
around the lungs and heart cannot be reached with this 
tool. Advantages of this technology include its portabil-
ity, affordability and ease of application. 

Conclusions
While muscular dystrophies have mostly been ap-

proached as a dysfunction of skeletal myofibres, the ac-
companying changes in the connective tissue deserve 
specific interest as well. An increased understanding of 
the molecular dynamics underlying inflammation, myofi-
broblast proliferation, tissue contracture and fibrosis will 
help in the development of future antifibrotic therapy ap-
proaches. A proactive early intervention is recommended, 
with particular emphasis being given to the pulmonary 
and pericardial connective tissues. In order to monitor 
the fibrotic tissue changes, the investigation and further 
development of appropriate assessment tools seems es-
sential. 

Bioelectric Impedance 

In some circumstances measurement of electric im-
pedance may be a suitable tool for the assessment of 
changes in extracellular or intracellular fluid in mus-
cular tissues. Impedantometry has many advantages 
over radioisotopic methods as it is inexpensive, non-
invasive, fast and portable. The electrical impedance of 
a given tissue is highly responsive to changes in water 
content, given that the amount of other conducting ele-
ments in the tissue remains constant. Besides the amount 
of water, also the location of water (extracellular or in-
tracellular) influences the conductivity, which is then re-
flected in the electrical impedance  (80, 81). While low 
frequency current passes mainly through extracellular tis-
sue, higher frequency current penetrates cell membranes 
and tissue interfaces and passes through both intracellular 
and extracellular tissues. A comparison between both mo-
dalities can then permit assessment of respective changes 
in extracellular and intracellular water content (81, 82). 

Such multifrequency impedance measurement has 
been shown to be sufficiently accurate when conducted un-
der standardized clinical conditions and with eu-hydrated 
persons. However, as pointed out by O’Brien (83), changes 
in fluid and electrolyte content can independently affect 
electrical conductivity. Since some hydration changes may 
involve concomitant changes in fluid and in electrolyte 
content, the interpretation of a change in impedance could 
be confounded. To our knowledge the use of impedantom-
etry with DMD patients has not yet been systematically 
evaluated. If it proves to be similar in accuracy to when 
conducted with eu-hydrated patients under standardised 
clinical conditions, then a future application in the assess-
ment of the efficacy of administration of eplerenone (or 
similar substances that aim to alter intracellular water con-
tent) may become an appealing prospect. 

Elastography

The development of fibrosis can be assessed via elas-
tography. Here information about the stiffness of tissue 
is obtained by assessing the propagation of mechanical 
shear waves through the tissue with either ultrasound or 
magnetic resonance technology. The assessment involves 
three basic steps: (a) generating shear waves in the tis-
sue, (b) acquiring MR or ultrasound imaging representa-
tions of the propagation of the induced shear waves, and 
(c) processing the images of the shear waves to generate 
quantitative maps of tissue stiffness, called elastograms. 
While MR elastography has been successfully applied in 
the assessment of liver fibrosis, additional applications for 
assessment of fibrotic changes in other tissues such as in 
bronchial connective tissues, kidney, breast, skeletal mus-
cle and brain tissue are currently being investigated (84). 
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