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Abstract: Precision medicine is being discussed and incorporated at all levels of health care and
disease prevention, management, and treatment. Key components include new taxonomies of
disease classification, the measurement and incorporation of genetics and “omics” data, biomarkers,
and health care professionals who can optimize this information for a precision approach to treatment.
The study and treatment of Duchenne Muscular Dystrophy is making rapid advances in these areas
in addition to rapid advances in new gene and cell-based therapies. New therapies will increase the
variability in disease severity, furthering a need for a precision-based approach. An area of therapy
that is rarely considered in this approach is how the physiology of muscle contractions will interact
with these therapies and a precision approach. As muscle pathology improves, physical activity
levels will increase, which will likely be very beneficial to some patients but likely not to all. Physical
activity is likely to synergistically improve these therapies and can be used to enhance muscle health
and quality of life after these therapies are delivered using the tools of precision medicine.

Keywords: exercise; dystrophy; SNP; muscle contraction; biomarkers; gene therapy; precision
medicine; precision exercise; therapy

1. Introduction

The idea of personalized medicine has been gaining significant interest since the sequencing
of the human genome. Treatment for most of the major chronic diseases and many disciplines
within medicine having been attempting to adopt or at least are considering how to adopt the
idea [1-3]. Scientists and clinicians are even discussing the idea of how “exercise” can be utilized
and incorporated into a personalized medicine approach [4]. With a slightly modified and updated
approach, the National Research Council used the term “precision” medicine instead of personalized
medicine [5]. Precision medicine, they suggest, relies on the ability to subcategorize individuals
within a disease into those who will respond to specific targeted therapies and those who would
not respond, or for whom the treatment might even be detrimental. This will require, they explain,
new taxonomies of disease where much more information is brought to bear for each patient, including
‘omics’, lifestyle and diet, biomarkers, fully digitized clinical histories, and measures that still may be in
development. New and encompassing analyses will collectively utilize and incorporate this data into
a precise treatment. Ideally, biomarkers would then allow precise tracking of the effectiveness of the
treatment. The concept and practice of personalized medicine is a lofty goal and not without its share
of valid criticisms, particularly, the aspects related to genetics (e.g., SNPs) as disease modifiers [6-8].
This problem is acknowledged, yet DNA sequence variation may only play a small role or eventually be
superseded by other omic data; this type of biologic big data is only one concept of precision medicine,
and the possible failure of that one concept does not doom the model or precision medicine, itself.
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It has even been suggested to view personalized medicine as dependent upon genetics, even though
precision medicine relies heavily on data, analytics, and information [9]. Recognizing these definitions,
the remainder of this report will focus on precision medicine. Recent advancements in each of these
concept areas of precision medicine, and many new treatments, are being reported for the genetic
disease Duchenne Muscular Dystrophy (DMD). A clear path in the field of DMD, however, has not yet
been mapped. Precision medicine will be more challenging than common chronic diseases, as sample
sizes in DMD studies are relatively small, and not nearly as much is known in terms of biomarkers or
additional genetic variation, such as SNPs. The many new treatments also will undoubtedly modify
(and inform) a precision medicine approach [10]. Progress is being made in these areas, but an area
that is lacking is discussion of the use of therapeutic exercise as part of a precision medicine approach.
As treatments for DMD improve, muscle function and physical activity will inevitably increase.
How will the increased physical activity or exercise rehabilitation accompany and interact with these
new treatments? To ignore the importance of the physiologic effect of increased muscle contractions
(i.e., physical activity) in this disease is missing important opportunities to not only improve these
treatments but to be ready to optimize the entire intervention program. In this perspective paper,
the basic concepts of precision medicine will be examined in relation to DMD, with a special emphasis
on how therapeutic exercise programs might interact with each of these concepts. The goal is to
highlight the likely interactions of precision DMD medicine with therapeutic exercise, and how this
should be considered an integral part of these treatments.

2. Variance in DMD Disease Progression

Because there is no cure for DMD, and boys with DMD are typically dependent upon a wheelchair
before the age of 20, with a life expectancy of less than 30 years of age, it can be easily underappreciated
how variable the disease is. The natural history of disease varies substantially amongst patients
with DMD. While the age of death has increased from less than 20 years to the late 20s [11,12],
some patients survive into their 40s [13]. These long-lived patients are not receiving the newest
advanced treatments of gene therapy or exon skipping but instead demonstrate disease variability.
This extended life span has occurred through improved and optimized treatment, improved
corticosteroid prescription, and more comprehensive cardiac and pulmonary treatments. The cardiac
and pulmonary care is particularly noteworthy, because failure of these organs is the primary cause
of mortality. For DMD precision medicine, these organs pose a special concern because they are
sometimes not affected by the most advanced treatments, even though skeletal muscle is affected.
Exercise also poses specific demands on the heart and diaphragm in comparison to skeletal muscle.
Thus, cardiopulmonary concerns warrant special attention somewhat beyond the scope of this review.
Because of this importance, they will be referenced throughout, but the primary focus here will be
skeletal muscle. There are not enough data available in most instances to make valid conclusions
about the cardiopulmonary system in this regard. Much research and special attention is needed in
this area. As optimized treatments continue to extend lifespans, they also uncover the variability
and other underlying differences, such as genetic modifiers, of disease. Even within rare families
with siblings who have DMD, there can be substantial variability in disease severity, such as cardiac
and pulmonary functions [14]. One of the largest databases and studies to date, UMD-DMD France,
contains 2411 entries of patients with DMD and complete data on 278 patients, with an average
of a 14 year follow up for each patient. In an analysis of this database, patients were statistically
classified into three distinct groups based on disease severity. Class A was the most severe, class B was
moderate, and class C was the least severe [15]. Loss of ambulation measures are often considered
the most complete measure of physical function and most reliable measurements of DMD disease
progression. In this analysis, one ambulatory measure, “never acquiring running ability”, affected 43%
of patients in the most severe group A, with only 18% and 8% in the less severe groups, B and C. Several
additional measures confirmed this severity grouping, reinforcing the idea of variability in physical
function. Within this database itself the disease has even been classified as both DMD and Intermediary
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Muscular Dystrophy (IMD) because of the variability in disease progression [15]. The cause of this
extensive variability did not appear to be attributable to treatment or any obviously identifiable
cause. The variability in disease progression and severity at any one time point, for example, showed
essentially no association with dystrophin mutation. However, there were differences in dystrophin
expression in biopsies, with the severe group A showing no dystrophin in any fibers, while the
moderate group had 13% of fibers and the least severe group C showed 18% of fibers expressing
dystrophin protein in immunohistochemical imaging. Nevertheless, only one patient had a detectable
protein level on western blot. Thus, while some revertant fibers existed in the least severe grouping
it was not enough to be detectable on western blots. The cause of revertant fibers is unknown,
but it is likely that patients with an increased number of revertant fibers had less severe disease.
The revertant fibers may then explain some of the variability. Variance in disease severity is at least
partially controlled by other genetic differences beyond dystrophin. The few twin studies that have
been conducted on DMD have reported more consistent disease progression within twin pairs than
amongst non-twin groups [16—-18]. This, as would be expected, suggests that disease progression has
a strong genetic component. Although sample sizes for GWAS studies has been limited, several genetic
modifiers have now been identified.

In relation to physical activity, there are currently no reports in the literature that have directly
examined the relationship of physical activity levels to disease progression in a cause and effect
relationship. From what is known about variable responses to exercise, it is likely that activity levels
play a role in the variability of disease progression. If higher levels of physical activity are related to
slower disease progression, activity might be beneficial or those with slower disease progression might
be more likely to be more active. Teasing apart the cause and effect will not be trivial, but a combination
of associative human studies (of physical activity and disease progression), and animal intervention
studies, will provide valuable insight into this process. In animals, voluntary exercise has been shown
to be beneficial [19]. Methods such as using running wheel locks, when a voluntary exercise dose is
reached, can be used to examine these questions directly. Currently, there is a need for these studies to
determine how much variance is due to physical activity.

3. Genetic Modifiers

Genetic modifiers are typically discussed as genes or gene/protein expression patterns that can
modify a disease or the progression of a disease. In DMD, animal models have yielded important
insights into protein and protein pathways that can affect disease, and these can be very valuable in
the design of new treatments, both as direct targets and in describing the disease pathology. However,
these are unlikely to be used in the context of precision medicine unless there is a known variability
that occurs naturally in these genes that can explain phenotype and guide treatment. The current focus
here is, therefore, the genetic modifiers identified from the study of affected patient populations to
identify common genomic variations. In precision medicine, these findings could provide the most
useful results in terms of translation in the clinic. Ideally, the study in this context would utilize
large databases of tens of thousands of individuals and use an unbiased genome-wide examination
of related polymorphisms in comparison to the most important and consistent clinical outcomes of
the disease. Studying rare genetic diseases is, unfortunately, inherently problematic for this optimal
study design. Sample sizes tend be relatively small, and in DMD, important disease outcomes, such as
loss of ambulation, are to some degree a combination of function and behavior and not always
consistently defined across studies or cohorts. With these limitations in mind, genetic variations have
still been identified.

Inflammation and fibrosis are the primary treatment targets, as evidenced through the
optimization of corticosteroid treatments in the clinic and the continued research on the TGF-Beta
(Transforming Growth Factor Beta) pathway in skeletal muscles. In this regard, the osteopontin gene
has been considered a critical regulator of this pathway. Osteopontin is a secreted phosphoprotein
(SPP1) that regulates immune, bone, and muscle physiology. A SNP that affects transcriptional activity
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was identified in the SPP1 promoter [20]. Subsequently, the SPP1 protein was shown to be elevated in
DMD patient muscles and the serum of mdx mice [21], while mechanistic studies confirmed a role
for SPP1 in promoting fibrosis in the mdx mouse [22]. The SPP1 SNP rs 28357094 was then examined
in two separate cohorts of DMD patients (n = 106 & n = 156) [23]. The two-cohort design was used
to both identify and validate polymorphisms related to DMD disease severity. The SPP1 SNP rs
28357094 was related to disease severity. At least one subsequent study was able to replicate these
findings [24], while others did not [25,26]. These non-confirmatory studies did not find the SPP1
genotype as predictive alone of disease severity but did identify a TGF-BetaR2 SNP rs4522809 as being
predictive of osteopontin expression and identified the haplotype in the LTBP4 gene as predictive of
disease severity. Admittedly, small sample sizes and statistically insensitive measures, such as age at
loss of ambulation, make it difficult to find small effects, yet these findings further implicate the TGFB
inflammatory pathway as an important disease modifier. Also notable is the association found between
the SPP1 SNP when steroid treatment is included in the analysis [24]. This suggests that the gene
effect can be medication specific, further aiding idea of precision medicine. In regard to inflammation
specifically, the rs1883832 SNP of CD40 T-cells was recently identified as a disease modifier [27],
again implicating its inflammatory state and variations as important for disease progression. The only
SNP identified that is not part of the inflammatory cascade is the ACTN3 (Alpha-actinin 3) genotype,
which causes a loss of the protein in carriers of this mutation and was shown to affect DMD [28].
ACTNBS is a structural protein located at the Z-disc of muscle sarcomeres, where it anchors actin
myofilaments. The (rs 1815739) polymorphism causes a premature stop codon and, therefore, allows
no ACTNG to be expressed in fast twitch skeletal muscle fibers. This polymorphism has been associated
with muscle performance in healthy people as well as in people with DMD [29].

As more polymorphisms are identified and interactions between them are explored, it will
be possible to use polymorphisms in precision treatments. Indeed, steroid treatment seems to be
a co-determinant of the SPP1 SNP effect. Identifying other treatments that interact with genotype
to predict disease outcome could greatly aid in personalizing treatment, by precisely selecting and
optimizing treatment. Gene therapy treatments might interact, lessen, or strengthen some of these
genotype associations. SNPs could be used to develop new taxonomies or subcategories of disease to
better predict who will respond to certain therapies. In this regard, it is very likely that physical activity
and/or therapeutic exercise will interact with the SNPs. Numerous SNPs that affect the exercise
response in healthy and disease populations have been identified, as will be discussed in this paper.
It is then possible that some boys with DMD or BMD may respond positively to increased physical
activity, although there is, admittedly, little evidence to currently support this. It is likely that in the
future, in combination with other therapies, boys with certain SNPs will respond better to certain
gene therapies and certain exercise interventions. These combinations, producing a synergistic effect,
are an ideal example of the promise of precision medicine.

4. Gene, Molecular, and Cellular Therapies

The idea of human gene modification to cure disease goes back at least 40 years [30]. In the 1990s,
the development of adenoviral vectors (AVs) seemed to finally deliver on this promise. The further
development of lentiviruses (LVs) added additional hope. Several clinical trials were run, with some
ending in disastrous consequences [31,32]. The viral vectors were not completely understood and
resulted in unexpected toxicities. Several years of basic bench science on the biology of these viral
delivery vectors, and their interaction with the human immune system, resulted in major advancements
that have led to renewed interest and successes in virally delivered genetic material. Part of this
success has been the development of viruses, including adeno-associated viruses (AAV). Additionally,
the development of chemistries that can induce designed and specific alternative splicing in human
cells offers the opportunity to “skip” or splice over mutations to create truncated proteins; in many
cases, this process is enough to offer at least a partial functional protein correction in the cell. Finally,
the advancement in genome editing techniques, including the recent discovery of CRISPR-Cas9,
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has allowed the potential to literally correct the disease-causing mutations in the cell. Some other
advanced biologic therapies that are demonstrating great promise include modifying the expression of
Utrophin or other structural muscle genes, and cellular therapies. All of these therapies are in some
stage of clinical trial or clinical trial development, but it does not currently appear that there will be
one best answer for all boys with DMD.

The viral vector delivery of genetic material was the first attempt at gene therapy. The overall idea
is simple, albeit difficult in reality to safely achieve. Genetic material that encodes the correct sequence
of a gene that has a disease-causing mutation is encapsidated into a virus, which is then delivered to an
organ directly or systemically, with the intention that the virus will bind to target cells and deliver the
genetic material to those affected cells for gene expression and possible incorporation into the genome.
There are advantages and disadvantages to AAVs and LVs that are beyond the scope of this review,
but a few are unique to muscle and dystrophin. AAVs tend to offer longer term transgene expression
in non-dividing cells, such as muscle fibers, but dividing fibers are better infected by LVs. Lentiviruses
integrate into the genome, conferring infected cells the ability to transfer the transgene to daughter
cells, a key advantage for long term therapy and for organs with a regenerative capacity, like skeletal
muscle. Additionally, LV’s can carry up to 10 kb of genetic material while the newest AAV’s have
an encapsidation ability of up to ~5 kb [33]. Considering that the transcript length of dystrophin is
14 kb, this storage capacity is an important difference and has led to research in truncating the gene
before delivery.

Improvements in our understanding of the essential components of the dystrophin protein have
yielded mini and microdystrohin genes used with these small encapsidation capacity viral vectors.
Indeed, several clinical trials have been undertaken. However, because of these and other limitations,
it does not appear that any of the current viral dystrophin delivery methods will be able to infect
100% of the muscle fibers. A cautiously optimistic estimate might be a 60%-70% fiber transfection
after several more years of research, and this amount will likely require multiple treatments or at least
periodic boosters throughout a lifetime. Thus, a Becker-like phenotype will be created, which could
extend a lifespan to at least the 60s or 70s. These patients will certainly become more active and some
may desire to become very active. We do not know how exercise will affect patients after the therapy,
or how exercise might interact with, or improve, the therapy itself. Exercise has significant effects on
the immune system and inflammation acutely (in response to one exercise session) and chronically
(in response to long-term training). Additionally, some forms of muscle contraction (e.g., eccentric
contractions) cause muscle membrane micro-tears, leakage, and repair, and have acute and chronic
effects on satellite cell division. Through this opening and resealing of the muscle membrane, exercise
is, therefore, very likely to affect viral uptake into dividing and non-dividing cells, in addition to
signaling inflammation, growth, and repair pathways, and will have a substantial long-term impact on
this type of therapy.

Another very promising approach related to gene delivery is exon skipping. Several different
classes of drugs and chemical compounds have now been shown to alter mRNA splicing, to skip over
the mutated exon. This therapeutic approach would require lifetime treatment, but would also avoid
some of the major complications of the viral delivery methods. Yet, exon skipping strategies will not
be able to treat all boys. Currently, the drugs in development target the most common mutations that
cause DMD and can, in theory, currently treat around 13% of all boys. With continued development,
it is estimated that exon skipping therapies could be used to treat up to about 80% of all boys [34].
These treatments, once optimized, will again be unlikely to treat 100% of the cells and in the cells that
are affected it is unlikely that dystrophin would reach 100%. Once again, this treatment creates a milder,
Becker-like pathology. The effect of exercise here is unknown. Exercise could modify the uptake of
the drug or could separately affect its ability to work, as exercise is known to affect gene and protein
expression of dystrophin, utrophin, and other structural proteins [35]. Exercise also effects numerous
signaling pathways in muscles, some of which are directly related to, or control, gene splicing [36].
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It seems very likely that exercise of the correct dose would increase the ability of the drug to work,
whether or not it affected drug uptake. Direct experiments will be needed.

4.1. Genome Editing

To be able to physically correct the DNA mutation causing the disease would be the ultimate
goal of a gene-type therapy for DMD. To directly target the DNA of each cell, remove the mutation,
and replace it with the correct sequence would, in theory, be considered a cure for this genetic disease.
The advent of CRISPR/Cas9 technology now opens this possibility. Optimization is needed, including
delivery of the protein machinery, precise control of DNA correction with no off-target effects, and the
ability to turn this machinery off when it is no longer needed. Other methods, including zinc-finger
nucleases and transcription activator-like effector nucleases (TALENS), are targeting nucleases that
still hold potential [37]. However, delivery of these gene correcting proteins remains an obstacle for
human patients. Even when delivery (likely by a viral vector) is optimized, off-target mutation is
still a concern [38,39]. There is also the possibility of combining this therapy with cell-based therapy,
by removing cells from a patient, modifying them outside the body, and delivering them back into the
tissues of interest. This delivery could be systemic or localized. This process has been successfully
accomplished with mdx mice [40], yet being able to correct enough cells, and getting enough of them
to engraft correctly into the muscle tissue of humans remains a major obstacle. Because it would be
unlikely to treat all cells, this process would also create a new Becker-like phenotype. Because of the
variety of delivery methods that could be used for genome editing, it remais difficult to anticipate
what the interactions would be with exercise. Factors such as inflammation, satellite cell activation
and localization, and endogenously activated tissue repair pathways are all affected by exercise and
could interfere with or enhance the response to these treatments. The stage of the disease is also
likely to interact with treatment and exercise response. The length of time the patient had the disease
before it was fully treated would affect the exercise response, as the patient would have at least some,
or perhaps extensive, fibrosis before the remaining muscle cells were corrected. How exercise therapy
could be used to improve muscle function in these patients is something that will require dedicated
and specific research.

4.2. Cell-Based Therapies

The goal of cell-based therapies is to deliver cells that possess an intact dystrophin gene and
integration of these cells with the muscle tissue. Ideally, at least some of these cells could act
as satellite cells that could divide and replenish their own satellite cell niche while allowing new
cells to functionally integrate with the tissue. Cells could be delivered systemically or directly into
the tissue, and while these methods have proved somewhat successful in animal experiments [41],
human experiments have failed to produce good results [42,43]. The number of cells needed, getting
them to cross the epithelial layer and to remain in the muscle, and being able to replace the satellite
cell niche are some of the primary obstacles. Another obstacle is the source of the cells. As mentioned
CRISPR could use the patient’s own cells, embryonic stem cells, or pluripotent stem cells. Additionally,
some rarer cell types, such as CD133+, have been considered, but not much work has been done
in this area [44]. However, at best this would likely be an adjuvant therapy or only produce a
Becker-like phenotype. The exercise response would, perhaps, be the most difficult to predict of all
the therapies mentioned, due to the different types of cellular therapy options that could be available.
However, exercise would certainly effect the cells” ability to find and integrate at the correct location,
and organize correctly across lines of stress induced by exercise. Exercise would impact local and
systemic production of growth factors and would be critical for correct nervous system innervation.

Because success of these therapies will be at least partially dependent upon the immune system,
and the known and unknown ways that exercise interacts with the immune system, it seems imperative
that, as new therapies and drugs are developed, in the early stages of development, exercise related
experiments are conducted to understand how exercise interacts with these treatments to increase or
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decrease their effectiveness, and also to examine more precise exercise prescriptions. Another factor not
yet mentioned is how these therapies affect heart tissue. It is the hope that many of the therapies will
positively impact cardiac tissue. Certainly, exercise has numerous acute and chronic effects on the heart,
including mechanical, hormonal, and neural. The treatment of cardiac tissue in DMD has, furthermore,
been an obstacle, and exercise may be able to enhance the efficacy of new treatments. As mentioned,
these improved treatments will eventually lead to the creation of a Becker-like phenotype. Knowing
how different types of exercise will then affect these new Becker-like phenotypes will be essential for
a real-world optimized treatment.

5. Biomarkers

As advanced therapies are examined and improved, the number of clinical trials will continue to
increase. However, precisely monitoring these therapies is not trivial for a progressive and variable
disease. Therapies will be delivered at different disease stages, and what is a clinical marker of disease
worsening versus disease improvement could vary with disease stage. Identifying clinical markers that
can be used with any new treatment will be necessary to track disease progression and is a cornerstone
of personalized medicine. DMD, being a rare genetic disease, makes this process especially difficult.
Samples sizes in a DMD clinical trial will never reach the sample size of cardiovascular disease or
diabetes studies, which can easily be in the thousands. Currently, the two best outcome measures when
examining disease progression or treatment effectiveness are dystrophin protein expression and the six
minute walk test. Dystrophin protein expression requires a muscle biopsy, often of a substantial size,
if immunohistochemistry is to be conducted. This procedure is invasive and painful for the patient
and somewhat expensive, technical, and time consuming for the analysis. The biopsy is only a small
piece of just one muscle, which is not necessarily reflective of the entire musculature. The six minute
walk test, which is the most commonly used functional test, is highly variable, dependent on patient
motivation, fatigue, coaching, can only be used in ambulant patients, and increases the risk of falls.
Thus, there is a critical need for biomarkers that are acute sensitive measures of treatment effects and
predictive of benefit or outcomes.

The two most promising types of biomarkers for DMD appear to be miRNAs or proteins from
blood samples. Progress has been made in both of these biomarkers, but as the disease progresses,
the biomarkers patterns change. Thus, a biomarker of a young boy with the disease who still has
substantial muscle mass and is somewhat active is likely to have a very different biomarker profile
than a patient in his 20s who has lost much of his muscle tissue and is very inactive. This will have
to be considered when formalizing disease biomarkers. Identifying one biomarker will be extremely
unlikely, but using several to establish a pattern is most likely to work. A recent review highlighted this
idea by classifying discovered biomarkers into categories that appeared to relate to disease progression
and age [45].

The most consistently used diagnostic marker for DMD has been muscle specific creatine kinase
(CK). As muscle cells are damaged and/or become necrotic, CK protein leaks from its intracellular
location to the blood. CK is, however, highly variable between patients, even those of a similar age, and
blood values are susceptible to physical activity, exercise, and amount of muscle mass. CK is, therefore,
not thought to be a reliable and precise maker of disease severity. A potential breakthrough in this
area came in the form of miRNAs. One of the first DMD related studies to report miRNAs in blood
samples identified miR-1, miR-20, and miR-133 as being able to differentiate between DMD patients
and healthy controls and also between the less severe form of DMD, Becker Muscular Dystrophy
(BMD) [46]. The miRNAs were also elevated in the mdx mouse model of DMD and were responsive to
dystrophin replacing treatment. Being able to diagnose, differentiate severity, and respond to treatment
are all essential criteria for use as a biomarker. Other animal models beyond the mdx mouse have
further supported these findings [47].

However, complications remain, as these miRNAs may still suffer from similar variations to CK,
because they often leak from damaged fibers, remain age dependent [46,48], and exercise and muscle
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repair can increase miRNA in both healthy controls and in the mdx mouse [48-50]. The magnitude of
change in miRNA is less than that of CK in response to exercise, which points to the miRNA being
a more stable measure. However, an increase in miRNA is related to muscle repair and damage [51,52].
In this regard, it is interesting that while circulating miRNAs increase, this circulation is not necessarily
reflective of any tissue changes, and some miRNAs of the greatest abundance in muscle tissue are
not changed in the circulation upon damage. This phenomenon points to a selective release of
miRNA from muscle as opposed to just representing damaged tissue. If the release were selective,
consistent, and related to disease progression, it would be a vast improvement over the non-specific
CK release. Furthermore, selectively released miRNAs are known to have effects on neighboring
or distant tissues in the body, which might further indicate specific disease progression. In a recent
comprehensive review of miRNAs in dystrophy, the authors suggest four processes as representative
of circulating miRNAs: (1) cell release due to myonecrosis, (2) passive leakage due to membrane
damage, (3) abnormal secretion due to dystrophin deficiency, and (4) selective release related to muscle
repair and regeneration. Processes 2 and 4 would be affected by exercise interventions and should be
considered in these studies. Studies that directly compare exercise interventions of healthy animals to
dystrophic animals would help elucidate biomarkers indicative of a healthy muscle repair process,
as opposed to those with an inability to repair muscle, such as those in DMD.

In addition to miRNAs, proteins are also being used as biomarkers. Many muscle specific proteins
will leak from the damaged muscle cells, similar to CK. The goal is to identify those biomarkers that
are specific to DMD and are accurate/precise in determining the effect of therapeutic interventions.
Two primary discovery methods for protein-based biomarkers are to use affinity-based arrays for
known proteins and to use the less biased proteomics, utilizing mass spectrometry. Each method has
benefits and drawbacks, and both have produced proteins that could be used to monitor DMD.
There markers still suffer from some of the same problems as CK, because they are dependent
upon age, muscle mass, or the state of the disease, but when these variables are accounted for,
these different markers could be used during different stages of the disease or to monitor various part
of the pathophysiology. In a recent review focused on proteomic approaches in DMD, the authors
classified newly-discovered proteins, based on their pathobiochemical pathway, into four categories.
These are (1) cell membrane leakage, (2) Fibrosis, (3) Inflammation, and (4) muscle degeneration and
regeneration [45]. Additional studies could help to further classify these disease categories, determine
at what stage of the disease each might be the most important, and monitor each in response to
a treatment. Because exercise is likely to have significant impacts on categories 2, 3, and 4, studies need
to compare the response of exercise in healthy people to these categories in DMD patients. Exercise
can be used as a valuable model to identify the biomarkers of healthy muscle damage, inflammation,
and repair compared to the failure to regenerate seen in DMD. In the short term, studies in the mouse
models could move this field forward substantially, where variability in many measures—functional,
physiological, cellular and molecular—are quantified in relation to each of these biomarker categories,
in response to exercise interventions. This would develop panels of biomarkers that represent healthy
muscle repair for several functional, physiologic, and molecular outcomes. There is a dearth of data in
this area and a need for research. It does seem certain that a panel of biomarkers will be needed to
categorize, decide upon, and monitor treatments for precision medicine, and exercise interventions
should be part of this equation.

6. Physiologic Variability Inherent in Exercise Training

While physical activity is recommended by the surgeon general of the United States and essentially
every major medical organization as both a preventative measure, and sometimes a treatment,
for many of the most common chronic diseases in the developed world today (CVD, obesity, diabetes,
etc.) it is also recognized that there can be an extreme variability between individual responses
to exercise training. For instance, in response to exercise training, changes in variables, such as
maximal oxygen consumption (VO2max) can vary greatly (e.g., 0-100%) [53,54], and changes in
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response to resistance training, such as maximal strength, vary even more (e.g., 0-250%) [55].
This variability has been extended to measures of muscle fiber size, as well [56]. For metabolic
factors, exercise is a well-characterized treatment for diabetes, and while some patients who begin
a program substantially improve many measures of metabolism, others experience an adverse
metabolic response to exercise [57]. Certainly, some studies have found that if an exercise dose is
increased, even the non-responders experience benefits. These studies showed that it is more a question
of a more individualized exercise dose than a person not responding to exercise [58]. Nevertheless,
some people, even amongst generally healthy individuals, do not derive much benefit from a particular
exercise intervention for a particular outcome variable. Considering, then, the variability inherent
in a neuromuscular disease such as DMD, as mentioned earlier in this paper, it is expected that the
exercise response would be even more variable in this population. There has been very little research
in this area where a response or non-response could be determined based on groups. Understandably,
there is a paucity of research in this area, as intense physical exercise can cause further harm to patients
with DMD. Responsive and non-responsive outcome groups of exercise studies with animals could
produce valuable insight. In some individuals, there could be a tremendously positive impact that is
nonexistent when a group average is taken. Currently, we have no way of categorizing or classifying
those that might respond.

7. The Future of Precision Exercise Therapy in DMD

A recent review thoroughly examined the animal and human literature regarding exercise
interventions in DMD [19]. To summarize the animal studies, they suggest that high-intensity,
high-volume, eccentric muscle contractions exacerbate the disease pathology, but that lower intensity
and volume of exercise are unlikely to exacerbate disease pathology and actually seem to be beneficial.
Thus, low intensity and low impact exercises, such as bicycle training, body weight-supported walking,
and aquatic exercise, should be beneficial in most circumstances. The largest gap in the animal
literature is in our understanding of the long-term exercise effects on the cardiopulmonary system.
However, a report published after the aforementioned review examined exercise effects in mice with
no dystrophin and mice with very low levels of dystrophin and found no increase in pathology and
improvements in skeletal muscle and cardiac function [59]. The mice with low levels of dystrophin
improved more than those without dystrophin. This data supports the idea of precision medicine
for exercise prescription. Future studies that examine exercise dose and combination treatments are
still needed.

There are very few human studies that have examined exercise in DMD and BMD patients.
In general, these studies conclude that low intensity exercise does not appear to damage the muscle
and is likely beneficial [60-65]. Caution is certainly warranted here, with so few studies and very small
sample sizes, but it does appear that self-limited low intensity /volume exercise is beneficial to at least
some patients with DMD and BMD. More long-term studies are needed, especially those that examine
the effects on the cardiopulmonary system.

In conclusion, there is currently a need for exercise to be incorporated into most current therapies
and biomarkers being developed for DMD, and a need for independent exercise physiology research
on DMD, to better understand the effects of increased muscular activity on muscle that is affected by
DMD. For patients with DMD, physical therapy and occupational therapy are very often standard care,
while PT is likely to focus on splinting, to prevent contractures and maintain flexibility, and non-weight
bearing physical activity, such as water exercises, to provide a mild muscle stimulation. Physical
therapists have a vast anatomical and physiologic knowledge of responses to physical interventions
and many therapeutic modalities at their disposal, but very few of these features are utilized in assisting
boys affected by DMD, their families, and their caregivers. A form of precision exercise therapy could
be envisioned, where physical activity (monitored with an activity monitor), diet, exercise, and physical
therapy interventions would be compared to a panel of biomarkers and a physical outcome (strength
measure) to optimize exercise and PT interventions for boys with DMD. A specialized PT could use
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this data in a multifactorial analysis to decide on exercise interventions or therapeutic modalities
that would optimize an exercise intervention. Genetics and innovative treatments, along with the
most recent measures of muscle function or MRI of muscle to monitor damage, would be considered.
The PT could work directly with the neurologist, radiologist (for muscle imaging), boy, and his family
to decide on the best exercise interventions to maintain or improve muscle function and quality of life.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Shah, S.H.; Arnett, D.; Houser, S.R.; Ginsburg, G.S.; MacRae, C.; Mital, S.; Loscalzo, J.; Hall, ].L. Opportunities
for the Cardiovascular Community in the Precision Medicine Initiative. Circulation 2016, 133, 226-231.
[CrossRef] [PubMed]

Divaris, K. Fundamentals of Precision Medicine. Compend. Contin. Educ. Dent. 2017, 38, 30-32. [PubMed]
Franks, PW.; Poveda, A. Lifestyle and precision diabetes medicine: Will genomics help optimise the
prediction, prevention and treatment of type 2 diabetes through lifestyle therapy? Diabetologia 2017, 60,
784-792. [CrossRef] [PubMed]

Buford, TW.; Roberts, M.D.; Church, T.S. Toward exercise as personalized medicine. Sports Med. 2013, 43,
157-165. [CrossRef] [PubMed]

National Research Council. Toward Precision Medicine: Building a Knowledge Network for Biomedical Research
and a New Taxonomy of Disease; National Academies Press: Washington, DC, USA, 2011.

Joyner, M.].; Paneth, N. Promises, promises, and precision medicine. . Clin. Investig. 2019, 129. [CrossRef]
[PubMed]

Joyner, M.J.; Paneth, N. Value of Personalized Medicine—Reply. JAMA 2016, 315, 613-614. [CrossRef]
[PubMed]

Snyderman, R.; Meade, C.; Drake, C. Value of Personalized Medicine. JAMA 2016, 315, 613. [CrossRef]
[PubMed]

Ginsburg, G.S.; Phillips, K.A. Precision Medicine: From Science To Value. Health Aff. (Millwood) 2018, 37,
694-701. [CrossRef] [PubMed]

Barthelemy, F.; Wein, N. Personalized gene and cell therapy for Duchenne Muscular Dystrophy. Neuromuscul.
Disord. 2018, 28, 803-824. [CrossRef] [PubMed]

Eagle, M.; Baudouin, S.V.,; Chandler, C.; Giddings, D.R.; Bullock, R.; Bushby, K. Survival in Duchenne
muscular dystrophy: Improvements in life expectancy since 1967 and the impact of home nocturnal
ventilation. Neuromuscul. Disord. 2002, 12, 926-929. [CrossRef]

Passamano, L.; Taglia, A.; Palladino, A.; Viggiano, E.; D’Ambrosio, P.; Scutifero, M.; Rosaria Cecio, M.;
Torre, V.; De Luca, F; Picillo, E.; et al. Improvement of survival in Duchenne Muscular Dystrophy:
Retrospective analysis of 835 patients. Acta Myol. 2012, 31, 121-125. [PubMed]

Ishizaki, M.; Ueyama, H.; Masuda, T.; Nishida, Y.; Imamura, S.; Ando, Y. Two cases of Duchenne muscular
dystrophy over 40 years after onset. Rinsho Shinkeigaku 2013, 53, 293-298. [CrossRef] [PubMed]

Birnkrant, D.J.; Ashwath, M.L.; Noritz, G.H.; Merrill, M.C.; Shah, T.A.; Crowe, C.A.; Bahler, R.C. Cardiac and
pulmonary function variability in Duchenne/Becker muscular dystrophy: An initial report. J. Child Neurol.
2010, 25, 1110-1115. [CrossRef] [PubMed]

Humbertclaude, V.; Hamroun, D.; Bezzou, K. Berard, C.; Boespflug-Tanguy, O.; Bommelaer, C.;
Campana-Salort, E.; Cances, C.; Chabrol, B.; Commare, M.C.; et al. Motor and respiratory heterogeneity
in Duchenne patients: Implication for clinical trials. Eur. J. Paediatr. Neurol. 2012, 16, 149-160. [CrossRef]
[PubMed]

Stephens, EE.; Tyler, EH. Studies in disorders of muscle. V. The inheritance of childhood progressive
muscular dystrophy in 33 kindreds. Am. J. Hum. Genet. 1951, 3, 111-125. [PubMed]

Radhakrishnan, K.; Sridharan, R.; Ashok, P.P. Duchenne’s muscular dystrophy in monozygotic twins. Indian
J. Pediatr. 1984, 51, 251-253. [CrossRef] [PubMed]

Ionasescu, V.V,; Searby, C.C.; Ionasescu, R.; Patil, S. Duchenne muscular dystrophy in monozygotic twins:
Deletion of 5" fragments of the gene. Am. J. Med. Genet. 1989, 33, 113-116. [CrossRef] [PubMed]


http://dx.doi.org/10.1161/CIRCULATIONAHA.115.019475
http://www.ncbi.nlm.nih.gov/pubmed/27028435
http://www.ncbi.nlm.nih.gov/pubmed/29227115
http://dx.doi.org/10.1007/s00125-017-4207-5
http://www.ncbi.nlm.nih.gov/pubmed/28124081
http://dx.doi.org/10.1007/s40279-013-0018-0
http://www.ncbi.nlm.nih.gov/pubmed/23382011
http://dx.doi.org/10.1172/JCI126119
http://www.ncbi.nlm.nih.gov/pubmed/30688663
http://dx.doi.org/10.1001/jama.2015.17142
http://www.ncbi.nlm.nih.gov/pubmed/26864421
http://dx.doi.org/10.1001/jama.2015.17136
http://www.ncbi.nlm.nih.gov/pubmed/26864420
http://dx.doi.org/10.1377/hlthaff.2017.1624
http://www.ncbi.nlm.nih.gov/pubmed/29733705
http://dx.doi.org/10.1016/j.nmd.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/30224293
http://dx.doi.org/10.1016/S0960-8966(02)00140-2
http://www.ncbi.nlm.nih.gov/pubmed/23097603
http://dx.doi.org/10.5692/clinicalneurol.53.293
http://www.ncbi.nlm.nih.gov/pubmed/23603544
http://dx.doi.org/10.1177/0883073810371003
http://www.ncbi.nlm.nih.gov/pubmed/20501885
http://dx.doi.org/10.1016/j.ejpn.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21920787
http://www.ncbi.nlm.nih.gov/pubmed/14902757
http://dx.doi.org/10.1007/BF02825937
http://www.ncbi.nlm.nih.gov/pubmed/6542068
http://dx.doi.org/10.1002/ajmg.1320330116
http://www.ncbi.nlm.nih.gov/pubmed/2750778

Sports 2019, 7, 64 11 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kostek, M.C.; Gordon, B. Exercise Is an Adjuvant to Contemporary Dystrophy Treatments. Exerc. Sport Sci.
Rev. 2018, 46, 34—41. [CrossRef] [PubMed]

Giacopelli, F.; Marciano, R.; Pistorio, A.; Catarsi, P.; Canini, S.; Karsenty, G.; Ravazzolo, R. Polymorphisms
in the osteopontin promoter affect its transcriptional activity. Physiol. Genom. 2004, 20, 87-96. [CrossRef]
[PubMed]

Biros, E.; Clancy, P; Norman, P.E.; Golledge, J. A genetic polymorphism in transforming growth factor beta
receptor-2 is associated with serum osteopontin. Int. J. Immunogenet. 2009, 36, 241-244. [CrossRef] [PubMed]
Vetrone, S.A.; Montecino-Rodriguez, E.; Kudryashova, E.; Kramerova, I.; Hoffman, E.P; Liu, S.D,;
Miceli, M.C.; Spencer, M.]. Osteopontin promotes fibrosis in dystrophic mouse muscle by modulating
immune cell subsets and intramuscular TGF-beta. . Clin. Investig. 2009, 119, 1583-1594. [CrossRef]
[PubMed]

Kyriakides, T.; Pegoraro, E.; Hoffman, E.P;; Piva, L.; Cagnin, S.; Lanfranchi, G.; Griggs, R.C.; Nelson, S.F.
SPP1 genotype is a determinant of disease severity in Duchenne muscular dystrophy: Predicting the severity
of Duchenne muscular dystrophy: Implications for treatment. Neurology 2011, 77, 1858-1859. [CrossRef]
[PubMed]

Bello, L.; Kesari, A.; Gordish-Dressman, H.; Cnaan, A.; Morgenroth, L.P; Punetha, J.; Duong, T,;
Henricson, E.K.; Pegoraro, E.; McDonald, C.M.; et al. Genetic modifiers of ambulation in the Cooperative
International Neuromuscular Research Group Duchenne Natural History Study. Ann. Neurol. 2015, 77,
684-696. [CrossRef] [PubMed]

Piva, L.; Gavassini, B.E; Bello, L.; Fanin, M.; Soraru, G.; Barp, A.; Ermani, M.; Angelini, C.; Hoffman, E.P;
Pegoraro, E. TGFBR2 but not SPP1 genotype modulates osteopontin expression in Duchenne muscular
dystrophy muscle. . Pathol. 2012, 228, 251-259. [CrossRef] [PubMed]

Van den Bergen, ].C.; Hiller, M.; Bohringer, S.; Vijthuizen, L.; Ginjaar, H.B.; Chaouch, A.; Bushby, K.; Straub, V.;
Scoto, M.; Cirak, S.; et al. Validation of genetic modifiers for Duchenne muscular dystrophy: A multicentre
study assessing SPP1 and LTBP4 variants. J. Neurol. Neurosurg. Psychiatry 2015, 86, 1060-1065. [CrossRef]
[PubMed]

Bello, L.; Flanigan, K.M.; Weiss, R.B.; United Dystrophinopathy Project; Spitali, P.; Aartsma-Rus, A.;
Muntoni, F; Zaharieva, I; Ferlini, A.; Mercuri, E.; et al. Association Study of Exon Variants in the NF-kappaB
and TGFbeta Pathways Identifies CD40 as a Modifier of Duchenne Muscular Dystrophy. Am. J. Hum. Genet.
2016, 99, 1163-1171. [CrossRef] [PubMed]

Hogarth, M.W.; Houweling, PJ.; Thomas, K.C.; Gordish-Dressman, H.; Bello, L.; Cooperative International
Neuromuscular Research Group; Pegoraro, E.; Hoffman, E.P.; Head, S.I.; North, K.N. Evidence for ACTN3
as a genetic modifier of Duchenne muscular dystrophy. Nat. Commun. 2017, 8, 14143. [CrossRef] [PubMed]
Del Coso, J.; Hiam, D.; Houweling, P; Perez, L.M.; Eynon, N.; Lucia, A. More than a ‘speed gene”: ACTN3
R577X genotype, trainability, muscle damage, and the risk for injuries. Eur. J. Appl. Physiol. 2018. [CrossRef]
[PubMed]

Friedmann, T.; Roblin, R. Gene therapy for human genetic disease? Science 1972, 175, 949-955. [CrossRef]
[PubMed]

Jenks, S. Gene therapy death—"everyone has to share in the guilt”. J. Natl. Cancer Inst. 2000, 92, 98-100.
[CrossRef] [PubMed]

Nienhuis, A.W.; Dunbar, C.E.; Sorrentino, B.P. Genotoxicity of retroviral integration in hematopoietic cells.
Mol. Ther. 2006, 13, 1031-1049. [CrossRef] [PubMed]

McCarty, D.M. Self-complementary AAV vectors; advances and applications. Mol. Ther. 2008, 16, 1648-1656.
[CrossRef] [PubMed]

Aartsma-Rus, A.; Van Deutekom, J.C.; Fokkema, I.E,; Van Ommen, G.].; Den Dunnen, ].T. Entries in the
Leiden Duchenne muscular dystrophy mutation database: An overview of mutation types and paradoxical
cases that confirm the reading-frame rule. Muscle Nerve 2006, 34, 135-144. [CrossRef] [PubMed]

Gordon, B.S.; Lowe, D.A.; Kostek, M.C. Exercise increases utrophin protein expression in the mdx mouse
model of Duchenne muscular dystrophy. Muscle Nerve 2014, 49, 915-918. [CrossRef] [PubMed]

Goldspink, G. Mechanical signals, IGF-I gene splicing, and muscle adaptation. Physiology (Bethesda) 2005, 20,
232-238. [CrossRef] [PubMed]


http://dx.doi.org/10.1249/JES.0000000000000131
http://www.ncbi.nlm.nih.gov/pubmed/28857889
http://dx.doi.org/10.1152/physiolgenomics.00138.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479859
http://dx.doi.org/10.1111/j.1744-313X.2009.00855.x
http://www.ncbi.nlm.nih.gov/pubmed/19601999
http://dx.doi.org/10.1172/JCI37662
http://www.ncbi.nlm.nih.gov/pubmed/19451692
http://dx.doi.org/10.1212/WNL.0b013e318239b9ae
http://www.ncbi.nlm.nih.gov/pubmed/22084278
http://dx.doi.org/10.1002/ana.24370
http://www.ncbi.nlm.nih.gov/pubmed/25641372
http://dx.doi.org/10.1002/path.4026
http://www.ncbi.nlm.nih.gov/pubmed/22431140
http://dx.doi.org/10.1136/jnnp-2014-308409
http://www.ncbi.nlm.nih.gov/pubmed/25476005
http://dx.doi.org/10.1016/j.ajhg.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27745838
http://dx.doi.org/10.1038/ncomms14143
http://www.ncbi.nlm.nih.gov/pubmed/28139640
http://dx.doi.org/10.1007/s00421-018-4010-0
http://www.ncbi.nlm.nih.gov/pubmed/30327870
http://dx.doi.org/10.1126/science.175.4025.949
http://www.ncbi.nlm.nih.gov/pubmed/5061866
http://dx.doi.org/10.1093/jnci/92.2.98
http://www.ncbi.nlm.nih.gov/pubmed/10639505
http://dx.doi.org/10.1016/j.ymthe.2006.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16624621
http://dx.doi.org/10.1038/mt.2008.171
http://www.ncbi.nlm.nih.gov/pubmed/18682697
http://dx.doi.org/10.1002/mus.20586
http://www.ncbi.nlm.nih.gov/pubmed/16770791
http://dx.doi.org/10.1002/mus.24151
http://www.ncbi.nlm.nih.gov/pubmed/24375286
http://dx.doi.org/10.1152/physiol.00004.2005
http://www.ncbi.nlm.nih.gov/pubmed/16024511

Sports 2019, 7, 64 12 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ousterout, D.G.; Perez-Pinera, P.; Thakore, P1.; Kabadi, A.M.; Brown, M.T.; Qin, X,; Fedrigo, O.; Mouly, V.;
Tremblay, J.P.; Gersbach, C.A. Reading frame correction by targeted genome editing restores dystrophin
expression in cells from Duchenne muscular dystrophy patients. Mol. Ther. 2013, 21, 1718-1726. [CrossRef]
[PubMed]

Chew, W.L.; Tabebordbar, M.; Cheng, ].K,; Mali, P.; Wu, E.Y;; Ng, A.H.; Zhu, K.; Wagers, A ].; Church, G.M.
A multifunctional AAV-CRISPR-Cas9 and its host response. Nat. Methods 2016, 13, 868-874. [CrossRef]
[PubMed]

Ran, FA.; Cong, L.; Yan, WX,; Scott, D.A.; Gootenberg, ].S.; Kriz, A.].; Zetsche, B.; Shalem, O.; Wu, X,;
Makarova, K.S.; et al. In vivo genome editing using Staphylococcus aureus Cas9. Nature 2015, 520, 186-191.
[CrossRef] [PubMed]

Young, C.S.; Hicks, M.R,; Ermolova, N.V; Nakano, H.; Jan, M.; Younesi, S.; Karumbayaram, S.;
Kumagai-Cresse, C.; Wang, D.; Zack, J.A,; et al. A Single CRISPR-Cas9 Deletion Strategy that Targets
the Majority of DMD Patients Restores Dystrophin Function in hiPSC-Derived Muscle Cells. Cell Stem Cell
2016, 18, 533-540. [CrossRef] [PubMed]

Partridge, T.A.; Morgan, J.E.; Coulton, G.R.; Hoffman, E.P,; Kunkel, L.M. Conversion of mdx myofibres from
dystrophin-negative to-positive by injection of normal myoblasts. Nature 1989, 337, 176-179. [CrossRef]
[PubMed]

Beauchamp, J.R.; Morgan, J.E.; Pagel, C.N.; Partridge, T.A. Dynamics of myoblast transplantation reveal
a discrete minority of precursors with stem cell-like properties as the myogenic source. J. Cell Biol. 1999, 144,
1113-1122. [CrossRef] [PubMed]

Kinoshita, I.; Huard, J.; Tremblay, J.P. Utilization of myoblasts from transgenic mice to evaluate the efficacy
of myoblast transplantation. Muscle Nerve 1994, 17, 975-980. [CrossRef] [PubMed]

Torrente, Y.; Belicchi, M.; Sampaolesi, M.; Pisati, F.; Meregalli, M.; D’Antona, G.; Tonlorenzi, R.; Porretti, L.;
Gavina, M.; Mamchaoui, K.; et al. Human circulating AC133(+) stem cells restore dystrophin expression and
ameliorate function in dystrophic skeletal muscle. J. Clin. Investig. 2004, 114, 182-195. [CrossRef] [PubMed]
Hathout, Y.; Seol, H.; Han, M.H.; Zhang, A.; Brown, K.J.; Hoffman, E.P. Clinical utility of serum biomarkers
in Duchenne muscular dystrophy. Clin. Proteom. 2016, 13, 9. [CrossRef] [PubMed]

Cacchiarelli, D.; Legnini, I.; Martone, J.; Cazzella, V.; D’Amico, A.; Bertini, E.; Bozzoni, I. miRNAs as serum
biomarkers for Duchenne muscular dystrophy. EMBO Mol. Med. 2011, 3, 258-265. [CrossRef] [PubMed]
Jeanson-Leh, L.; Lameth, J.; Krimi, S.; Buisset, J.; Amor, E; Le Guiner, C.; Barthelemy, L; Servais, L.;
Blot, S.; Voit, T.; et al. Serum profiling identifies novel muscle miRNA and cardiomyopathy-related miRNA
biomarkers in Golden Retriever muscular dystrophy dogs and Duchenne muscular dystrophy patients.
Am. J. Pathol. 2014, 184, 2885-2898. [CrossRef] [PubMed]

Coenen-Stass, A.M.; Betts, C.A.; Lee, Y.F,; Mager, I.; Turunen, M.P,; El Andaloussi, S.; Morgan, ].E.; Wood, M.].;
Roberts, T.C. Selective release of muscle-specific, extracellular microRNAs during myogenic differentiation.
Hum. Mol. Genet. 2016, 25, 3960-3974. [CrossRef] [PubMed]

Gomes, C.P; Oliveira, G.P, Jr.; Madrid, B.; Almeida, J.A.; Franco, O.L.; Pereira, R W. Circulating miR-1,
miR-133a, and miR-206 levels are increased after a half-marathon run. Biomarkers 2014, 19, 585-589.
[CrossRef] [PubMed]

Mizuno, H.; Nakamura, A.; Aoki, Y.; Ito, N.; Kishi, S.; Yamamoto, K.; Sekiguchi, M.; Takeda, S.; Hashido, K.
Identification of muscle-specific microRNAs in serum of muscular dystrophy animal models: Promising
novel blood-based markers for muscular dystrophy. PLoS ONE 2011, 6, €18388. [CrossRef] [PubMed]
Villalta, S.A.; Nguyen, H.X.; Deng, B.; Gotoh, T.; Tidball, J.G. Shifts in macrophage phenotypes and
macrophage competition for arginine metabolism affect the severity of muscle pathology in muscular
dystrophy. Hum. Mol. Genet. 2009, 18, 482-496. [CrossRef] [PubMed]

Roberts, T.C.; Godfrey, C.; McClorey, G.; Vader, P,; Briggs, D.; Gardiner, C.; Aoki, Y.; Sargent, I.; Morgan, J.E.;
Wood, M ]. Extracellular microRNAs are dynamic non-vesicular biomarkers of muscle turnover. Nucleic
Acids Res. 2013, 41, 9500-9513. [CrossRef] [PubMed]

Bouchard, C. Individual differences in the response to regular exercise. Int. J. Obes. Relat. Metab. Disord.
1995, 19 (Suppl. 4), S5-S8. [PubMed]

Kohrt, WM.; Malley, M.T,; Coggan, A.R.; Spina, R.]J.; Ogawa, T.; Ehsani, A.A.; Bourey, R.E.; Martin, W.H., 3rd;
Holloszy, J.O. Effects of gender, age, and fitness level on response of VO2max to training in 60-71 yr olds.
J. Appl. Physiol. 1991, 71, 2004-2011. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/mt.2013.111
http://www.ncbi.nlm.nih.gov/pubmed/23732986
http://dx.doi.org/10.1038/nmeth.3993
http://www.ncbi.nlm.nih.gov/pubmed/27595405
http://dx.doi.org/10.1038/nature14299
http://www.ncbi.nlm.nih.gov/pubmed/25830891
http://dx.doi.org/10.1016/j.stem.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26877224
http://dx.doi.org/10.1038/337176a0
http://www.ncbi.nlm.nih.gov/pubmed/2643055
http://dx.doi.org/10.1083/jcb.144.6.1113
http://www.ncbi.nlm.nih.gov/pubmed/10087257
http://dx.doi.org/10.1002/mus.880170903
http://www.ncbi.nlm.nih.gov/pubmed/8065399
http://dx.doi.org/10.1172/JCI20325
http://www.ncbi.nlm.nih.gov/pubmed/15254585
http://dx.doi.org/10.1186/s12014-016-9109-x
http://www.ncbi.nlm.nih.gov/pubmed/27051355
http://dx.doi.org/10.1002/emmm.201100133
http://www.ncbi.nlm.nih.gov/pubmed/21425469
http://dx.doi.org/10.1016/j.ajpath.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25194663
http://dx.doi.org/10.1093/hmg/ddw237
http://www.ncbi.nlm.nih.gov/pubmed/27466195
http://dx.doi.org/10.3109/1354750X.2014.952663
http://www.ncbi.nlm.nih.gov/pubmed/25146754
http://dx.doi.org/10.1371/journal.pone.0018388
http://www.ncbi.nlm.nih.gov/pubmed/21479190
http://dx.doi.org/10.1093/hmg/ddn376
http://www.ncbi.nlm.nih.gov/pubmed/18996917
http://dx.doi.org/10.1093/nar/gkt724
http://www.ncbi.nlm.nih.gov/pubmed/23945935
http://www.ncbi.nlm.nih.gov/pubmed/8581095
http://dx.doi.org/10.1152/jappl.1991.71.5.2004
http://www.ncbi.nlm.nih.gov/pubmed/1761503

Sports 2019, 7, 64 13 of 13

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hubal, M.J.; Gordish-Dressman, H.; Thompson, P.D.; Price, T.B.; Hoffman, E.P; Angelopoulos, T.J;
Gordon, PM.; Moyna, N.M.; Pescatello, L.S.; Visich, PS.; et al. Variability in muscle size and strength
gain after unilateral resistance training. Med. Sci. Sports Exerc. 2005, 37, 964-972. [PubMed]

Bamman, M.M.; Petrella, ] K.; Kim, J.S.; Mayhew, D.L.; Cross, ]. M. Cluster analysis tests the importance of
myogenic gene expression during myofiber hypertrophy in humans. J. Appl. Physiol. 2007, 102, 2232-2239.
[CrossRef] [PubMed]

Bouchard, C.; Blair, S.N.; Church, T.S.; Earnest, C.P.; Hagberg, ].M.; Hakkinen, K,; Jenkins, N.T.; Karavirta, L.;
Kraus, WE,; Leon, AS,; et al. Adverse metabolic response to regular exercise: Is it a rare or common
occurrence? PLoS ONE 2012, 7, e37887. [CrossRef] [PubMed]

Montero, D.; Lundby, C. Refuting the myth of non-response to exercise training: ‘non-responders’ do respond
to higher dose of training. J. Physiol. 2017, 595, 3377-3387. [CrossRef] [PubMed]

Kogelman, B.; Putker, K.; Hulsker, M.; Tanganyika-de Winter, C.; van der Weerd, L.; Aartsma-Rus, A.; van
Putten, M. Voluntary exercise improves muscle function and does not exacerbate muscle and heart pathology
in aged Duchenne muscular dystrophy mice. J. Mol. Cell. Cardiol. 2018, 125, 29-38. [CrossRef] [PubMed]
Gianola, S.; Pecoraro, V.; Lambiase, S.; Gatti, R.; Banfi, G.; Moja, L. Efficacy of muscle exercise in patients with
muscular dystrophy: A systematic review showing a missed opportunity to improve outcomes. PLoS ONE
2013, 8, e65414. [CrossRef] [PubMed]

Huijben, J.; Jansen, M.; Ginjaar, I.B.; Lammens, M.; van Putten, M.; van Alfen, N.; de Groot, I.]. What can we
learn from assisted bicycle training in a girl with dystrophinopathy? A case study. J. Child Neurol. 2015, 30,
659-663. [CrossRef] [PubMed]

Berthelsen, M.P,; Husu, E.; Christensen, S.B.; Prahm, K.P,; Vissing, J.; Jensen, B.R. Anti-gravity training
improves walking capacity and postural balance in patients with muscular dystrophy. Neuromuscul. Disord.
NMD 2014, 24, 492-498. [CrossRef] [PubMed]

Jensen, B.R.; Berthelsen, M.P.; Husu, E.; Christensen, S.B.; Prahm, K.P.; Vissing, ]. Body weight-supported
training in Becker and limb girdle 2I muscular dystrophy. Muscle Nerve 2016, 54, 239-243. [CrossRef]
[PubMed]

Jansen, M.; van Alfen, N.; Geurts, A.C.; de Groot, 1.]. Assisted bicycle training delays functional deterioration
in boys with Duchenne muscular dystrophy: The randomized controlled trial “no use is disuse”. Neurorehabil.
Neural Repair 2013, 27, 816-827. [CrossRef] [PubMed]

Alemdaroglu, I.; Karaduman, A.; Yilmaz, O.T.; Topaloglu, H. Different types of upper extremity exercise
training in Duchenne muscular dystrophy: Effects on functional performance, strength, endurance, and
ambulation. Muscle Nerve 2015, 51, 697-705. [CrossRef] [PubMed]

@ © 2019 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/15947721
http://dx.doi.org/10.1152/japplphysiol.00024.2007
http://www.ncbi.nlm.nih.gov/pubmed/17395765
http://dx.doi.org/10.1371/journal.pone.0037887
http://www.ncbi.nlm.nih.gov/pubmed/22666405
http://dx.doi.org/10.1113/JP273480
http://www.ncbi.nlm.nih.gov/pubmed/28133739
http://dx.doi.org/10.1016/j.yjmcc.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30336143
http://dx.doi.org/10.1371/journal.pone.0065414
http://www.ncbi.nlm.nih.gov/pubmed/23894268
http://dx.doi.org/10.1177/0883073814534316
http://www.ncbi.nlm.nih.gov/pubmed/24832398
http://dx.doi.org/10.1016/j.nmd.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24684860
http://dx.doi.org/10.1002/mus.25039
http://www.ncbi.nlm.nih.gov/pubmed/26773840
http://dx.doi.org/10.1177/1545968313496326
http://www.ncbi.nlm.nih.gov/pubmed/23884013
http://dx.doi.org/10.1002/mus.24451
http://www.ncbi.nlm.nih.gov/pubmed/25196721
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Variance in DMD Disease Progression 
	Genetic Modifiers 
	Gene, Molecular, and Cellular Therapies 
	Genome Editing 
	Cell-Based Therapies 

	Biomarkers 
	Physiologic Variability Inherent in Exercise Training 
	The Future of Precision Exercise Therapy in DMD 
	References

