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Preface

Muscular dystrophies are a group of genetic disorders characterized by progressive 
weakness and loss of muscle mass. Although more than 30 years have passed since 
the discovery of the first protein involved in a type of muscular dystrophy, there 
is still no cure for these conditions. In the last decades, with the improvement of 
existing molecular biology techniques and the development of new approaches, 
many efforts have been made to accelerate the disease diagnostic process, to bet-
ter understand the molecular defects and mechanisms underlying the molecular 
pathogenesis involved in dystrophy conditions. 

Consequently, the development of different effective therapeutic strategies that 
slow down the course of the disease and improve patient quality of life and mortal-
ity continues to be a priority for researchers.

This book provides a comprehensive overview of the recent advances in the area of 
muscle diseases covering clinical manifestations, current diagnostic and therapeutic 
strategies, clinical trials, and their specific issues. In addition, this book updates the 
knowledge on mesenchymal stem/progenitor cells and miRNA, and discusses their 
therapeutic potential in regenerative medicine in a clear and concise manner.

We are very pleased to have had the opportunity to write this book on muscular 
dystrophy for IntechOpen, and we hope that this book will offer inspiration for 
young and experienced researchers to answer the many questions muscle pathology 
raises. 

I would like to thank Author Service Manager Romina Rovan for her patience and 
valuable advice throughout the preparation of this book.

Florina Gisela Gaina
Victor Babes National Institute of Pathology,

Bucharest, Romania
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Chapter 1

Duchenne Muscular Dystrophy 
(DMD) Treatment: Past and 
Present Perspectives
Nahla O. Mousa, Ahmed Osman, Nagia Fahmy, 
Ahmed Abdellatif and Waheed K. Zahra

Abstract

Duchenne muscular dystrophy (DMD) is one of the fatal X-linked disorders 
that are characterized by progressive muscle weakness and occur due to mutation 
in the largest human gene known as the DMD gene which encodes dystrophin 
protein that is mandatory for keeping the muscles structurally and functionally 
intact. The disease always affects boys (1 from every ~5000), and in some cases the 
female carriers are symptomatic. The disease usually leads to impairment in cardiac 
and pulmonary functions leading to the death of the patients in very young ages. 
Understanding DMD through precise molecular diagnosis will aid in determining 
the suitable therapeutic approach for the cases like designing exon-skipping anti-
sense oligonucleotides (AOs) or stem cell-based therapies in conjunction with gene 
editing techniques (CRISPR/Cas9). Such therapies can correct the genetic defect in 
the DMD gene and ameliorate the symptoms. In this chapter, we will illustrate the 
past and current strategies for DMD disease treatment.

Keywords: DMD, exon skipping, CRISPR, cardiosphere, utrophin

1. Introduction

Duchenne muscular dystrophy (DMD) is a fatal X-linked disorder characterized 
by skeletal muscle wasting that is resulted from mutations in the dystrophin gene 
[1]. The disease occurs at a frequency of about 1 in ~5000 newborn males, making it 
the most common severe neuromuscular disease in humans. Dystrophin is present 
in normal individuals from fetal life onwards in all skeletal, cardiac, and smooth 
muscles; the absence of dystrophin protein causes muscle weakness and protein 
degradation and ultimately causes cell death. Death usually occurs in the third 
decade of life as the result of respiratory or heart failure [2]. The precise diagnosis 
for DMD should contain a combination of genetic testing after muscle biopsy and 
clinical observation of muscle strength and function.

The main current medication so far is corticosteroids, which have been shown 
to increase muscle strength in many studies. Genetic therapy using mini-/micro-
dystrophin vectors, suppression of premature termination codon, exon-skipping 
antisense oligonucleotides (AOs) which bind with RNA and exclude specific sites of 
RNA splicing producing a dystrophin that is smaller but functional, and such new 
emerging drugs are the pass to the new era towards DMD treatment. In the next 
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section, we will review all available FDA-approved treatments and recent research 
trials aiming at ameliorating DMD symptoms.

2. Methods for treatment

2.1 Corticosteroids

Corticosteroids were the first line of treatment for DMD; it was first used by 
Drachman et al. in 1974 [3] when they had promising positive results in their study 
after using prednisone (anti-inflammatory glucocorticosteroid). Since then, many 
studies were carried out to test the therapeutic effect of such treatment since it was 
found to improve muscle performance.

Deflazacart (DFZ), an oxazolidine derivative of prednisone, was used by an 
Italian group [4] and other groups [5–7], and the drug demonstrated efficiency in 
disease treatment and preserved lung function. The exact mechanism of DFZ is 
not yet known; however, it might regulate some signaling cascades. It was found to 
activate calcineurin/NF-AT pathway [8]. Also, DFZ may act by decreasing necrosis 
and muscle inflammation and reducing the degree of muscle degeneration. It can 
also act through modulating dystrophin expression and inducing the myogenesis in 
addition to having positive effects on muscular tissue mass [9].

Despite the advantages of using steroids, they also had side effects like gain-
ing weight, affecting bone mineral density, which leads to vertebral fractures and 
behavioral changes. Furthermore, high dosages are required to reach the target 
effect and to be active at the site inflammation. Also, the drug can be accumulated 
in other nontargeted areas [10, 11].

In one of their studies, Luhder et al. [12] tried to improve the therapeutic effect 
of the steroids through developing an 80 nm PEGylated nano-liposome that is con-
jugated with the steroid prodrug “methylprednisolone hemisuccinate.” The results 
of their study showed that such structure was selectively targeting the diaphragm 
in vivo (using mdx mouse model) when administered intravenously and the treat-
ment reduced the infiltration with macrophages and serum levels of transforming 
growth factor beta. Most importantly, the study showed that long-term use of this 
formulation leads to enhanced mobility and increased muscle strength.

2.2 Exon skipping

Exon skipping is considered as one of the mutation-based treatments for 
Duchenne muscular dystrophy [13]. In DMD, some deletions in specific exons lead 
to the disruption of the reading frame of the dystrophin protein, and consequently 
such deletions lead to the production of truncated product missing a huge part of 
the protein (usually missing the rod domain and C-terminal domain).

However, sometimes, deleting additional exons may restore the reading frame 
and lead to the production of dystrophin protein missing only a portion of the 
central rod domain while the C-terminal domain remains intact, and hence the 
protein product in this case is lacking specific regions, but it is semi-functional 
and can induce Becker-like symptoms instead of the complete loss of the muscular 
function [14].

The main idea of exon skipping is using the “antisense oligonucleotide” mol-
ecules to induce the skipping of a specific exon (other than the already mutated 
one) and prevent it from being translated to restore the reading frame. As an 
example, patients with exon 45 deletion could be treated through the skipping of an 
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additional exon 44. Eteplirsen (Exondys51™) based on phosphorodiamidite mor-
pholino oligomer (PMD) is an FDA-approved antisense treatment to skip exon 51 
for patients with mutation ▲49–50 [15]. Also, drisapersen (based on 2′-O-methyl 
phosphorothioate; 2′-OMePS-modified AOs) is one of the AOs that are designed to 
treat DMD patients with mutations that can be ameliorated by exon 51 skipping; 
however it was not approved by the FDA [16, 17].

Various modifications can take place to the sugar of the oligonucleotide or to the 
backbone of the oligo. This could include phosphorodiamidate morpholino, locked 
nucleic acid (LNA), or peptide-conjugated oligo. Regarding the morpholinos, the 
oligonucleotide backbone is replaced with the morpholino backbone which makes 
the oligonucleotide nontoxic and has high affinity to RNA molecules. The locked 
nucleic acids are oligonucleotides that have a modified ribose sugar where the 2′ 
oxygen is connected with the 4′ carbon atom which creates a locked ribose ring. 
Also, the LNAs are nontoxic with superior affinity to complementary targeted RNA 
sequences [18].

The main problem in developing such treatments based on the skipping is that it 
will only fit a small group of patients (a mutation-specific AO should be developed 
for each group of patients and will not be suitable for other patients); also some 
patients have deletions in critical parts of the protein, and hence skipping of other 
exons will not have a therapeutic impact (Table 1).

2.3 Induced pluripotent stem cells along with genome editing technique

The sole cause of DMD is the presence of mutation that adversely affects the DMD 
gene. So, in order to permanently fix such mutations and treat this condition, patients 
could be provided with muscle cells harboring the normal copy of DMD gene. Since 
it is hard to get mature muscle fibers from a normal individual to be used as a source 
of healthy muscle cells with normal DMD gene, also the availability of such source of 
cells will not guarantee the process of grafting in the patient’s muscles since it could 
be subjected to rejection by the body and can initiate an aggressive immune response. 
Cell reprogramming and genome editing techniques efficiently aid in solving this 
puzzling dilemma [25]. The process of cell reprogramming paved the road towards 
developing normal muscle fibers by starting with patient-specialized adult cells 
followed by inducing the production of induced pluripotent stem cells (iPSCs) (using 
the Nobel prize-winning technology of reprogramming using specific transcrip-
tion factors like Oct4, Sox2, Klf4, and L-Myc) [26]. Also, some microRNAs have the 
potential to reprogram the adult cells efficiently (like miR-302b, miR-372) [27].

After the reprogramming and the production of stem cells, gene editing tech-
nologies should be used to correct the mutation of the gene. CRISPR/Cas 9 is now 
a leading technology that is presently considered as an avenue for DMD treatment; 
the RNA-guided DNA endonuclease system allows the correction of the DMD seg-
ment which is essential for dystrophin restoration [28, 29].

In order to conduct a gene editing experiment with CRISPR/Cas9 system, two 
important elements should be provided: guide RNA (gRNA) specific for the target 
gene and Cas9 nuclease (Sp. Cas9 (from Streptococcus pyogenes; 4.10 kb) or Sp. Cas9 
(Staphylococcus aureus; 3.16 kb)) or Cj. Cas9 (Campylobacter jejuni; 2.95 kb) that can 
cleave DNA strands where the guide RNA is bound and in the presence of three- to 
five-nucleotide proto-spacer adjacent motif (PAM) sequence to be digested. Upon 
the binding of the gRNA, Cas9 can induce a double-strand break which is then 
repaired by the cell through the nonhomologous end joining, and this will initiate a 
repair mechanism in which nucleotides will be added or deleted at the cleaved site 
which can consequently restore the reading frame of the DMD gene to the normal 
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ORF. In some cases, single (or several) gRNA molecule could be designed to target 
splicing sites which can lead to the skipping of specific exon leading to the produc-
tion of functional proteins. Additionally, base editing mediated by CRISPR/Cas9 
could be obtained through Cas9 enzymes lacking the nuclease activity, so it can 
induce only a single-strand break. Such enzymes can catalyze base editing (A:T to 
G:C) through having a cytidine deaminase activity [30].

Ousterout et al. in their study used another editing protocol (zinc finger nucle-
ase) to delete exon 51 from the transcript from patient-derived myoblasts [31]. Also, 
Young et al. carried out CRISPR/Cas9 experiment utilizing a single pair of guide 
RNAs to delete exons 45–55 in iPSC, and such deletion leads to the expression of 
stable dystrophin protein with improved membrane stability in derived skeletal 
myotubes and cardiomyocytes [32]. Another study by Duchene et al. utilized a sin-
gle guide RNA to produce a hybrid exon which led to the production of functional 
dystrophin protein with completely normal structure [33]. The main advantage of 
this reprogramming protocol is that it allows performing an autologous grafting of 
the muscle cells to patients.

For the expression of the specific gRNA molecules inside the muscle cells, 
adeno-associated virus (AAV) vectors will be used. Sometimes, the expression of 
the gRNAs can lead to off-target effect due to the incorrect binding with another 
similar DNA sequence inside the host cell. In order to avoid this damaging effect, 
AAV vectors expressing multiple gRNA molecules could be used.

After the completion of the gene editing process, the edited cells would be 
treated with myogenic factors to convert the edited stem cells again to myoblasts for 
the myogenic differentiation (Table 2).

2.4 Gene therapy

Gene therapy is one of the most appealing techniques that are used to deliver a 
normal copy of the DMD gene to express the fully functional dystrophin protein. 
This method implies injecting the patients with plasmids carrying normal dystro-
phin cDNA (~12 kb).

In 2002, the first phase 1 trial of DMD gene therapy took place using full-length 
dystrophin [52]. After that, adeno-associated viral vectors carrying mini forms of 
dystrophin cDNA were used for gene therapy, and this was better regarding the 
packaging size of the plasmids, and it is much easier to transfer/deliver mini forms 
of DMD gene [53, 54].

However, such therapeutic approach faced another problem which is the distri-
bution of the plasmids across all affected muscular tissue that is spreading all over 
the body, and that is why microdystrophin plasmids and systemic AAV delivery 
were developed and improved to solve such problem. Evidence from many trials 
using animal models revealed that gene therapy can lead to long-term expression of 
functional protein [55–57].

In 2017, Le Guiner et al. studied the effect of the delivery of rAAV2/8 vector 
expressing a canine microdystrophin (cMD1) in golden retriever muscular dystro-
phy (GRMD) dogs in the absence of immunosuppression. Such treatment affected 
the deterioration of the muscular activity, and the gene expression was maintained 
over a long period [56]. Recently in 2020, Genthon and Sarepta contracted Yposkesi 
for manufacturing the AAV microdystrophin vector on a large scale.

2.5 Dystrophin-expressing chimeric cells

As previously mentioned, the absence of dystrophin is the main cause of DMD 
disease and the aggressive symptoms including muscle weakness and degeneration 
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ORF. In some cases, single (or several) gRNA molecule could be designed to target 
splicing sites which can lead to the skipping of specific exon leading to the produc-
tion of functional proteins. Additionally, base editing mediated by CRISPR/Cas9 
could be obtained through Cas9 enzymes lacking the nuclease activity, so it can 
induce only a single-strand break. Such enzymes can catalyze base editing (A:T to 
G:C) through having a cytidine deaminase activity [30].

Ousterout et al. in their study used another editing protocol (zinc finger nucle-
ase) to delete exon 51 from the transcript from patient-derived myoblasts [31]. Also, 
Young et al. carried out CRISPR/Cas9 experiment utilizing a single pair of guide 
RNAs to delete exons 45–55 in iPSC, and such deletion leads to the expression of 
stable dystrophin protein with improved membrane stability in derived skeletal 
myotubes and cardiomyocytes [32]. Another study by Duchene et al. utilized a sin-
gle guide RNA to produce a hybrid exon which led to the production of functional 
dystrophin protein with completely normal structure [33]. The main advantage of 
this reprogramming protocol is that it allows performing an autologous grafting of 
the muscle cells to patients.

For the expression of the specific gRNA molecules inside the muscle cells, 
adeno-associated virus (AAV) vectors will be used. Sometimes, the expression of 
the gRNAs can lead to off-target effect due to the incorrect binding with another 
similar DNA sequence inside the host cell. In order to avoid this damaging effect, 
AAV vectors expressing multiple gRNA molecules could be used.

After the completion of the gene editing process, the edited cells would be 
treated with myogenic factors to convert the edited stem cells again to myoblasts for 
the myogenic differentiation (Table 2).

2.4 Gene therapy

Gene therapy is one of the most appealing techniques that are used to deliver a 
normal copy of the DMD gene to express the fully functional dystrophin protein. 
This method implies injecting the patients with plasmids carrying normal dystro-
phin cDNA (~12 kb).

In 2002, the first phase 1 trial of DMD gene therapy took place using full-length 
dystrophin [52]. After that, adeno-associated viral vectors carrying mini forms of 
dystrophin cDNA were used for gene therapy, and this was better regarding the 
packaging size of the plasmids, and it is much easier to transfer/deliver mini forms 
of DMD gene [53, 54].

However, such therapeutic approach faced another problem which is the distri-
bution of the plasmids across all affected muscular tissue that is spreading all over 
the body, and that is why microdystrophin plasmids and systemic AAV delivery 
were developed and improved to solve such problem. Evidence from many trials 
using animal models revealed that gene therapy can lead to long-term expression of 
functional protein [55–57].

In 2017, Le Guiner et al. studied the effect of the delivery of rAAV2/8 vector 
expressing a canine microdystrophin (cMD1) in golden retriever muscular dystro-
phy (GRMD) dogs in the absence of immunosuppression. Such treatment affected 
the deterioration of the muscular activity, and the gene expression was maintained 
over a long period [56]. Recently in 2020, Genthon and Sarepta contracted Yposkesi 
for manufacturing the AAV microdystrophin vector on a large scale.

2.5 Dystrophin-expressing chimeric cells

As previously mentioned, the absence of dystrophin is the main cause of DMD 
disease and the aggressive symptoms including muscle weakness and degeneration 
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of muscle fibers. Such defect in the DMD gene can be edited using gene editing 
technology; however such technology can lead to off-target mutations which 
consequently can have damaging effects, and that is why more therapies had to be 
developed to address the disadvantages of such techniques.

Chimeric cell therapy is an alternative therapeutic approach that is usually 
done through the fusion of normal myoblasts and dystrophin-deficient myoblasts 
using polyethylene glycol (PEG). The success of this process could be tested using 
immunophenotyping (flow cytometry) and dystrophin immunostaining. This 
fusion will be followed by transplantation of chimeric cells in the defected muscle. 
The chimeric cells always show behavior like the donor cells regarding dystrophin 
expression and myogenic differentiation, and this dramatically improves the muscle 
function after being transplanted [58].

2.6 Cardiosphere-derived cells (CDCs)

Cardiosphere-derived cells are a type of cells that are retrieved from cardiac 
explants that can be cultured in vitro. Such cells have anti-inflammatory, antioxi-
dant, and antibiotic activities. Several studies tested the ability of CDCs to alter the 
pathophysiology of DMD after the injection of these cells directly into the cardiac 
muscle.

Recently it was found that using CDCs greatly enhanced the phenotypic status 
of cardiac and skeletal muscles. The therapeutic effects of CDCs are usually attrib-
uted to the secretion of specific exosomes carrying specific genetic material to distal 
cells to exert its biological effect. Such CDCs along with their secreted exosomes can 
be injected intravenously, and it was found that they can greatly enhance the skel-
etal and cardiac muscle functions and boost the muscle generation process [59, 60].

2.7 Stop codon read-through therapy

In some of the mutations affecting the DMD gene, a premature stop codon is 
produced that can significantly disturb the reading frame and gives a truncated 
abnormal protein that cannot maintain the structural and functional properties of 
the muscle fibers.

A class of antibiotics called aminoglycosides was found to bind to rRNA at their 
decoding sites, preventing the stop codons from being read by binding to the A 
site (acceptor site) in the ribosomes and forcing the cell to prevent reading the stop 
codon, hence leading to the production of fully functional proteins.

PTC124 (ataluren; trade name, Translarna™) is one of the drugs with the read-
through properties that are used for the treatment of DMD. Clinical trials showed 
that this drug when administered orally induced the expression of the dystrophin 
protein.

However, this treatment can only be used in ~15% of the cases who have a stop 
signal resulted from point mutation in the DMD gene. Also, it must be administered 
in increasing doses; beside it has many side effects such as renal toxicity. That is why 
there is a need to develop other alternatives with other structures to be safer with 
chronic usage.

2.8 Utrophin modulation

Recently, DMD symptoms were found to be managed after the administration of 
utrophin protein expression enhancers (utrophin is a dystrophin homolog; 395 KDa 
in size) to DMD patients delays the need of wheelchair and efficiently substitutes 
non-functional dystrophin.
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of muscle fibers. Such defect in the DMD gene can be edited using gene editing 
technology; however such technology can lead to off-target mutations which 
consequently can have damaging effects, and that is why more therapies had to be 
developed to address the disadvantages of such techniques.

Chimeric cell therapy is an alternative therapeutic approach that is usually 
done through the fusion of normal myoblasts and dystrophin-deficient myoblasts 
using polyethylene glycol (PEG). The success of this process could be tested using 
immunophenotyping (flow cytometry) and dystrophin immunostaining. This 
fusion will be followed by transplantation of chimeric cells in the defected muscle. 
The chimeric cells always show behavior like the donor cells regarding dystrophin 
expression and myogenic differentiation, and this dramatically improves the muscle 
function after being transplanted [58].

2.6 Cardiosphere-derived cells (CDCs)

Cardiosphere-derived cells are a type of cells that are retrieved from cardiac 
explants that can be cultured in vitro. Such cells have anti-inflammatory, antioxi-
dant, and antibiotic activities. Several studies tested the ability of CDCs to alter the 
pathophysiology of DMD after the injection of these cells directly into the cardiac 
muscle.

Recently it was found that using CDCs greatly enhanced the phenotypic status 
of cardiac and skeletal muscles. The therapeutic effects of CDCs are usually attrib-
uted to the secretion of specific exosomes carrying specific genetic material to distal 
cells to exert its biological effect. Such CDCs along with their secreted exosomes can 
be injected intravenously, and it was found that they can greatly enhance the skel-
etal and cardiac muscle functions and boost the muscle generation process [59, 60].

2.7 Stop codon read-through therapy

In some of the mutations affecting the DMD gene, a premature stop codon is 
produced that can significantly disturb the reading frame and gives a truncated 
abnormal protein that cannot maintain the structural and functional properties of 
the muscle fibers.

A class of antibiotics called aminoglycosides was found to bind to rRNA at their 
decoding sites, preventing the stop codons from being read by binding to the A 
site (acceptor site) in the ribosomes and forcing the cell to prevent reading the stop 
codon, hence leading to the production of fully functional proteins.

PTC124 (ataluren; trade name, Translarna™) is one of the drugs with the read-
through properties that are used for the treatment of DMD. Clinical trials showed 
that this drug when administered orally induced the expression of the dystrophin 
protein.

However, this treatment can only be used in ~15% of the cases who have a stop 
signal resulted from point mutation in the DMD gene. Also, it must be administered 
in increasing doses; beside it has many side effects such as renal toxicity. That is why 
there is a need to develop other alternatives with other structures to be safer with 
chronic usage.

2.8 Utrophin modulation

Recently, DMD symptoms were found to be managed after the administration of 
utrophin protein expression enhancers (utrophin is a dystrophin homolog; 395 KDa 
in size) to DMD patients delays the need of wheelchair and efficiently substitutes 
non-functional dystrophin.
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Like dystrophin, the utrophin is present in the sarcolemma in the first develop-
mental stages, and then replacement with dystrophin took place during muscular 
maturation. However, utrophin was found to be present in the myotendinous 
junction in adults. Interestingly, the expression of utrophin becomes elevated as a 
normal repair mechanism to compensate the absence of functional dystrophin in 
regenerated muscles.

SMTC-1100 is one of the chemical molecules that showed a great potential 
to increase the expression of DMD transcript and protein as well. This drug can 
be administered orally, if it was found to be safe and well tolerated in volunteers. 
However further studies are still required to detect if high dosage of this drug is 
safe or not.

Recently, ASA or adenylo-succinic acid improved the status of the TA muscles in 
mdx mice after administration of this compound in the drinking water. This mol-
ecule regulated the expression of the utrophin protein and hence greatly reduced 
the damaged area [61].

Another study group designed AAV vector carrying mini forms of the utrophin 
protein (μUtro). Their results showed that expression of this functional copy 
of utrophin protein (dystrophin analogue) after administration of the utrophin 
 vector in DMD animal models completely reduced the muscle necrosis and 
 regeneration [62].

3. Conclusion

Many medications have been used for DMD treatment and for preventing 
further deterioration of the cases. Corticosteroids were the first line of effective 
therapy of DMD; however, it does not modify the genetic mutations of the gene 
and does not affect the expression levels of dystrophin protein. Consequently, other 
treatments were developed including read-through stop codon, gene therapies, 
and exon skipping AOs which modulate and upregulate the levels of functional 
dystrophin transcript and protein in the muscles. Genome editing technology is 
also a powerful tool that can treat DMD permanently through the correction of the 
mutated sequence of DMD gene through the administration of sequence-specific 
guide RNA strands to bind selectively in the sequence to be edited. Also upregulat-
ing utrophin can help in the management of the cases. In addition, dystrophin-
expressing chimeric cells and cardiosphere-derived cells are two emerging 
techniques that have the potential to treat DMD. Other medications will be devel-
oped to treat all DMD patients with different mutations with minimum side effects 
and maximum improvement in the status of the muscular system.
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Chapter 2

Facioscapulohumeral Muscular 
Dystrophy: Genetics and Trials
Robin Warner

Abstract

A complex combination of molecular pathways and cell interactions causes 
facioscapulohumeral muscular dystrophy (FSHD). Several new therapies pose a 
promising solution to this disease with no cure. This chapter aims to explain the 
genetics of facioscapulohumeral muscular dystrophy, and review the current clini-
cal trials for the treatment of FSHD.

Keywords: facioscapulohumeral muscular dystrophy, antisense oligonucleotide, 
decoy nucleic acid, novel therapies, genetics, trials

1. Introduction

1.1 Epidemiology

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common 
muscular dystrophies. Worldwide, its prevalence is up to 6.8 in 100,000 and in 
the United States, it is about 1 in 20,000. It affects men more than women because 
estrogens counteract the differentiation impairment of FSHD myoblasts without 
affecting cell proliferation or survival. Estrogen effects are mediated by estrogen 
receptor β (ERβ), which reduces chromatin occupancy and transcriptional activity 
of double homeobox 4 (DUX4) [1].

1.2 History

Facioscapulohumeral muscular dystrophy was first described by two French 
physicians, Louis Landouzy and Joseph Jules Dejerine, in the late 1800s [2]. Their 
description was based on a family that they had monitored for 11 years. In 1950, 
Tyler and Stephens described a family from Utah that included 1249 people span-
ning six generations. All were descendants of an affected individual who had 
migrated to Utah in 1840. Their findings confirmed the autosomal dominant 
inheritance pattern of FSHD. Clinical criteria were established by an international 
consortium in 1991. These criteria were as follows: onset of the disease in the facial 
or shoulder girdle muscles and sparing of the extraocular, pharyngeal, and lingual 
muscles and the myocardium, facial muscle weakness in more than 50% of affected 
family members, autosomal dominant inheritance in familial cases and evidence 
of myopathic disease from electromyography and muscle biopsy in at least one 
affected member, without biopsy features specific for alternative diagnoses.
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ning six generations. All were descendants of an affected individual who had 
migrated to Utah in 1840. Their findings confirmed the autosomal dominant 
inheritance pattern of FSHD. Clinical criteria were established by an international 
consortium in 1991. These criteria were as follows: onset of the disease in the facial 
or shoulder girdle muscles and sparing of the extraocular, pharyngeal, and lingual 
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affected member, without biopsy features specific for alternative diagnoses.
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2. Genetics

Facioscapulohumeral muscular dystrophy is caused by the inappropriate expres-
sion of an early embryonic transcriptional activator, DUX4, in adult muscle, leading 
to cell death [3, 4]. The disease is autosomal dominant, although up to one-third of 
cases involve de novo mutations, so there may not be a family history. About 10% 
of these sporadic cases are attributed to new mutations and 20% are attributed to 
mosaicism [2].

The Double Homeobox Protein 4 (DUX4) is the embryonic transcriptional 
activator responsible for the disease. DUX4 induces changes in the expression of 
hundreds of genes that impact many interconnected pathways, making a relation-
ship between gene expression and muscle degeneration difficult to discern [2]. 
Evidence reveals a complex RNA-mediated process that prompts a robust immune 
attack on myocytes [4]. It is found in embryonic tissues and allows for apoptosis of 
cells during formation [5–7].

There are two types of FSHD: Type 1 and Type 2. Type 1 results from a contrac-
tion of the D4Z4 repeat. Type 2 is due to mutations in silencing proteins. Both cases 
lead to chromatin relaxation and aberrant expression of the DUX4 gene in skeletal 
muscle [8]. The entire D4Z4 region is normally hypermethylated (and therefore 
silenced), but FSHD is characterized by hypomethylation of D4Z4. There are also 
two polymorphic genes (4qA and 4qB) that are also required to produce the disease. 
4qA has the ability to be pathogenic and 4qB does not, so at least one 4qA allele is 
required to produce FSHD [2].

The 4qA allele contains a promoter region pLAM, which allows for the DUX4 
protein to be transcribed. The 4qB allele lacks pLAM, so the protein cannot be 
produced. Since there are two copies of chromosome 4 in a cell; AA, BB, or AB 
are possible, but the presence of at least one A allele is required to produce FSHD, 
regardless of the presence of Type 1 or Type 2 mutations. This makes FSHD a 
digenic disease, as two mutations are required to produce disease (A-allele plus 
Type 1 or Type 2 mutations) [8].

2.1 Type 1 FSHD

Type 1 FSHD affects 95% of FSHD patients. It is caused by shortening of 
the D4Z4 array, which leads to hypomethylation and chromatin relaxation. The 
D4Z4 array is a 3300 DNA base pair (3.3 kb) long repeat units on the long arm 
(q) of chromosome 4. Subtelomeric regions of 4q and 10q at both 4q35 and 10q26 
contain D4Z4 arrays, but only the locus at 4q35 results in FSHD [8]. There can be 
1–100 units of the D4Z4 repeat. FSHD is associated with an array of 1–10 units at 
4q35, although cases with 11 or slightly greater have been described. Patients carry-
ing 1–3 units are usually severely affected and often represent new mutations, while 
patients carrying 4–10 units are typically familial cases [9]. There is an approximate 
inverse relationship of residual repeat size to the severity of the disease and the 
age at onset. A high degree of variability of disease expression even in patients 
with fragments of the same size makes it impossible to predict disease severity and 
progression in a given individual based on genetics alone.

2.2 Type 2 FSHD

Type 2 FSHD affects 5% of FSHD patients. It is usually caused by a mutation 
in the epigenetic modifier gene SMCHD1 on chromosome 18, but 20% of FSHD2 
patients do not have an identified mutation in the SMCHD1 gene, so the cause 
of the hypomethylation is unknown. SMCHD1 provides instructions for making 
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a protein that normally hypermethylates the D4Z4 region. A mutation in this 
gene leads to haploinsufficiency or dominant negative mutations in SMCDH1 
protein, leading to a reduced binding of SMCHD1 protein to the D4Z4 repeat and 
consequently to a loss of epigenetic marks (methylation) in this region. Some 
patients with Type 1 mutation can also have a Type 2 mutation, which worsens the 
disease [10].

3. Clinical manifestations

There is a high degree of variability in phenotype. FSHD1 and FSHD2 are clini-
cally indistinguishable. Patients present most frequently with the inability to lift 
arms overhead (82%) in the second or third decade of life. About 10% of patients 
notice facial weakness first, 8% of patients notice ankle dorsiflexion weakness first, 
and 5% notice pelvic girdle weakness first (these patients are often confused with 
Limb Girdle Muscular Dystrophy patients). Typically, facial, shoulder, and arm 
muscles are involved. Facial muscles, including orbicularis oculi and orbicularis 
oris with asymmetric involvement around the lips can occur. The mechanism of the 
asymmetry is unknown. Orofacial dysphagia without atrophy of the pharyngeal 
muscles can also occur. On MRI, tongue atrophy can be seen. The serratus anterior 
and rhomboids in the shoulder girdle (scapulo-) as well as biceps and triceps in 
the upper arms (humeral) are commonly involved. There is a lack of contractures 
around the weak muscles, which is often found in other forms of muscular dystro-
phy, such as Emery Dreyfus [9].

FSHD typically progresses from the upper to lower extremities. In the lower 
extremities, it progresses distal (TA, gastrocnemius) to proximal (quadriceps, 
hamstrings). There is involvement of the core muscles in an asymmetric pattern, 
including paraspinal muscles and abdominal muscles, leading to lumbar lordosis 
or camptocormia. The need for wheelchair occurs in 20% of patients in a bimodal 
distribution. In the severe infantile form with one to three D4Z4 units, the need for 
a wheelchair occurs in the second decade of life [9]. In other forms, it usually occurs 
when the patient is over age 50.

A Dutch study of 18% of their FSHD population showed that 74% of patients 
experienced pain for more than 4 days a month and 58% experienced pain for 4 or 
more days per week [9]. A French study showed that the cause of pain seemed to be 
exertion in 91% of patients or faulty posture due to weakness in 74% of patients [9]. 
Environmental temperature seemed to be a factor in 48% and humidity was a factor 
in 27% of patients. Pain management techniques, including analgesics, hot baths or 
showers, and massage provided only temporary relief. About 61% of patients report 
severe fatigue.

In the infantile form, large deletions resulting in fragments of only one to 
three D4Z4 repeats occur. Early onset cases are usually sporadic and are occa-
sionally diagnosed as Möbius syndrome. A Japanese study found an association 
with mental retardation and epilepsy in people with an early onset who are 
severely affected, although FSHD patients are usually mentally and cognitively 
normal [11].

3.1 Examination findings

Facial weakness is found in 94% of patients and is demonstrated by decreased 
brow furrow, inability to close their eyes fully or bury their eyelashes, or the 
inability to tense their platysma. In the chest wall, examination may reveal pectoral 
wasting, an exaggerated or inverted axillary crease, and 5% of patients will have 
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pectus excavatum. Shoulder girdle weakness occurs in 93% of cases and may be 
demonstrated by flattening of clavicular angle, rounding of shoulders, internal 
rotation of arms or triple hump sign (Figure 1), which is alternating muscle and 
bony landmarks on arm and shoulder. In the arms, one can see Popeye arm with 
wasting of biceps and triceps muscles and preservation of distal forearm muscles 
until late in disease. In the back, there is often lateral winging of the scapula with 
shoulder abduction or flexion (Figure 2). About 67% have ankle dorsiflexion 
weakness and 50% have pelvic girdle weakness. Patients often have a protuberant 
abdomen with demonstration of Beevor sign (Figure 3), which is asymmetric rise 
in umbilicus with abdominal tensing [2].

3.2 Cardiorespiratory involvement

About 0–13% of patients have restrictive lung disease due to loss of core 
strength. One percent of patients in a Dutch study were on nocturnal ventilatory 
support [12]. Risk factors for respiratory compromise include severe disease with 
wheelchair confinement, moderate to severe kyphoscoliosis, and presence of pectus 
excavatum.

Cardiomyopathy is not typical, although preclinical reduction of left ventricular 
function has been described. Asymptomatic supraventricular arrhythmias occur in 
~12% [12]. One study showed one-third of their subjects had right bundle branch 
block that did not progress over 8 years [12].

3.3 Ocular findings

Orbicularis oculi weakness causes incomplete lid closure (lagophthalmos), can 
lead to exposure keratitis and corneal scarring [2]. Eye drops, ointments, tap-
ing, or patches are not always successful in managing these problems. Peripheral 
telangiectasias of the retina occur in up to one-fourth of patients. Coats disease is an 
eye disease that can lead to retinal detachment and blindness. Although it usually 
occurs in males and is unilateral, in FSHD, it occurs in females and is bilateral. Coats 
disease affects less than 1% of FSHD patients and more commonly affects those 
with the smallest number of units (one to three D4Z4 units).

Figure 1. 
Triple hump sign: Alternating muscle and bony landmarks of shoulder girdle muscles. Source: Muscular 
Dystrophy Association.
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3.4 Ear findings

Asymptomatic loss of high-frequency hearing occurs in up to 65% of patients 
[2]. Hearing loss, requiring hearing aids affects patients with the smallest number 
of units (one to four D4Z4 units).

4. Diagnostic testing

Current guidelines call for genetic testing in all patients with clinical FSHD [2]. 
Labs that perform genetic testing for FSHD first test for D4Z4 contraction using 
a Southern blot, which has a sensitivity of 93% and specificity of 98%. Normal 
patients have fragments over 38 kb, but patients with FSHD1 have fragments 
10–38 kb, corresponding to 1–10 residual D4Z4 units. If this is negative, then the 
lab will determine if there is at least one A allele and less than 20% methylation to 
confirm FSHD2. Genetic testing for SMCHD1 gene is available; however the gene 
will only be expressed in a low methylation environment [8].

EMG shows small polyphasic motor units (myopathic units) with positive sharp 
waves or fibrillations. Muscle biopsy shows variation in fiber size, internal myo-
nuclei, degenerating and regenerating myofibers, and increased fibrosis or fatty 

Figure 2. 
Winged scapula (right). Source: Muscular Dystrophy Association.

Figure 3. 
Beevor sign: When the patients lift their head, their umbilicus displaces up and to the side.
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replacement of muscle. About 5–30% also show perivascular inflammatory infil-
trate, consisting of CD4 or CD8 cells. CK is modestly elevated at less than 10 times 
the upper limit of normal [2]. An MRI of the thigh shows hamstring involvement 
more than quadriceps involvement [9].

5. Treatment

Currently, there is no cure for FSHD. Scapulopexy (fascial or synthetic slings are 
used to improve scapular fixation to the thorax) or scapulodesis (scapula is fixed to 
the thoracic wall to produce a solid fusion) resulted in significant improvement in 
function, according to one study. Improvements were measured by ability to abduct 
the shoulder at 1 year and by patient-perceived improvement in the performance of 
activities of daily living [13].

Conservative management of FSHD includes referral to speech therapy for 
compensatory strategies for swallowing, ophthalmology consultation for eye 
issues, periodic hearing screenings, yearly EKGs, physical therapy, and occupa-
tional therapy and bracing. Abdominal supports and binders are useful for truncal 
weakness. The braces most commonly recommended for foot drop include fixed or 
hinged ankle-foot orthoses or floor reaction orthoses [9].

A Cochrane review of strength training and aerobic exercise training for muscle 
disease concluded that moderate-intensity strength training does not produce any 
benefit or harm in patients with FSHD [14].

5.1 New treatment literature review

5.1.1 Losmapimod

Researchers looked into preventing expression of DUX4 mRNA [15]. Past research 
showed agonists of the β-2 adrenergic receptor suppress DUX4 expression by activat-
ing adenylate cyclase to increase cAMP levels. In vitro experiments demonstrate that 
clinically advanced p38 inhibitors suppress DUX4 expression in FSHD type 1 and 2 
myoblasts. Individual small interfering RNA-mediated knockdown of either p38α or 
p38β suppresses DUX4 expression. p38 inhibitors effectively suppress DUX4 expres-
sion in a mouse xenograft model of human FSHD gene regulation. These data support 
the repurposing of existing clinical p38 inhibitors as potential therapeutics for FSHD.

p38α and p38β isoforms each independently contribute to DUX4 expression, so 
p38 isoform-selective inhibitors may balance efficacy and safety in skeletal muscle.

Losmapimod inhibits enzymes p38α/β mitogen-activated protein kinases 
(MAPKs). It has the drawback that p38 kinase inhibition could impair myogenesis 
by impairing myotube formation. However, GlaxoSmithKline clinical trials showed 
that losmapimod was generally well tolerated in over 3500 subjects. Two clinical 
trials of losmapimod for treatment of FSHD are going on at the time this chapter 
was written. ReDUX4 is evaluating drug efficacy in a randomized controlled phase 
IIb clinical trial with an estimated study completion date of August 2020. A phase 
II open-label clinical trial in the Netherlands, with an estimated study completion 
date of January 2021 is also ongoing at the time this chapter was written.

5.1.2 Resolaris

ATYR1940 (Resolaris) is based on a protein naturally secreted from muscle 
(resokine) that may act to decrease T-cell activation against muscle [16]. Quality 
of life and muscle strength of patients treated with Resolaris improved compared 

23

Facioscapulohumeral Muscular Dystrophy: Genetics and Trials
DOI: http://dx.doi.org/10.5772/intechopen.92672

to those on placebo, as assessed by individualized neuromuscular quality of life 
(INQoL) and manual muscle testing (MMT) scores. The phase 1/2 trial was com-
pleted in March of 2017. Results showed no significant trend of worsening in MMT 
or INQoL assessment scores. However, there was a low sample size of nine with 
three drop outs. The results of a phase 1b/2 trial of 18 patients with LGMD2B and 
FSHD showed that Resolaris did not suppress circulating immune cells and muscle 
function by MMT at 14 weeks improved in 50% of FSHD patients. Participants 
maintained or increased their MMT and INQoL scores at 24 and 36 weeks.

5.1.3 Decoy nucleic acid

A patented decoy nucleic acid can inhibit DUX4-mediated gene activation by 
binding to the DNA-binding site of the DUX4 transcription factor protein [17]. AAV 
vectors carrying in their genome two DUX4-binding sites injected in TA muscles of 
mice also receiving a DUX4-coding plasmid via electron transfer. In a study, AAV 
carrying the decoy oligonucleotide (AAV D3) significantly decreases DUX4 target 
gene (mTm7sf4) expression as compared to a control AAV. They concluded that 
AAV with a DUX4 decoy can inhibit DUX4 expression, making it a future treatment 
possibility for FSHD patients. DUX4 mRNAs observed in muscle and stem cells are 
heterogeneous, which can make targeting difficult.

5.1.4 Antisense oligonucleotides

The use of antisense oligonucleotides (AOs) targeting the DUX4 mRNA may 
interfere either with transcript cleavage/polyadenylation or intron splicing [18]. 
DUX4-targeted ASOs suppressed the atrophic FSHD myotube phenotype. The 
ASOs were not shown to improve the disorganized FSHD myotube phenotype, 
which could be caused by DUX4c over-expression. Therefore, DUX4c might consti-
tute another therapeutic target in FSHD.

5.1.5 Electrical stimulation

In a French study, electrical stimulation was performed to stimulate weak 
muscles with the goal of strengthening them [19]. They used an HVPG stimulator 
(Elettronica Pagani, Performer 982, Class Type BF, S/N:181, 2004, Supplier: Libor 
Medical Products, Ankara/Turkey, Manufacturer: Medical Expo Paderno Dugnano, 
Italy), using monophasic wave type (twin peak pulse) via surface electrodes. The 
pulse frequency of the device was 2–100 Hz, voltage output was 0–500 V, and pulse 
duration was 200 μs. They used a pulse frequency of 50 Hz for optimal contraction. 
Four electrodes were placed around the muscle and current intensity was increased 
up to significant contraction. Duty cycle was set at 5 seconds on and 10 seconds off, 
during 10 minutes of stimulation of each muscle. This was applied 3 times a week, 
for 8 weeks. Electrostimulation was effective in increasing the strengths of the 
deltoid and quadriceps femoris muscles. Muscle strength of the deltoid was higher 
in the electrical stimulation group, and the difference between the groups was 
maintained in the follow-up period (p < 0.05). Additionally, the electrical stimula-
tion group presented more obvious overall improvements than the exercise therapy 
group according to muscle strength, endurance, and timed performance tests.

5.1.6 Ace-083

ACE-083 binds to and inhibits select proteins in the TGF-beta protein superfam-
ily, namely activins and myostatin, which reduce muscle growth [20]. If a person 
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showed agonists of the β-2 adrenergic receptor suppress DUX4 expression by activat-
ing adenylate cyclase to increase cAMP levels. In vitro experiments demonstrate that 
clinically advanced p38 inhibitors suppress DUX4 expression in FSHD type 1 and 2 
myoblasts. Individual small interfering RNA-mediated knockdown of either p38α or 
p38β suppresses DUX4 expression. p38 inhibitors effectively suppress DUX4 expres-
sion in a mouse xenograft model of human FSHD gene regulation. These data support 
the repurposing of existing clinical p38 inhibitors as potential therapeutics for FSHD.

p38α and p38β isoforms each independently contribute to DUX4 expression, so 
p38 isoform-selective inhibitors may balance efficacy and safety in skeletal muscle.

Losmapimod inhibits enzymes p38α/β mitogen-activated protein kinases 
(MAPKs). It has the drawback that p38 kinase inhibition could impair myogenesis 
by impairing myotube formation. However, GlaxoSmithKline clinical trials showed 
that losmapimod was generally well tolerated in over 3500 subjects. Two clinical 
trials of losmapimod for treatment of FSHD are going on at the time this chapter 
was written. ReDUX4 is evaluating drug efficacy in a randomized controlled phase 
IIb clinical trial with an estimated study completion date of August 2020. A phase 
II open-label clinical trial in the Netherlands, with an estimated study completion 
date of January 2021 is also ongoing at the time this chapter was written.

5.1.2 Resolaris

ATYR1940 (Resolaris) is based on a protein naturally secreted from muscle 
(resokine) that may act to decrease T-cell activation against muscle [16]. Quality 
of life and muscle strength of patients treated with Resolaris improved compared 
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to those on placebo, as assessed by individualized neuromuscular quality of life 
(INQoL) and manual muscle testing (MMT) scores. The phase 1/2 trial was com-
pleted in March of 2017. Results showed no significant trend of worsening in MMT 
or INQoL assessment scores. However, there was a low sample size of nine with 
three drop outs. The results of a phase 1b/2 trial of 18 patients with LGMD2B and 
FSHD showed that Resolaris did not suppress circulating immune cells and muscle 
function by MMT at 14 weeks improved in 50% of FSHD patients. Participants 
maintained or increased their MMT and INQoL scores at 24 and 36 weeks.

5.1.3 Decoy nucleic acid

A patented decoy nucleic acid can inhibit DUX4-mediated gene activation by 
binding to the DNA-binding site of the DUX4 transcription factor protein [17]. AAV 
vectors carrying in their genome two DUX4-binding sites injected in TA muscles of 
mice also receiving a DUX4-coding plasmid via electron transfer. In a study, AAV 
carrying the decoy oligonucleotide (AAV D3) significantly decreases DUX4 target 
gene (mTm7sf4) expression as compared to a control AAV. They concluded that 
AAV with a DUX4 decoy can inhibit DUX4 expression, making it a future treatment 
possibility for FSHD patients. DUX4 mRNAs observed in muscle and stem cells are 
heterogeneous, which can make targeting difficult.

5.1.4 Antisense oligonucleotides

The use of antisense oligonucleotides (AOs) targeting the DUX4 mRNA may 
interfere either with transcript cleavage/polyadenylation or intron splicing [18]. 
DUX4-targeted ASOs suppressed the atrophic FSHD myotube phenotype. The 
ASOs were not shown to improve the disorganized FSHD myotube phenotype, 
which could be caused by DUX4c over-expression. Therefore, DUX4c might consti-
tute another therapeutic target in FSHD.

5.1.5 Electrical stimulation

In a French study, electrical stimulation was performed to stimulate weak 
muscles with the goal of strengthening them [19]. They used an HVPG stimulator 
(Elettronica Pagani, Performer 982, Class Type BF, S/N:181, 2004, Supplier: Libor 
Medical Products, Ankara/Turkey, Manufacturer: Medical Expo Paderno Dugnano, 
Italy), using monophasic wave type (twin peak pulse) via surface electrodes. The 
pulse frequency of the device was 2–100 Hz, voltage output was 0–500 V, and pulse 
duration was 200 μs. They used a pulse frequency of 50 Hz for optimal contraction. 
Four electrodes were placed around the muscle and current intensity was increased 
up to significant contraction. Duty cycle was set at 5 seconds on and 10 seconds off, 
during 10 minutes of stimulation of each muscle. This was applied 3 times a week, 
for 8 weeks. Electrostimulation was effective in increasing the strengths of the 
deltoid and quadriceps femoris muscles. Muscle strength of the deltoid was higher 
in the electrical stimulation group, and the difference between the groups was 
maintained in the follow-up period (p < 0.05). Additionally, the electrical stimula-
tion group presented more obvious overall improvements than the exercise therapy 
group according to muscle strength, endurance, and timed performance tests.

5.1.6 Ace-083

ACE-083 binds to and inhibits select proteins in the TGF-beta protein superfam-
ily, namely activins and myostatin, which reduce muscle growth [20]. If a person 
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stops exercising, the muscles gradually reduce in size, due to the function of activins 
and myostatin, among other factors. Inhibiting the TGF-beta family reduces or 
slows this muscle breakdown. The researchers looked into whether this can be 
helpful for patients with Charcot–Marie-Tooth (CMT) or FSHD. However, phase 
2 clinical trials showed a lack of efficacy, so Acceleron halted the development of 
ACE-083 for FSHD. Trials for CMT were not halted.

6. Conclusion

Facioscapulohumeral muscular dystrophy is a disease with no cure; however, 
current research is promising for a cure in the near future. Technologies in genetic 
editing show particular promise in the field of muscular dystrophy. Molecular 
mechanisms of genetic diseases, even those with known mechanisms, are often-
times much more complex than initially thought. Discoveries regarding transcrip-
tion modulators have proven particularly useful in research to find treatments for 
muscular dystrophies. Given recent advances in these areas, the future appears 
bright for patients with muscular dystrophy.
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helpful for patients with Charcot–Marie-Tooth (CMT) or FSHD. However, phase 
2 clinical trials showed a lack of efficacy, so Acceleron halted the development of 
ACE-083 for FSHD. Trials for CMT were not halted.

6. Conclusion

Facioscapulohumeral muscular dystrophy is a disease with no cure; however, 
current research is promising for a cure in the near future. Technologies in genetic 
editing show particular promise in the field of muscular dystrophy. Molecular 
mechanisms of genetic diseases, even those with known mechanisms, are often-
times much more complex than initially thought. Discoveries regarding transcrip-
tion modulators have proven particularly useful in research to find treatments for 
muscular dystrophies. Given recent advances in these areas, the future appears 
bright for patients with muscular dystrophy.
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Abstract

Skeletal muscle represents between 30 and 38% of the human body mass. Both 
the maintenance and repair of adult muscle tissue are directed by satellite cells 
(SCs). SCs are located beneath the basal lamina of the skeletal muscle myofiber. 
They are quiescent for most of their life but, in response to physiological stimuli or 
muscle trauma, they activate, proliferate, and enter the myogenic program via gen-
erating myogenic progenitors (myoblasts) that fuse to existing myofibers or de novo 
myofibers. MicroRNAs (miRNAs or miRs) play a critical role in regulating muscle 
regeneration and stem cell behavior. In this chapter, we review the pivotal role in 
the regulation of SC quiescence, activation, and differentiation in the context of 
muscular dystrophies.

Keywords: microRNA, satellite cell, quiescence, myogenesis, muscle regeneration, 
muscular dystrophies

1. Introduction

With more than 600 individual muscles in humans, skeletal muscle tissue 
represents between 30 and 38% of the human body mass [1]. This tissue is essential 
not only to provide ambulatory capacity to our organism but also to control such 
important functions as breathing and thermogenesis. Although its composition is 
heterogenous, each single skeletal muscle is mainly composed by individual muscle 
fibers consisting of elongated multinucleated syncytia. These myofibers are diversi-
fied in size, shape, and contractile protein content to fulfill the different functional 
needs of our body. This tissue retains a highly adaptive and robust capacity to regen-
erate throughout most of life, thanks to the presence of a stem cell-like population 
termed as satellite cells (SCs) [2].

miRNAs have emerged as critical regulators of numerous biological processes 
by modulating gene expression at the posttranscriptional level. The discovery of 
miRNAs as new and important regulators of gene expression is expected to broaden 
our biological understanding of the regulatory mechanism in muscle by adding 
another dimension of regulation to the diversity and complexity of gene regula-
tory networks. In that context, the role of miRNAs in SC biology is beginning to be 
explored. In this chapter, we will focus in our understanding of how miRNAs act in 
controlling the ability of SCs to appropriately balance SC function during muscle 
regeneration as well as in the context of neuromuscular diseases.
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miRNAs have emerged as critical regulators of numerous biological processes 
by modulating gene expression at the posttranscriptional level. The discovery of 
miRNAs as new and important regulators of gene expression is expected to broaden 
our biological understanding of the regulatory mechanism in muscle by adding 
another dimension of regulation to the diversity and complexity of gene regula-
tory networks. In that context, the role of miRNAs in SC biology is beginning to be 
explored. In this chapter, we will focus in our understanding of how miRNAs act in 
controlling the ability of SCs to appropriately balance SC function during muscle 
regeneration as well as in the context of neuromuscular diseases.
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2. Basic biology of SCs

SCs, originally identified via electron microscopy in 1961 by Alexander Mauro, 
are located underneath the basal lamina and adjacent to the plasma membrane of 
the skeletal muscle myofiber [3]. It has been established that SCs in adult muscle 
represent a lineage continuum of embryonic myogenic progenitor cells. SCs of 
the body and limbs arise from somites, in common with the muscle that they are 
associated with [4–6], while SCs located in head muscles also originate from the 
cranial mesoderm [7]. In undamaged muscle, the majority of satellite cells are 
quiescent, characterized by the expression of the transcription factor PAX7 [8]. 
Within a context of physiological stimuli (physical exercise or pathological condi-
tions), SCs become activated and enter into the cell cycle to expand their progeny 
and form myogenic precursor cells or myoblasts [8]. SCs’ activation is mediated by 
the induced expression of myogenic factor 5 (MYF5) and myogenic determination 
protein (MYOD) [2]. The differentiation of myogenic committed cells involves 
downregulation of PAX7 and de novo expression of myogenin (MYOG), which is 
followed by fusion of the newly formed differentiated myoblasts among them and 
with the remaining myofibers to repair damaged muscle [2]. In addition to provid-
ing myogenic precursors, activated SCs also undergo self-renewing proliferation 
that replenishes the pool of muscle SCs, thereby ensuring that the capacity to 
respond to future injuries is maintained in the muscle [2].

3. Biogenesis of miRNAs

Canonical miRNAs are transcribed by RNA polymerase II into primary tran-
scripts called pri-miRNA, bearing 5′m7G cap and 3′ poly(A) tail structures [9]. 
Sometimes, miRNA loci can comprise no single but multiple and overlapping 
miRNA genes, called clusters, which are processed from the same polycistronic 
primary transcript [10]. Once transcribed, the pri-miRNA forms a stem-loop 
structure. Then, the RNA-binding protein Di George syndrome critical region gene 
8 (DGCR8) recognizes it and directs the nuclear RNase III enzyme endonuclease, 
DROSHA, toward the pri-miRNA. DROSHA cleaves at the base of the hairpin 
embedded within the pri-miRNA [11], yielding a ∼70-nt hairpin molecule termed 
precursor miRNA or pre-miRNA. Soon after, the pre-miRNA is transported from 
the nucleus by exportin 5 to the cytoplasm via a Ran-GTP-dependent mechanism 
[12]. Once in the cytoplasm, a second RNase III endonuclease, DICER, cleaves the 
pre-miRNA, thus removing the terminal loop of the pre-miRNA and releasing a 
mature double-stranded ∼22-nt miRNA molecule [13]. One strand of this duplex 
RNA molecule (the guide strand) is transferred to the RNA-induced silencing com-
plex (RISC) containing argonaute 2 (AGO2) and the RNA-binding protein TARBP2 
[TAR (HIV) RNA-binding protein 2], while the other is degraded [14]. The miRNA’s 
function at this time is to guide the silencing complex to the target mRNA through 
complementary binding of the miRNA seed sequence, which results in inhibition of 
translation and/or degradation of the target transcript [15] (Figure 1).

Approximately, half of vertebrate miRNAs are processed from introns of 
protein-coding genes or genes encoding for other ncRNA classes, for instance, 
small nucleolar RNA (snoRNAs) or long intervening noncoding RNAs (lincRNAs) 
[10]. The biosynthesis of these miRNAs bypass one or more steps in the canonical 
biogenesis pathway, being therefore termed noncanonical miRNAs. In this sense, it 
is important to stress that while DROSHA and DGCR8 are only needed to process 
canonical miRNAs, DICER is almost always indispensable in the production of both 
canonical and noncanonical miRNAs [16]. Among noncanonical miRNAs, the most 
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studied have been those so-called miRtrons, located within intron sequences. The 
expression profiles of these miRNAs coincide with the transcription of their host 
genes [10], being released from the excised host introns by the spliceosome [17, 18] 
in a typical mirtron-maturing fashion (Figure 1).

4. miRNAs and SC function

Deep sequencing analyses have shown that many miRs are expressed in muscle 
tissue [19–21]. Among these miRs, there is a group, so-called myomiRs, whose 
expression is restricted to muscle tissue. This family is composed by miR-1, miR-
133a, and miR-206, miR208a, miR-208b, miR-486, and miR-499 [22–28]. While 
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2. Basic biology of SCs
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most myomiR family members are expressed in both the heart and skeletal muscle, 
miR-208a is cardiac-specific and miR-206 is skeletal muscle-specific. A deeper 
analysis of these family members is well reviewed in [29]. Nevertheless, not only 
myomiRs but also other miRs with a more ubiquitous expression play important 
roles in the muscle. It has also been shown that miRNAs are essential for muscle 
homeostasis and regeneration upon injury, since either systemic or conditional 
deletion of DICER in muscle PAX7+ population results in a depletion of SCs and 
a quasi-absence of repair upon injury cell [30]. In addition, to date, in vitro and 
in vivo experiments have shown that many miRs expressed in the skeletal muscle 
rule quiescence, activation, proliferation, fate specification, and differentiation of 
muscle progenitor cells by regulating the expression of myogenic differentiation 
regulators, transcription factors, structural proteins, and cytoskeletal components 
that are required to give rise to the differentiated muscle phenotype. In this section, 
we will review some of them, analyzing their roles in quiescence, activation-prolif-
eration, and differentiation estates.

4.1 Control of the quiescence state

In vivo, SCs are normally in a quiescent state after the postnatal development. 
Cheung et al. showed that the quiescent state is strongly controlled by miRs, since 
SCs lacking a functional Dicer gene, spontaneously exit from the quiescent state 
[30]. In this work, the authors demonstrate that miR-489 regulates SCs quiescence 
in a cell-autonomous manner through the control of the oncogene Dek (DEK proto-
oncogene), whose protein is not expressed in quiescent SCs (QSCs) but is strongly 
upregulated after SC activation. Soon after, Crist et al. showed that miR-31 targets 
Myf5 mRNA in QSCs, thus preventing MYF5 protein accumulation and premature 
activation of these muscle stem cells [31]. miR-31 is sequestered with Myf5 transcripts 
in cytoplasmic mRNP granules in QSCs and, upon SCs’ activation, these mRNPs rap-
idly dissociate and relieve the spatial constraint on miR-31 and Myf5 mRNA, allowing 
the rapid translation of the MYF5 protein. Recently, Baghdadi et al. have added a new 
miR to the list of miRs that control the quiescent state of SCs [32]. In this work, the 
authors shown that miR-708 regulates quiescence and self-renewal by active repres-
sion of SC migration. Notch signaling is directly implicated in this control by induc-
ing transcription of miR-708 that represses Tensin3 (Tns3), a component of the focal 
adhesion complex. This repression inhibits focal adhesion kinase (FAK) activation, 
which in turn stabilizes SCs within their niche (Table 1 and Figure 2).

4.2 Activated proliferative state

Early evidences of miRs controlling proliferation in myoblast were reported by 
Chen et al. in 2006 [33]. In this work, the authors showed that miR-133 enhances 
myoblast proliferation by repressing the serum response factor (Srf) in vitro and in 
vivo in Xenopus laevis embryos. Similarly, Cai et al. have recently shown that miR-
664 also promotes myoblast proliferation by targeting Srf mRNA [34]. Other miR 
that proposed to promote myoblast proliferation is miR-27. Huang et al. showed that 
miR-27, for this purpose, targets myostatin (Mstn), a well-known negative regulator 
of myogenesis [35]. Sometimes, miR members of a same cluster can work together 
in order to achieve the same biological effect. In this sense, Qiu et al. have shown 
that miR-17, miR-20a, and miR-92a, three members of the miR-17-92 cluster, 
repress PDZ and LIM domain 5 (Pdlim5), also known as Enh1 expression at heart 
and skeletal muscle. This protein exerts antiproliferative effects in myoblast. Thus, 
its inhibition contributes to promote myoblast proliferation and prevents differen-
tiation [36] (Table 1 and Figure 2).
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microRNAs Targets Function References

miR-489 Dek Regulates SCs’ quiescence [30]

miR-31 Myf5 Prevents MYF5 protein accumulation 
and premature activation of SCs

[31]

miR-708 Tns3 Regulates quiescence and self-renewal by 
active repression of SCs’ migration

[32]

miR-133 Srf Enhances and/or promotes myoblast 
proliferation

[33]

miR-664 Srf Enhances and/or promotes myoblast 
proliferation

[34]

miR-27 Mstn Enhances and/or promotes myoblast 
proliferation

[35]

miR-17, miR-20a, and 
miR-92a

Pdlim5 Enhance and/or promotes myoblast 
proliferation

[36]

miR-195 and miR-497 Igf1r, Insr, Ccne1, 
and Ccnd2

Inhibit myoblast proliferation [37]

miR-487b Irs1 Inhibits myoblast proliferation [38]

miR-16 Foxo1 Suppresses myogenesis [39]

miR-1 and miR-133 Ccnd1 and Sp1 Inhibit myoblast proliferation [40]

miR-15b, miR-23b, 
miR-106b, and 
miR-503

Ccnd1 and Ccnd2 Keep SCs in a quiescent state [41]

miR-106b Myf5 Keeps SCs in a quiescent state [41]

miR-1 Hdac4 Promotes myoblast differentiation [33]

miR-1 and miR-206 Pax7 Restrict myogenic progenitor cell 
proliferation and promote differentiation

[42]

miR-206 Pax7 Activates myoblast differentiation [43]

miR-206 Pax7, Notch3, and 
Igfbp5

Stimulates SC differentiation and 
skeletal muscle regeneration

[44]

miR-206 Hdac4 and Pola1 Promotes myoblast differentiation and 
induces a cell cycle arrest

[45]

miR-1 and miR-206 Gja1 Promote myoblast fusion [46]

miR-206 and miR-486 Pax7 Promote initial muscle differentiation [47]

miR-486 Pten, Pdgfrβ, 
Foxo1, Sfrs1, and 
Sfrs3

Promotes myoblast differentiation [48–50]

miR-133 Fgfr1 and Pp2ac Promotes muscle precursor cells 
differentiation

[51]

miR-29 Rybp and Yy1 Ensures proper myoblast differentiation 
into myotubes

[52]

miR-29 Hdac4 Promotes myoblast differentiation [53]

miR-29 Akt3 Reduces proliferation and facilitates 
differentiation of precursor muscle cells

[54]

miR-26a Ezh2 Induces muscle cell differentiation [55]

miR-26a Smad1 and Smad4 Promotes myoblast differentiation [56]

miR-214 Ezh2 Promotes myoblast differentiation [57]

miR-214 N-ras Promotes myogenic differentiation by 
facilitating exit from mitosis

[58]
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miRNAs can modulate negative proliferation in myoblast as well. In this sense, 
Wei et al. showed that the protein complex NF-κB can induce miR-195 and miR-497 
expression, thus inhibiting myoblast proliferation by targeting insulin-like growth 
factor I receptor (Igf1r), insulin receptor (Insr), cyclin E1 (Ccne1), and cyclin D2 
(Ccnd2) mRNAs [37]. Thus, NF-κB inhibition must be accomplished to induce 
proliferation in these cells. Another miR that targets insulin signaling proteins is 
miR-487b. This miR represses insulin receptor substrate 1 (Irs1) mRNA, thus exert-
ing a negative control of myoblast proliferation [38]. Similarly, it has been reported 
that miR-16 acts as a coordinated mediator that can suppress myogenesis in avian 
hypertrophic skeletal muscles through the control of myoblast proliferation by 
targeting forkhead box O1 (Foxo1) mRNA [39], a transcription factor that governs 
muscle growth, metabolism, and cell differentiation [69]. Growth factors such as 
fibroblast growth factors (FGFs) regulate cell proliferation and differentiation in 
numerous tissues, including skeletal muscle [70]. In this sense, Zhang et al. [40] 
have shown that FGF2 released from the myotrauma represses p38 signaling and 
expression of miR-1 and miR-133. Thus, the repressed p38 signaling and subse-
quent downregulation of miR-1 and 133 induce an upregulation of their respective 
targets, cyclin D1 (Ccnd1) and Sp1 transcription factor (Sp1), that jointly facilitate 
the SC proliferation at the early stages of muscle regeneration. Nevertheless, this 
work contradicts the pro-proliferating role for miR-133 proposed by Chen et al. in 
2006 [33]. Our group has also shed light over this issue. Thus, Lozano-Velasco et al. 
unravel the existence of a Pitx2-miRNA pathway that modulates cell proliferation 
in myoblasts and skeletal muscle SCs [41]. In this work, we demonstrated that 
miR-15b, miR-23b, miR-106b, and miR-503 keep SCs in a quiescent state by target-
ing Ccnd1 and Ccnd2. Once QSCs are activated, Pitx2c is upregulated and exerts a 

microRNAs Targets Function References

miR-181 HoxA11 Promotes myogenic differentiation [59]

miR-378 MyoR Promotes myogenic differentiation [60]

miR-205a Cdh11 Inhibits myoblast proliferation and 
promotes myoblast differentiation

[61]

MiR-675-3p Smad1 and Smad5 Promotes myogenic differentiation by 
repression of BMP pathway

[62]

miR-675-5p Cdc6 Promotes myogenic differentiation by 
repression of DNA replication

[62]

miR-17 Ccnd2, Jak1, and 
Rhoc

Promotes differentiation of precursor 
muscle cells

[63]

miR-34b Igfbp2 Represses proliferation and promotes 
differentiation of myoblasts

[64]

miR-664 Wnt1 Downregulates WNT signaling to allow 
for normal myogenic differentiation to 
occur

[34]

miR-199a Wnt2, Fzd4, and 
Jag1

Downregulates WNT signaling to allow 
for normal myogenic differentiation to 
occur

[65]

miR-155 Mef2a Represses myoblast differentiation [66]

miR-351 Lactb Represses myoblast differentiation [67]

miR-23a Myh1, Myh2, and 
Myh4

Prevents myogenic differentiation [68]

Table 1. 
General overview of miRNAs involved in adult myogenesis.
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Figure 2. 
miR controlling differentiation of muscular precursor cells. Green and red labels correspond with the induced 
or repressed molecules on each state, respectively (quiescent state, activated proliferative state, or myogenic 
differentiation).
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repressive effect over miR-15b, miR-23b, miR-106b, and miR-503 promoters, thus 
allowing Ccnd1 and Ccnd2 mRNA to be translated. On the other hand, this Pitx2 
upregulation also avoids the repressive effect of miR106b over Myf5 mRNA, thus 
promoting myoblast commitment to a myogenic cell fate (Table 1 and Figure 2).

4.3 Myogenic differentiation

SC differentiation is a complex process. In this stage, the cells need to switch 
off proliferative signals and upregulate structural genes turning simple individual 
cells into a complex syncytium with the ability to coordinately contracts. In this 
scenario, miRs have also been described as essential molecules. Focusing on myo-
miRs, Chen et al. showed that miR-1 promotes myoblast differentiation by targeting 
histone deacetylase 4 (Hdac4) mRNA, a transcriptional repressor of muscle gene 
expression [33]. HDAC4 has been shown to inhibit muscle differentiation and 
skeletal muscle gene expression, mainly by repressing myocyte enhancer factor 
2C (MEF2C), an essential muscle-related transcription [71]. The same group also 
showed that miR-1 and miR-206 restrict myogenic progenitor cell proliferation and 
promote differentiation by directly downregulating Pax7 expression [42]. At the 
same time, Cacchiarelli et al. also showed that miR-206 activates myoblast differen-
tiation through Pax7 repression at early stages of differentiation [43]. These authors 
have shown that, in SCs, miR-206 is specifically repressed by histone deacetylase 1 
(HDAC1), but under differentiation conditions, repressive effect over miR-206 pro-
moter mediated by HDAC1 disappear thus allowing Pax7 repression and promoting 
myoblast differentiation [43]. Soon after, Liu et al. showed that loss of miR-206 
results in upregulation of Pax7, notch receptor 3 (Notch3), and insulin-like growth 
factor-binding protein 5 (Igfbp5) in differentiating miR-206 KO SCs compared 
with WT cells, implying that repression of these inhibitors of myogenesis accounts, 
at least in part, for the stimulatory influence of miR-206 on SC differentiation and 
skeletal muscle regeneration [44]. As miR-1, miR-206 also promotes myoblast 
differentiation by targeting Hdac4 [53] and induces a cell cycle arrest through the 
repression of DNA polymerase alpha 1 (Pola1, catalytic subunit), a specific subunit 
of DNA polymerase α [45]. miR-1 and miR-206 also work coordinately, downregu-
lating gap junction protein (Gja1, alpha also known as Connexin 43) expression 
during myoblast fusion as Anderson et al. had shown previously [46]. Dey et al. also 
corroborated that miR-206 targets Pax7 mRNA [47] and, in the same work, they 
also demonstrated that miR-486 exerts the same effect in order to promote initial 
muscle differentiation. Regarding this miR, Alexander et al. showed that miR-486 
targets phosphatase and tensin homolog (Pten), platelet-derived growth factor 
receptor beta (Pdgfrβ), Foxo1, serine and arginine-rich splicing factor 1 (Sfrs1), 
and serine and arginine-rich splicing factor 3 (Sfrs3) mRNAs. Proteins derived 
from these mRNAs comprise the PTEN/AKT pathway, which is essential for normal 
cellular proliferation [48–50]. Thus, miR-486 overexpression and consequent 
PTEN/AKT pathway inhibition are required for proper myoblast differentiation as 
well. A role for miR-133 in myogenic differentiation has also been proposed. Thus, 
Feng et al. showed that miR-133 promotes muscle precursor cells differentiation by 
downregulating two members of the pro-proliferation ERK1/2 signaling pathway, 
fibroblast growth factor receptor 1 (Fgfr1), and protein phosphatase 2 (Pp2ac, cata-
lytic subunit, alpha isozyme) [51]. All together, these data bring out the important 
role carried out by myomiRs during early steps of muscle differentiation (Table 1 
and Figure 2).

Focusing on non-muscle-specific miRs involved in myogenic differentiation, 
another miR with a relevant importance during muscle differentiation is miR-29. 
miR-29 seems to promote myogenesis by downregulating multiple targets related 
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to the NF-kB signaling pathway. In this sense, Wang et al. unraveled a myogenic 
circuit that involves constitutive activity of NF-kB in myoblasts regulating the YY1 
transcription factor, which subsequently suppresses the miR-29 promoter activity 
by recruiting the enhancer of zeste homolog 2 (histone methyltransferase, EZH2) 
as well as the histone deacetylase protein HDAC1, thus maintaining cells in an 
undifferentiated state [72]. In this regard, Zhou et al. later showed that miR-29 is 
able to directly target the RING1- and YY1-binding protein (Rybp) [52]. RYBP is a 
negative regulator of skeletal myogenesis, which, together with EZH2 and HDAC1, 
functions as a corepressor of YY1 to silence miR-29 promoter [52]. Thus, as dif-
ferentiation ensues, downregulation of the NF-kB-YY1 pathway, RYBP, and EZH2 
lead to upregulation of miR-29 that in turns further decreases YY1 and Rybp levels 
to ensure proper differentiation into myotubes. As miR-1 and miR-206, miR-29 also 
promotes myoblast differentiation by targeting Hdac4 [53]. In addition, miR-29 
targets AKT serine/threonine kinase 3 (Akt3), a member of the serine/threonine 
protein kinase family responsive to growth factor cell signaling, to reduce prolif-
eration and facilitate differentiation of precursor muscle cells in skeletal muscle 
development [54] (Table 1 and Figure 2).

Another non-muscle-specific miR whose expression is upregulated during myo-
genic differentiation is miR-26a. The important role of miR-26 in inducing muscle cell 
differentiation had also been previously demonstrated by Wong et al., who showed 
that miR-26 acts to posttranscriptionally repress Ezh2, a known suppressor of skeletal 
muscle cell differentiation that belongs to the polycomb group (PcG) of proteins that 
suppress gene transcription through histone methylation, thus promoting miR-29 
promoter activity as we have previously indicated [55]. In addition, Dey et al. showed 
that miR-26a directly targets SMAD family member 1 (Smad1) and SMAD family 
member 4 (Smad4), two critical transcription factors that belong to TGF-β/BMP 
pathway, whose activity inhibits myogenesis [56] (Table 1 and Figure 2).

miR-214 upregulation is also required for myogenesis. During SCs’ activation 
and proliferation, EZH2 is highly expressed in the generated myoblasts, thus allow-
ing PcG proteins to repress transcription from the intronic region containing miR-
214 [57]. The initial phase of cell differentiation is characterized by reduced Ezh2 
expression and consequent derepression of the miR-214 locus. Then, in a negative 
feedback, miR-214 targets Ezh2 mRNA, thus reducing its translation [57]. At this 
point, the continuous PcG disengagement leads to recruit MyoD/MyoG to the 
miR-214 promoter, thus enhancing its transcription [57]. This negative feedback, 
together with miR-26a via Ezh2, contributes to enhance miR-29 promoter activity. 
On the other hand, miR-214 is also able to promote myogenic differentiation by 
facilitating exit from mitosis via downregulation of neuroblastoma ras oncogene 
(N-ras) [58]. Regarding to the effect that MyoD exerts over miR-214 promoter, 
Naguibneva et al. demonstrated that homeobox A11 (HoxA11), a negative regula-
tor of MyoD expression, is a direct target of miR-181 during mammalian muscle 
differentiation. Thus, under differentiation conditions, miR-181 is upregulated, 
resulting in downregulation of HoxA11 and the consequent release of MyoD expres-
sion [59]. MyoD also binds in close proximity to the miR-378 gene and causes its 
transactivation [60]. Parallelly, this miR targets MyoR mRNA, thus avoiding the 
antagonist effect of MYOR over MYOD, constituting a feed-forward loop where 
MyoD indirectly downregulates MyoR via miR-378 [60]. Besides, by using chicken 
myoblasts, Wang et al. have described how miR-205a is regulated by myogenin 
(MyoG) transcription factor, which can bind to the promoter region of miR-205a 
gene in chicken, thus inducing its expression. The upregulation of miR-205a can 
inhibit myoblast proliferation and promote myoblast differentiation by its repres-
sion on cadherin-11 (CDH11), a crucial regulator of postnatal skeletal growth [61] 
(Table 1 and Figure 2).
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repressive effect over miR-15b, miR-23b, miR-106b, and miR-503 promoters, thus 
allowing Ccnd1 and Ccnd2 mRNA to be translated. On the other hand, this Pitx2 
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off proliferative signals and upregulate structural genes turning simple individual 
cells into a complex syncytium with the ability to coordinately contracts. In this 
scenario, miRs have also been described as essential molecules. Focusing on myo-
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have shown that, in SCs, miR-206 is specifically repressed by histone deacetylase 1 
(HDAC1), but under differentiation conditions, repressive effect over miR-206 pro-
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downregulating two members of the pro-proliferation ERK1/2 signaling pathway, 
fibroblast growth factor receptor 1 (Fgfr1), and protein phosphatase 2 (Pp2ac, cata-
lytic subunit, alpha isozyme) [51]. All together, these data bring out the important 
role carried out by myomiRs during early steps of muscle differentiation (Table 1 
and Figure 2).

Focusing on non-muscle-specific miRs involved in myogenic differentiation, 
another miR with a relevant importance during muscle differentiation is miR-29. 
miR-29 seems to promote myogenesis by downregulating multiple targets related 
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negative regulator of skeletal myogenesis, which, together with EZH2 and HDAC1, 
functions as a corepressor of YY1 to silence miR-29 promoter [52]. Thus, as dif-
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lead to upregulation of miR-29 that in turns further decreases YY1 and Rybp levels 
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muscle cell differentiation that belongs to the polycomb group (PcG) of proteins that 
suppress gene transcription through histone methylation, thus promoting miR-29 
promoter activity as we have previously indicated [55]. In addition, Dey et al. showed 
that miR-26a directly targets SMAD family member 1 (Smad1) and SMAD family 
member 4 (Smad4), two critical transcription factors that belong to TGF-β/BMP 
pathway, whose activity inhibits myogenesis [56] (Table 1 and Figure 2).

miR-214 upregulation is also required for myogenesis. During SCs’ activation 
and proliferation, EZH2 is highly expressed in the generated myoblasts, thus allow-
ing PcG proteins to repress transcription from the intronic region containing miR-
214 [57]. The initial phase of cell differentiation is characterized by reduced Ezh2 
expression and consequent derepression of the miR-214 locus. Then, in a negative 
feedback, miR-214 targets Ezh2 mRNA, thus reducing its translation [57]. At this 
point, the continuous PcG disengagement leads to recruit MyoD/MyoG to the 
miR-214 promoter, thus enhancing its transcription [57]. This negative feedback, 
together with miR-26a via Ezh2, contributes to enhance miR-29 promoter activity. 
On the other hand, miR-214 is also able to promote myogenic differentiation by 
facilitating exit from mitosis via downregulation of neuroblastoma ras oncogene 
(N-ras) [58]. Regarding to the effect that MyoD exerts over miR-214 promoter, 
Naguibneva et al. demonstrated that homeobox A11 (HoxA11), a negative regula-
tor of MyoD expression, is a direct target of miR-181 during mammalian muscle 
differentiation. Thus, under differentiation conditions, miR-181 is upregulated, 
resulting in downregulation of HoxA11 and the consequent release of MyoD expres-
sion [59]. MyoD also binds in close proximity to the miR-378 gene and causes its 
transactivation [60]. Parallelly, this miR targets MyoR mRNA, thus avoiding the 
antagonist effect of MYOR over MYOD, constituting a feed-forward loop where 
MyoD indirectly downregulates MyoR via miR-378 [60]. Besides, by using chicken 
myoblasts, Wang et al. have described how miR-205a is regulated by myogenin 
(MyoG) transcription factor, which can bind to the promoter region of miR-205a 
gene in chicken, thus inducing its expression. The upregulation of miR-205a can 
inhibit myoblast proliferation and promote myoblast differentiation by its repres-
sion on cadherin-11 (CDH11), a crucial regulator of postnatal skeletal growth [61] 
(Table 1 and Figure 2).
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H19 long noncoding RNA and its encoded miRNAs, miR-675-3p, and miR-675-5p 
are expressed in the skeletal muscles and also are upregulated during myoblast dif-
ferentiation and muscle regeneration [62]. Dey et al. have shown that MiR-675-3p 
targets Smad1 and SMAD family member 5 (Smad5) mRNAs, while miR-675-5p 
represses cell division cycle 6 (Cdc6) mRNA. Consequently, through SMAD1 and 
SMAD5 proteins’ downregulation, miR-675-5p induces a repression of BMP pathway 
as well as a repression of DNA replication through CDC6 protein downregulation, thus 
promoting myoblast differentiation [62]. Similarly, Kong et al. have also shown that 
miR-17 targets Ccnd2, Janus kinase 1 (Jak1) and ras homolog family member C (Rhoc) 
mRNAs. These genes are critical for cell proliferation and/or fusion, hence their inhibi-
tion promotes differentiation of precursor muscle cells [63]. In this sense, Wang et al. 
have also shown that miR-34b represses the proliferation and promotes the differentia-
tion of myoblasts by targeting insulin-like growth factor-binding protein 2 (IGFBP2) 
[64] (Table 1 and Figure 2).

miR-664 induces myogenic differentiation through targeting Wnt family 
member 1 (Wnt1), hence blocking the canonical Wnt/β-catenin signaling pathway 
[34]. In this regard, Alexander et al. unraveled a SRF/MRTF-dependent mechanism 
for the induction of miR-199a transcription during myoblast differentiation [65]. 
In this stage, miR-199a represses WNT2, FZD4, and JAG1 and subsequently down-
regulates WNT signaling to allow for normal myogenic differentiation to occur [65]. 
In this work, the authors also indicate that, in previous stages, miR-199a-5p tran-
scription is likewise repressed by YY1, as happened with miR29 promoter (Table 1 
and Figure 2).

miRNAs can also negatively modulate myoblast differentiation. Thus, it has been 
shown that miR-487b must be downregulated in order to avoid its suppressive effect 
over Irs1 mRNA, as happens during proliferation stage [38]. The MEF2 proteins 
are transcription factors that act in conjunction with myogenic regulatory factors 
(MRFs) to regulate muscle differentiation [73]. In this sense, Seok et al. showed that 
miR-155 represses myoblast differentiation by repressing Mef2a mRNA, hence miR-
155 downregulation is necessary to prevent Mef2a downregulation and to induce 
a proper myoblast differentiation [66]. In a newfangled fashion lnc-mg, a long 
noncoding RNA that promotes myoblast differentiation [74] has been described to 
act as a competing endogenous RNA (ceRNA) sponging miR-351, thus reducing the 
effect of miR-351 on its direct target lactamase-β (LACTB) to promote myoblast 
differentiation [67] (Table 1 and Figure 2).

MiRs are also capable to regulate structural proteins needed at last stages of 
myoblast differentiation. Regarding this, Wang et al. showed that miR-23a prevents 
myogenic differentiation through downregulation of fast myosin heavy chain 
isoforms. Thus, downregulation of miR-23a during final steps of muscle differen-
tiation allows myotubes to express the myosin heavy chain genes Myh1, Myh2, and 
Myh4 [68] (Table 1 and Figure 2).

5. miRNAs and muscle cells in muscular dystrophies

Primary muscular disorders are the consequence of a disease that directly affects 
skeletal muscle [75]. Among them, the most important group, in terms of number 
of people affected as well as economic impact generated in the developed world, 
are muscular dystrophies. These pathologies are inherited myogenic disorders 
characterized by progressive muscle wasting and weakness of variable distribution 
and severity [76]. The genes and their protein products that cause most of these 
disorders have now been identified [76]. However, miRNAs misregulation related to 
them still remains poorly understood. In this section, we focus in the understanding 
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of how miRNAs act in regulating muscle cells in the context of Duchenne muscular 
dystrophy (DMD) and myotonic dystrophy (DM), the most common inherited 
muscle diseases of childhood and adulthood, respectively. In addition, we discuss 
current miR-related molecular diagnosis and therapy approaches implemented in 
the field in order to ameliorate the progression of these pathologies by modulating 
muscle precursor biology.

5.1 miRNA in muscle precursor cells in the context of muscular dystrophies

DMD is the most severe form of muscular dystrophies. It is the most common 
inherited muscle disease of childhood afflicting approximately 1 in 3500 young 
males [77]. It is characterized as a muscular disorder caused by mutations in the 
dystrophin gene located on the short arm of the X chromosome. The absence of, or 
defects in, dystrophin results in chronic inflammation, progressive muscle degenera-
tion, and replacement of muscle with fibroadipose tissues [77]. DMD patients often 
lose independent ambulation by the time they reach 13 years of age and generally die 
of respiratory failure in their late teens or early twenties [78]. Myotonic dystrophy 
type 1 (DM1) and type 2 (DM2) represent the most frequent multisystemic muscular 
dystrophies in adulthood [79]. DM1 and DM2 are rare disorders caused by noncod-
ing intragenic repeat tract expansions of CTG (DMPK gene) and CCTG (CNBP1 
gene), which are pathogenic above 50 or 75 units, respectively [80, 81]. DM patients 
have primarily affected skeletal musculature and display muscle weakness (myopa-
thy), muscle wasting (atrophy), and myotonia as the most recognized signs [79, 81]. 
DM1 and DM2 are characterized as multisystem progressive disorders, with the most 
frequent causes of death being respiratory failure and heart conduction defects.

Comprehensive miRNA expression profiling has revealed that miRNA dysregu-
lation is a common feature in DMD and DM muscles. Nevertheless, the specific 
role that this dysregulation exerts over dystrophic muscle precursor cell biology is 
poorly understood. In this sense, Alexander et al. showed that miR-486 is down-
regulated in human DMD myoblast during myogenic differentiation as they are 
compared with wild type [50]. As we have mentioned before, this miR acts as a 
negative regulator of the PTEN/AKT signaling components and their downstream 
effector during skeletal muscle regeneration [50]. Lack of miR-486 PTEN/AKT 
signaling deregulation worsens myoblast differentiation and, consequently, could 
aggravate the DMD phenotype. Hence, modulation of the PTEN/AKT signaling 
pathway through miR-486 expression has the potential to be a therapy for treat-
ing DMD. Nevertheless, this hypothesis remains elusive. The same group has also 
showed that miR-199a is overexpressed in human DMD myoblast during myogenic 
differentiation as they are compared with wild type [65]. As we have mentioned 
before, miR-199a acts as a potential regulator of myogenesis through suppression of 
WNT signaling factors that act to balance myogenic cell proliferation and differen-
tiation. Alexander et al. showed how muscle-specific overexpression of miR-199a 
transcript in vivo results in myofiber disruption and early lethality in zebrafish. 
However, in this work, the authors use a mylz2-promoter sequence to drive miR-
199a-5p expression in skeletal muscle. This promoter is active specifically in zebraf-
ish skeletal muscle fibers, excluding muscle stem cell progenitors [82], hence the 
effect of miR-199a overexpression in muscle precursor cells still remain unknown. 
Nevertheless, modulation of miR-199a also emerges with an important potential 
to be a therapy for treating DMD. In a more specific approach, de Arcangelis et al. 
showed that the expression level of miR-222 was 50% higher in SCs from dystrophic 
mdx muscles than in wild type cells. This leads to the decrease in β1-syntrophin 
expression by specifically binding to the 3′-UTR of β 1-syntrophin, a component 
of dystrophin-associated protein complex (DAPC), suggesting that the absence 
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of how miRNAs act in regulating muscle cells in the context of Duchenne muscular 
dystrophy (DMD) and myotonic dystrophy (DM), the most common inherited 
muscle diseases of childhood and adulthood, respectively. In addition, we discuss 
current miR-related molecular diagnosis and therapy approaches implemented in 
the field in order to ameliorate the progression of these pathologies by modulating 
muscle precursor biology.
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males [77]. It is characterized as a muscular disorder caused by mutations in the 
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dystrophies in adulthood [79]. DM1 and DM2 are rare disorders caused by noncod-
ing intragenic repeat tract expansions of CTG (DMPK gene) and CCTG (CNBP1 
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negative regulator of the PTEN/AKT signaling components and their downstream 
effector during skeletal muscle regeneration [50]. Lack of miR-486 PTEN/AKT 
signaling deregulation worsens myoblast differentiation and, consequently, could 
aggravate the DMD phenotype. Hence, modulation of the PTEN/AKT signaling 
pathway through miR-486 expression has the potential to be a therapy for treat-
ing DMD. Nevertheless, this hypothesis remains elusive. The same group has also 
showed that miR-199a is overexpressed in human DMD myoblast during myogenic 
differentiation as they are compared with wild type [65]. As we have mentioned 
before, miR-199a acts as a potential regulator of myogenesis through suppression of 
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199a-5p expression in skeletal muscle. This promoter is active specifically in zebraf-
ish skeletal muscle fibers, excluding muscle stem cell progenitors [82], hence the 
effect of miR-199a overexpression in muscle precursor cells still remain unknown. 
Nevertheless, modulation of miR-199a also emerges with an important potential 
to be a therapy for treating DMD. In a more specific approach, de Arcangelis et al. 
showed that the expression level of miR-222 was 50% higher in SCs from dystrophic 
mdx muscles than in wild type cells. This leads to the decrease in β1-syntrophin 
expression by specifically binding to the 3′-UTR of β 1-syntrophin, a component 
of dystrophin-associated protein complex (DAPC), suggesting that the absence 
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of β1-syntrophin could worsen the disease [83]. Nevertheless, the authors did not 
explore downstream effects mediated by miR-222 overexpression in SCs, hence its 
impact in muscle precursor cells still remains elusive.

To obtain primary dystrophic muscle precursors cell cultures, either SCs or their 
derived myoblasts, is an extreme difficult task to achieve since their pathological 
backgrounds prevent their proper expansion in vitro. Some groups have tried to par-
tially solve this problem by obtaining myogenic cell lines from dystrophic patients 
derived from immortalized fibroblasts by using retroviral-mediated expression 
of murine MyoD under the control of the Tet-on inducible construct or by trans-
duction of the TERT and inducible Myod genes [84, 85]. By using this approach, 
Fernandez-Costa et al. showed that, as happened in DM1 Drosophila model muscle 
cells, myogenic cell lines derived from DM1 patients showed a downregulation of 
miR-1, miR-7, and miR-10, demonstrating the conservation of miRNA dysregula-
tion triggered by expanded CTG repeats between the Drosophila model and humans 
[85]. Although overexpression of some of their putative targets was validated by 
RT-qPCR, the mechanisms by which this downregulation induces in DM1-myoblast 
maturation still remains unknown. Similarly, Cappella et al. showed a significant 
miRNA29c downregulation in human DM1 myotubes [84]. Since miRNA29c targets 
ankyrin repeat and SOCS box containing 2 (Asb2), a subunit of a multimeric E3 
ubiquitin-ligase complex that negatively regulates muscle fiber mass [84], miR-
NA29c downregulation in DM1 could affect total muscle mass and worsen disease 
progression. In agreement with Cappella et al., Wang et al. (2012) have demon-
strated that the loss of miR-29 impairs myogenic differentiation in mdx myoblasts 
[86]. This impairment may be due to the control exercised by miR29 in fibrosis.

In this regard, we must stress that miR-29-family miRNAs display a crucial role 
in the regulation of extracellular matrix genes and in fibrosis [87]. The replacement 
of muscle with fibroadipose tissues is a major pathological hallmark of DMD and 
DM [77, 84]. The canonical TGF-β/Smad signaling pathway, a well-known pathway 
involved in fibrosis formation, appears to negatively regulate the expression of miR-
29, thereby promoting the conversion of myoblasts in myofibroblasts [86, 88]. During 
this transdifferentiation, activated TGF-β signaling induces Smad3 translocation 
into nucleus where it binds to miR-29 promoter, resulting in MyoD dissociation as 
well as YY1/Ezh2 stabilization. This causes a loss of miR-29 expression and increased 
expression of collagens and Lims1, leading to the transdifferentiation of myoblasts 
into myofibroblasts. All together, these data suggest that miR-29 could be an impor-
tant molecular target for treating fibrosis associated to DMD and DM phenotypes.

Beyond the mere description, the works presented in this section provide us 
with very valuable information that can help us find new therapeutic targets on 
which to focus the development of drugs that would help us to alleviate the effects 
of dystrophic pathologies. We will discuss this issue in the next section.

5.2 miRNA as therapeutic targets in DMD and DM

As we have previously illustrated, several miRNAs are significantly dysregulated 
in DMD and DM muscular dystrophies and are able to modify muscle cell behavior 
in this context. For those downregulated, miRNA replacement can be conducted 
to restore its function by introducing a miRNA mimic product. The miR mimic 
technology utilizes synthetic, modified oligonucleotides that can bind to the unique 
sequence of target genes (mRNAs) in a gene-specific manner and elicit posttran-
scriptional repressive effects as an endogenous miRNA does [89]. Alternatively, 
application of miR mimics targeting the disease-causing genes to prevent their 
upregulation may be an efficient maneuver to tackle the problem [89]. For those 
miRNAs upregulated, inhibition can be conducted by using antimiR products. 
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Different types of antimiR products exist based on their mechanism of action. As 
happens for the miRNA mimic product, antimiRs comprise numerous classes of 
chemically modified oligonucleotides and nucleic acid analogs like locked nucleic 
acids (LNAs), 2′-O-methyl (2′-O-Me) oligos, 2′-O-methoxyethyl (2′-O-MOE) 
oligos, antagomiRs, peptide nucleic acids (PNAs), and phosphorodiamidate mor-
pholinos (PMOs) [90]. These chemical modifications are implemented to provide 
resistance to cellular nucleases and to increase affinity toward complementary 
miRNA sequences [91, 92]. In addition, some antimiRs have flanking sequences or 
are connected to lipids through the use of linkers [93]. All the molecules that we 
have mentioned so far induce transient effects either because they are diluted by 
successive cell divisions or because they are metabolized in the cytoplasm [93]. To 
achieve long-term suppression of a specific miRNA, specialized plasmid and virus 
vectors carrying expression units for these inhibitory RNA molecules have also been 
developed [94]. In this regard, as an alternative to chemically modified antisense 
oligonucleotides, Ebert et al. developed miRNA inhibitors that can be expressed 
in cells as RNAs produced from transgenes [95]. Termed “miRNA sponges,” these 
competitive inhibitors are transcripts expressed from strong promoters, containing 
multiple, tandem binding sites to an miRNA of interest. When vectors encod-
ing these sponges are transfected into cultured cells, sponges derepress miRNA 
targets at least as strongly as chemically modified antisense oligonucleotides [95]. 
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These miRNA sponge vectors inhibit miRNA function efficiently but for no longer 
than 1 month [96]. This problem has been partially solved by the development of 
“tough decoy RNAs” technology [93, 96]. Tough decoy inhibitor is a 60 base pair 
long hairpin-shaped inhibitor with a large internal bulge containing two miRNA 
recognition sites [93, 96]. Through plasmid- or lentivirus-based vectors, these 
molecules are efficiently exportable to the cytoplasm, where they target the highly 
potent miRNA inhibitory system which persists for well over 1 month [93, 96]. 
In the field of muscular dystrophies, many of these approaches have been tested 
in vitro and in vivo with animal models (Table 2). However, doubts related to 
the safety and efficiency of delivery still discourage the use of these molecules in 
humans.

6. Conclusions and perspectives

At present, a critical point for the development of effective strategies for treating 
muscle disorders is optimizing approaches to target muscle stem cells in order to increase 
the ability to regenerate lost tissue. In the context of muscle regeneration, emerging 
scientific evidence supports that miRNAs play a critical role in skeletal muscle, as they 
are required for the development and differentiation of this tissue. In addition, deregula-
tion of miRNAs in muscle degenerative diseases suggests that gene-based therapies of 
miRNAs can be effective in treating muscle-related disorders. In this sense, restoration 
of non-pathological level of miRs expression would help to ameliorate these pathologies. 
Although many in vitro approaches have been accomplished in this regard, in vivo strate-
gies remain poorly explored since the main shortcoming of the field lies in the ineffec-
tive delivery of either mimics or antimiR molecules. These molecules must overcome 
numerous roadblocks as canonical physiological pharmacokinetic and cellular uptake 
barriers as well as noncanonical barriers, such as intracellular miRNA localization and 
trafficking, off-target toxicities, and other intrinsic limitations. Improvement in this task 
will be the upcoming challenge for the next years by looking for strategies that allow us 
to aim these molecules in a specific fashion to muscle progenitor cells, thus minimizing 
the off-target effects of non-muscle tissues.
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Chapter 4

Role of Growth Factors and 
Apoptosis Proteins in Cognitive 
Disorder Development in 
Patients with Duchenne Muscular 
Dystrophy
Mariia Georgievna Sokolova  
and Ekaterina Valentinovna Lopatina

Abstract

Duchenne muscular dystrophy (DMD) is a progressive neuromuscular disease; 
it occurs due to a mutation in the dystrophin protein gene; as a result, the protein 
is not synthesized and muscle tissue dies. On the one hand, we can say that this 
disease has been sufficiently studied; however, it is still incurable, and there are 
a number of issues remaining unclear in terms of the development of progressive 
dementia as a symptom in 30% of patients with Duchenne muscular dystrophy. 
We conducted a study at the intersection of molecular genetic, neurological, and 
enzyme-linked immunosorbent patients’ blood tests and experiments in organo-
typic culture, which allowed us to determine important points in the development 
of cognitive disorders in patients with Duchenne muscular dystrophy and identify a 
significant effect of growth factor concentration in patients. The chapter will pres-
ent data on neurotrophic regulation in patients with Duchenne muscular dystrophy 
(by the best-studied neurotrophins), demonstrate special aspects of neuron-
myocyte interaction, and broaden the understanding of the role of apoptosis and 
synthase proteins in the development of this disease. We would like to highlight the 
importance of prognostic criteria for the development of cognitive impairment and 
possible therapeutic measures to prevent progressive dementia

Keywords: Duchenne muscular dystrophy, cognitive disorders, pathogenesis, 
mutations in dystrophin gene, brain-derived neurotrophic factor (BDNF), nerve 
growth factor (NGF), ciliary neurotrophic factor (CNTF), immunoenzyme method, 
blood serum

1. Introduction

Nowadays, researchers have greatly succeeded in understanding the pathogenesis 
of Duchenne muscular dystrophy (DMD); numerous studies resulted in drugs that 
can treat some forms of DMD, affecting the course of the disease, converting it from 
a malignant form to a benign one, and thus increasing locomotion ability of patients 
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[1]. However, the study of cognitive impairment pathogenesis in DMD patients 
and a search for drug therapy for these disorders remain an important issue. It is a 
well-known fact that genetically DMD is caused by mutations in the gene encoding 
the dystrophin protein, which is a part of the dystrophin-glycoprotein complex and 
appears both in muscle and nerve cells, being involved in functioning of voltage-
dependent channels and in synaptogenesis [2]. The gene encoding the dystrophin 
protein is the largest human gene, has 5 promoters, has 80 exons, is 24,000 kilobase 
long, and encodes a 427 kilodaltons protein. [3]. One of the key characteristics of 
dystrophin is its large number of tissue-specific isoform pairs. So far, researchers 
have identified more than a dozen isoforms expressed by internal promoters, Dp427, 
Dp260, Dp140, Dp116, and Dp71, and located in various organs: the lymphocytes, 
kidneys, cerebral cortex, cerebellum, peripheral nerves, Schwann’s sheath, and retina 
[4–7]. The dystrophin gene has a high frequency of mutations: both point mutations 
as nucleotide substitutions and extended mutations as deletions and recombinations 
[8, 9]. Deletions are unevenly distributed along the gene length; they are more likely 
to be found in hotspots: 50–52 or 42–44 exons. Mutant protein forms in the body lead 
to dysfunctions of the dystrophin-glycoprotein complex and muscle-nervous system 
[10]. It is believed that a changed expression of the Dp140 isoform is one of the 
factors leading to cognitive impairment development in patients with DMD [11]. For 
example, researchers found that DMD patients with a mutation in promoters of the 
Dp140 and Dp71 isoforms have IQ index lower than in the case of Dp260 and Dp116 
promoter mutations [12]. Still, some researchers associate frequency and severity of 
mental retardation in DMD patients with the absence of several dystrophin isoforms 
encoded in the distal end of the gene [13]. Although dystrophin gene mutations have 
long been recognized as a cause of mental retardation in DMD patients, there are 
cases when such patients do not have a pronounced cognitive deficit [14].

So, there is still much to be discovered about the occurrence mechanism of 
cognitive disorders in DMD patients, and some issues are still open to debates. We 
think that cognitive impairment in DMD patients relies on a combination of mecha-
nisms, leading to a cognitive defect. Among such mechanisms are well-studied 
molecular genetic factors, distal location of the mutation in the DMD gene or effect 
from various combinations of impaired synthesis of DMD protein isoforms (Dp140, 
Dp116, Dp260, and Dp71); on the other hand, none the less important are bio-
chemical factor-associated neurotrophic regulation and apoptosis mechanisms, but 
these factors are not so well-studied. Regrettably, things we know about physiology 
of higher nervous activity in terms of neurotrophic regulation are not enough for a 
comprehensive picture to explain the role of growth neurotrophic factors in cogni-
tive disorder development. However, we know that neurotrophic factors, being 
polypeptide compounds, are synthesized by neurons and glia cells, get involved in 
the regulation of growth and differentiation processes, and ensure viability of the 
nervous tissue and its functions, both in terms of individual neurons and the whole 
nervous system [15]. Neurotrophins are also involved in synaptic plasticity regula-
tion; they are known to form neuron cytoskeleton, new synapses, and receptors, 
and they are important for structural ordering of neurons or neuronal groups [16]. 
Researchers found that polypeptide growth factors are involved in the growth of 
axons and dendrites, trophic membrane receptors, release of neurotransmitters, 
and functioning of synapses. So far, the most well-studied neurotrophins, with a 
very similar structure, are nerve growth factor (NGF) and brain-derived neuro-
trophic factor (BDNF). Neurotrophic factors also include two subfamilies: glial 
cell-derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF). 
In the human body, neurotrophins are synthesized by a target cell, then diffuse 
toward the neuron, and bind to receptor molecules on its surface, which causes an 
active axon growth (sprouting) and dendritic branching (arborization) [17, 18]. 
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So, the axon reaches a target cell and comes into a synaptic contact. Neurotrophins 
can act both locally, within the same cell population, and remotely, circulating with 
the blood flow [19]. Neurotrophins make their effect on a neuron through a contact 
of polypeptide ligands with tyrosine kinase receptors (Trk-A, Trk-B, Trk-C) and 
low-affinity p75 receptor [20–22]. Neurotrophins trigger a regulating mechanism 
of cell growth and differentiation by activating a protein kinase cascade called 
mitogen-activated protein kinase, the MAP kinase pathway [23]. The pathway is 
activated by Grb2 tyrosine phosphorylation; the Grb2 is a protein that contains SH2 
and S3 domains (sre homology region). After a series of cascading reactions, the 
phosphorylated MAP kinase goes through a nuclear membrane and phosphorylates 
various gene transcription factors in the nucleus. The resulting gene transcription 
changes trigger proliferation, differentiation, and maintenance of neuron viability.

NGF is a trophic factor essential for survival and differentiation of nerve cells in 
the central and peripheral nervous system; it binds to the low-affinity p140 receptor 
and the high-affinity tyrosine kinase receptor (Trk-A). Myocytes and neurons serve 
as target cells and secrete neurotrophin, which then binds to receptor ligands on 
the cell surface, gets captured by a neuron, undergoes endocytosis, and gets retro-
gradely transported to the nerve cell soma. There, NGF directly affects the nucleus, 
by changing the generation of enzymes in charge of neurotransmitter synthesis and 
axon growth.

BDNF is a dimer with a total molecular weight of 27.2 kDa; its structure is simi-
lar to that of NGF. Like other neurotrophins, BDNF is involved in the development 
and survival of brain neurons, including sensory neurons, dopaminergic neurons 
of the substantia nigra, and cholinergic neurons of the forebrain, hippocampus, 
and retinal ganglia. Researchers found both mature BDNF forms and pro-BDNF 
precursors in the central nervous system [24]. It is interesting to study the relations 
of BDNF expression to the activity of glutamate receptors, commonly found in the 
central nervous system. It is supposed that BDNF controls the balance between glu-
tamate and (GABA)-ergic systems and has multiple other functions; for instance, 
when the nervous system is developed, BDNF is involved in synapse formation as 
well as differentiation, maturation, and survival of neurons.

CNTF is a single-chain polypeptide with 200 amino acid residues and has a 
molecular weight of 22.7 kDa. It is involved in the survival and differentiation of 
nervous system cells. High concentrations of CNTF can cause apoptosis. Some 
researchers believe that CNTF is also involved in glial cell differentiation.

There are many researches that prove that growth polypeptides can be treated 
as key regulators of cognitive functions and memory retaining processes. Recently, 
it has been positively proven that NTF growth factors introduced into the brain 
parenchyma ensure the preservation of brain tissue in critical periods, by protecting 
neurons from the damaging effects of destructive agents [25–28].

2. Materials and methods

Our research clarified the role of growth factors and apoptosis proteins in 
cognitive disorder pathogenesis in patients with Duchenne muscular dystrophy. 
There were 36 male DMD patients aged 5–22 years (average age was 13.7 years) fol-
lowed up by us in the clinic of North-Western State Medical University named after 
I.I. Mechnikov, in a stationary unit, and as part of the on-call service of the Saint 
Petersburg Children’s Hospice. The control group consisted of 30 healthy people 
(7–22 years old, average age 13.8 years). Clinical, molecular genetic, and laboratory 
tests were carried out. The clinical and neurological examination was conducted 
according to a generally accepted protocol with inclusion of neuropsychological 
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testing to determine the severity of cognitive disorders. The following methods 
were used to test the memory: the method of memorizing 10 words; memorizing 
9 geometric shapes; delayed reproduction of 10 words and 9 geometric shapes; 
and Muchnik-Smirnov “double test.” Two methods were used for the thinking test, 
“comparison of concepts” and “directed verbal associations”; attention tests were 
performed using Schulte tables. We used adapted methods taking into account the 
age characteristics of DMD patients using a scoring system: memory, attention, and 
thinking were evaluated from 1 to 30 points, and then the test results were summed 
up. It helped to differentiate the identified cognitive disorders based on their 
severity into moderate and severe cognitive disorders (from 1 to 30 points, severe 
cognitive disorders; from 31 to 60, moderate disorders; and from 61 points to 90 
points, no disorders). The search for deletions in the dystrophin gene was performed 
using multiplex PCR (20 exons and a promoter region). The search for deletions and 
duplications was performed using multiplex ligation-dependent probe amplification 
(79 exons and a promoter region). We used sets of probes P034 and P035 by MRC 
Holland (the Netherlands). The analysis was performed using an automatic capil-
lary electrophoresis system ABI 3130×1 (Applied Biosystems, USA). The detection 
of point mutations was carried in Cochin Hospital (Paris, France) by next-gener-
ation sequencing with subsequent Sanger verification. Determination of the level 
of neurotrophins and apoptosis proteins is as follows: brain-derived neurotrophic 
factor, nerve growth factor and ciliary neurotrophic factor (CNTF), caspase 8 (K8), 
cytochrome C (CC), apoptosis-regulating proteins Bcl2 and p53 were performed 
using an enzyme immunoassay in blood serum samples. Enzyme immunoassay 
kits by RayBiotech, Inc. were used. The threshold values for the determination of 
BGF, NGF, and CNTF were 20 pg/ml, 14 pg/ml, and 8 pg/ml, respectively; K8, 
0.10 ng/ml; CC, 0.05 ng/ml; and for Bcl2 and p53 proteins, 0.5 ng/ml and 0.33 U/
ml, respectively. DMD patients were divided into two groups based on the pres-
ence of cognitive disorders: group 1, patients without cognitive disorders (n = 17); 
group 2, patients with moderate and severe cognitive disorders (n = 19). In order to 
clarify the role of the mutation location in the DMD gene, patients with confirmed 
mutation were divided into two groups based on the location of the mutation in the 
proximal section of the DMD X chromosome gene (from exon 1 to 40) (n = 8) or 
the distal section from exon 41 to 79 (n = 16). This distribution was caused by the 
data on the role of dystrophin protein isoforms expressed from the distal part of the 
Dp140 and Dp71 genes in the development of cognitive disorders in DMD patients.

The experimental study was carried out in the laboratory of excitable mem-
branes of the FSBES Pavlov Institute of Physiology of the Russian Academy of 
Sciences. Methods of neural tissue culture, morphometric, immunochemical, and 
histological studies were used. In order to study the neurotrophic properties of 
blood plasma in the patients, 5 ml of venous blood was taken on an empty stomach 
in the morning. The blood was centrifuged, the separated plasma was transferred 
to a micro-tube and frozen at a temperature of −80°C. The effect of patients’ blood 
plasma on the growth of spinal ganglia neurites was evaluated using the organo-
typic tissue culture method. An experimental model was based on 10–12-day-old 
chicken embryos, from which spinal ganglia were isolated at the level of the lumbo-
sacral spine (L5-S1).

Spinal ganglia (explants) were placed on the bottom of a Petri dish covered with 
a collagen film. Each Petri dish contained 20–25 explants. In order to attach the 
explants to the collagen substrate, closed Petri dishes were placed in a thermostat 
at 36.8°C for 10 minutes, and then a nutrient medium was added. We used nutrient 
media with a pH of 7.4 of the following composition: 40% Hanks solution; 40% 
Eagle’s medium; 15% veal embryonic serum, for cell cultures, HyClone; 5% chicken 
embryonic extract; with addition of glucose (0.6%), insulin (0.5 u/ml), gentamicin 
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(100 u/ml), glutamine (0.35%). Chicken embryonic extract was made of 
10–12-day-old chicken embryos. Further cultivation of the spinal ganglia explants 
was performed at 37°C and 5% CO2 for 3 days in a CO2 incubator (Sanyo, Japan).

In order to study the patient’s blood plasma parameters and further pharmaco-
logical analysis, 25–30 explants per studied concentration were used, taking into 
account that the experimental test consisted of 10 stages; the average number of 
explants per patient was 250–300 pieces. Same number of explants was used in the 
study of blood plasma of healthy people from the control group. Total number of 
explants studied during the experimental study was 19,000.

When testing blood plasma in tissue culture, blood plasma was added to experi-
mental dishes at the dilution range from 1:100 to 1:2 (1:2, 1:10, 1:50, 1:70, 1:100). 
Control explants were cultured in a standard nutrient medium without an addition 
of blood plasma and in a medium with addition of blood plasma of healthy people 
in the same dilutions. Growth of neurites in tissue culture was studied in vivo using 
a light microscope and various stains and fluorescent agents. In order to evaluate the 
growth activity of neurites in the growth zone of the explant and analyze the data 
obtained, we used a relative criterion—the area index (AI), which was calculated as 
a ratio of the area of the entire explant, including the peripheral growth zone, to the 
initial area of the ganglion (AI = S (CA+GA)/S (CA)) (Figure 1).

The square of the ocular grid of the microscope was taken as a conventional 
unit of area (the side of the square at the magnification of 3.5 × 10 was equal to 150 
microns). Control AI value was taken as 100%.

In order to clarify the biochemical mechanisms involved in pathological cas-
cades in orphan inherited neuromuscular diseases, a test system was developed 
that included a sequential study of the patient’s blood plasma in an organotypic 
tissue culture in a 1:70 dilution, followed by an addition of reagents to the medium: 
synthetic nerve growth factor (100 pg/ml) with subsequent cultivation for 3 days 
and AI calculation. An indirect immunohistochemical method was used to visualize 
the cytoskeleton of neurons in the spinal ganglia and their processes (neurites).

Figure 1. 
Diagram of tissue explants of 10–12-day-old chicken embryo (3 days of cultivation) in an organotypic culture. 
(CA, central area; GA, growth area).
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testing to determine the severity of cognitive disorders. The following methods 
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proximal section of the DMD X chromosome gene (from exon 1 to 40) (n = 8) or 
the distal section from exon 41 to 79 (n = 16). This distribution was caused by the 
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in the morning. The blood was centrifuged, the separated plasma was transferred 
to a micro-tube and frozen at a temperature of −80°C. The effect of patients’ blood 
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Eagle’s medium; 15% veal embryonic serum, for cell cultures, HyClone; 5% chicken 
embryonic extract; with addition of glucose (0.6%), insulin (0.5 u/ml), gentamicin 
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(100 u/ml), glutamine (0.35%). Chicken embryonic extract was made of 
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Control explants were cultured in a standard nutrient medium without an addition 
of blood plasma and in a medium with addition of blood plasma of healthy people 
in the same dilutions. Growth of neurites in tissue culture was studied in vivo using 
a light microscope and various stains and fluorescent agents. In order to evaluate the 
growth activity of neurites in the growth zone of the explant and analyze the data 
obtained, we used a relative criterion—the area index (AI), which was calculated as 
a ratio of the area of the entire explant, including the peripheral growth zone, to the 
initial area of the ganglion (AI = S (CA+GA)/S (CA)) (Figure 1).

The square of the ocular grid of the microscope was taken as a conventional 
unit of area (the side of the square at the magnification of 3.5 × 10 was equal to 150 
microns). Control AI value was taken as 100%.

In order to clarify the biochemical mechanisms involved in pathological cas-
cades in orphan inherited neuromuscular diseases, a test system was developed 
that included a sequential study of the patient’s blood plasma in an organotypic 
tissue culture in a 1:70 dilution, followed by an addition of reagents to the medium: 
synthetic nerve growth factor (100 pg/ml) with subsequent cultivation for 3 days 
and AI calculation. An indirect immunohistochemical method was used to visualize 
the cytoskeleton of neurons in the spinal ganglia and their processes (neurites).

Figure 1. 
Diagram of tissue explants of 10–12-day-old chicken embryo (3 days of cultivation) in an organotypic culture. 
(CA, central area; GA, growth area).



Muscular Dystrophy - Research Updates and Therapeutic Strategies

56

In order to obtain the lifetime information about the condition of cells forming 
in the growth zone of the spinal ganglia explants and the heart tissues, we used a 
hardware-software complex for visualization, processing, and analysis of images 
ZEN_2009 and ZEN_2014 based on laser scanning microscope LSM-710 (Carl Zeiss, 
Germany). Microscopic tests were performed using an equipment of the Center 
for Collective Use “confocal microscopy” of the I. P. Pavlov Institute of Physiology 
of the Russian Academy of Sciences. Visualization of the objects was made using 
Axiostar Plus microscope (Carl Zeiss, Germany). The resulting images were ana-
lyzed using the ImageJ software.

Statistical analysis was performed using STATISTICA 8.0 package (StatSoft®, 
Inc., USA, 2012). The following methods of statistical analysis were used: assess-
ment of the effect of the quality factor on the variance of the quantitative metric 
using the analysis of variance, evaluation of the strength and direction of linear 
association between quantitative variables using parametric Pearson correla-
tion coefficient, nonlinear relationships using Spearman correlation coefficient, 
conformity assessment according to the Shapiro-Wilk test, and determination of 
the numerical characteristics of variables. If the null hypothesis was rejected, the 
median, upper, and lower quartiles of Me [Q25; Q75] were used to test whether the 
empirical distribution law of a random variable corresponds to the theoretical law 
of the normal distribution. Quantitative characteristics were described using the 
arithmetic mean and the standard deviation. The null statistical hypothesis was 
rejected at a significance level of p < 0.05.

3. Results

Thirty-six male patients aged 5–22 years (average age 13.7 years) had Duchenne 
muscular dystrophy with motor disorders as myopathic syndrome, including gen-
eralized muscle weakness, hypotension, as well as pseudohypertrophy. Among the 
examined DMD patients, 63% had the disease debut at the age of 2–5 years, while 
37% had a later onset, at 5–7 years. In 18% of cases, the disease was progressing rap-
idly, and 13% of patients required mechanical ventilation at the time of study. In all 
patients, the disease began with damage to muscles of the pelvic girdle and proxi-
mal legs and was steadily progressive. All patients had elbow, knee, and ankle joint 
contractures of varying severity; 56% of patients had spinal deformities of varying 
severity: scoliosis (25%), kyphoscoliosis (53%), and Friedreich’s ataxia deformity. 
68% of patients suffered from cardiopathy and 57% of patients from pneumopathy. 
EDSS scale grades the patients as follows: 22%, high disability degree (9.5 points), 
bedridden, with a tracheostomy and mechanical ventilation, and requiring full 
nursing care. 64% ranged from 8.0 to 9.0 EDSS points: they moved in a wheelchair 
(motorized), retained self-care hand functions, and could independently chew, 
swallow, and breathe. 10% of patients were graded from 7.0 to 7.5 EDSS points, 
4% 6.0–5.5 points. A neuropsychological study found 33% of cases of pronounced 
cognitive impairment and 19% of moderate cognitive impairment.

A molecular genetic study in DMD patients found genetic polymorphism, with 
82% of cases represented by deletion and duplication mutations in the dystrophin 
protein gene, as 12% by nonsense mutations. Mutations were detected in the DMD 
gene: most frequent mutations occurred from 43 to 50 exons; (n = 8) patients had 
mutations in the proximal end of the DMD gene in X chromosome (from 1 to 40 
exon); and (n = 18) patients had mutations in the distal end from 41 to 79 exon. 
Analysis of mutation location in DMD gene showed that synthesis of dystrophin 
protein isoforms is impaired as follows: Dp260 (n = 18), Dp140 (n = 15), Dp116 
(n = 1), and Dp71 (n = 1). 15 patients had the DMD gene mutation in exons that affect 
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synthesis of two isoforms (Dp260 and Dp140) (n = 15) and 1 patient, more than two 
isoforms (Dp260, Dp140, Dp116, and Dp71) (n = 1). Later, in order to clarify the role 
of mutation location in the DMD gene, we divided patients with confirmed mutations 
into two groups—those with mutation located in the proximal end of the DMD gene 
of X chromosome (from 1 to 40 exon) (n = 8) and those with mutation located the 
distal end from 41 to 70 exon (n = 16). We noticed that DMD patients with a distal 
end location of the DMD gene mutation had more pronounced cognitive impairment. 
However, we received no reliable data about the role of single isoforms of the dystro-
phin protein in development of cognitive impairment, as there had been insufficient 
clinical evidence.

In our study of DMD patients, we analyzed blood concentrations of NGF, 
BDNF, and CNTF growth factors by enzyme immunoassay. BDNF concentra-
tion in DMD patients was at a level comparable to the control group, and in 
some patients BDNF concentration was below the normal level of 21,500 pg/ml 
[18,650; 23,750] with the normal level of 24,454 [20,380; 29,640]. An enzyme-
linked immunosorbent assay showed that serum NGF concentrations in DMD 
patients are 1,550 pg/ml [864; 1,901] higher than in the control group with  
689 pg/ml [365; 987] (p < 0.001). CNTF concentration was higher in the blood 
plasma of DMD patients = 17.8 [12.4; 44.6] than in the control group, with 
the normal level of 14.9 [11.6; 21.6]. Comparing the concentrations of neuro-
trophins (NGF, BDNF, CNTF) in DMD patients, divided by the age, we found 
that patients under 18 showed a statistically significant (p < 0.001) excessive 
concentrations, in comparison with patients over 18. We received statistically 
significant (p < 0.05) results that NGF and BDNF levels are higher in the control 
group under 18 than in the group over 18. Patients with DMD with a mutation 
located in the distal end of the dystrophin protein gene (41 to 79 exon) have 
more pronounced cognitive impairments and a significantly decreased BDNF 
neurotrophin concentration in blood plasma (p < 0.01). DMD patients with 
cognitive impairment (n = 19) had decreased BDNF concentration of 23,670 
[21,700; 30,720] pg/ml vs 32,700 [31,660; 33,750] pg/ml in DMD patients without 
cognitive impairment. We calculated the absolute risk of DMD with cognitive 
impairment by BDNF concentration, as well as odds ratios for the risk, and 95% 
confidence interval for the odds ratios. We divided the BDNF level into two inter-
vals by the pattern of its distribution in the groups under study. Table 1 shows the 
absolute risk of DMD with cognitive disorders and odds ratio of this risk, calcu-
lated by assessing relations between BDNF concentration and the course of DMD.

Having analyzed the distribution pattern of BDNF concentration in the groups, 
we identified two groups of patients—≤31,000 pg/ml and >31,000 pg/ml. The 
minimal risk of DMD with cognitive impairment made 20% (2 out of 10 patients) 

BDNF 
concentration, 
pg./ml

DMD course 
without any 

cognitive disorders

DMD course with 
development of 

cognitive disorders

Odds 
ratio 
(OR)

95% confidence 
interval of the 

odds ratio (CI OR)

Abs. 
number

% Abs. 
number

%

>31,000, n = 10 8 80 2 20 * *

≤31,000, n = 20 5 25 15 75 12.0 1.9–76.4

Total, n = 30 64 42.7 86 57.3
*The comparison group or the minimum predicted risk group.

Table 1. 
Assessment of the absolute risk of developing cognitive disorders in DMD depending on BDNF concentration.
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of the Russian Academy of Sciences. Visualization of the objects was made using 
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lyzed using the ImageJ software.
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tion coefficient, nonlinear relationships using Spearman correlation coefficient, 
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the numerical characteristics of variables. If the null hypothesis was rejected, the 
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empirical distribution law of a random variable corresponds to the theoretical law 
of the normal distribution. Quantitative characteristics were described using the 
arithmetic mean and the standard deviation. The null statistical hypothesis was 
rejected at a significance level of p < 0.05.
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Thirty-six male patients aged 5–22 years (average age 13.7 years) had Duchenne 
muscular dystrophy with motor disorders as myopathic syndrome, including gen-
eralized muscle weakness, hypotension, as well as pseudohypertrophy. Among the 
examined DMD patients, 63% had the disease debut at the age of 2–5 years, while 
37% had a later onset, at 5–7 years. In 18% of cases, the disease was progressing rap-
idly, and 13% of patients required mechanical ventilation at the time of study. In all 
patients, the disease began with damage to muscles of the pelvic girdle and proxi-
mal legs and was steadily progressive. All patients had elbow, knee, and ankle joint 
contractures of varying severity; 56% of patients had spinal deformities of varying 
severity: scoliosis (25%), kyphoscoliosis (53%), and Friedreich’s ataxia deformity. 
68% of patients suffered from cardiopathy and 57% of patients from pneumopathy. 
EDSS scale grades the patients as follows: 22%, high disability degree (9.5 points), 
bedridden, with a tracheostomy and mechanical ventilation, and requiring full 
nursing care. 64% ranged from 8.0 to 9.0 EDSS points: they moved in a wheelchair 
(motorized), retained self-care hand functions, and could independently chew, 
swallow, and breathe. 10% of patients were graded from 7.0 to 7.5 EDSS points, 
4% 6.0–5.5 points. A neuropsychological study found 33% of cases of pronounced 
cognitive impairment and 19% of moderate cognitive impairment.

A molecular genetic study in DMD patients found genetic polymorphism, with 
82% of cases represented by deletion and duplication mutations in the dystrophin 
protein gene, as 12% by nonsense mutations. Mutations were detected in the DMD 
gene: most frequent mutations occurred from 43 to 50 exons; (n = 8) patients had 
mutations in the proximal end of the DMD gene in X chromosome (from 1 to 40 
exon); and (n = 18) patients had mutations in the distal end from 41 to 79 exon. 
Analysis of mutation location in DMD gene showed that synthesis of dystrophin 
protein isoforms is impaired as follows: Dp260 (n = 18), Dp140 (n = 15), Dp116 
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synthesis of two isoforms (Dp260 and Dp140) (n = 15) and 1 patient, more than two 
isoforms (Dp260, Dp140, Dp116, and Dp71) (n = 1). Later, in order to clarify the role 
of mutation location in the DMD gene, we divided patients with confirmed mutations 
into two groups—those with mutation located in the proximal end of the DMD gene 
of X chromosome (from 1 to 40 exon) (n = 8) and those with mutation located the 
distal end from 41 to 70 exon (n = 16). We noticed that DMD patients with a distal 
end location of the DMD gene mutation had more pronounced cognitive impairment. 
However, we received no reliable data about the role of single isoforms of the dystro-
phin protein in development of cognitive impairment, as there had been insufficient 
clinical evidence.

In our study of DMD patients, we analyzed blood concentrations of NGF, 
BDNF, and CNTF growth factors by enzyme immunoassay. BDNF concentra-
tion in DMD patients was at a level comparable to the control group, and in 
some patients BDNF concentration was below the normal level of 21,500 pg/ml 
[18,650; 23,750] with the normal level of 24,454 [20,380; 29,640]. An enzyme-
linked immunosorbent assay showed that serum NGF concentrations in DMD 
patients are 1,550 pg/ml [864; 1,901] higher than in the control group with  
689 pg/ml [365; 987] (p < 0.001). CNTF concentration was higher in the blood 
plasma of DMD patients = 17.8 [12.4; 44.6] than in the control group, with 
the normal level of 14.9 [11.6; 21.6]. Comparing the concentrations of neuro-
trophins (NGF, BDNF, CNTF) in DMD patients, divided by the age, we found 
that patients under 18 showed a statistically significant (p < 0.001) excessive 
concentrations, in comparison with patients over 18. We received statistically 
significant (p < 0.05) results that NGF and BDNF levels are higher in the control 
group under 18 than in the group over 18. Patients with DMD with a mutation 
located in the distal end of the dystrophin protein gene (41 to 79 exon) have 
more pronounced cognitive impairments and a significantly decreased BDNF 
neurotrophin concentration in blood plasma (p < 0.01). DMD patients with 
cognitive impairment (n = 19) had decreased BDNF concentration of 23,670 
[21,700; 30,720] pg/ml vs 32,700 [31,660; 33,750] pg/ml in DMD patients without 
cognitive impairment. We calculated the absolute risk of DMD with cognitive 
impairment by BDNF concentration, as well as odds ratios for the risk, and 95% 
confidence interval for the odds ratios. We divided the BDNF level into two inter-
vals by the pattern of its distribution in the groups under study. Table 1 shows the 
absolute risk of DMD with cognitive disorders and odds ratio of this risk, calcu-
lated by assessing relations between BDNF concentration and the course of DMD.

Having analyzed the distribution pattern of BDNF concentration in the groups, 
we identified two groups of patients—≤31,000 pg/ml and >31,000 pg/ml. The 
minimal risk of DMD with cognitive impairment made 20% (2 out of 10 patients) 
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in the group of patients with BDNF concentration over 31,000 pg/ml. Comparing 
with the group described above, patients with BDNF concentration less than 31,000 
pg/ml had 75% risk of adverse course (15 of 20 patients); and statistically signifi-
cant (p < 0.001) odds for cognitive disorders development were 10 times higher 
(odds ratio, 12,0; 95% confidence interval for odds ratios, 1.9–76.4).

The study proved that peptide neurotrophic regulation of the central nervous 
system has a complex nature in a current neurodegenerative process. We found 
that in DMD concentrations of neurotrophins are comparable to control data and 
tend to approach the lower normal range. Also, we noted a statistically significant 
difference in concentrations of neurotrophins (NGF and BDNF) in patients by age: 
in patients under 18, levels of neurotrophins are higher. This phenomenon can also 
be explained in terms of theory of neurotrophic neuromuscular interaction during 
ontogenesis, the key assumption of which is physiological role of neurotrophins 
synthesized by target cells (neurons and myocytes) to establish synaptic contact 
with a neuron.

We received controversial results in the laboratory study of patients’ blood 
plasma in terms of content of various peptide substances involved in apoptosis 
and anti-apoptotic defense mechanisms. Analyzing laboratory results of levels of 
proteins involved in apoptosis (p53 protein, caspase 8, cytochrome C, Bcl2 protein) 
in the blood plasma of DMD patients, we found a significant increase in concentra-
tion of the proteins in such patients (p < 0.01) (Table 2).

It should be noted that many peptide substances show pathological activity in 
the nervous tissue. So, a high content of caspase 8, cytochrome C, p53 protein, and 
Bcl2 protein in blood of DMD patients indicates massive destruction of muscle 
tissue. Hyper-production of cytochrome C cannot be treated as a compensatory 
mechanism, as it is synthesized by mitochondria in the cell and can enter the blood-
stream only due to cell destruction, similarly to the creatine phosphokinase enzyme 
in muscle pathology.

A study of DMD patients’ blood plasma in an organotypic culture of nervous 
tissue showed that blood plasma of the patients has a weak effect on the growth of 
neurites of spinal ganglia, used as an experimental model. Area index in explants 
with blood plasma of DMD patients amounts to 105.0 [102.0; 108.0]%, which is 
less than the area index in the control explants 114.0 [113.0; 115.0] (Figure 2). The 
introduction of synthetic NGF (100 pg/ml) into the organotypic tissue culture with 
blood plasma of DMD patients increased the area index to 114.0 [111.0; 116.0]%. 
To explain that situation, we developed the theory of neurotrophic neuromuscular 
interaction during ontogenesis. In case of DMD, myocytes die, being unable to 
perform their physiological function not only as a contractile apparatus but also 
as a target cell. So, in primary muscle damage, synthesis of neurotrophins (NGF, 
BDNF) decreases.

Regulating proteins DMD patients The control 
group

Criterion Kruskal-Wallis, p

р53, U/ml 17.0 [4.0; 34.0] 0.0 [0.0; 0.4] <0.001

Bcl2, ng/ml 46.0 [23.0; 87.7] 0.85 [0.0; 2.1] <0.001

Caspase 8, ng/ml 0.18 [0.14; 0.31] 0.0 [0.0; 0.0] <0.001

Cytochrome С, ng/ml 0.36 [0.0; 1.6] 0.0 [0.0; 0.0] <0.001
*The results of non-parametric univariate analysis (Kruskal-Wallis ANOVA by ranks).

Table 2. 
Concentrations of proteins involved in the process of apoptosis (p53, caspase 8, cytochrome C, and Bcl2 protein) 
in the blood plasma of patients of the studied groups, Me[Q25; Q75].
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The clinical and neuropsychological study of DMD patients found cogni-
tive impairments of varying severity in 33% of cases, and most of these patients 
had mutations of the DMD gene in exons 43–53, i.e., in the distal end. It is worth 
mentioning that among DMD patients with severe cognitive impairment (n = 4), 
three patients had a mutation affecting the Dp260 and Dp140 isoforms, and one 
patient had an impaired synthesis of Dp140, Dp260, Dp116, and Dp71 isoforms. 
These results prove that there are more pronounced cognitive impairment in 
DMD patients with a DMD gene mutation that affects synthesis of several DMD 
protein isoforms; however, we have insufficient clinical data to evaluate the reli-
ability of these results. Analysis of the neurotrophin level in blood plasma in DMD 
patients shows a complex nature of peptide composition. We found that in the 
group of DMD patients with cognitive impairment, the concentration of BDNF 
neurotrophin significantly decreased; and the CNTF level was higher than normal. 
This may indicate an imbalanced neurotrophic regulation in the central nervous 
system structures; the imbalance manifests itself in a weakened BDNF effect on the 
nervous tissue, which results in decreasing rate of differentiation, synaptogenesis, 
and neuronal growth, on the one hand, and the increasing activity of glial cells, 
on the other. It causes a decreasing functional activity and dysfunction of neurons 
and leads to the development of cognitive impairment in DMD patients. However, 
we still cannot answer the question why it happens in DMD patients with a distal 
mutation in the dystrophin protein gene. Synthesis of BDNF neurotrophin is 
encoded on chromosome 11; however, Dp260 and Dp140 isoforms might be neces-
sary for transport or transition from pro-BDNF to the active BDNF form. Perhaps, 
high concentrations of apoptosis proteins affect the p75 receptor and impair BDNF 
synthesis. Comparing our results with those of N. Doorenweerd (2014), who 
studied brain microstructure in DMD patients by quantitative magnetic resonance 
imaging, we can hypothesize about the role of this factor in cognitive deficiency 
development in DMD patients [29]. By the Doorenweerd study, DMD patients with 
an exon mutation of the Dp140(−) isoform and worse results of neuropsychological 
examination had a smaller brain volume and a smaller amount of gray matter than 
in the control group and the group of DMD patients with Dp140(+), who showed 
better results in the examination [30]. A decrease in brain volume may be associated 

Figure 2. 
(a, b) explant of the spinal ganglion of 10–12-day-old chicken embryo (3 days of cultivation) 
(microphotography). –(a) explant containing blood plasma of DMD patients, dilution (1:70); (b) explant 
containing blood plasma (control), dilution (1:70).
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in the group of patients with BDNF concentration over 31,000 pg/ml. Comparing 
with the group described above, patients with BDNF concentration less than 31,000 
pg/ml had 75% risk of adverse course (15 of 20 patients); and statistically signifi-
cant (p < 0.001) odds for cognitive disorders development were 10 times higher 
(odds ratio, 12,0; 95% confidence interval for odds ratios, 1.9–76.4).

The study proved that peptide neurotrophic regulation of the central nervous 
system has a complex nature in a current neurodegenerative process. We found 
that in DMD concentrations of neurotrophins are comparable to control data and 
tend to approach the lower normal range. Also, we noted a statistically significant 
difference in concentrations of neurotrophins (NGF and BDNF) in patients by age: 
in patients under 18, levels of neurotrophins are higher. This phenomenon can also 
be explained in terms of theory of neurotrophic neuromuscular interaction during 
ontogenesis, the key assumption of which is physiological role of neurotrophins 
synthesized by target cells (neurons and myocytes) to establish synaptic contact 
with a neuron.

We received controversial results in the laboratory study of patients’ blood 
plasma in terms of content of various peptide substances involved in apoptosis 
and anti-apoptotic defense mechanisms. Analyzing laboratory results of levels of 
proteins involved in apoptosis (p53 protein, caspase 8, cytochrome C, Bcl2 protein) 
in the blood plasma of DMD patients, we found a significant increase in concentra-
tion of the proteins in such patients (p < 0.01) (Table 2).

It should be noted that many peptide substances show pathological activity in 
the nervous tissue. So, a high content of caspase 8, cytochrome C, p53 protein, and 
Bcl2 protein in blood of DMD patients indicates massive destruction of muscle 
tissue. Hyper-production of cytochrome C cannot be treated as a compensatory 
mechanism, as it is synthesized by mitochondria in the cell and can enter the blood-
stream only due to cell destruction, similarly to the creatine phosphokinase enzyme 
in muscle pathology.

A study of DMD patients’ blood plasma in an organotypic culture of nervous 
tissue showed that blood plasma of the patients has a weak effect on the growth of 
neurites of spinal ganglia, used as an experimental model. Area index in explants 
with blood plasma of DMD patients amounts to 105.0 [102.0; 108.0]%, which is 
less than the area index in the control explants 114.0 [113.0; 115.0] (Figure 2). The 
introduction of synthetic NGF (100 pg/ml) into the organotypic tissue culture with 
blood plasma of DMD patients increased the area index to 114.0 [111.0; 116.0]%. 
To explain that situation, we developed the theory of neurotrophic neuromuscular 
interaction during ontogenesis. In case of DMD, myocytes die, being unable to 
perform their physiological function not only as a contractile apparatus but also 
as a target cell. So, in primary muscle damage, synthesis of neurotrophins (NGF, 
BDNF) decreases.

Regulating proteins DMD patients The control 
group

Criterion Kruskal-Wallis, p

р53, U/ml 17.0 [4.0; 34.0] 0.0 [0.0; 0.4] <0.001

Bcl2, ng/ml 46.0 [23.0; 87.7] 0.85 [0.0; 2.1] <0.001

Caspase 8, ng/ml 0.18 [0.14; 0.31] 0.0 [0.0; 0.0] <0.001

Cytochrome С, ng/ml 0.36 [0.0; 1.6] 0.0 [0.0; 0.0] <0.001
*The results of non-parametric univariate analysis (Kruskal-Wallis ANOVA by ranks).

Table 2. 
Concentrations of proteins involved in the process of apoptosis (p53, caspase 8, cytochrome C, and Bcl2 protein) 
in the blood plasma of patients of the studied groups, Me[Q25; Q75].
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The clinical and neuropsychological study of DMD patients found cogni-
tive impairments of varying severity in 33% of cases, and most of these patients 
had mutations of the DMD gene in exons 43–53, i.e., in the distal end. It is worth 
mentioning that among DMD patients with severe cognitive impairment (n = 4), 
three patients had a mutation affecting the Dp260 and Dp140 isoforms, and one 
patient had an impaired synthesis of Dp140, Dp260, Dp116, and Dp71 isoforms. 
These results prove that there are more pronounced cognitive impairment in 
DMD patients with a DMD gene mutation that affects synthesis of several DMD 
protein isoforms; however, we have insufficient clinical data to evaluate the reli-
ability of these results. Analysis of the neurotrophin level in blood plasma in DMD 
patients shows a complex nature of peptide composition. We found that in the 
group of DMD patients with cognitive impairment, the concentration of BDNF 
neurotrophin significantly decreased; and the CNTF level was higher than normal. 
This may indicate an imbalanced neurotrophic regulation in the central nervous 
system structures; the imbalance manifests itself in a weakened BDNF effect on the 
nervous tissue, which results in decreasing rate of differentiation, synaptogenesis, 
and neuronal growth, on the one hand, and the increasing activity of glial cells, 
on the other. It causes a decreasing functional activity and dysfunction of neurons 
and leads to the development of cognitive impairment in DMD patients. However, 
we still cannot answer the question why it happens in DMD patients with a distal 
mutation in the dystrophin protein gene. Synthesis of BDNF neurotrophin is 
encoded on chromosome 11; however, Dp260 and Dp140 isoforms might be neces-
sary for transport or transition from pro-BDNF to the active BDNF form. Perhaps, 
high concentrations of apoptosis proteins affect the p75 receptor and impair BDNF 
synthesis. Comparing our results with those of N. Doorenweerd (2014), who 
studied brain microstructure in DMD patients by quantitative magnetic resonance 
imaging, we can hypothesize about the role of this factor in cognitive deficiency 
development in DMD patients [29]. By the Doorenweerd study, DMD patients with 
an exon mutation of the Dp140(−) isoform and worse results of neuropsychological 
examination had a smaller brain volume and a smaller amount of gray matter than 
in the control group and the group of DMD patients with Dp140(+), who showed 
better results in the examination [30]. A decrease in brain volume may be associated 

Figure 2. 
(a, b) explant of the spinal ganglion of 10–12-day-old chicken embryo (3 days of cultivation) 
(microphotography). –(a) explant containing blood plasma of DMD patients, dilution (1:70); (b) explant 
containing blood plasma (control), dilution (1:70).
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with a low level of BDNF neurotrophin, since we know that this factor stimulates 
growth and differentiation of brain neurons; however, vice versa supposition may 
also be valid: a small brain volume synthesizes a smaller amount of BDNF. So, we 
think that development of cognitive disorders in DMD patients is caused by a num-
ber of mechanisms, both of a genetic nature and based on neurotrophic regulation 
of the nervous system in DMD patients, as well as on secondary factors in terms of 
increasing activity of apoptosis proteins.

4. Conclusions

Thus, we detected a high content of apoptotic proteins (caspase 8, cytochrome 
C, p53 protein, and Bcl2 protein) and GNTF neurotrophin, and, at the same time, 
a reduced concentration of BDNF neurotrophin in blood plasma of DMD patients. 
In our opinion, this creates an intra-organic chemical imbalance and may serve 
as one of the factors leading to the development of cognitive impairment in DMD 
patients, together with such molecular-genetic factors as location of the mutation 
and impaired synthesis of dystrophin protein isoforms.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Mesenchymal stem cells (MSCs) are multipotent stem cells that can be 
isolated from both foetal and adult tissues. Several groups demonstrated that 
transplantation of MSCs promoted the regeneration of skeletal muscle and 
ameliorated muscular dystrophy in animal models. Mesenchymal stem cells 
in skeletal muscle, also known as fibro-adipogenic progenitors (FAPs), are 
essential for the maintenance of skeletal muscle. Importantly, they contribute to 
fibrosis and fat accumulation in dystrophic muscle. Therefore, MSCs in muscle 
are a pharmacological target for the treatment of muscular dystrophies. In this 
chapter, we briefly update the knowledge on mesenchymal stem/progenitor cells 
and discuss their therapeutic potential as a regenerative medicine treatment of 
Duchenne muscular dystrophy.

Keywords: mesenchymal stem cells, induced pluripotent stem cells, induced 
MSCs, Duchenne muscular dystrophy, immune response, paracrine factors, cell 
transplantation, muscle regeneration, dystrophin, satellite cells, inflammation, 
skeletal muscle, fibrosis, adipocyte

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked progressive muscle wasting 
disorder caused by mutations in the DMD gene [1, 2], affecting 1 in 3500–5000 male 
births. Serum creatine kinase (CK) levels are elevated at birth, and motor milestones 
are delayed. Reduced motor skills between age 3 and 5 years provoke diagnostic 
evaluation. Quality of life for boys with DMD is further affected early in life, with 
the inability to keep up with peers of early school age and loss of ambulation by 
12 years of age; premature death occurs at 20–30 years of age due to respiratory and 
cardiac complications (https://www.duchenne.com/about-duchenne; https://ghr.
nlm.nih.gov/condition/duchenne-and-becker-muscular-dystrophy).

Mutations of the DMD gene cause complete (Duchenne) or partial (Becker) loss 
of dystrophin protein at the sarcolemma [3]. In normal muscle cells, dystrophin 
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Abstract

Mesenchymal stem cells (MSCs) are multipotent stem cells that can be 
isolated from both foetal and adult tissues. Several groups demonstrated that 
transplantation of MSCs promoted the regeneration of skeletal muscle and 
ameliorated muscular dystrophy in animal models. Mesenchymal stem cells 
in skeletal muscle, also known as fibro-adipogenic progenitors (FAPs), are 
essential for the maintenance of skeletal muscle. Importantly, they contribute to 
fibrosis and fat accumulation in dystrophic muscle. Therefore, MSCs in muscle 
are a pharmacological target for the treatment of muscular dystrophies. In this 
chapter, we briefly update the knowledge on mesenchymal stem/progenitor cells 
and discuss their therapeutic potential as a regenerative medicine treatment of 
Duchenne muscular dystrophy.
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1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked progressive muscle wasting 
disorder caused by mutations in the DMD gene [1, 2], affecting 1 in 3500–5000 male 
births. Serum creatine kinase (CK) levels are elevated at birth, and motor milestones 
are delayed. Reduced motor skills between age 3 and 5 years provoke diagnostic 
evaluation. Quality of life for boys with DMD is further affected early in life, with 
the inability to keep up with peers of early school age and loss of ambulation by 
12 years of age; premature death occurs at 20–30 years of age due to respiratory and 
cardiac complications (https://www.duchenne.com/about-duchenne; https://ghr.
nlm.nih.gov/condition/duchenne-and-becker-muscular-dystrophy).

Mutations of the DMD gene cause complete (Duchenne) or partial (Becker) loss 
of dystrophin protein at the sarcolemma [3]. In normal muscle cells, dystrophin 
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forms a complex with glycoproteins at the sarcolemma, forming a critical link 
between the extracellular matrix (ECM) and the cytoskeleton [4]. Without the 
complex, the sarcolemma becomes fragile and is easily disrupted by mechanical 
stress [4, 5].

Except for corticosteroids, there is currently no effective treatment for DMD [6]. 
In this chapter, we discuss the potential of mesenchymal stem cells as a therapeutic 
tool for DMD patients. Many researchers prefer the term ‘mesenchymal stromal 
cells’ or ‘mesenchymal progenitors’ to mesenchymal stem cells because mesenchy-
mal stem cells with self-renewal and trilineage differentiation potential are a minor 
subpopulation in tissue-derived primary cultures of mesenchymal cells. In this 
chapter, however, we uniformly refer to them as mesenchymal stem cells.

2. The pathological changes in DMD muscle

The absence of dystrophin causes loss of the dystrophin-associated protein 
complex (DAPC) at the sarcolemma. The sarcolemma lacking the complex becomes 
vulnerable to mechanical stress. In addition, signalling through dystrophin- 
DAPC-associated molecules such as nNOS is disturbed [4, 5]. As a result, myofibres 
die in large numbers by contraction-induced mechanical stress, and to regenerate 
injured myofibres, inflammatory cells begin to remove debris of the muscle tissue; at 
the same time, muscle satellite cells are activated, proliferate and fuse with damaged 
myofibres. In the case of DMD, however, the cycle of degeneration and regeneration 
of myofibres repeats throughout life. Therefore, secondary pathological changes 
gradually develop, including perturbation of calcium homeostasis, activation of 
Ca2+-dependent proteases, mitochondrial dysfunction in myofibres, impaired 
regeneration of myofibres due to exhaustion of satellite cells, prolonged inflamma-
tion, disturbed immune response, fibrosis and fatty infiltration, with poor vascular 
adaptation and functional ischaemia [6]. These secondary pathological changes 
accelerate the disease course of DMD, resulting in severe loss of myofibres and 

Figure 1. 
Deficiency of dystrophin protein at the sarcolemma causes multiple pathological changes in DMD muscle [6, 7].

65

Mesenchymal Stem Cells for Regenerative Medicine for Duchenne Muscular Dystrophy
DOI: http://dx.doi.org/10.5772/intechopen.92824

muscle atrophy. Therefore, in addition to the restoration of dystrophin protein by 
gene therapy or stem cell therapy, blockage of secondary pathological events is an 
important therapeutic strategy for DMD (Figure 1).

3. Muscle stem cells as a cell-based therapy for DMD

Upon injury, muscle satellite cells are activated, proliferate, and either fuse with 
damaged myofibres or fuse with each other to form new myofibres [8]. In DMD 
muscle, satellite cells compensate for muscle fibre loss in the early stages of the 
disease but eventually are exhausted. As a result, in DMD muscle, the myofibres 
are gradually replaced with fibrous and fatty connective tissue. Therefore, stem cell 
transplantation is expected to be a potential therapy for DMD [9].

There are different kinds of stem cells with myogenic potential in skeletal muscle. 
Muscle satellite cells are authentic unipotent skeletal muscle-specific stem cells [8]. 
Muscle-derived stem cells (MDSCs) [10] and mesangioblasts [11] were reported to 
be multipotent and transplantable via circulation; therefore, they are expected to be 
promising tools for cell-based therapies for DMD. Recently, muscle progenitors were 
induced from pluripotent stem cells as a cell source for cell-based therapy of DMD 
because induced pluripotent stem cells (iPSCs) can be expanded without losing 
pluripotency [12]. Myogenic cells induced from iPSCs are usually at a foetal stage 
and poorly engraft in the muscle of immunodeficient DMD model mice [13, 14].

In addition, muscles affected by muscular dystrophies are in a state of continuous 
inflammation and are characterised by marked and sustained infiltration of inflam-
matory and immune cells with fibrosis and adipose replacement. Such pathological 
microenvironments would not support survival, proliferation, and differentiation of 
the transplanted stem cells. Therefore, researchers have started to consider not only 
the properties of stem cells but also the microenvironment.

4.  Muscle-resident mesenchymal stem cells (progenitors) are 
indispensable for muscle homeostasis

Skeletal muscle regenerates when it is injured. The regeneration process is 
complex but well organised, depending on the interaction among different types 
of cells: muscle stem/progenitor cells, muscle-resident mesenchymal progenitors 
and cells involved in inflammatory and innate and adaptive immune responses. 
Dynamic extracellular matrix (ECM) remodelling is also required for successful 
muscle regeneration. In the case of a minor traumatic injury, muscle regenera-
tion is rapidly completed by the interplay of these cells. In muscular dystrophies, 
however, the degeneration/regeneration process is repeated for a long time, causing 
exhaustion of muscle satellite cells and finally resulting in severe atrophy of skeletal 
muscles with a loss of myofibres and extensive fibrosis and fat deposition [15].

Fibro/adipogenic progenitors (FAPs) are tissue-resident mesenchymal stem 
(or stromal or progenitor) cells [16, 17]. Recently, the necessity of FAPs for 
skeletal muscle regeneration and maintenance was demonstrated using mouse 
models [18]. The authors demonstrated that depletion of FAPs resulted in loss 
of expansion of muscle stem cells (MuSCs) and haematopoietic cells after injury 
and impaired skeletal muscle regeneration [18]. Furthermore, FAP-depleted mice 
under homeostatic conditions exhibited muscle atrophy and a loss of MuSCs, 
revealing that FAPs are essential for long-term homeostatic maintenance of 
skeletal muscle and the MuSC pool [18].
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muscle atrophy. Therefore, in addition to the restoration of dystrophin protein by 
gene therapy or stem cell therapy, blockage of secondary pathological events is an 
important therapeutic strategy for DMD (Figure 1).

3. Muscle stem cells as a cell-based therapy for DMD

Upon injury, muscle satellite cells are activated, proliferate, and either fuse with 
damaged myofibres or fuse with each other to form new myofibres [8]. In DMD 
muscle, satellite cells compensate for muscle fibre loss in the early stages of the 
disease but eventually are exhausted. As a result, in DMD muscle, the myofibres 
are gradually replaced with fibrous and fatty connective tissue. Therefore, stem cell 
transplantation is expected to be a potential therapy for DMD [9].

There are different kinds of stem cells with myogenic potential in skeletal muscle. 
Muscle satellite cells are authentic unipotent skeletal muscle-specific stem cells [8]. 
Muscle-derived stem cells (MDSCs) [10] and mesangioblasts [11] were reported to 
be multipotent and transplantable via circulation; therefore, they are expected to be 
promising tools for cell-based therapies for DMD. Recently, muscle progenitors were 
induced from pluripotent stem cells as a cell source for cell-based therapy of DMD 
because induced pluripotent stem cells (iPSCs) can be expanded without losing 
pluripotency [12]. Myogenic cells induced from iPSCs are usually at a foetal stage 
and poorly engraft in the muscle of immunodeficient DMD model mice [13, 14].

In addition, muscles affected by muscular dystrophies are in a state of continuous 
inflammation and are characterised by marked and sustained infiltration of inflam-
matory and immune cells with fibrosis and adipose replacement. Such pathological 
microenvironments would not support survival, proliferation, and differentiation of 
the transplanted stem cells. Therefore, researchers have started to consider not only 
the properties of stem cells but also the microenvironment.

4.  Muscle-resident mesenchymal stem cells (progenitors) are 
indispensable for muscle homeostasis

Skeletal muscle regenerates when it is injured. The regeneration process is 
complex but well organised, depending on the interaction among different types 
of cells: muscle stem/progenitor cells, muscle-resident mesenchymal progenitors 
and cells involved in inflammatory and innate and adaptive immune responses. 
Dynamic extracellular matrix (ECM) remodelling is also required for successful 
muscle regeneration. In the case of a minor traumatic injury, muscle regenera-
tion is rapidly completed by the interplay of these cells. In muscular dystrophies, 
however, the degeneration/regeneration process is repeated for a long time, causing 
exhaustion of muscle satellite cells and finally resulting in severe atrophy of skeletal 
muscles with a loss of myofibres and extensive fibrosis and fat deposition [15].

Fibro/adipogenic progenitors (FAPs) are tissue-resident mesenchymal stem 
(or stromal or progenitor) cells [16, 17]. Recently, the necessity of FAPs for 
skeletal muscle regeneration and maintenance was demonstrated using mouse 
models [18]. The authors demonstrated that depletion of FAPs resulted in loss 
of expansion of muscle stem cells (MuSCs) and haematopoietic cells after injury 
and impaired skeletal muscle regeneration [18]. Furthermore, FAP-depleted mice 
under homeostatic conditions exhibited muscle atrophy and a loss of MuSCs, 
revealing that FAPs are essential for long-term homeostatic maintenance of 
skeletal muscle and the MuSC pool [18].
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FAPs have dual functions [19, 20]. In small-scale traumatic muscle injury, they 
are activated, expand and promote muscle regeneration. When regeneration is 
completed, FAPs are cleared from the regenerated muscle. In pathological condi-
tions, such as muscular dystrophies, they continue to proliferate and contribute to 
fibrosis and fatty tissue accumulation.

How is the fate of FAPs regulated? Apparently, FAPs are regulated by signals 
from myogenic cells and immune cells. Altered signals from these cells in dystro-
phic muscle change the pro-regenerative FAPs to fibrotic and adipogenic types. 
Recently, Hogarth et al. reported that annexin A2 accumulation in the myofibre 
matrix promotes adipogenic replacement of FAPs in dysferlin-deficient LGMD2B 
model mice. The authors also showed that an MMP-14 inhibitor, Batimastat, 
inhibited adipogenesis of FAP. The authors speculate that Annexin A2 and MMP-
14 both prolong the inflammatory environment, therefore causing excessive 
expansion of FAP in diseased muscle [21]. Pharmacological inhibition of FAP 
expansion may be a good strategy to prevent fibro/adipogenic changes in dystro-
phic muscles.

The signals that regulate FAPs remain largely unclear. Interestingly, treating  
FAPs of young mdx mice with trichostatin A (TSA), a histone deacetylase 
inhibitor, blocked their fibrotic and adipogenic differentiation and promoted 
a myogenic fate [22] by changing chromatin structure [23]. TSA treatment 
decreased the expression of adipogenic genes and upregulated myogenic genes in 
FAPs [22].

5. Inflammation and immune responses in muscular dystrophies

Inflammatory and immune cells (neutrophils, eosinophils, basophils, macro-
phage NK cells, dendritic cells, T cells, B cells, etc.) are key regulators of muscle 
regeneration. In particular, macrophages orchestrate the regeneration process. In 
the early phase of muscle regeneration, M1 (inflammatory) macrophages remove 
necrotic tissues by phagocytosis and inhibit fusion of myogenic precursor cells. In 
the later stage, M2 (regulatory) macrophages gradually replace M1 macrophages 
and play anti-inflammatory and pro-regenerating roles by promoting the dif-
ferentiation of myogenic cells and the neovascularization of regenerating muscle 
regeneration [24].

DMD muscle, which remains dystrophin-deficient, experiences continuous 
cycles of necrosis and regeneration of myofibres. This causes chronic inflammation 
and evokes T cell-mediated immune responses, which involves the coexistence of 
both M1 and M2 macrophages and T cells in the muscle, and it further damages 
myofibres and exacerbates fibrosis and adipocyte infiltration [6, 25, 26]. Therefore, 
pharmacological inhibition of excess inflammation and immune response is a 
reasonable therapeutic strategy for DMD.

6. Mesenchymal stem cells as a therapeutic tool for DMD

As a therapeutic tool for regenerative medicine, mesenchymal stem cells 
(MSCs) have received significant attention in the recent years due to their high 
growth potential, paracrine effects, immunomodulatory function and few reported 
adverse effects [27, 28]. Since MSCs show relatively low immunogenicity due to low 
expression of major histocompatibility (MHC) antigens and their immunomodu-
lation function, they are being used even in allogeneic settings.
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6.1 Definition

To facilitate research on MSCs, the International Society of Cellular Therapy 
(ISCT) formulated minimal criteria for defining multipotent MSCs in 2006 [29]. 
First, MSCs must be plastic adherent when maintained in standard culture conditions. 
Second, MSCs must express CD105, CD73 and CD90 and must not express CD45, 
CD34, CD14, CD11b, CD79alpha, CD19 and HLA-DR surface molecules. Third, MSCs 
must differentiate into osteoblasts, adipocytes and chondrocytes under standard in 
vitro differentiation protocols [29].

6.2 Preparation

Historically, MSCs were isolated from bone marrow [30–33]. Currently, MSCs 
are shown to exist in the perivascular niche in nearly all tissues and are prepared 
from a variety of tissues, such as the umbilical cord [34], placenta [35], adipose 
tissue [36] and dental tissues [37]. Preparation of MSCs from those tissues is less 
invasive than it is from BM. MSCs from different tissues have similar functions, 
but detailed comparative studies revealed that MSCs of different origins possess 
different properties [38].

6.3 Differentiation

MSCs are multipotent stem cells that undergo self-renewal and differentiate into 
multiple tissues of the mesenchymal lineage and into a non-mesenchymal lineage, 
including neurons, glia, endothelial cells, hepatocytes and β cells in the pancreas 
[27]. This wide range of differentiation capacities is one reason why mesenchymal 
stem cells are being tested in almost 1000 clinical trials in regenerative medicine for 
the musculoskeletal system, nervous system, myocardium, liver, skin and immune 
diseases (http://ClinicalTrial.gov). Importantly, the differentiation potential of 
MSCs varies according to their origin, method of isolation and in vitro propagation 
procedures [39–41].

6.4 Secretome of MSCs

MSCs secrete a variety of bioactive molecules, such as growth factors, che-
mokines and cytokines. These molecules regulate the survival, proliferation and 
differentiation of target cells, promote angiogenesis and tissue repair and modulate 
inflammation and innate or acquired immunity. It is widely accepted that the thera-
peutic effects of MSCs in preclinical and clinical trials are largely due to their para-
crine function [27]. Importantly, the secretome of MSCs varies depending on the age 
of the donor and the niches where the cells reside [42]. Therefore, it is expected that 
the therapeutic effects of MSCs with different origins exert will be different.

6.5 Transplanted MSCs ameliorate dystrophic phenotypes of DMD muscle?

6.5.1 Mechanisms of amelioration of the dystrophic phenotype by MSCs

Recently, there has been considerable interest in the clinical application of MSCs 
for the treatment of muscle diseases. However, the myogenic potential of MSCs is 
controversial.

Sassoli et al. found that myoblast proliferation was greatly enhanced in coculture 
with bone marrow MSCs [43]. Myoblasts after coculture expressed higher levels of 
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Notch-1, a key determinant of myoblast activation and proliferation. Interestingly, 
the effects were mediated by vascular endothelial growth factor (VEGF) secreted by 
MSCs [43]. A VEGFR2 inhibitor, KRN633, inhibited the positive effects of MSC-CM 
on C2C12 cell growth and Notch-1 signalling [43]. Linard et al. showed success-
ful regeneration of rump muscle by local transplantation of bone marrow MSCs 
(BM-MSCs) after severe radiation burn using a pig model [44]. The authors speculate 
that locally injected BM-MSCs secreted growth factors such as VEGF and promoted 
angiogenesis. The authors also showed that MSCs supported the maintenance of the 
satellite cell pool and created a good macrophage M1/M2 balance. Nakamura et al. 
reported that transplantation of MSCs promoted the regeneration of skeletal muscle 
in a rat injury model without differentiation into skeletal myofibres. The report 
suggests that MSCs contribute to the regeneration of skeletal muscle by paracrine 
mechanisms [45]. Maeda et al. reported that BM-MSCs transplanted into peritoneal 
cavities of dystrophin/utrophin double-knockout (dko) mice strongly suppressed 
dystrophic pathology and extended the lifespan of treated mice [46]. The authors 
speculated that CXCL12 and osteopontin from BM-MSCs improved muscle regenera-
tion. Bouglé et al. also reported that human adipose-derived MSCs improved the 
muscle phenotype of DMD mice via the paracrine effects of MSCs [47].

In addition to soluble factors, recent studies demonstrated that MSCs secrete a 
large number of exosomes for intercellular communication [48, 49]. These exosomes 
are now expected to be a therapeutic tool for many diseases [50, 51]. Nakamura et 
al. reported that exosomes from MSCs contained miRNAs that promoted muscle 
regeneration and reduced the fibrotic area [45]. Bier et al. reported that intramuscular 
transplantation of PL-MSCs in mdx mice decreased the serum CK level, reduced 
fibrosis in the diaphragm and cardiac muscles and inhibited inflammation, partly 
via exosomal miR-29c [49]. Thus, MSC exosomes or MSC cytokines may provide a 
cell-free therapeutic strategy as an alternative to transplanting MSCs.

On the other hand, Saito et al. reported that BM-MSCs and periosteum MSCs 
differentiated into myofibres and restored dystrophin expression in mdx mice, 
although the efficiency was low (3%) [52]. Liu et al. showed that FLK-1+ adipose-
derived MSCs restored dystrophin expression in mdx mice [53]. Feng et al. reported 
that intravenously delivered BM-MSCs increased dystrophin expression in mdx 
mice [54]. Vieira et al. reported that intravenously injected human adipose-derived 
MSCs successfully reached the muscle of golden retriever muscular dystrophy 
(GRMD) dogs and that they expressed human dystrophin [55]. Furthermore, 
Park et al. reported that human tonsil-derived MSCs (T-MSCs) differentiated into 
myogenic cells in vitro, and transplantation promoted the recovery of muscle func-
tion, as demonstrated by gait assessment (footprint analysis); furthermore, such 
treatment restored the shape of skeletal muscle in mice with a partial myectomy of 
the gastrocnemius muscle [56]. These reports suggest that MSCs directly contribute 
to the regeneration of myofibres and restore dystrophin expression.

7.  MSCs regulate inflammation and the immune response in muscular 
dystrophies

In response to damage signals, perivascular MSCs are activated and recruit 
inflammatory and immune cells and promote inflammation. At a later stage, MSCs 
begin to suppress inflammation and the immune response. On the other hand, 
MSCs in circulation are reported to selectively home towards damaged tissue 
[57]. Once homed, the inflammatory environment stimulates MSCs to produce a 
large amount of bioactive molecules or to directly interact with inflammatory and 
immune cells to regulate inflammation and the immune response.
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The therapeutic effects of MSCs in preclinical or clinical trials are thought to be 
partly the result of modulation of innate and adaptive immunity [27], especially 
through monocyte/macrophage modulation [28]. Inflammation and immune response 
are part of the pathology of DMD muscle. Therefore, the immunomodulatory func-
tions of MSCs might be useful for the treatment of DMD.

MSCs are supposed to modulate inflammation and the immune response by  
(a) suppressing the maturation and function of dendritic cells [58–60], (b) promoting 
macrophage differentiation towards an M2-like phenotype with high tissue remodel-
ling potential and anti-inflammatory activity [61], (c) inhibiting Th17 generation and 
function [62, 63], (d) inhibiting Th1 cell generation [64], (e) suppressing NK [65, 66] 
and T cytotoxic cell function [66], (f) stimulating the generation of Th2 cells [67] and 
(g) inducing Treg cells [64, 66, 68].

Pinheiro et al. investigated the effects of adipose-derived mesenchymal stem 
cell (AD-MSC) transplantation on dystrophin-deficient mice. Local injection of 
AD-MSCs improved histological phenotypes and muscle function [69]. AD-MSCs 
decreased the muscle content of TNF-α, IL-6, TGF-β1 and oxidative stress but 
increased the levels of VEGF, IL-10 and IL-4 [69]. MSC-derived IL-4 and IL-10 
are reported to convert M1 (pro-inflammatory) macrophages to the M2 (anti-
inflammatory) type and promote satellite cell differentiation [70]. These results 
suggest that transplanted AD-MSCs ameliorated the dystrophic phenotype partly 
by modulating inflammation.

7.1  Suppression of the immune response by MSCs potentiates gene therapy and 
cell-based therapy

In a clinical trial of gene therapy using a dystrophin transgene, T cells specific to 
epitopes of pre-existing dystrophin in revertant fibres were detected, suggesting the 
existence of autoreactive T-cell immunity against dystrophin before treatment [71]. 
Currently, exon skipping therapy to restore the reading frame of the DMD gene, and 
readthrough therapy of premature stop codons (e.g. aminoglycosides or ataluren), 
is being tested in patients with DMD. The treated patients start to produce dystro-
phin, which provides new epitopes to them. Suppression of undesirable immune 
responses against newly produced dystrophin might improve the efficiency of gene 
therapy.

Transplantation of myogenic cells also evokes innate and acquired immune 
responses against transplanted cells in the recipient. Therefore, immunosuppres-
sion by MSCs is expected to improve the engraftment of transplanted cells and 
the therapeutic effects of cell therapy. In addition, MSCs support the survival, 
proliferation, migration and differentiation of myogenic cells by secreting trophic 
factors.

8. Mesenchymal stem cells induced from pluripotent stem cells (iPSCs)

8.1  MSC-like cells induced from human pluripotent stem cells (iMSCs) have 
properties that are different from tissue MSCs

Although BM-MSCs are well studied and widely tested in regenerative medicine, 
the collection procedure for bone marrow is invasive and painful. In addition, adult 
BM-MSCs cannot be expanded in culture beyond 10 passages [72]. To obtain MSCs 
with higher proliferative potential, other sources of MSCs are gaining attention, 
such as the umbilical cord and the placenta. MSCs from these sources proliferate 
better than BM-MSCs but still show limited proliferative activity [38].
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Notch-1, a key determinant of myoblast activation and proliferation. Interestingly, 
the effects were mediated by vascular endothelial growth factor (VEGF) secreted by 
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begin to suppress inflammation and the immune response. On the other hand, 
MSCs in circulation are reported to selectively home towards damaged tissue 
[57]. Once homed, the inflammatory environment stimulates MSCs to produce a 
large amount of bioactive molecules or to directly interact with inflammatory and 
immune cells to regulate inflammation and the immune response.
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is being tested in patients with DMD. The treated patients start to produce dystro-
phin, which provides new epitopes to them. Suppression of undesirable immune 
responses against newly produced dystrophin might improve the efficiency of gene 
therapy.

Transplantation of myogenic cells also evokes innate and acquired immune 
responses against transplanted cells in the recipient. Therefore, immunosuppres-
sion by MSCs is expected to improve the engraftment of transplanted cells and 
the therapeutic effects of cell therapy. In addition, MSCs support the survival, 
proliferation, migration and differentiation of myogenic cells by secreting trophic 
factors.

8. Mesenchymal stem cells induced from pluripotent stem cells (iPSCs)

8.1  MSC-like cells induced from human pluripotent stem cells (iMSCs) have 
properties that are different from tissue MSCs

Although BM-MSCs are well studied and widely tested in regenerative medicine, 
the collection procedure for bone marrow is invasive and painful. In addition, adult 
BM-MSCs cannot be expanded in culture beyond 10 passages [72]. To obtain MSCs 
with higher proliferative potential, other sources of MSCs are gaining attention, 
such as the umbilical cord and the placenta. MSCs from these sources proliferate 
better than BM-MSCs but still show limited proliferative activity [38].
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hiPSCs can be expanded in vitro without loss of pluripotency and are therefore 
an ideal source for deriving mesenchymal stem cells of high quality in a large 
quantity [73–75]. In addition, unlike human ES cells, iPSCs are not accompanied 
by ethical concerns. To date, many protocols have been reported for the deviation 
of mesenchymal stem cells from human ES cells/iPS cells [73–77], although the 
difference in properties among iMSCs induced by different protocols remains 
to be determined [73, 74, 77]. For clinical use, iMSCs would be generated from 
well-characterised, pathogen-free, banked iPSCs with known HLA types or from 
patient-specific iPSCs.

8.2  Are MSCs induced from human pluripotent stem cells (iMSCs) ideal for 
clinical use?

MSCs induced from human iPS cells are generally characterised as repro-
grammed, rejuvenated MSCs with high proliferative activity [78]. A previous study 
reported that MSCs from human iPSCs could be expanded for approximately 40 
passages (120 population doublings) without obvious loss of plasticity or onset of 
replicative senescence [79]. In addition, iMSCs have been shown to exhibit potent 
immune-modulatory function and therapeutic properties (Table 1) [83]. Spitzhorn 
et al. reported that iMSCs did not form tumours after transplantation into the liver 
[84], but to exclude residual undifferentiated iPS cells, purification of MSCs by 
FACS using MSC markers and careful evaluation of the risk of tumour formation 
would be required for each preparation.

BM-MSCs Induced MSCs from ES/iPS 
cells

Preparation Autologous or allogeneic, invasive Many protocols for deviation 
scale-up production [73–77]

Proliferation Limited expansion Proliferate faster, greater 
proliferation capacity

Senescence Faster Slower

Quality Inconsistent, heterogeneous depend on 
donor age [80] and health condition, 
and culture condition

Controllable? Closer to foetal 
MSCs less mature than tissue-
derived MSCs

Differentiation Trilineage (adipocytes, osteocytes and 
chondrocytes); hardly differentiate 
into skeletal muscle

Higher osteogenic 
differentiation [74]; poor 
differentiation into adipogenic 
cells [81]

Stemness Lost with expansion Kept for long culture

Safety No tumour formation; pathogens from 
the donors

Genomic instability during the 
expansion of iPSCs; tumorigenic 
potential by residual hiPSCs

Paracrine effects Inhibit apoptosis, promote proliferation and differentiation of the cells, 
promote tissue regeneration; different secretome [82]

Immunomodulation 
function

Regulate inflammation, innate and 
acquired immunity

Stronger than BM-MSCs?  
[74, 83]

Suitable for cell therapy? Being tested in preclinical and clinical 
trials without serious side effects

Unlimited source of MSCs; 
autologous MSCs are available

Genome editing Difficult Possible

Table 1. 
Comparison of properties of human iMSCs with human BM-MSCs.
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8.3 iMSCs for muscle disease

The therapeutic potential of iMSCs has been tested in bone regeneration [83, 85],  
intestinal healing [86], myocardial disorders [82, 87], limb ischaemia [79] and 
autoimmune disease [88, 89]. In these studies, iMSCs showed therapeutic effects 
that were comparable or superior to those of tissue MSCs. In the muscular dys-
trophy field, there are only a small number of reports so far. Jeong et al. reported 
that iMSCs transplanted into the tibialis anterior of mdx mice decreased oxidative 
damage, as evidenced by a reduction in nitrotyrosine levels, and achieved normal 
dystrophin expression levels [90]. Since direct differentiation of MSCs into myo-
genic cells is generally limited, the observed effects of iMSCs might be due to the 
secretion of bioactive molecules that exert immunomodulatory effects and provide 
trophic support to myogenic cells.

Importantly, however, Liu et al. recently reported that transplantation of 
BM-MSCs from C57BL/6 mice aggravated inflammation, oxidative stress and fibro-
sis and impaired regeneration of contusion-injured C57/Bl6 muscle [91]. Although 
the mechanisms are not clear, the microenvironment in contusion-damaged muscle 
might induce the transformation of MSCs into the fibrotic phenotype. Caution 
might be warranted in the clinical application of MSCs to highly fibrotic muscle.

9. Conclusions

MSCs are multifunctional cells. MSCs secrete trophic factors that help regenerate 
myofibres. In addition, MSCs suppress inflammation and the immune response in 
dystrophic mice to protect muscle. MSCs are also expected to support the engraftment 
of transplanted myogenic cells in recipient muscle. Fortunately, recent technology 
gives us an option to derive MSC-like cells from pluripotent stem cells. Thus, MSCs are 
a promising next-generation tool for cell-based therapy of DMD (Figure 2).

Figure 2. 
Mesenchymal stem cells ameliorate the dystrophic phenotype of DMD muscle. Mesenchymal stem-like cells 
can be derived from human iPSCs (iMSCs). MSCs, which arrive in the muscle either through direction 
transplantation or via circulation, secrete a variety of bioactive molecules that promote angiogenesis and 
support the proliferation and differentiation of satellite cells, thereby promoting muscle regeneration. MSCs 
also suppress excess inflammatory and immune responses. Whether transplanted MSCs can directly modulate 
the phenotype of FAPs (resident MSCs) to inhibit fibrosis and fatty replacement remains to be determined. 
Abbreviations: DC, dendritic cells; NK, natural killer cells; Neu, neutrophil; Mø, macrophage; T, T 
lymphocytes; B, B lymphocyte.
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Abstract

For rare diseases that start early and are slowly degenerative, despite the 
desire to create solutions that benefit the patient, healthcare system realities can 
be prohibitive to generate an affordable and effective solution. The optimal care 
pathway for muscular dystrophy, similar to all degenerative diseases, would be a 
rapid and accurate diagnosis, pathophysiological confirmation and application of 
therapeutics that slowly replaces damaged tissue with healthy tissue, supported by 
adjuvant solutions that stimulate the tissue to repair and reduce inflammation and 
fibrosis. This would increase the lifespan and quality of life in an affordable way. For 
all diseases, two key stakeholders, the paying entity and the patient, fundamentally 
define whether revenue can be generated. Healthcare decision-making commission-
ers who agree to pay for the product and patient-reported outcomes jointly inform 
whether the intervention increases the quality of life related to existing standards 
of care and, therefore, if it should be paid for. This chapter explains why this has 
not yet happened and efforts initiated to correct this and addresses how the compo-
nents and data used in this decision-making process could be updated, adapted and 
integrated into every stage of the development of solutions and how organisational 
innovation may enable the field.

Keywords: HTA, PRO, evidence generation, innovation valuation, healthcare 
solution development

1. Introduction

Only around 5% of the 7000 identified rare diseases have an effective treatment 
and this is echoed in neuromuscular conditions [1]. Recent years have witnessed 
a number of cancelled developments of therapeutic interventions for muscular 
dystrophies that were at advanced stages of development, while other interventions 
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have been denied market authorisation, both in the US and Europe due to a lack 
of clinical efficacy. This means it is even more important to convince payers of the 
value for money of the few treatments that make it to market.

Obtaining market authorisation does not guarantee that payers will reimburse the 
product, that is pay for it, as growing concerns regarding the growing gap between 
the demand for health services and technologies and the available resources have 
increasingly introduced systems to assess the value for money of those products 
coming to market. The predominant processes for these value assessments are called 
health technology assessments (HTAs). Since the introduction of the National 
Institute for Health and Care Excellence (NICE) in 1999 in England, HTAs have 
spread throughout the world and now nearly every country has HTA organisations in 
place to help payers determine the value for money of new healthcare technologies.

These value assessments conducted by these HTA organisations consist of com-
piling, analysing, assessing and appraising the evidence available to show whether 
the health and economic benefits of a product compared to the standard of care (in 
the jurisdiction in question) are sufficient to justify the price, above and beyond the 
requirements of regulatory authorities.

There remains a lack of understanding and implementation of these consid-
erations in clinical development without which companies will struggle to gain 
reimbursement.

Negative reimbursement decisions by payers hinder access to the drug sub-
stantially, if not completely. Delays in reimbursement decision-making can lead to 
substantial delays in a new product gaining market access. Both delays and negative 
decisions impact adversely on sales and consequently return of investment (ROI). 
Furthermore, where the evidence presented to reimbursement decision-makers 
bears too much uncertainty it is highly likely that the accepted price will be far 
below the one required by the manufacturer. Thus, investing in better data collec-
tion can support reimbursement at an acceptable price.

Given the central role played by clinical trials in generating the evidence 
required for HTAs, everyone involved in designing clinical trial programmes and 
evidence generation needs to be aware of the methods and procedures required to 
generate the evidence required for HTAs above and beyond the evidence require-
ments for regulatory approval.

This is critical for developing solutions for rare diseases, such as the muscular 
dystrophies, due, fundamentally, to the low number of patients, and the significant 
variation of disease progression and severity among the patients that makes the 
generation of authority stipulated convincing statistical evidence significantly more 
complicated [2]. There are still many treatments in late stages of clinical validation 
(phase II and III) and more in earlier stages of development [3] targeting as many 
different aspects of this multi-faceted disease as possible.

In this chapter, we present a framework for what to consider during the design 
of clinical trials and evidence generation alongside and beyond clinical trials for 
muscular dystrophies to address the evidence requirements to gain reimbursement 
by payers.

Concerns regarding the growing gap between demand for health services and 
technologies and available resources have long created the need to regulate healthcare 
expenditure and governments have increasingly introduced formal systems to assess 
the value or money of healthcare technologies coming to market [4]. Nearly every 
country has formal reimbursement authorities in place to help payers determine 
whether a health technology is worth paying for. Value assessments conducted by 
these authorities consist of compiling and analysing the evidence to show the health 
and economic benefits of a product compared to the standard of care are sufficient to 
justify the price desired beyond the requirements of the regulatory authorities [4].
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Delays in reimbursement decision-making can lead to substantial delays in a 
new product gaining market access and negative reimbursement decisions by payers 
hinder market access substantially and thus impact adversely on sales and return on 
investment. Furthermore, where the evidence presented to reimbursement deci-
sion-makers bears too much uncertainty it is highly likely that the accepted price 
will be far below the one desired by the company. Thus, investing in better data can 
support reimbursement at a desired price.

Given the central role played by clinical trials in generating evidence for use in 
reimbursement assessments, those involved in designing clinical trials need to be 
aware of the evidence requirements of payers and reimbursement authorities. These 
differ and go beyond those of regulatory authorities.

We also explore the specifics of these issues and suggest actions that can be taken 
from conceptual design throughout the development of interventions that can 
help manufacturers unlock market access for their products. While all of the above 
applies to all pharmaceuticals, it is even more important in the context of muscular 
dystrophies and other rare disorders where data can only be generated in a small 
number of people as compared to more common conditions such as type 2 diabetes.

2.  The patient care pathway and standard of care for the muscular 
dystrophies

From either a patient care and management procedure or a healthcare solution 
development perspective, in an ideal scenario three components are needed:

• An established and clearly defined pathophysiological assessment of the 
development of the disease that enables an accurate prognosis at any time point 
in the disease progression that a standardised diagnosis confirms;

• An overlapping and reimbursement agency-approved care pathway that 
defines what needs to be done at every point throughout the disease; and

• A list of the standards of care that are purchased and used throughout the care 
pathway.

These three components can be further complemented by population health 
dynamics that also integrates environmental and socio-economic components 
linked to patient groups that further refine best approaches.

For highly prevalent diseases, the large number of patients that are affected 
generates a large source of data from which statistically relevant conclusions can 
be drawn that inform the points above enabling healthcare practitioners to make 
optimised patient care decisions, while innovators can look at the pathway to iden-
tify ‘pain points’ for which a specific product can be created to generate a solution. 
For conditions such as many forms of cancer or cardiovascular diseases, this has 
been further augmented as global patient data collections have become integrated, 
thereby generating even more specific and highly tailored approaches.

Rare diseases do not and have never had the same broad evidence base as the 
highly prevalent diseases and that has been recognised by the key stakeholders 
including regulatory authorities and governments who have introduced incentives 
to encourage the development of new treatments for rare diseases. These stakehold-
ers have globally networked and generated information and data resources such as 
the global academic network Treat NMD group (https://treat-nmd.org) focusing on 
all neuromuscular diseases to create a critical mass, ecosystem and hub of expertise.
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Muscular Dystrophy - Research Updates and Therapeutic Strategies

84

Duchenne muscular dystrophy is a serious genetic disease which is life-threat-
ening and shortens the patient’s life substantially. DMD is an X-linked disorder 
caused by mutations in the dystrophin gene and it is the most frequent muscular 
dystrophy in boys affecting 1 in 3500 live births [5, 6] and 1 in 50 million girls [7]. 
DMD is usually diagnosed before the age of 6. The disease causes progressive and 
unyielding muscle weakness frequently identified in the early toddler years when 
the child begins to miss development motor milestones [8, 9]. Loss of ambulation 
occurs generally around the age of 12. Only a few DMD patients survive beyond the 
third decade; most die because of respiratory complications or heart failure due to 
cardiomyopathy [10–13].

From a clinical care perspective in DMD, because clinical care recommenda-
tions did not previously exist, the US Center for Disease control (CDC) established 
the DMD Care Considerations Working Group, who in 2010 published the first 
comprehensive DMD care considerations [12]. These were revisited and updated in 
2018 to provide a complete care programme that addressed 11 key topics that occur 
in DMD, divided into five stages of disease [13–15]. The five recognised stages are 
diagnosis, early ambulatory, late ambulatory, early non-ambulatory and late non-
ambulatory, and the 11 key topics include neuromuscular, rehabilitative, endocrine, 
gastrointestinal/nutritional, respiratory, cardiac, bone health, orthopaedic, psy-
chosocial and transitions management. Within these publications the precise list 
of tests and actions that should be performed for these 11 topics at each stage are 
indicated. These initiatives have generated enormous amounts of benefit as proven 
by increased lifespans of patients and, critically, a drive to obtain even more detail 
about all the different characteristics of the disease and its precise progression [12, 
16–19]. This has included a push to reintroduce newborn screening tools and a 
larger effort to understand the pathology at the earliest times of the disease, which 
has recently been approved by the FDA [20].

The widely held and logical argument is that the sooner the intervention is 
started, typically in the young child, the greater the possibility that quality of life, 
morbidity and length of life can be enhanced.

As the prelude to this chapter, we have analysed the approved patient care and 
management pathways and integrated more recent published reports on early 
stage assessments and longitudinal monitoring, incorporated in as much insight as 
possible from the most current knowledge to create a best ‘what we know’ about 
the progression of muscular dystrophies, with a bias towards Duchenne muscular 
dystrophy (DMD). This has been done on the basis that by analysing one muscular 
disease as comprehensively as possible it will complement insights from our peers 
for the additional muscular dystrophies.

All muscular dystrophies are genetic; DMD is X-linked and can be an inherited 
mutation, a spontaneous mutation or due to germline mosaicism. The onset of 
DMD is illustrated by a list of manifestations that serve as ‘possible indicators’ of 
the disease that then precipitates a diagnostic assessment pathway that confirms or 
refutes the evaluation [13].

As demonstrated in the Norwegian paediatric DMD population, if there is a 
family history of muscular dystrophy, then this can mean that a confirmed diagno-
sis is possible almost immediately (mean age at diagnosis 2.8 years with a standard 
deviation of 3.2 years) [21] if there is not; then indicators such as speech delay, high 
Creatinine Kinase or transaminases, abnormal gait or delayed motor development 
followed by more specific genetic tests are used to confirm diagnosis that may not 
occur until the child is between 3 and 6 years of age. Newborn screening for high 
CK is a good predictor of DMD.

Why is this important? Until recently, understanding of muscular dystrophy 
during the neonate phase was very limited and it was speculated that there was 
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a ‘honeymoon period’ during which the disease did not develop significantly. 
Following the creation of the Bayley III child development assessment tool, 
the MDA-DMD clinical research assessed 24 children with ages ranging from 
0.37 months to 2.99 years [9]. The Bayley III tool assesses children in five devel-
opmental domains: cognition, language, social–emotional, motor and adaptive 
behaviour. It exists in tailored forms for specific diseases. For all patients, their 
language and cognitive skills were lower than healthy patients, as were their fine 
motor skills, while the gross motor skills were more significantly impacted, imply-
ing that the large muscle groups and the core muscle groups are being affected in 
these patients at an early age, and it was observed that these skills declined with age. 
In a 1-year follow-up, declining motor function continued to be observed [22]. This 
work was further confirmed in a larger study involving 114 patients in which delays 
in gross motor development were observed [23]. Similarly in the 4D-DMD study 
performed comparing the healthcare records and questionnaires of 76 patients with 
DMD compared to 19,000 patients from the general population revealed impaired 
gross motor development, with first signs visible at 2–3 months of age and more 
evident by 24 months of age [24].

Additionally there is early fibrosis in the newborn, and the possibility there may 
be a cardiac involvement without overt clinical signs [25], whether there are endo-
crinological or respiratory issues early in development is still unclear [26]. Given 
the gross motor involvement, it is possible that the diaphragm maybe affected, but 
no respiratory analyses in very young children have been reported. The diaphragm 
and abdominal muscles work in tandem to stabilise the spine and trunk and enable 
voluntary limb movement [27].

The standard of care is to start steroid treatment and physiotherapy from the 
age of 3 or 4, cardiac monitoring and spirometry, measuring pulmonary function 
and vital capacity, from the age of 6 [13–15] and it is known that from the age of 
6 onwards there is respiratory decline peaking at around 14 years of age, with a 
forced vital capacity (FVC) of 1 L [28] while a healthy child typically has a FVC of 
over 3 L. Those patients with a strong FVC have been reported to live longer [29], so 
we can speculate based on the outcomes from the Bayley III analysis if respiratory 
assessment or diaphragm thickness analysis may also be worthwhile measures at 
early stages of disease that can be assessed more frequently in the family practice 
setting, providing the equipment is available and correctly maintained [30].

How to approach this from a rehabilitative approach, especially in the neonate, 
given their developmental and overall regenerative capacity could be avenues to 
explore experimentally in animal models. It is recommended that excessive and 
high-impact exercise should be avoided in these patients due to the induction of 
muscle damage, without the normal muscle repair mechanism, thereby augmenting 
inflammation and fibrosis [31]. However if there is specific muscle involvement 
enabling a localised application of regenerative approaches combined with occu-
pational therapy or low-intensity rehabilitation, this may provide a foundation to 
prevent core muscle decline, and enable other therapies to be sequentially applied. 
Experimentally, this has been demonstrated in traumatic muscle damage [32, 33], 
while in Sarcopenia low-intensity electrical stimulation has demonstrated benefits 
[34, 35]. Whether these approaches can be innovated and combined, while address-
ing the genetic aspect is an open question; however, as shown for traumatic spinal 
cord injuries, combination approaches can offer benefit [36].

What happens next, generally to the patient is well documented and increas-
ingly being reported linked to the type of mutation that the patient has (nonsense, 
frameshift, splicing site, pseudoexon or missense). Using North Star Ambulatory 
Assessment (NSAA) as the outcome assessment, mild increases are observed 
in functionality very early and then from the age of 3 to 6.5 years the patient’s 
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ambulatory capacity increases [16] but it never reaches the age standardised healthy 
norm. Physical support maybe needed from the age of 8, and between the ages of 10 
and 12 most patients no longer have the ability to walk, which also leads to ortho-
paedic-related issues (contractures in the ankles and scoliosis in 90% of patients) 
with associated impacts on cardiovascular and pulmonary function.

It is important to look at the specifics of each patient because of the patient 
variability (genetic type and likely population health-related compounding factors) 
and the 11 topics that are considered essential in patient care and management, as 
demonstrated by the studies of Phillips and Brogna [29, 37]. Despite mean assess-
ments based upon Spirometry or 6MWT that indicate downward decline, at the 
individual patient level while eventually each patient’s condition deteriorates, the 
variation between the genetic mutation (whether it is an early or late deletion, 
a duplication or premature stop codon) related to functionality or lung capacity 
indicates that there are additional compounding factors that influence pathology 
progression.

One trend does seem to be clear and that is when a patient’s condition does 
deteriorate, it happens rapidly, in less than 12 months. This would suggest that a 
higher frequency of testing may be needed, which would for most families pres-
ent a logistical problem. Therefore, patient management solutions that can be 
implemented either virtually as that performed in standard cardiac monitoring or 
in family care practices may offer innovative interim patient care and management 
alternatives.

Considering that every patient is typically monitored via a dedicated special-
ist centre, who without question perform as many of the recommended tests as 
possible, because no correlation has been reported between disease progression at 
the biometrics being assessed, there may be external factors influencing disease 
progression. This is not a strange phenomenon, in the instance of asthma, increased 
incidences of asthma are reported in lower income families, because in many cases 
the houses can be either mouldy or damp resulting in spores entering the child’s 
lungs and inducing the disease [38]. It may therefore be worthwhile to integrate 
Population Health specialists into the ecosystem to provide additional insights, 
which may not generate an intervention, but will define an optimised and imple-
mentable care pathway that integrates for as many patient-specific non-disease 
specific variables as possible that can include broad social, socio-economic, envi-
ronmental conditions as well as healthcare policies.

The cumulative outcome will hopefully be not only a globally standardised care 
pathway for all patients with muscular dystrophy, but also the creation of interven-
tion and diagnostic innovations that will address reimbursement agencies’ require-
ments and standards.

3. The evolution of reimbursement decision-making

Concerns regarding the growing gap between demand for health services 
and technologies and available resources have long created the need to regulate 
healthcare expenditure and governments have increasingly introduced formal 
systems to assess the value for money of healthcare technologies coming to mar-
ket [4]. The predominant processes to do so are health technology assessments 
(HTAs) (ref).

The introduction of the National Institute for Health and Care Excellence 
(NICE) in 1999 in England significantly contributed to the globalisation of HTAs 
[39]. Nearly every country now has an HTA organisation in place to help payers 
determine the value of new medical interventions (Figure 1) [40].
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Historically, HTAs were performed after regulatory marketing authorisation had 
been granted. Due to the resulting gap between marketing authorisation and reim-
bursement, HTAs tend now to start much earlier—often in parallel with regulatory 
approval processes.

While there are differences between countries regarding defining the value 
of a new health technology, certain central requirements are common and can 
be addressed in clinical trials and evidence generation alongside and beyond 
clinical trials.

HTA is constantly evolving—the methods and processes as well the countries 
using it. Therefore, manufacturers developing healthcare technologies need to fol-
low and engage with HTA developments either directly or through the use of expert 
consultants.

4. HTA vs regulatory requirements

Regulatory authorities around the world require manufacturers to demonstrate 
the risks vs. benefits and quality based on clinical and non-clinical information. 
Reimbursement authorities require companies to demonstrate the comparative 
value of their product vs. the standard of care used in their jurisdiction. To do this, 
they appraise a new health technology or indication in comparing a set of product 
attributes relating to its efficacy, safety, impact on quality of life (QoL) and func-
tional status and pricing compared to the current standard of care.

Evidence used in HTAs for assessing the relative clinical and cost-effectiveness 
of new pharmaceuticals comes from a variety of sources, such as systematic litera-
ture reviews, indirect treatment comparisons and economic modelling. However, 
clinical trials conducted during the drug development process provide the most 
important source of treatment effect data for HTAs.

In recent years, some regulators including the EMA and FDA have taken steps 
to enable faster access to some drugs for rare conditions. For example, grant con-
ditional authorisation to treatments such as Ataluren for DMD. This is not without 
controversy and HTA authorities have expressed concern that there may be insuf-
ficient evidence available for them to determine the effectiveness and value of such 
treatments.

Figure 1. 
Countries with formal HTA systems worldwide.
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5. Common HTA data needs

Traditionally, most medicines received marketing authorisation after comple-
tion of large phase III clinical trials. Increasingly, medicines, especially such with 
novel or breakthrough status, are receiving regulatory approval based on much 
smaller phase II trials and/or non-comparative ‘single arm’ trials.

Therefore, it is important to consider the specific evidence requirements for 
HTAs (i.e. core of relative clinical and cost-effectiveness evidence) much earlier in 
clinical development programmes, that is, when designing phase II trials as well as 
when designing phase III trials.

Pharmaceutical companies need to consider five critical areas when designing 
clinical trials to be HTA ready as well as ready for regulatory authorities:

i. Choice of comparator

ii. Measurement of clinical effectiveness

iii. Quality of life (QoL) and patient reported outcomes

iv. The collection of resource use data

v. Follow-up time of the trial

5.1 Choice of comparator

Non-comparative/single arm trials create issues when HTA decision-makers try 
to compare the new technology vs. the standard of care. Placebo-controlled trials 
result in similar issues, if the placebo arm of the trial differs substantially from 
clinical practice. Both result in the need of extensive indirect treatment compari-
sons (ITCs), thus weakening the relevance and robustness of the clinical evidence 
in HTAs.

We recommend, wherever possible, to use the standard of care as the compara-
tor. This may be difficult where there is no gold standard and/or where clinical 
practice across and/or within countries involved in the trial varies. In such cases, 
we recommend consideration of the use of an active comparator based on physician 
choice to enable treatment comparisons relevant to HTA decision-makers in their 
respective jurisdictions.

5.2 Measurement of clinical effectiveness (efficacy and safety)

HTA requires outcomes to be patient relevant, and there is a growing inter-
est in the use of patient reported outcome measures (PROMs) in clinical trials 
[41–43]. In some disease areas, for example cancer, it may not be possible to power 
a trial to capture the treatment effect on hard outcomes, such as mortality/overall 
survival, and surrogate endpoints are used, such as progression free survival, 
which is an issue for ensuring the trial results are relevant to patient outcomes. 
However, surrogate endpoints can be useful when a clear and robust link can be 
established with patient relevant outcomes. For example, as for the link between 
HbA1c in type 2 diabetes and cardiovascular events. However, this is only when 
those links have been or can be validated by studies, so that HTA decision-makers 
can accept them.

We recommend, where possible, to select endpoints relevant to patient out-
comes (for example survival, PROMs—see more below). Where this is not possible, 
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we recommend establishing robust links between surrogate endpoints and patient 
outcomes and to validate them in separate studies or with external databases.

When considering the selection of endpoints for a clinical trial, it is also 
important to keep in mind how the data will be used in HTAs where the new 
technology will be compared with other technologies used in clinical practice via an 
ITC. Therefore, it is important to review which endpoints have been collected in tri-
als of most relevant comparator technologies to enable such treatment comparisons.

We recommend reviewing the endpoints used in previous trials, undertaking 
validation of these measures, whether the MCID is relevant and a predictor of 
patient outcomes and making a recommendation for consistent measures going 
forward to support comparisons between treatments.

However, there is non-alignment between the entities that provide market 
authorisation and those that perform HTAs. The FDA strongly recommends 
placebo-controlled trials [44], whereas the EMA suggests placebo in a two-way 
design study that enables a standard of care add on. With the caveat that if patients 
are being treated with corticosteroids, further patient stratification between the 
groups should be performed [45]. In both cases, a restoration of function or slowing 
decline is considered the main recommended endpoint, along with additional stud-
ies addressing activity levels, cardiac function and respiratory activity, while patient 
reported outcomes are suggested but not recommended.

Similarly, NICE in their evaluation of Idebenone, indicated that outcome 
measures to be considered could include pulmonary function, cardiac function, 
walking ability, motor function, muscle strength and HR-QOL, to assess the impact 
on quality of life [46].

This, however, is not reflected in the analysis of phase II and III clinical trials 
either performed or ongoing for muscular dystrophies. Of the 19 drugs tested in 
numerous phase III studies only 6 included PRO to enable a HR-QOL assessment, 
while of the 18 in phase II studies only 2 included PRO. One has to anticipate that 
because of the low number of patients in rare disease clinical trials and the impor-
tance of the impact of obtaining quality of life information to enable patients to 
have access to these medicines, PRO should become a standard in clinical studies, 
and that the PRO should be standardised throughout the field.

5.3 Quality of life (QoL) and patient reported outcomes (PROs)

HTA organisations use QoL and functional status data either for use in cost-
effectiveness evaluations or as individual value attributes of additional benefit a 
new technology offers. A separate economic model needs to be developed (typically 
in Excel) to utilise input data from the clinical studies and other sources.

To support the economic value case for a new pharmaceutical, the instruments 
used in the trial need to allow the generation of utilities (QALYs). For utility mea-
surement, data from generic health status measures, like the EQ-5D, tend to be 
preferred by HTA organisations.

For muscular dystrophies, PROs that inform changes in quality of life have been 
investigated to identify and tailor QoL since at least 2011 [47, 48]. The issue is that 
the consequences of the disease are broad and diverse, vary from patient to patient 
and change as a function of age. For the most juvenile patients, outcomes are depen-
dent on parent and physician reports due to a vocabulary limitation common to all 
young children. To some extent, this can be replaced with the overlapping Bayley III 
assessment, which can assess neonate responsiveness and functionality while simul-
taneously evaluating if the child has developmental differences [9]. Bayley III is not 
a QoL indicator per se, but in the context of neonate development, the comparison 
between healthy and DMD patients has revealed outcomes that would suggest 
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5. Common HTA data needs

Traditionally, most medicines received marketing authorisation after comple-
tion of large phase III clinical trials. Increasingly, medicines, especially such with 
novel or breakthrough status, are receiving regulatory approval based on much 
smaller phase II trials and/or non-comparative ‘single arm’ trials.

Therefore, it is important to consider the specific evidence requirements for 
HTAs (i.e. core of relative clinical and cost-effectiveness evidence) much earlier in 
clinical development programmes, that is, when designing phase II trials as well as 
when designing phase III trials.

Pharmaceutical companies need to consider five critical areas when designing 
clinical trials to be HTA ready as well as ready for regulatory authorities:

i. Choice of comparator

ii. Measurement of clinical effectiveness

iii. Quality of life (QoL) and patient reported outcomes

iv. The collection of resource use data

v. Follow-up time of the trial

5.1 Choice of comparator

Non-comparative/single arm trials create issues when HTA decision-makers try 
to compare the new technology vs. the standard of care. Placebo-controlled trials 
result in similar issues, if the placebo arm of the trial differs substantially from 
clinical practice. Both result in the need of extensive indirect treatment compari-
sons (ITCs), thus weakening the relevance and robustness of the clinical evidence 
in HTAs.

We recommend, wherever possible, to use the standard of care as the compara-
tor. This may be difficult where there is no gold standard and/or where clinical 
practice across and/or within countries involved in the trial varies. In such cases, 
we recommend consideration of the use of an active comparator based on physician 
choice to enable treatment comparisons relevant to HTA decision-makers in their 
respective jurisdictions.

5.2 Measurement of clinical effectiveness (efficacy and safety)

HTA requires outcomes to be patient relevant, and there is a growing inter-
est in the use of patient reported outcome measures (PROMs) in clinical trials 
[41–43]. In some disease areas, for example cancer, it may not be possible to power 
a trial to capture the treatment effect on hard outcomes, such as mortality/overall 
survival, and surrogate endpoints are used, such as progression free survival, 
which is an issue for ensuring the trial results are relevant to patient outcomes. 
However, surrogate endpoints can be useful when a clear and robust link can be 
established with patient relevant outcomes. For example, as for the link between 
HbA1c in type 2 diabetes and cardiovascular events. However, this is only when 
those links have been or can be validated by studies, so that HTA decision-makers 
can accept them.

We recommend, where possible, to select endpoints relevant to patient out-
comes (for example survival, PROMs—see more below). Where this is not possible, 
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we recommend establishing robust links between surrogate endpoints and patient 
outcomes and to validate them in separate studies or with external databases.

When considering the selection of endpoints for a clinical trial, it is also 
important to keep in mind how the data will be used in HTAs where the new 
technology will be compared with other technologies used in clinical practice via an 
ITC. Therefore, it is important to review which endpoints have been collected in tri-
als of most relevant comparator technologies to enable such treatment comparisons.

We recommend reviewing the endpoints used in previous trials, undertaking 
validation of these measures, whether the MCID is relevant and a predictor of 
patient outcomes and making a recommendation for consistent measures going 
forward to support comparisons between treatments.

However, there is non-alignment between the entities that provide market 
authorisation and those that perform HTAs. The FDA strongly recommends 
placebo-controlled trials [44], whereas the EMA suggests placebo in a two-way 
design study that enables a standard of care add on. With the caveat that if patients 
are being treated with corticosteroids, further patient stratification between the 
groups should be performed [45]. In both cases, a restoration of function or slowing 
decline is considered the main recommended endpoint, along with additional stud-
ies addressing activity levels, cardiac function and respiratory activity, while patient 
reported outcomes are suggested but not recommended.

Similarly, NICE in their evaluation of Idebenone, indicated that outcome 
measures to be considered could include pulmonary function, cardiac function, 
walking ability, motor function, muscle strength and HR-QOL, to assess the impact 
on quality of life [46].

This, however, is not reflected in the analysis of phase II and III clinical trials 
either performed or ongoing for muscular dystrophies. Of the 19 drugs tested in 
numerous phase III studies only 6 included PRO to enable a HR-QOL assessment, 
while of the 18 in phase II studies only 2 included PRO. One has to anticipate that 
because of the low number of patients in rare disease clinical trials and the impor-
tance of the impact of obtaining quality of life information to enable patients to 
have access to these medicines, PRO should become a standard in clinical studies, 
and that the PRO should be standardised throughout the field.

5.3 Quality of life (QoL) and patient reported outcomes (PROs)

HTA organisations use QoL and functional status data either for use in cost-
effectiveness evaluations or as individual value attributes of additional benefit a 
new technology offers. A separate economic model needs to be developed (typically 
in Excel) to utilise input data from the clinical studies and other sources.

To support the economic value case for a new pharmaceutical, the instruments 
used in the trial need to allow the generation of utilities (QALYs). For utility mea-
surement, data from generic health status measures, like the EQ-5D, tend to be 
preferred by HTA organisations.

For muscular dystrophies, PROs that inform changes in quality of life have been 
investigated to identify and tailor QoL since at least 2011 [47, 48]. The issue is that 
the consequences of the disease are broad and diverse, vary from patient to patient 
and change as a function of age. For the most juvenile patients, outcomes are depen-
dent on parent and physician reports due to a vocabulary limitation common to all 
young children. To some extent, this can be replaced with the overlapping Bayley III 
assessment, which can assess neonate responsiveness and functionality while simul-
taneously evaluating if the child has developmental differences [9]. Bayley III is not 
a QoL indicator per se, but in the context of neonate development, the comparison 
between healthy and DMD patients has revealed outcomes that would suggest 
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that this could be used for the earliest possible assessment. It is essential to read 
this publication for the indicated outcomes for functional expectation of healthy 
neonates and how this compares to patients with muscular dystrophy, because of 
the emphasis that regulatory bodies give to functional gains.

Following this, PROs are obtained routinely using the Paediatric Outcomes Data 
Collection Instrument (PODCI), SF-36 Health survey [41] and Neuromuscular 
module and Generic Core Scales of the PedsQL, which are also suggested by the 
EMA [45]. However, measuring QoL becomes significantly more complex as the 
patient grows. It has been reported that QoL outcomes using the PedsQL become 
unreliable as the patient ages [47], at least in the context of restoration of function, 
as defined by regulatory bodies versus increases in quality of life. The insinuation is 
that a restoration in function does not necessarily correlate to an increase in qual-
ity of life, which reinforces the concept that selected population health-related or 
additional pathophysiological measurements may need to be integrated into the 
appraisal as a third axis.

Additional research has been performed utilising the WHO ICF-CY [19, 49, 50], 
while the most comprehensive research on identifying, designing and optimising 
PRO specific for the muscular dystrophies has been reported from ScHARR [41–43] 
that forms a core part of the Project HERCULES initiative, a project led by the 
patient organisation Duchenne UK, aimed towards creating a suite of disease level 
HTA evidence including QoL assessment for DMD. The emphasis is that the QoL 
questionnaire needs to retain core expectations while also expanding the readouts 
as a function of neurological gain as the patient matures and can expand their 
expressiveness.

In muscular dystrophies, Project HERCULES (see below) is developing an 
optimised Duchenne muscular dystrophy (DMD)-specific instrument to create a 
preference-based measure to meet the needs of HTA.

Besides their use in cost-effectiveness evaluations, the use of generic and 
condition-specific instruments will generate data to inform HTA decision-makers’ 
assessments of the additional benefit of the new technology compared to the 
standard of care as individual value attributes.

QoL and functional status data should be collected at baseline and throughout 
the trial and follow-up period.

We recommend collecting QoL and functional status data using generic 
health status measures that allow the generation of utilities, as well as including a 
condition-specific instrument. In selecting which PROMs to choose, it is important 
to review the trials of the most relevant comparators to enable better comparison 
between technologies during HTAs.

5.4 The collection of resource use data

This includes hospitalisations, outpatient/GP appointments and tests/
investigations to inform the cost-effectiveness analysis. There is no universally 
recognised method for economic data collection in clinical trials and a variety of 
techniques are used. The methods and instruments used should reflect the health 
condition to new technology addresses. The researcher planning the trial should 
again review the trials of the most relevant comparators to identify potential 
methods and instruments.

Resource use data should be collected at baseline and throughout the trial and 
follow-up period. However, resource use data collection from a multinational 
clinical trial should be performed with caution due to the concerns over the gener-
alisability of the data for country-specific HTA submissions. Hence, there is a key 
role for local validation of resource use estimates from a trial and/or observational 
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data collection. Additional Burden of Illness studies should be undertaken alongside 
trials to show real-world evidence.

5.5 Follow-up time of the trial

Studies should have an appropriately long enough follow-up time to enable 
the collection of consistent, sufficient and robust data relevant to HTA decision-
makers. Minimising uncertainty about clinical effectiveness may be a particular 
challenge for life-long progressive conditions with limited data such as muscular 
dystrophies and there is no fixed time period favoured by HTA bodies.

In addition, a plan detailing how and when individual endpoints will be col-
lected is essential. This should include the frequency, methods, sources and time 
horizon within the data. Besides the data collection plan, the researcher planning 
the trial should also consider the development of a specific health economics/HTA 
statistical analyses plan (SAP) covering such aspects as to how PROM and resource 
use data will be analysed for HTA and use in economic models. This would comple-
ment the regular clinical study SAP.

6. HTA scientific advice

Some HTA bodies, for example NICE, offer HTA-specific scientific advice 
to developers of health technologies to help them develop evidence required for 
HTAs [51]. Also, the EMA and EUNetHTA (EU body responsible for co-ordinating 
HTA methods and policies in Europe) offer a joint scientific advice programme to 
companies with HTA organisations involved.

All of those processes come with varying requirements for preparation and com-
pany input and varying levels of opportunities for engagement with the involved 
parties.

7. Unofficial procedures

1. Advisory board meetings with health economists with clinical trial experience 
for selected key territories, HTA experts and clinicians to review and input into 
clinical trials.

2. One-to-one meetings with payer/HTA experts to review and gain input for 
clinical trial programmes from specific experts for specific regions and/or 
countries.

3. Working with specialist health economics consultants with clinical trial, HTA 
scientific advice and HTA experience to review plans, gain input into clinical 
trials, to develop whole HTA scientific advice programme tailored to the in-
dividual company requirements and to provide wider market access and HTA 
advice also supporting and/or conducting individual projects.

4. Patient and family input is crucial to fully understand the impact of the dis-
ease, on health, quality of life, socially and financially as well as any practical 
considerations relating to the feasibility of the trial design.

For all of the above, we recommend working with health economists with 
clinical trial and HTA experience to review plans, gain input into clinical trials, to 
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that this could be used for the earliest possible assessment. It is essential to read 
this publication for the indicated outcomes for functional expectation of healthy 
neonates and how this compares to patients with muscular dystrophy, because of 
the emphasis that regulatory bodies give to functional gains.

Following this, PROs are obtained routinely using the Paediatric Outcomes Data 
Collection Instrument (PODCI), SF-36 Health survey [41] and Neuromuscular 
module and Generic Core Scales of the PedsQL, which are also suggested by the 
EMA [45]. However, measuring QoL becomes significantly more complex as the 
patient grows. It has been reported that QoL outcomes using the PedsQL become 
unreliable as the patient ages [47], at least in the context of restoration of function, 
as defined by regulatory bodies versus increases in quality of life. The insinuation is 
that a restoration in function does not necessarily correlate to an increase in qual-
ity of life, which reinforces the concept that selected population health-related or 
additional pathophysiological measurements may need to be integrated into the 
appraisal as a third axis.

Additional research has been performed utilising the WHO ICF-CY [19, 49, 50], 
while the most comprehensive research on identifying, designing and optimising 
PRO specific for the muscular dystrophies has been reported from ScHARR [41–43] 
that forms a core part of the Project HERCULES initiative, a project led by the 
patient organisation Duchenne UK, aimed towards creating a suite of disease level 
HTA evidence including QoL assessment for DMD. The emphasis is that the QoL 
questionnaire needs to retain core expectations while also expanding the readouts 
as a function of neurological gain as the patient matures and can expand their 
expressiveness.

In muscular dystrophies, Project HERCULES (see below) is developing an 
optimised Duchenne muscular dystrophy (DMD)-specific instrument to create a 
preference-based measure to meet the needs of HTA.

Besides their use in cost-effectiveness evaluations, the use of generic and 
condition-specific instruments will generate data to inform HTA decision-makers’ 
assessments of the additional benefit of the new technology compared to the 
standard of care as individual value attributes.

QoL and functional status data should be collected at baseline and throughout 
the trial and follow-up period.

We recommend collecting QoL and functional status data using generic 
health status measures that allow the generation of utilities, as well as including a 
condition-specific instrument. In selecting which PROMs to choose, it is important 
to review the trials of the most relevant comparators to enable better comparison 
between technologies during HTAs.

5.4 The collection of resource use data

This includes hospitalisations, outpatient/GP appointments and tests/
investigations to inform the cost-effectiveness analysis. There is no universally 
recognised method for economic data collection in clinical trials and a variety of 
techniques are used. The methods and instruments used should reflect the health 
condition to new technology addresses. The researcher planning the trial should 
again review the trials of the most relevant comparators to identify potential 
methods and instruments.

Resource use data should be collected at baseline and throughout the trial and 
follow-up period. However, resource use data collection from a multinational 
clinical trial should be performed with caution due to the concerns over the gener-
alisability of the data for country-specific HTA submissions. Hence, there is a key 
role for local validation of resource use estimates from a trial and/or observational 
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data collection. Additional Burden of Illness studies should be undertaken alongside 
trials to show real-world evidence.

5.5 Follow-up time of the trial

Studies should have an appropriately long enough follow-up time to enable 
the collection of consistent, sufficient and robust data relevant to HTA decision-
makers. Minimising uncertainty about clinical effectiveness may be a particular 
challenge for life-long progressive conditions with limited data such as muscular 
dystrophies and there is no fixed time period favoured by HTA bodies.

In addition, a plan detailing how and when individual endpoints will be col-
lected is essential. This should include the frequency, methods, sources and time 
horizon within the data. Besides the data collection plan, the researcher planning 
the trial should also consider the development of a specific health economics/HTA 
statistical analyses plan (SAP) covering such aspects as to how PROM and resource 
use data will be analysed for HTA and use in economic models. This would comple-
ment the regular clinical study SAP.

6. HTA scientific advice

Some HTA bodies, for example NICE, offer HTA-specific scientific advice 
to developers of health technologies to help them develop evidence required for 
HTAs [51]. Also, the EMA and EUNetHTA (EU body responsible for co-ordinating 
HTA methods and policies in Europe) offer a joint scientific advice programme to 
companies with HTA organisations involved.

All of those processes come with varying requirements for preparation and com-
pany input and varying levels of opportunities for engagement with the involved 
parties.

7. Unofficial procedures

1. Advisory board meetings with health economists with clinical trial experience 
for selected key territories, HTA experts and clinicians to review and input into 
clinical trials.

2. One-to-one meetings with payer/HTA experts to review and gain input for 
clinical trial programmes from specific experts for specific regions and/or 
countries.

3. Working with specialist health economics consultants with clinical trial, HTA 
scientific advice and HTA experience to review plans, gain input into clinical 
trials, to develop whole HTA scientific advice programme tailored to the in-
dividual company requirements and to provide wider market access and HTA 
advice also supporting and/or conducting individual projects.

4. Patient and family input is crucial to fully understand the impact of the dis-
ease, on health, quality of life, socially and financially as well as any practical 
considerations relating to the feasibility of the trial design.

For all of the above, we recommend working with health economists with 
clinical trial and HTA experience to review plans, gain input into clinical trials, to 



Muscular Dystrophy - Research Updates and Therapeutic Strategies

92

develop whole HTA scientific advice programme tailored to the individual company 
requirements and to provide wider market access and HTA advice also supporting 
and/or conducting individual projects. This can also include the consultants helping 
the company to navigate the official procedures.

8. Evidence generation alongside and beyond clinical trials

Beyond clinical evidence generation, developers of healthcare technologies need 
to develop a set of HTA value propositions covering the impact their technology 
will have on the unmet need, its comparative effectiveness demonstration (planned 
and expected and/or based on potentially available data), patient reported out-
comes (including quality of life), cost-effectiveness, and resource use, costs and 
budget impact as well as covering a PICO (Patient, Intervention, Comparator and 
Outcomes) statement.

Companies need to conduct early HTA-specific gap analyses and HTA feasibility 
assessments to identify gaps in their own as well as their comparator’s evidence base 
to allow for sufficient time to fill those through evidence generation within, along-
side and beyond clinical trials. With this, it is also important to remember that HTA 
preparations need to start early with HTA input into phase II clinical trial planning 
and designing at the very latest and from there on being a constant and equal (to 
regulatory) part of any development as getting reimbursement is equally important 
as getting a marketing authorisation.

9. Other considerations

Companies need to conduct early economic modelling and payer research to 
inform their pricing strategy reflecting their evidence base. Technologies that 
are too expensive and do not have a significant benefit over existing alternatives 
are unlikely to be approved. The key driver of cost in many economic evaluations 
submitted to HTA organisations is the price of the technology. Where the list price 
is too high for the technology to be approved for reimbursement, companies can 
provide discounts and/or other commercial arrangements to reduce the cost to an 
approvable level. There are also instances when a new technology may be additive 
to existing standards of care. Where this care is already expensive, it is possible for a 
new treatment to not be cost-effective even at zero cost [52].

In other instances, it is not the list price of the technology but the uncertainty of 
the submitted benefits driving the need for a discount and/or commercial arrange-
ment. In HTAs evidence uncertainty is critical and higher the uncertainty the lower 
the acceptable price will be. Therefore, investing in better data and filling evidence 
gaps as early as possible can support a better price and avoid the need for a discount 
and/or commercial requirement.

Economic modelling can help a company to identify the potential need for a 
discount or commercial arrangement and where they are required the potential 
magnitude required.

Beyond evidence generation and pricing, manufacturers should follow and 
engage with HTA developments, follow comparator HTAs to inform their own HTA 
preparations and be open, transparent, collaborative and realistic when engaging 
with HTA authorities.

Support is available to companies throughout the whole process from early 
development through to the conclusion of individual HTAs from official bodies, 
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like HTA organisations, as well as from experienced HTA expert consultants. 
Companies should make use of the support available to them.

Furthermore, stakeholders from different backgrounds involved in addressing 
challenges in healthcare are increasingly working together cross functionally and 
globally. Developers of treatments for muscular dystrophies should also consider 
such approaches where they are not already happening. One outstanding example 
of such a collaboration in muscular dystrophies is Project HERCULES [53, 54].

10. Project HERCULES

In the field of Duchenne muscular dystrophy (DMD), one of the most common 
and severe forms of muscular dystrophy, Duchenne UK set up Project HERCULES 
(HEalth Research Collaboration United in Leading Evidence Synthesis) to develop 
tools and evidence to support HTA for new treatments for DMD [53–55].

Many pharmaceutical companies are developing potential treatments for DMD 
and are working individually to develop their approach to HTA. The variety of 
methods in use and the difficulties of generating data can lead to delays in introduc-
ing new treatments and inconsistent decision-making.

Duchenne UK invited pharmaceutical companies with a DMD product in 
development to a training day in February 2017 to explore modelling and HTA in 
DMD. This led to the establishment of Project HERCULES, a collaborative global 
project bringing together patient organisations, clinicians, academics, nine active 
pharmaceutical companies, HTA agencies and other advisors.

Project HERCULES has generated a set of disease-level evidence and tools 
including a natural history model, burden of disease data, a de novo DMD-specific 
quality of life metric, and a core economic model. These individual workstreams 
have been developed in parallel through an iterative process enabling evidence 
generated for one work stream to inform the others. This iterative approach ensured 
that input from clinicians, patients and carers and other experts was used for 
multiple purposes minimising the demands on stakeholders.

The leadership of a patient organisation enabled access to data sources and 
expertise that may be inaccessible for individual or industry researchers. The 
patient organisation was also able to recruit patients and parents to participate 
in the research through the use of social media and offline networks. There have 
been clear efficiencies for manufacturers in being able to access evidence and 
expertise and a greatly reduced cost compared to developing these evidence and 
tools in isolation.

The collaborative approach taken by Project HERCULES was not without chal-
lenges. Researchers often needed to learn to explain complex concepts in accessible 
language to ensure patients and lay members could effectively contribute. Balancing 
the input from patients and families with clinical, industry and HTA experts has 
also been challenging. Project HERCULES selected researchers in part by their 
readiness to work collaboratively with stakeholders ensuring that they were work-
ing closely with the other research teams and actively listening and responding to 
all the information obtained, and not simply seeking confirmation for what they 
expected to find.

Despite the challenges, Project HERCULES has consistently taken a collaborative 
approach that has had a clear impact on each workstream:

• Enabling researchers to test assumptions against lived experience and develop 
their own understanding of the condition and care pathway
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develop whole HTA scientific advice programme tailored to the individual company 
requirements and to provide wider market access and HTA advice also supporting 
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the company to navigate the official procedures.
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budget impact as well as covering a PICO (Patient, Intervention, Comparator and 
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to allow for sufficient time to fill those through evidence generation within, along-
side and beyond clinical trials. With this, it is also important to remember that HTA 
preparations need to start early with HTA input into phase II clinical trial planning 
and designing at the very latest and from there on being a constant and equal (to 
regulatory) part of any development as getting reimbursement is equally important 
as getting a marketing authorisation.

9. Other considerations

Companies need to conduct early economic modelling and payer research to 
inform their pricing strategy reflecting their evidence base. Technologies that 
are too expensive and do not have a significant benefit over existing alternatives 
are unlikely to be approved. The key driver of cost in many economic evaluations 
submitted to HTA organisations is the price of the technology. Where the list price 
is too high for the technology to be approved for reimbursement, companies can 
provide discounts and/or other commercial arrangements to reduce the cost to an 
approvable level. There are also instances when a new technology may be additive 
to existing standards of care. Where this care is already expensive, it is possible for a 
new treatment to not be cost-effective even at zero cost [52].

In other instances, it is not the list price of the technology but the uncertainty of 
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development through to the conclusion of individual HTAs from official bodies, 

93

The Impact of Payer and Reimbursement Authorities Evidence Requirements on Healthcare…
DOI: http://dx.doi.org/10.5772/intechopen.92553

like HTA organisations, as well as from experienced HTA expert consultants. 
Companies should make use of the support available to them.

Furthermore, stakeholders from different backgrounds involved in addressing 
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multiple purposes minimising the demands on stakeholders.

The leadership of a patient organisation enabled access to data sources and 
expertise that may be inaccessible for individual or industry researchers. The 
patient organisation was also able to recruit patients and parents to participate 
in the research through the use of social media and offline networks. There have 
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The collaborative approach taken by Project HERCULES was not without chal-
lenges. Researchers often needed to learn to explain complex concepts in accessible 
language to ensure patients and lay members could effectively contribute. Balancing 
the input from patients and families with clinical, industry and HTA experts has 
also been challenging. Project HERCULES selected researchers in part by their 
readiness to work collaboratively with stakeholders ensuring that they were work-
ing closely with the other research teams and actively listening and responding to 
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expected to find.
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• Identification of meaningful disease stages including the previously over-
looked transfer state between the traditional stages of late ambulatory and 
early non-ambulatory. Patient and parents told researchers about the impor-
tance of being able to weight bear for a period following the loss of ambulation. 
This state has been incorporated into the natural history model, which informs 
the other work streams.

• Development of a bespoke Quality of Life preference based measure that better 
reflects the lived experiences of those with DMD as well as the views of clini-
cians and other experts.

• An economic model that builds on the actual experience of clinicians, patients 
and families

• A burden of illness study focusing on what is most important to clinicians, 
patients and families.

11. Impact on investment and return on investment

In healthcare, and particularly therapeutic intervention, development takes a 
long time, typically over 14 years [56, 57], and is costly (up to $2.6 billion, [58]), 
which means that significant risk has to be carried for a long duration before know-
ing if the product was worth the investment. However, in the context of rare dis-
eases, the scenario is significantly different. Whereas the development up to launch 
of a medicine for a very common condition may cost $2.6 Billion, for the muscular 
dystrophies the value might be closer to $400 Million. The number of patients 
involved in the trials are significantly lower, the duration of the trials shorter and 
upon market release, an extensive sales force is not necessary, as patients are typi-
cally referred to centres of excellence [59–61], and clinicians who focus on treating 
patients with rare diseases are typically well versed in developments in the field, 
while patients associations perform stellar work in communicating with patients 
and their supporters what is happening [7, 62–68]. As explained above, achieving a 
marketing authorisation does not guarantee reimbursement that companies need to 
achieve before they can realise uptake and sales.

This leads us to two questions: (a) what impact integrating HTA requirements in 
clinical trial design has on investment decision-making, and (b) what impact it has 
on return on investment.

To answer the first question, we need to look at how pharmaceutical investment 
decisions are informed.

The decision to invest in the creation of a medical product, as for all other 
businesses, hinges on the definition of the market size, the terminal market value. 
The terminal market value is then reverse calculated to the potential present value 
by integrating in phase specific costs, risks and probabilities of success to give a 
net present value (NPV). If the NPV is positive, then the innovation is considered 
worthwhile to invest in, whereas if it is negative, the rule of thumb is to not invest.

NPV calculations are only as good as the data used to generate them, and both 
accurate and comprehensive values ideally should be used, based on real market 
dynamic, the latest clinical success rates and considering the latest reimburse-
ment approaches (such as HTAs). Thus, designing clinical trials that are more 
likely to result in better data and addressing HTA evidence requirements improve 
NPV calculations and thus optimise investment decision-making [69]. However, 
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it is important to state that there is the possibility that market authorisation agen-
cies and reimbursement bodies may not accept clinical data from other jurisdic-
tions due to different standards and regulations. Therefore, while NPV outputs 
are additive, the developer may need to assess if different clinical trials need to 
be performed in different locations and if and how the data can be used within 
a comprehensive evidence dossier that can be submitted to as many different 
agencies as possible.

The answer to the second question is that investing in better evidence genera-
tion will lead to higher chances of gaining desired reimbursement at the desired 
price, thus unlocking market access and sales potential early, thus having a positive 
impact on ROI. For the rare diseases, accounting for post-marketing surveillance, 
manufacturing and general admin costs, to reach a balance of zero, the product 
will need to generate at least $1 Billion in life time sales; to enable the innovators 
to sustain and expand their pipeline, generating additional new interventions 
for other rare diseases, life time sales between $2 Billion and $8 Billion would be 
required. Based on marketing authorisation restrictions on recently approved 
DMD interventions, that are based upon the differing forms of dystrophinopa-
thies, this revenue level would need to be generated from generating a beneficial 
effect (clinical effectiveness and cost effectiveness) for 10% of the muscular 
dystrophy population, who would likely need to administer the solution every year 
for the rest of their life, that could be an additional 25 years based on the increased 
standards of care. This combined information is then used to define the agreed 
price of the solution with the reimbursement agency, within the specifics of the 
healthcare system and marketplace in each different geography (this can be an 
entire country or a region within a country).

Governments have tried to be flexible to account for the market risks, policy 
changes have been implemented, such as the orphan drug definition in the 
EU. Because of the potentially low revenue potential, investing in solutions for 
rare diseases carries a higher risk, as costs cannot be recovered, therefore acts that 
provide market exclusivity for 12 years for paediatric diseases, in competition with 
‘similar competitive products’. Additionally, to facilitate R&D in healthcare, most 
countries offer R&D tax credits, independent of the source of the R&D funding, 
and using a very broad definition of what constitutes a R&D cost to stimulate such 
endeavours. These credits can be used to offset taxes on profit, providing the entity 
reinvests the revenue.

Conceptually for a paediatric rare disease, the rule may need to be revisited to 
reconsider what is the definition of a similar product to provide clarity to innova-
tors. Arguably it is any intervention that offers disease correction, which can be 
a very broad definition or is it based upon similar mechanisms of action; ideally 
innovators would need this point clarified to enable better clinical trial design. This 
is reflected in the clinical trials that are ongoing and appear to be following the 
conceptual design associated with major diseases, that is an ‘all or nothing’ response 
based upon the intervention being assessed.

Given that the disease takes years to manifest itself, and varies significantly from 
patient to patient as seen in other progressive degenerative diseases or traumatic inju-
ries with inconsistent and differing measurements, it is more likely that a spectrum 
of concepts and solutions need to be integrated together as function of the patient 
and the tissue damage at that specific stage within the complete disease progression 
to provide beneficial outcomes; this is likely going to include standard chemical 
entity interventions, anti-inflammatories and physiotherapy and potentially stem 
cells, biomaterials, genetic correction, tailored and designed as a comprehensive 
intervention solution tailored to the patient and their population health status.
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12. Conclusions

In summary, we would like to emphasise that for a product to be able to get a 
positive HTA recommendation leading to reimbursement by payers, manufacturers 
need to carefully consider the evidence needs of HTA authorities when planning 
clinical trials and evidence generation programmes.

For each new product, this should start early, that is when planning phase II tri-
als, and continue throughout the clinical development process in order to optimise 
the chances of gaining reimbursement and consequently return of investment.

Beyond evidence generation and pricing companies follow and engage with 
HTA developments, follow comparator HTAs to inform their own HTA prepara-
tions and be open, transparent, collaborative and realistic when engaging with HTA 
authorities.

Support is available to manufacturers throughout the whole process from early 
development through to the conclusion of individual HTAs from official bodies, 
like HTA organisations, as well as from experienced HTA expert consultants. 
Additionally, innovative initiatives, such as Project HERCULES, are existing to 
support developers but also serve as examples of what is possible and can be done 
beyond existing support structures and options. Manufacturers should make use of 
the support available to them.

Furthermore, addressing the evidence requirements of payers and HTA 
organisations in clinical trials and other evidence generation can lead to improved 
investment decision-making and have a positive impact on ROI.

It is also important to emphasise that developers of healthcare technologies 
need to address the evidence needs of reimbursement decision-makers early and 
throughout the development process in order to optimise their chances of gaining 
market access at a desired price unlocking ROI. To obtain and support this outcome, 
there may need to be a reconfiguration of the muscular dystrophy R&D ecosystem. 
A large amount of fundamental research has been and is still performed in the 
muscular dystrophies, mostly paid by charities such as MDA, Telethon, Duchenne 
and AFM, to name only a few. In no way does the volume of research and funding 
for muscular dystrophy compare to the major diseases.

For the major diseases, the years of highly funded fundamental research has 
resulted in outcomes that have translated to the clinic for the benefit of patients that 
is founded upon a significant amount of independently validated and reproduced 
data. Naturally, at the public funding level, policy is therefore biased towards 
encouraging fundamental research to have a translatable dimension to justify to the 
taxpayer the expense.

Rare disease researchers have not had a large knowledge resource but find them-
selves in the position that they need to accelerate their translatable research, due to 
patient need, without the same foundation of knowledge to rely upon. This is not 
going to change; however, different approaches to managing the knowledge that is 
generated from the limited financial support that is given to fundamental research 
in the muscular dystrophies would be beneficial for this field, other muscular 
diseases and the rare diseases field as a whole. But the barriers to progression are 
compounded by additional characteristics that are common to all other diseases and 
the culture of R&D and others that are unique to the field of muscular dystrophy.

One significant issue in knowledge generation in the muscular dystrophies is 
the genotypic diversity within each type that often prevents statistically relevant 
insights being obtained that can be leveraged into intervention development. This 
is because to obtain some level of relevant data the work has to be performed in 
an animal model that corresponds to the specific disease genotype. This means 
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creating the model (often a mouse) through transgenic modification, and after 
stabilising the model, assessing if the genotypic change generates a disease pheno-
type that corresponds to the human form of disease. On the proviso that a compre-
hensive understanding of the disease progression and phenotype is understood in 
the human.

Pre-clinical modelling is used to generate data that show a corrective effect, 
levels of toxicity, intervention metabolism and potential dosing. After generation of 
the comprehensive dossier for review, a positive ethical review board will then per-
mit a phase I testing of the drug in humans. The aim is to define if the considered 
therapeutic dose is toxic to a healthy human. If it is confirmed that the therapeutic 
does not harm a human, it is then approved to test in a small population of patients 
if in addition to not harming the patient it confers some level of corrective effect 
(phase IIa). If positive, the study can be expanded to more patients (phase IIb). 
Positive data from this phase enable the larger scale phase III, efficacy study on large 
patient populations. For diabetes and CVD, the available patient population for 
recruitment is huge.

For muscular dystrophies it is not; this means that a substantial amount of 
evidence has to be generated from between 30 to 250 patients, if they correspond 
to the inclusion/exclusion criteria of the trial, which typically includes not taking 
other experimental interventions. Independent of whether a disease is rare or 
frequent, this is not possible. It would be impossible and likely rejected by market 
authorisation bodies if this approach was taken for a highly prevalent disease 
as an evidence collection method. Policy changes have occurred focusing on 
rare diseases to be more flexible on effect and patient numbers, but clinical trial 
design still hinges on an ‘all or nothing’ therapeutic effect from a single interven-
tion. This does not correspond to the complexity of muscle tissue, the diversity 
between patients, the impact of comorbidities and the regenerative characteristics 
of muscle.

For fundamental researchers, specifically those in academia who perform most 
of the fundamental research operate in a ‘publish or perish’ professional environ-
ment. The nature of fundamental R&D is that >90% of the data generated, at first 
glance, is a negative result, and the space limitations in articles accepted for publica-
tion means that even very limited positive results are shown. A negative result being 
defined as an outcome that does not correspond to enabling a chosen question to be 
answered, it does not mean the data are useless or invaluable.

With such limited resources, financially, biologically and clinically, but with 
such a clear patient need, the field needs to reconsider how it best leverages its data, 
especially as there are not a high number of researchers active in muscular dystro-
phy, in comparison to cancer or cardiovascular diseases.

This could be resolved through a ‘research data’ database that can be accessed 
by all accredited researchers to enable searching other historical data from other 
sources to look for concepts that did not work to prevent wasteful repetition, or to 
look at the unpublished data with a new perspective to enable a different insight. 
This also needs to happen with clinical data, from those patients in trials to those 
having their disease history mapped, albeit with a greater ethical oversight. There 
are nearly 13,000 patients presently in global clinical trials for Limb Girdle, Beckers 
and Duchenne muscular dystrophy who will be generating what may first appear to 
be non-relevant data related to the defined outcomes, but it is very likely that in the 
context of age, disease progression, biometrics, comorbidity status, mental health 
status, population health characteristics as well as response to intervention, these 
data are going to massively inform the field and globally standardised clinical care 
pathways and patient biometric measurements.
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