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Abstract: The interactions between nutrition and metabolism and skeletal muscle have long been
known. Muscle is the major metabolic organ—it consumes more calories than other organs—and
therefore, there is a clear need to discuss these interactions and provide some direction for future
research areas regarding muscle pathologies. In addition, new experiments and manuscripts
continually reveal additional highly intricate, reciprocal interactions between metabolism and
muscle. These reciprocal interactions include exercise, age, sex, diet, and pathologies including
atrophy, hypoxia, obesity, diabetes, and muscle myopathies. Central to this review are the metabolic
changes that occur in the skeletal muscle cells of muscular dystrophy patients and mouse models.
Many of these metabolic changes are pathogenic (inappropriate body mass changes, mitochondrial
dysfunction, reduced adenosine triphosphate (ATP) levels, and increased Ca2+) and others are
compensatory (increased phosphorylated AMP activated protein kinase (pAMPK), increased slow
fiber numbers, and increased utrophin). Therefore, reversing or enhancing these changes with
therapies will aid the patients. The multiple therapeutic targets to reverse or enhance the metabolic
pathways will be discussed. Among the therapeutic targets are increasing pAMPK, utrophin,
mitochondrial number and slow fiber characteristics, and inhibiting reactive oxygen species. Because
new data reveals many additional intricate levels of interactions, new questions are rapidly arising.
How does muscular dystrophy alter metabolism, and are the changes compensatory or pathogenic?
How does metabolism affect muscular dystrophy? Of course, the most profound question is whether
clinicians can therapeutically target nutrition and metabolism for muscular dystrophy patient benefit?
Obtaining the answers to these questions will greatly aid patients with muscular dystrophy.
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1. Introduction

Metabolism encompasses a broad spectrum of biological events. Metabolism occurs at all levels,
from macro diet and nutritional metabolic characteristics, to molecular-level mitochondrial health;
downstream detrimental side-effects from unregulated metabolism, such as excessive reactive oxygen
species, and downstream beneficial side-effects (such as potential fiber-type switching); and a higher
rate of metabolism with chronic exercise. This review will concentrate upon the nutritional and cellular
metabolism of skeletal muscles, as these pathways will be among those that are clinically targeted to
treat muscular dystrophy (MD).

There are many excellent reviews regarding the many genes, which when mutated cause MD [1].
Therefore, only a brief introduction to the dystrophin mutation will be provided. Mutations in
dystrophin cause Duchenne (DMD) and the milder Becker MD in humans. DMD is the most common
form of MD, and is very severe in patients. The dystrophin mutation is naturally modeled in mdx
mice [2]. Because the mdx mouse presents a very mild MD [3], additional breeding and knockout
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mice have been generated to increase disease severity, which better models the human disease. These
include breeding the mdx mice with the utrophin (utr) knockout mice, to generate double knock-out
mice (DKO, [4]), and breeding the mdx mice [5,6] onto the highly fibrotic DBA 2/J mouse strain [7,8].
Interesting metabolic work has also been conducted on mice modeling other forms of muscular
dystrophy. However, the results and mechanisms are too broad to cover here.

MD disease progression is largely the same in humans and in the select mouse models that
produce a severe phenotype [6,9]. The disease commences with sarcolemmal membrane tears, which
quickly cause sarcolemmal fragility, and increased basal Ca++ in the cells, which leads to inappropriate
cell signaling. The membrane fragility and increased Ca++ cause the muscle cells to weaken. In addition,
the damaged sarcolemma causes a pathogenic chronic inflammation [10]. These pathologies result
in repeated rounds of degradation and regeneration. Eventually, the regeneration cannot keep pace
and the cells undergo a complete necrosis and are replaced by fibroblasts, myofibroblasts, immune
cells, and sometimes, adipose cells. The fibroblasts and myofibroblasts produce excessive extra cellular
matrix and scar tissue, which eventually become permanent (reviewed in [11] and illustrated in
Figure 1). As this fibrosis progresses in the heart or diaphragm, it becomes fatal in humans. In humans,
this well-described pathogenic progression aligns with a consistent phenotypic progression [12]. MD is
diagnosed at approximately 2 years old and as weakening progresses, corticosteroid therapy is initiated
around 6 years old. As the disease progresses further and the skeletal muscles continue to weaken,
the children lose ambulation at about 12 years old. At about 19 years, the weakened diaphragm causes
the necessity for nighttime assisted ventilation. At several U.S. clinics, 5–10 year old the children begin
prophylactic treatment for heart failure. Between 20 and 40 years old, the patients die from cardiac
or respiratory deficiencies. The combined available treatments (corticosteroids, assisted nighttime
ventilation, and heart medications) have extended some patients’ lives to 35 years old, but an effective
treatment for this devastating disease still eludes the research community, clinicians, and patients.
Therefore, scientists and clinicians are investigating new molecular targets; historically and again
recently, metabolic signaling cascades have been on the list of possible therapeutic targets.

Figure 1. Muscular dystrophy progression is a feed-forward spiral between sarcolemmal pathology,
chronic inflammation, decreased mitochondrial health, increased scar tissue, and decreased satellite cell
function. The multiple arrows indicate that each of the five pathogenic steps directly accelerates all of the
other steps, and all five directly inhibit regeneration. Black boxes indicate therapies directed at specific
targets. Importantly, many of these therapies are nutritional/metabolic and can be used in conjunction
with other therapies. Green arrows indicate positive effects, and red tees indicate inhibitive affects.
pAMPK—phosphorylated AMP-activated protein kinase; L-Arg—L-Ariginine; nNOS—neuronal nitric
oxide synthase; ASA—5-aminosalicylic acid; FTY720—Fingolimod; SERCA—sarco/endoplasmic
reticulum Ca2+-ATPase; Debio-025—a cyclophilin inhibitor.
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An open question is as follows: how much does metabolism affect MD? Because nutrition and
metabolism affect all human diseases and conditions, metabolism must also significantly affect MD.
Clearly metabolism is affected by nutrition and both can therefore be utilized to decrease the severe
pathology of MD. And to fully understand the nutritional goals of therapy, one must consider the
cellular metabolic mechanisms. Multiple investigators have hypothesized that MD is primarily a
metabolic disease and the sarcolemmal damage is a downstream sequela (reviewed in [13]). In either
case (whether metabolic changes are pathogenic or not), treating the metabolic pathologies that are
found in mdx and DMD are known to provide therapeutic benefit and therefore must be pursued.
In addition, because MD is a systemic disease that involves skeletal muscle myopathy, cardiac muscle
myopathy, chronic inflammation, aberrant signaling (calcium, nitric oxide, and TGFβ, to name a few
examples), and aberrant metabolism, the treatment options need to consider all of the pathologic
mechanisms and therefore co-therapies must be researched and brought to the clinics [14–16]. Further
important questions are as follows: Which aspects of metabolism are being overlooked? Which
other metabolic mechanisms can be targeted for the treatment of MD? The answers to these issues
must be expedited for patient benefit. This review attempts to summarize the current body of
knowledge regarding nutrition and metabolism in MD to support future research into this dynamic
and important topic.

2. The Interacting Nutritional and Pathological Aspects of MD

Nutrition and metabolism have a complex reciprocal relationship, specifically with muscle.
Muscle utilizes the majority of the digested calories and therefore in MD, when these calories are
not being utilized, excessive storage can cause pathogenic weight gain [17]. Young MD patients
have increased weight compared with normal children, while older MD patients have decreased
weight [17,18]. In addition, the weight gain in the young patients is exaggerated as a result of an
additional loss of lean muscle mass in MD patients, indicating that the relative non-lean weight gain
is substantially increased [19]. The muscle loss may arise from a number of factors. It is speculated
that disuse and atrophy are the major contributors to this pathology. It can also be speculated that
the overall weight gain is due to inactivity. Corticosteroids also cause weight gain [17]. The older
MD patients are likely lose weight because of constipation, difficulty chewing, difficulty swallowing,
and a requirement for increased calories for muscle regeneration [17]. In addition, because MD
patients are living longer, additional nutritionally associated pathologies are expected to be revealed.
For instance, Salera et al. discuss the consequences of nutritionally impacted pathologies, such as
potential gastrointestinal issues, osteoporosis, continued weight loss, or metabolic syndrome, which
will become more problematic as the patients’ lives are extended [17]. Strategies to treat these many
MD macro nutrition-related ailments are also discussed in Salera et al.; among the guidelines that have
been discussed are careful calorie management, awareness of difficulties swallowing, increased risks
of aspirating, and careful nutritional guidance to reduce bone fragility. In addition, as patients are
living longer, further side-effects of chronic corticosteroid use will likely be exposed.

3. Normal Muscle Cellular Metabolism

There are two main types of skeletal muscle cells with different metabolic and contraction
characteristics [20–22]. The slow, Type 1 fibers perform a high percentage of oxidative phosphorylation,
require constant oxygen, produce ATP over a long period of time, and are used for chronic work.
The fast, Type 2 fibers, prefer glycolysis and not every generated pyruvate molecule progresses into
the mitochondria for the citric acid cycle and oxidative phosphorylation. Type 2 fibers are used during
anaerobic exertions when oxygen is scarce, they produce a lot of quick contraction power, but cannot
sustain long periods of exercise. The Type 2 fibers also rely upon creatine phosphate for energy bursts.
There are also intermediate fiber types (Type 2a) that have the oxidative capability similar to the
Type 1 fibers and the susceptibility to fatigue that is normally seen in Type 2 fibers. Most muscle
groups are a mixture of the types. However, a few muscles are predominantly slow like the soleus
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muscle or predominantly fast like the extensor digitorum longus muscle. Very interestingly, fiber type
characteristics are plastic and can change depending upon exercise and medications, and to a lesser
extent, age, gender, and nutritional differences [22–24]. The fact that muscle cells are plastic and can
modulate metabolic and contraction characteristics is important as slow muscle fibers are spared from
severe MD pathology [25], and if the fiber type can be altered therapeutically, this will provide great
functional benefits to the patients.

There are three macromolecules that muscle cells utilize as sources of energy, carbohydrates,
lipids, and amino acids. Carbohydrates in the form of glucose and glycogen are the main energy
sources. Moderate exercises increase the carbohydrate use and cause some energy to be derived from
lipid oxidation. Intense exercises reduce lipid oxidation and utilize some energy from lactate and
phosphocreatine stores [26]. Exercise is a very good example of how skeletal muscle can affect systemic
metabolism by requiring additional calories. The opposite is also true; a sedentary lifestyle affects
systemic metabolism by requiring fewer calories and causing the storage of excess calories.

In addition to eliciting substrate changes, chronic aerobic exercise is also an example of the
above mentioned plasticity of muscle cells. Chronically exercised skeletal muscles become more
oxidative [24,27,28]. The truly fascinating aspect is that the fibers have the ability to transition [29],
and this plasticity can be harnessed for MD treatments. An interesting aspect that requires more
investigation is how the transitioning muscle cells coordinately convert their structural sarcomeric
proteins and their metabolic proteins [20,30,31]. These investigations will provide additional MD
therapeutic targets, and possibly biomarkers for disease progression, and to assess therapeutic benefits.

4. Dystrophic Muscle Cellular Metabolism

There are a number of metabolic changes observed in mdx mice, double knockout
mdx/utrophin−/− (DKO) mice, and DMD patients. An open question is whether these changes
are pathogenic and harm the individual, whether they are compensatory and benefit the mouse or
human, or whether the compensatory changes ultimately become pathogenic, as is often observed
with cardiac decompensation. From the current data—discussed below—it appears that the metabolic
changes are compensatory, perhaps to increase the energy production that is required for the constant
regeneration that is required, and do not progress into decompensation.

It has been well demonstrated that slow fibers, and muscles that are composed mostly of
slow fibers, are resistant to severe MD pathology (mice [32], and humans [25]). In addition,
one of the major compensatory occurrences in dystrophic muscle is the transition to slow fiber
type [4,33,34]. Interestingly, the transition to slow fibers is not complete and some intermediate fiber
type characteristics predominate [35]. For example, the newly transitioned slow fibers upregulate
hexokinase 1 and pyruvate kinase M1, usual indictors of fast Type 2 fibers, however these same fibers
increase their oxygen usage and prefer the metabolic substrate pyruvate; indicating the formation of a
mixed fiber type in the muscle groups that are usually fast fiber type [35]. This adaptation appears
beneficial since the slow fibers are expected to maintain function better than fast fibers, and to be
somewhat resistant to necrosis.

There are also many current investigations attempting to identify which slow fiber characteristics
provide a portion of MD resistance. It is most likely a combination of slow fiber characteristics that
provide the benefit. (1) A well-known characteristic is the natural increase of utrophin in slow fibers [36].
Utrophin is structurally similar to dystrophin and can therefore partially functionally compensate for
the missing dystrophin [36,37]; (2) Slow fibers also discharge less reactive oxygen species (ROS) [38],
a highly reactive molecule that is capable of damaging many cellular macromolecules when its levels
are increased [39]; (3) Slow fibers are resistant to fatigue and may therefore be resistant to the extremes
of contraction induced injury [34]; (4) Slow fibers also contain more activated AMP-activated protein
kinase (pAMPK), which is protective of cells through a number of mechanisms [40–42]. Therefore,
the natural plasticity of muscle and fiber type switching are very important for reduced MD pathology,
and these muscle characteristics can be exploited for effective MD therapies.
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In addition, many of the factors that cause a slow fiber transition likely aid dystrophic muscles
through other mechanisms as well. For example, pAMPK is known to also decrease fibrosis
by decreasing TGFβ signaling [43], increasing the mitochondrial amount [44], and increasing
autophagy [40]. Data also indicates that there is a natural—probably compensatory—increase of
pAMPK levels in mdx mice [45].

Interesting studies have indicated that the benefits of slow fiber upregulation are likely a
combination of the characteristics that have been listed above. For example, even in the double
knock-out mdx/utr (DKO) mice, there is still some benefit to fiber type switching, despite an inability
to upregulate utrophin. The DKO mice compensate for MD pathology by upregulating slow
muscle fiber characteristics at 8 weeks of age [4,46]. This includes normally fast muscle bundles
(extensor digitorum longus) becoming fatigue resistant, and using more oxygen to generate force [35].
The proteins increasing the remodeling of mitochondria through fission and fusion were also found
to be increased [35]. Despite the switch to slow fiber type kinetics, these mice tended to utilize
increased glycolytic and decreased oxidative phosphorylation for energy [35], perhaps to compensate
for the increased energy demands for regeneration. These studies therefore identified that utrophin
upregulation is important, but is not the only benefit of fiber type switching.

An equally important question is which molecular pathways are being utilized to cause the
fiber transition? (1) The transition to slow fibers may be orchestrated to maintain skeletal muscle
ATP production. This would involve the upregulation of pAMPK and the resultant increases in
mitochondria and oxidative phosphorylation; (2) The transition may also be a survival of the fittest
situation; the slow fibers are not as damaged, therefore, they may predominate after a certain amount
of turnover; (3) There are likely other pathways that also push fiber transition.

Recently, it was demonstrated that mitochondrial dysfunction is an early MD phenotype, and that
these impaired mitochondria are susceptible to further damage after sarcolemmal injury ([47] and
reviewed in [13]). An often-documented metabolic difference is the decreased number of mitochondria
in mdx muscles [48,49]. It is also known that a faulty metabolism impedes membrane repair and muscle
regeneration [47,50]. This establishes/reinforces the proverbially downward spiral of degeneration
and regeneration, and the ultimate failure of a regeneration characteristic of MD (Figure 1). Other
mechanisms contributing to the spiral are reduced satellite cell function, fibrotic scar tissue, and chronic
inflammation. By downward spiral, the positive feedback loops (indicated by the black circles
in Figure 1) that these five mechanisms have upon each other is referred to.

In addition, the mitochondrial dysfunction can be subdivided into specific metabolic pathologies.
The mdx muscle tissues have reduced ATP concentrations that are identified by a number of different
techniques [51–55]. However, the causes of this decreased ATP are still not clear. One source could
be the increased demand for ATP that is required for muscle regeneration [35]. In addition, the ATP
production rate is drastically reduced in the mdx mitochondria that are isolated from the diaphragm
and tibialis anterior muscles [56]. The authors also demonstrate that a portion of the decreased ATP
phenotype occurs because of reduced Complex I activity. Open questions remain regarding how much
of the DMD pathology is caused by the decreased ATP? And how much would replacing ATP and
a fully functioning metabolism benefit MD patients? The research community must also identify
how a sarcolemmal based mutation causes mitochondrial dysfunction. Recent data identifies that
dystrophin and the dystrophin sarcoglycan complex is also found at the T-tubules [57–59], which is
nearer to the mitochondria than previously thought. It may be that a large portion of the mitochondrial
dysfunction is a result of the unbalanced Ca++ in the dystrophic muscle cell cytoplasm [56,60].

Among the metabolic changes occurring in dystrophic muscle is an upregulation of reactive
oxygen species (ROS, [61]). This group of molecules have long been investigated for their toxicity to
many macromolecules when they are inappropriately upregulated [39]. They are therefore considered
to be pathogenic, and experiments—with variable efficacy—have been conducted to decrease the ROS
in mdx and DMD, which has been discussed below. Monoamine oxidase [62], overactive NAD(P)H
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oxidases [63], and faulty electron transport chain complexes [64,65] are believed to contribute to the
increased ROS levels (reviewed in [66]).

Muscular dystrophic animals and humans also have reduced and/or mislocalized neuronal nitric
oxide synthase (nNOS, [67]). Usually, nNOS is held at the sarcolemma by its inclusion in the dystrophin
glycoprotein complex, but it is absent from the sarcolemma in DMD and mdx [67]. These nNOS changes
are pathogenic, although the data is unclear if it is the absence of nNOS at the sarcolemma or its
relocalization to the cytoplasm that is pathogenic (reviewed in [68]). For example, nNOS is required for
vessel dilation during exercise, which is absent in mdx mice [69] and DMD patients [70,71]. The mice
and patients thus have localized ischemic events [61], further damaging the muscles. However, other
data indicates that the correct localization of nNOS is not strictly required for mild pathology. There are
some mildly effected Becker MD patients who lack nNOS at the sarcolemma [70]. To rule out increased
NO within the cytoplasm as being pathogenic, double knockout mdx and nNOS mice were generated.
These mice did not have a decreased pathology with respect to the mdx mice, indicating that additional
NO within the cytoplasm is not pathogenic [72]. Multiple mdx nNOS overexpressing strategies have
demonstrated a reduced mdx pathology, including reduced fibrosis, inflammation, and immune cell
infiltration, as well as increased nitric oxide and force (reviewed in [68]). nNOS is included in this
review because it is a metabolic molecule, which is increased with exercise, increased through activated
AMP-activated protein kinase (pAMPK) signaling, and when in-excess causes dysfunction of the
mitochondria, specifically within the electron transport chain [73]. NO is also central to the cellular
entry of glucose [74] and a strong regulator of phosphofructokinase [75].

In normal adult skeletal muscle, Ca++ oscillates between 50 nM and 5 µM during
excitation–contraction coupling. Many mechanisms are utilized to regulate the changes in Ca++

concentrations, the major ones are voltage-gated L-type calcium channels on the sarcolemma,
and ryanodine receptors and SERCA on the sarcoplasmic reticulum. The first two of these channels
cause the large Ca++ influx for a contraction, and then the SERCA reabsorbs the Ca++ into the
sarcoplasmic reticulum. In addition, mitochondria function to buffer Ca++ extremes [76]. In dystrophic
skeletal muscles, Ca++ levels are increased at both extremes and do not fluctuate as quickly [77].
Normally, Ca++ is a stimulator of oxidative phosphorylation to increase ATP during periods of
increased contractions [78]. However, in DMD, there is clearly too much Ca++, beyond the normal
oxidative phosphorylation stimulation range. Therefore, the feed-forward downward spiral of MD
(Figure 1) is enhanced by these Ca++ surges. Damaged mitochondria cause a reduced Ca++ control,
which further damages the mitochondria by activating the permeability transition pore [79], which
causes even more Ca++ misregulation [80]. In support of this downward spiral are the progressive
phenotypes of the disease and the progressive deterioration of the mitochondrial function with age in
DMD patients [81] and mdx mice [82].

5. Possible Metabolic Therapeutic Avenues

The many experiments, both pre-clinical and clinical, that attempt to modify one or more of
the above discussed metabolic pathways for improvement of the MD phenotype, will be discussed
(Table 1). Because many of the targets result in changing multiple metabolic molecular pathologies,
the pathways cannot be sorted to fit into the specific pathologies that are identified in Figure 1. Instead,
these experiments are largely sorted by molecular target. The overlapping nature of many of these
potential therapeutic targets will be discussed. It is important to note that nutritional and metabolic
therapies target many of the pathogenic stages of MD (Figure 1). By inhibiting the disease progression
at a number of stages, a more complete rescue of phenotype is possible.
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Table 1. Metabolic targets to treat muscular dystrophy.

Target Rx Mice Humans References

Dietary supplements

Apple polyphenols Increases slow fibers [83]

Arginine & Metformin 16 weeks of co-treatment improved clinical
scores in normal volunteers [84]

Creatine Early treatment reduced mdx pathology [85]

Glutamine

10 treatment days did not alter protein
degradation compared to amino acid controls [86]

4 months of treatment did not improve
DMD pathology [87]

Increase pAMPK

Exercise

Increases slow fiber types, PGC-1α, SIRT1 Increases slow fiber types, PGC-1α, SIRT1 Reviewed in [22]

Increases utrophin in skeletal muscles after 12
weeks of voluntary wheel running [88]

Low intensity training improved mdx
phenotype through inflammation inhibition in

skeletal muscle and diaphragm.
[89,90]

Exercise increased utrophin in skeletal muscles
of normal people [91]

Submaximal exercise increases function without
causing increased pathology [92]

DMD exercise reviews [93,94]

Assisted bicycle training maintains function
without causing increased pathology [95]

Metformin Increased PGC1α, utrophin. [96]

Metformin with L-arginine 16 weeks of treatment caused a trend to
improved oxidative stress and function [84]

AICAR
Increased slow fiber types, PGC-1α, SIRT1 [97]

Restored calcium-induced PTP opening to
normal levels in diaphragm. [45]

Resveratrol Modest pathology decline, increased Utr [98,99]

Transgenic overexpression
of Mir-499 Reduced pathology [31]

Inhibit Fnip1 Reduced pathology [100]

Through breeding Reduced fibrosis and functional decline [41]
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Table 1. Cont.

Target Rx Mice Humans References

Increase utrophin

Transgenically Significantly decreases pathology [101,102]

SMT C1100
Significantly decreases pathology [103]

Safe in healthy volunteers [104]

Tolerated in DMD patients, high degree of
variability in serum SMT C1100 levels [105]

AICAR Increases utrophin [106]

Metformin Increases utrophin [96]

Increase nNOS/NO

Transgenically Decreased pathology [68,107–109]

L-Arginine Reduced pathology [110]

PDE inhibitors, sildenafil

Reduced pathology in skeletal, including
diaphragm and cardiac muscles.
Increased slow fiber transition.

Acute treatment reduced
exercise-associated ischemia. [111] reviewed in [68,112]

Two phase 3 trials have recently been
completed but failed to demonstrate

improvements, chronic treatment.
[113,114]

Increase PGC1α Transgenic
Reduced pathology, increased slow fibers,

mitochondria and Utr. Decreased CN,
EBD and CK.

[34,48,115,116]

Support ATP generation
ROS inhibitor

ASA Improved ATP content and multiple
functional parameters [117]

Allopurinol

Initial increased creatine phosphate
and ATP, and most patients retained

benefits after 22 months.
[118,119]

Unclear benefit after 27 months of treatment. [120]

Increase adiponectin

Transgenic overexpression
of adiponectin

Increased slow fibers
Increased utrophin

Decreased pathology
[121]

Treated DMD myotubes
with adiponectin

Decreased inflammation and
upregulated utrophin [122]
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Table 1. Cont.

Target Rx Mice Humans References

Transition pore inhibitors

Cyclosporine A Restored normal redox state in isolated mdx
cell mitochondria [123]

PGC1α transgene Normalized MPTP opening kinetics. [48]

AICAR Normalized MPTP opening kinetics in
the diaphragm. [45]

Sildenafil Normalized MPTP opening kinetics in hearts. [111]

Debio 025
2 weeks of oral treatment, some structural

and functional improvements in diaphragm
and skeletal muscles.

[124]

Genetically targeting
cyclophilin D, or Debio 025

Reduces myofiber necrosis and pathology in
Lama2 and delta-sarcolglycan deficient mice [125]

Co-therapies

30 days AICAR followed
by exercise

Paradoxically AICAR blunted the beneficial
effects of exercise [126]

AMPK/PPARγ agonists Histological and functional improvements [49]

Exercise with
AMPK/PPARγ agonists

Functional improvement in the
combination group [127]

AICAR—5-aminoimidazole-4-carboxamide riboside; ASA—5-aminosalicylic acid; CK—creatine kinase; CN—central nuclei; DKO—double dystrophin and utrophin knockout mice;
DMD—duchenne muscular dystrophy; EBD—Evans blue dye; Fnip-1—folliculin interacting protein 1; MD—muscular dystrophy; MPTP—mitochondrial permeability transition pore;
nNOS—neuronal nitric oxide synthase; NO—nitric oxide; pAMPK—phosphorylated AMP activated protein kinase; PDE—phosphodiesterase; PGC1-α—peroxisome proliferator-activated
receptor γ coactivator 1-α; SIRT1—NAD-dependent deacetylase sirtuin-1; TGFβ—transforming growth factor beta 1; utr—utrophin.
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6. Dietary Supplements

Many researchers have investigated various dietary supplements to inhibit muscle pathology
or strengthen non-diseased muscles, whether it be for athletes or against aging, type 2 diabetes,
or MD [83–87,110,128–133]. In MD, increasing the percentage of slow fibers is often the goal, but not
necessarily the only goal. Natural interventions such as diet are useful, with low if any side-effects
interventions. One must be careful to remember that the metabolic aspects of the MD pathology are
different than those of true metabolic diseases and aging. And although not all of these therapies
have been tried in pre-clinical or clinical MD, the targets that the supplements are altering are
speculated to also benefit the mdx mice and DMD patients. In addition, these supplements can
be combined with other treatments, causing an additive benefit and/or allowing a decreased dose of
the co-therapy pharmaceutical.

7. Polyphenol Supplement

It has been demonstrated that a low dose (0.5% by weight) of apple polyphenols increased the
percentage of slow, Type 2 fibers in plantari muscles (from ~48% to ~58%, p = 0.02), after feeding it to
rats for 8 weeks [83]. As expected, this change correlated with fatigue resistance in the treated rats.
However, the intervention has not yet been tried in mdx or other dystrophic mouse models. From the
overwhelming known benefits, it can be hypothesized that this intervention—resulting in increased
slow Type 2 fibers—will benefit mice and humans with MD.

8. Amino acid Supplements

A number of investigators have analyzed L-arginine supplementation in both mice [110] and
humans [84]. In the mice, the L-arginine administration caused an increase of NO, members
of the dystrophin glycoprotein complex, and a functional increase of isolated muscles. In the
humans, the L-arginine was administered in conjunction with metformin, and the patients’ muscles
demonstrated increased mitochondria numbers, reduced oxidative stress, and four out of five patients
improved their clinical scores, such as the two minute-walk-test and motor function measure.

Creatine supplementation starting at birth reduced the mdx pathology at 4 weeks old [85].
Furthermore, the benefits were demonstrated to include improvements to mitochondrial functions.
This demonstrated at least a correlative link between improved mitochondrial function and reduced
mdx phenotype.

Oral glutamine inhibited protein breakdown in DMD patients, but this did not lead to significant
functional benefits [86,87].

Additional groups of scientists are investigating taurine supplementation. When given in drinking
water to dams, well before pregnancy, the taurine levels were significantly elevated in the offspring.
The dams and offspring were then maintained on the taurine supplements until euthanasia. Young,
4 weeks old, offspring showed significant tibialis anterior benefits in specific force and histology.
However, older mice, 10 weeks old, did not demonstrate any benefits [128].

9. Fatty acid Supplements

Interesting publications indicate that including omega-3 supplements in diets significantly
improved the MD phenotype. Marine fish are rich in omega-3, which includes eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). These polyunsaturated fatty acids (PUFA) have been shown to
reduce inflammation in other diseases and conditions. This strategy could therefore be highly beneficial
against DMD and would also be highly useful as a co-therapy. Feeding MD hamsters flaxseed-derived
omega-3 from birth until death significantly improved skeletal muscle histopathology [129]. Additional
studies in mdx mice, both young [130] and old [131], benefitted from omega-3 treatment. The benefits
include reduced ROS, increased grip strength, decreased fibrosis, and improved echo parameters.
These benefits can be direct or as a result of decreased inflammation [132] and a shift from M1 to
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M2 macrophages [133]. These results were so promising that clinical trials were initiated. The initial
reports from the trials have indicated a significant decrease in the markers of chronic inflammation in
the 36 patients that had been receiving supplements for 6 months [134]. Future clinical trials will likely
include identifying any functional—skeletal muscle strength, respiration, and cardiac—benefits.

AMP activated protein kinase (AMPK and the activated phosphorylated pAMPK) is a primary or
secondary target for many of the metabolic MD therapies that are currently being considered (reviewed
in [40,135]). In patients, pAMPK can be increased by a number of pharmacological or physiological
approaches (reviewed in [44]). Most directly, pAMPK is increased physiologically through exercise
and calorie restriction, and pharmacologically with Metformin or 5-aminoimidazole-4-carboxamide
riboside (AICAR). There are many pAMPK-mediated MD benefits. pAMPK activates the signaling
cascades, which increase slow fiber content [97,106]; increases utrophin, which compensates for
dystrophin at the sarcolemma [136]; it is necessary for the exercise-activation and stretch-activation
of nitric oxide synthase [137]; decreasing inflammation [122]; decreasing ROS [137]; and decreasing
TGFβ signaling [138].

In addition, we demonstrated that the super-healing and MD-resistant mouse strain, named
Murphy Roth’s Large (MRL), had significantly increased pAMPK levels in their skeletal muscle
tissues [41,139]. These are wild type mice, not genetically manipulated or treated in any manner. In a
not side-by-side comparison, the MRL mice appeared to be more resistant to MD than the mice that
were treated with metformin [139,140] or AICAR [45,49,106]. Therefore, further work on the MRL
mice is necessary in order to fully identify why these mice are so resistant to the fibrotic aspects of MD.

10. Exercise

Both anaerobic exercise (resistance training) and aerobic exercise (activities that increase breathing
and heart rate, and often labeled as endurance exercise), affect the fiber type transition. Anaerobic
exercise induces a higher percentage of fast fibers, up 28% in recreationally active men [141].
Alternatively, aerobic exercise elicits the slow fiber transition [142] that is beneficial in mdx mice [97]
and DMD patients [143]. Aerobic exercise also increases slow muscle inducing signals, such as AMPK,
SIRT1, and PGC-1α, which have protective benefits beyond fiber type switching [22]. SIRT1 has
many beneficial functions. It is essential in the pathways that control metabolism, mitochondrial
functions, autophagy, and limits inflammation [144]. Similarly, PGC-1α has many documented
beneficial functions. PGC-1α is a master regulator of mitogenesis, and also promotes the adaptation of
slow fiber characteristics [145].

Because exercise could potentially harm DMD patients, care must be taken in order to fine-tune
the exercise intensity for maximum benefit, without detrimental side-effects. The reader is referred to
the reviews of mdx and DMD exercise protocols in order to address some of these concerns [93,146].

Multiple studies have examined the phenotypic outcomes of mdx mice that have been subjected
to exercise (reviewed in [89]). Low-intensity endurance exercise on a motorized Rota-Rod for 6 weeks,
decreased the cell degeneration, inflammation, and necrosis in limb muscles [147]. Importantly,
the diaphragms of the exercised mdx mice had increased regenerative areas and decreased necrosis
assessed by histology, compared to sedentary mdx [89]. Voluntary wheel running also increased the
mass and force of skeletal muscles [104,148,149]. In older mice (10 weeks old at start), a short bout of
voluntary wheel running increased muscle damage [150]. These collected data are consistent with low
intensity and voluntary exercise being beneficial for mdx mice, when started at a young age. Caution
must be used when these data are to be applied in the clinics. The age and heart condition of the
patient must be thoroughly evaluated before the initiation of a monitored exercise regime.

In addition to stimulating a beneficial fiber type transition, aerobic endurance exercise also
stimulates satellite cells—the resident stem cells in skeletal muscles [151–153] and reviewed in [154]).
Satellite cells are more numerous in slow muscles, such as soleus, than in naturally fast muscles, such as
extensor digitorum longus [155]. Aerobic exercise increases AMPK, SIRT1, and PGC1-α, which are
also known to activate satellite cells. Interestingly, when investigated by fiber type, Evans blue dye he
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endurance exercise-increased satellite cell numbers were only detected in Type I, slow fibers [151,156].
This may be another underlying characteristic of slow fibers that makes them somewhat resistant to
MD pathology.

To the best of my knowledge, calorie restriction to increase pAMPK, mitochondria,
and mitochondrial efficiency has not been attempted on mdx mice. And, even if effective, full patient
compliance would be difficult to achieve. However, it may be worth trying the therapy in mice and
then considering utilizing one of the type 2 diabetic therapies (such as Invokana, canagliflozin), which
reduce the absorbed calories in patients. Thereby inducing calorie restriction in a manner that is better
suited for effective patient compliance.

Metformin is an attractive treatment to increase pAMPK because it is FDA approved for type
2 diabetes and therefore safety clinical trials have already been conducted. In mdx mice Metformin
increases PGC1α and utrophin [96]. A recent manuscript described a proof-of-principle Metformin
with L-Arginine co-therapy regiment in a small cohort of five DMD patients [84]. The patients
were less than 10 years old and were functionally and biochemically assessed before and after
the 16 weeks of treatment. After the treatment, many of the phenotypic characteristics trended
to improvement, including: (1) reduction of oxidative stress markers; (2) energy substrate usage shifted
from carbohydrate to fatty acids; and (3) motor function measurements. However, because of the small
cohort, only a few of these characteristics were statistically significant. Hopefully, a similar study will
follow soon with an increased cohort size and perhaps a longer treatment period. The same group also
investigated Metformin with L-Citrulline in a small cohort [157], the results are eagerly anticipated.

There are also many examples of scientists using AICAR to beneficially increase pAMPK in mouse
models of MD. The mechanisms, by which AICAR increases pAMPK, are still under investigation,
but clearly the inhibition of the electron transport chain is among the pathways. These AICAR-based
pAMPK increasing investigations have greatly enhanced the knowledge of the breadth of pAMPK’s
positive activities in mdx mice. For example, the stretch activation of NOS enzymes in cardiomyocytes
requires dystrophin and pAMPK [137]. Four weeks of AICAR treatment causes a normalization of
the calcium sensitivity of the MPTP in diaphragm muscle cells [45]. There was also a decreased
histopathology and increased diaphragm force generating capacity. Interestingly, these benefits were
not associated with an increased mitochondrial number or increased Utr expression, identifying
additional pleiotropic benefits of pAMPK. The authors hypothesize that increasing pAMPK also
increases autophagy and mitophagy to eliminate defective mitochondria [45].

AICAR is also currently in clinical trials for diabetes [158], obesity (clinicaltrials.gov identifier
NCT02322073), and cancer (clinicaltrials.gov identifiers NCT01193959 and NCT01246778). If it is found
safe and effective in increasing pAMPK in these trials, future AICAR trials will likely be conducted in
DMD patients.

Because it increases PGC-1α, SIRT1, and AMPK, the natural phenol resveratrol has also been
investigated for the treatment for a number of diseases, including MD (reviewed in [159,160]). In a
side-by-side comparison, resveratrol improved exercised mdx muscle pathology (histopathology,
oxidative stress, and creatine kinase) better than prednisolone did [161]. Because these therapeutics
target different disease sites, co-therapies must be considered for finding the optimally beneficial
treatment. Additionally, it was demonstrated that resveratrol improved the mdx muscle function when
administered to young mice [162]. Resveratrol has now also entered clinical trials for multiple diseases
and one hopes that DMD will soon be on the list of trials.

A relatively new method for increasing pAMPK has been identified in miR-499 [31]. Because this
molecule is a microRNA (miR), it can play a directorial role in coordinating the mitochondrial metabolic
and sarcomeric protein transitions that are required for fiber type changes. The transition is initiated by
the expression of Myh7/Myh7b and the intronic miR-499. miR-499 then affects metabolic changes by
increasing AMPK and PGC1α, therefore increasing the oxidative metabolism. Experiments involving
knockout and transgenic mice were used to deduce this molecular cascade. Therefore, it appears that
miR-499 coordinates the metabolic and sarcomeric aspects of skeletal muscle transition [31].

clinicaltrials.gov
clinicaltrials.gov
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Deleting folliculin-interacting protein-1 (Fnip-1) pushes skeletal muscle fibers to slow fibers
benefiting the mdx mice [100]. This is believed to occur through AMPK activation and the
subsequent upregulation of PGC1α. However, as the mice lack B-cells and invariant natural killer
T-cells [100]—known to decrease MD pathology—it is unknown which mechanism or if a combination
of both mechanisms are responsible forthe decreased pathology.

A final method of increasing pAMPK in mouse models of MD occurred unexpectedly when
the wild type MRL mouse line was bred to have γ-sarcoglycan null-mediated muscular dystrophy;
the MRL mice were found to have an extremely mild pathology [42]. It was then shown that the
MRL mice naturally contain increased pAMPK in their skeletal muscles [41]. As discussed above,
increasing pAMPK has been demonstrated to decrease mdx pathology. Of course these mice also
contain many other genetic differences that will enhance their mild phenotype. Therefore, these mice
require further investigations.

A series of experiments from Dr. Jasmin’s laboratory indicate that increasing utrophin by a number
of methods, protects mdx mice from pathology [40]. Increasing utrophin with transgenes demonstrated
significant phenotype improvements [101,102]. In addition, a small molecule utrophin transcriptional
enhancer—SMT C1100—significantly decreased the mdx pathology [102]. This molecule is now in
a safety, tolerability, and pharmacokinetic clinical trial. The patients tolerated the pharmaceutical
rather well, but—surprisingly—not as well as the healthy volunteers [163]. AICAR and metformin,
which are known activators of pAMPK, also increased the utrophin expression. Interesting work
in double knockout mice (mdx with utrophin null) identified a strict requirement of utrophin for
pAMPK’s benefit [106]. However, others have shown that utrophin is not required for all of the benefits
of pAMPK, because the diaphragm functional and histopathologic improvements were observed
after the AICAR treatment without a corollary increase in utrophin levels [45]. The variability in the
requirement for utrophin may be due to different muscle groups that were analyzed or the different
manners of assessing requirements. Because of the large amount of positive data, SMT C1100 must be
considered for co-therapies.

Altering NO levels and signaling are also being tested in mdx and DMD. NOS and the resulting
nitric oxide (NO) are required for blood pressure homeostasis during exercise. Furthermore, in contrast
to the wild type, mdx cardiomyocyte stretch does not activate NOS [137]. Increasing NO through
L-arginine administration [110] or transgenically [75,107–109,164] recues portions of the functional
deficit and pathology in mdx mice. A confounding data series comes from rescuing the mdx mice with
a truncated dystrophin transgene, which restores nNOS to the sarcolemma, but—paradoxically—the
mice have an increased histopathology [165]. The AICAR activation of AMPK causes the activation
of NOS, independent of dystrophin and stretch, indicating a pharmaceutical method to bypass the
missing dystrophin and nNOS [137].

In humans, some selective PDE5 inhibitors like Tadalafil and Sildenafil, and some non-selective
PDE inhibitors like Pentoxifylline are being tested for their ability to beneficially increase NO. These
function by decreasing the breakdown of cGMP, a downstream second-messenger of NO, and
causing increased NO signaling, which should benefit the patients. Despite proving beneficial in mdx
mice [166], the Sildenafil treatment in DMD and Becker MD patients did not provide any functional
benefits [113,114]. Neither study assessed the increase of NO after Sildenafil, likely given the problems
that were associated with quantifying NO. Also, Sildenafil cannot reproduce the normal, oscillating
NO levels. Therefore, Sildenafil is not as beneficial as AICAR, likely because the benefits that are seen
with AICAR go beyond increasing the NO levels.

Specifically increasing the amount of mitochondria also reduces the mdx pathology. This has been
done by transiently increasing PGC1-α, which causes the normalization of multiple mitochondrial
parameters including Ca++ buffering, mitochondrial permeability transition pore (MPTP) opening
kinetics, and mitochondrial mass [48]. Although it is difficult to identify the amount of benefit that is
provided by this particular mechanism, the mitochondrial volume is also increased by exercise [167].
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Antioxidants are also being tested in mouse models and human patients. Significantly, two clinical
trials with Allopurinol in DMD demonstrated benefits for the patients [118–120]. One of the studies
lasted for 27 months, which demonstrated an improvement in 2 of the 10 treated patients versus 0
of the 7 untreated patients [120]. The authors cite variability in the patient population, especially
their ages, as confounding the data. In addition, improvement is a very high bar for MD therapies;
no further diminishment of function maybe a more appropriate, although it is an unsatisfactory
end-point for clinical trials. An additional Allopurinol study lasted a total of 22 months. There was an
initial benefit [119], which faded over time. The authors hypothesized this was due to a decrease in
the effective dose for children over 9 years of age due to natural weight gain, after appropriate dose
compensation, there was an additional period of effective treatment [118].

Adiponectin is the founding member of a novel class of signaling molecules termed adipokines,
which are secreted from adipocyte—cells long considered devoid of signaling properties. Adiponectin
reverses the diseased metabolic characteristics of type 2 diabetes and atherosclerosis, and very
importantly has anti-inflammatory effects [168]. Although secreted from adipose tissue, the amount of
circulating adiponectin does not correlate with a person’s percent fat mass. In mdx mice, the levels
of adiponectin are significantly decreased [169]. When the adiponectin overexpressing mice were
crossed with the mdx mice, inflammation and pathology diminished through an increase of the
myogenic program. The authors also demonstrated that these beneficial effects were through the
AMPK–SIRT1–PGC1α signaling cascade. Although changes in the metabolic characteristics were not
assessed, increased AMPK–SIRT1–PGC1α signaling should cause an increased mitochondria number
and a shift to slow fibers with the associated low pathology of those cells. The mdx/adiponectin
transgenic mice had decreased levels of CD68, an M1 macrophage marker, and increased IL-10, which
activates and is a marker for the anti-inflammatory M2 macrophages. The adiponectin animals also
had decreased NF-κB. Interestingly, the authors also noted an increase in utrophin [169]. All of these
characterizations strongly indicate that increasing adiponectin is a possible treatment of MD.

It has long been known that MPTPs are open inappropriately in mdx and DMD [123], likely due to
the enhanced cytoplasmic Ca++ of the mdx and DMD muscle cells. Multiple methods to decrease this
are known and have been investigated in the mdx and mdx/utr DKO mice. Cyclosporine A beneficially
regulates the pore and is also an immunosuppressive, while Debio 025 just regulates the pore. Both of
these compounds benefit mdx mice [84,124,125]. It has also been demonstrated that Debio 025 is more
effective in reducing the mdx pathology and increasing function than prednisone, which is the current
standard of care [170]. Other treatment options that have already been discussed, increasing pAMPK
or increasing PGC-1α, also decrease the transition pore openness [45,48,111]. The effects could be
direct or indirect; indirect because a reduction of pathology would cause the transition pore response
to become more like normal.

11. Conclusions

There is great excitement in the muscular dystrophy (MD) field due to the large amount of
preclinical and clinical trials that are currently underway. There are reasons to be optimistic regarding
these future therapies. For one, many of the therapies have and continue to demonstrate great promise
in preclinical experiments. Multiple co-therapies, which target multiple points of the MD progression
pathway, have proven of benefit for the mdx mice. Two common metabolic targets are to increase
AMPK and PPARβ/δ with AICAR and GW501516, respectively. The benefits of AICAR treatment
were enhanced with the co-administration of GW501516 increased mitochondria, slow-fiber type, and
Utr, and decreased membrane permeability, fibrosis, inflammation, and central nucleation [49,127].
Four weeks of the combined treatment regimen in two month old mice led to the expression of Type I
genes, functional improvements, and the creatine kinase levels were reduced [127]. The other set of
experiments initiated treatments in older, twelve week old mice [49]. These investigators also saw
a decline in inflammation, percent central nuclei, and activated satellite cells, as well as an increase
in limb strength. These experiments underscore the very important point that, in order to treat the
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multiple pathogenic pathways of MD, co-therapies must be considered. An additional co-therapy
strategy using AICAR for 30 days, followed by a single acute exercise bout, was investigated [126].
The exercised mdx mice demonstrated increases in pAMPK, p38 phosphorylation, PPARδ, PGC-1α,
and SIRT1. Paradoxically, the pre-treatment with AICAR blunted these favorable responses towards
a slow-fiber transition; one would have hypothesized that there would be an additive effect of
these two treatments. These data demonstrate the importance of pre-clinical testing of all therapies,
including co-therapies.

Additional co-therapies can be envisioned to have benefit in preclinical and clinical trials.
An example might be exon skipping to restore some dystrophin expression, perhaps coupled with a
mitochondrial support molecule, such as Metformin, and an immune suppressor, such as low dose
corticosteroids. These co-therapies would be beneficial by targeting multiple sites and would allow
reductions of doses to avoid any side-effects (Table 2). Even if the therapies do not act synergistically,
additive effects would greatly improve patients’ lives. In addition, because multiple sites are being
targeted, one can envision many patient-specific combinations of co-therapies. Additional excitement
comes from the knowledge that only 6–10% [171], 20% [172], or 40% [173] of dystrophin expression is
required for significant pathology reduction. The differences in the amount of dystrophin restoration
that is required for benefit is that different models and assessments were utilized.

Many of the nutritional and metabolic therapeutics that have been discussed for MD are already
in clinical trials. Column four of Table 1 indicates those that are currently in clinical trials and the initial
results of these trails. As the clinical trials move forward, there are also some difficulties confronting
the MD research, and the clinical and patient community. One difficulty is that all muscles, including
skeletal, diaphragm, and cardiac muscle cells, must be targeted. This causes the delivery of some of the
most promising therapies to be problematic. In addition, as more and more clinical trials are recruiting
patients, identifying naïve patients may also become problematic. This confirms the need for robust
preclinical models and a standard that is set of phenotypic methods to verify that the patients are
receiving the best evidence based medicine that is available.

Table 2. Multiple muscular dystrophy targets.

Targeted Molecular Pathway Therapy

Improve sarcolemmal strength, dystrophin expression

Omega-3
FTY720

Utrophin upregulation
Exon skipping

Cell based

Decrease inflammation

Corticosteroids
NF-κb inhibition
TGFβ inhibition

Antioxidants

Improve mitochondrial function

AICAR
Metformin

Exercise
Antioxidants

Decrease fibrosis Losartan
TGFβ inhibition

Improve satellite cell functions Cell based

This table uses the five main pathogenic steps of MD disease progression, as introduced in Figure 1. Effectively
targeting multiple steps of the disease progression pathway would provide the most patient benefit. As stated
before, many of the treatments target multiple molecular pathways so the therapies were put into the current
prominent target.
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Abbreviations

AICAR 5-aminoimidazole-4-carboxamide riboside
ASA 5-aminosalicylic acid
CK creatine kinase
CN central nuclei
DKO double dystrophin and utrophin knockout mice
DMD duchenne muscular dystrophy
EBD Evans blue dye
Fnip-1 Folliculin interacting protein 1
MD muscular dystrophy
MPTP Mitochondrial permeability transition pore
nNOS neuronal nitric oxide synthase
NO nitric oxide
pAMPK phosphorylated AMP activated protein kinase
PDE phosphodiesterase
PGC1-α Peroxisome proliferator-activated receptor γ coactivator 1-α
SERCA sarco/endoplasmic reticulum Ca2+-ATPase
SIRT1 NAD-dependent deacetylase sirtuin-1
TGFβ transforming growth factor beta 1
Utr utrophin

References

1. Whitmore, C.; Morgan, J. What do mouse models of muscular dystrophy tell us about the DAPC and its
components? Int. J. Exp. Pathol. 2014, 95, 365–377. [CrossRef] [PubMed]

2. Bulfield, G.; Siller, W.G.; Wight, P.A.; Moore, K.J. X chromosome-linked muscular dystrophy (mdx) in the
mouse. Proc. Natl. Acad. Sci. USA 1984, 81, 1189–1192. [CrossRef] [PubMed]

3. Dangain, J.; Vrbova, G. Muscle development in mdx mutant mice. Muscle Nerve 1984, 7, 700–704. [CrossRef]
[PubMed]

4. Deconinck, A.E.; Rafael, J.A.; Skinner, J.A.; Brown, S.C.; Potter, A.C.; Metzinger, L.; Watt, D.J.; Dickson, J.G.;
Tinsley, J.M.; Davies, K.E. Utrophin-dystrophin-deficient mice as a model for Duchenne muscular dystrophy.
Cell 1997, 90, 717–727. [CrossRef]

5. Fukada, S.; Morikawa, D.; Yamamoto, Y.; Yoshida, T.; Sumie, N.; Yamaguchi, M.; Ito, T.; Miyagoe-Suzuki, Y.;
Takeda, S.; Tsujikawa, K.; et al. Genetic background affects properties of satellite cells and mdx phenotypes.
Am. J. Pathol. 2010, 176, 2414–2424. [CrossRef] [PubMed]

6. Coley, W.D.; Bogdanik, L.; Vila, M.C.; Yu, Q.; Van Der Meulen, J.H.; Rayavarapu, S.; Novak, J.S.; Nearing, M.;
Quinn, J.L.; Saunders, A.; et al. Effect of genetic background on the dystrophic phenotype in mdx mice.
Hum. Mol. Genet. 2016, 25, 130–145. [CrossRef] [PubMed]

7. Heydemann, A.; Ceco, E.; Lim, J.E.; Hadhazy, M.; Ryder, P.; Moran, J.L.; Beier, D.R.; Palmer, A.A.;
McNally, E.M. Latent TGF-beta-binding protein 4 modifies muscular dystrophy in mice. J. Clin. Investig.
2009, 119, 3703–3712. [CrossRef] [PubMed]

8. Heydemann, A.; Huber, J.M.; Demonbreun, A.; Hadhazy, M.; McNally, E.M. Genetic background influences
muscular dystrophy. Neuromuscul. Disord. 2005, 15, 601–609. [CrossRef] [PubMed]

9. Roberts, N.W.; Holley-Cuthrell, J.; Gonzalez-Vega, M.; Mull, A.J.; Heydemann, A. Biochemical and Functional
Comparisons of mdx and Sgcg(−/−) Muscular Dystrophy Mouse Models. BioMed Res. Int. 2015, 2015, 1–11.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/iep.12095
http://www.ncbi.nlm.nih.gov/pubmed/25270874
http://dx.doi.org/10.1073/pnas.81.4.1189
http://www.ncbi.nlm.nih.gov/pubmed/6583703
http://dx.doi.org/10.1002/mus.880070903
http://www.ncbi.nlm.nih.gov/pubmed/6543918
http://dx.doi.org/10.1016/S0092-8674(00)80532-2
http://dx.doi.org/10.2353/ajpath.2010.090887
http://www.ncbi.nlm.nih.gov/pubmed/20304955
http://dx.doi.org/10.1093/hmg/ddv460
http://www.ncbi.nlm.nih.gov/pubmed/26566673
http://dx.doi.org/10.1172/JCI39845
http://www.ncbi.nlm.nih.gov/pubmed/19884661
http://dx.doi.org/10.1016/j.nmd.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16084087
http://dx.doi.org/10.1155/2015/131436
http://www.ncbi.nlm.nih.gov/pubmed/26064876


Nutrients 2018, 10, 796 17 of 25

10. Tidball, J.G.; Villalta, S.A. Regulatory interactions between muscle and the immune system during muscle
regeneration. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1173–R1187. [CrossRef] [PubMed]

11. Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Munoz-Canoves, P. Aberrant
repair and fibrosis development in skeletal muscle. Skelet. Muscle 2011, 1, 21. [CrossRef] [PubMed]

12. Van Ruiten, H.J.; Straub, V.; Bushby, K.; Guglieri, M. Improving recognition of Duchenne muscular dystrophy:
A retrospective case note review. Arch. Dis. Child. 2014, 99, 1074–1077. [CrossRef] [PubMed]

13. Timpani, C.A.; Hayes, A.; Rybalka, E. Revisiting the dystrophin-ATP connection: How half a century
of research still implicates mitochondrial dysfunction in Duchenne Muscular Dystrophy aetiology.
Med. Hypotheses 2015, 85, 1021–1033. [CrossRef] [PubMed]

14. Rodino-Klapac, L.R.; Janssen, P.M.; Shontz, K.M.; Canan, B.; Montgomery, C.L.; Griffin, D.; Heller, K.;
Schmelzer, L.; Handy, C.; Clark, K.R.; et al. Micro-dystrophin and follistatin co-delivery restores muscle
function in aged DMD model. Hum. Mol. Genet. 2013, 22, 4929–4937. [CrossRef] [PubMed]

15. Heydemann, A. Severe murine limb-girdle muscular dystrophy type 2C pathology is diminished by FTY720
treatment. Muscle Nerve 2016, 56, 486–494. [CrossRef] [PubMed]

16. Pereira, J.A.; Mauricio, A.F.; Marques, M.J.; Neto, H.S. Dual Therapy Deflazacort/Doxycyclyne Is Better Than
Deflazacort Monotherapy to Alleviate Cardiomyopathy in Dystrophin-Deficient mdx Mice. J. Cardiovasc.
Pharmacol. Ther. 2017, 22, 458–466. [CrossRef] [PubMed]

17. Salera, S.; Menni, F.; Moggio, M.; Guez, S.; Sciacco, M.; Esposito, S. Nutritional Challenges in Duchenne
Muscular Dystrophy. Nutrients 2017, 9, 594. [CrossRef] [PubMed]

18. Pane, M.; Vasta, I.; Messina, S.; Sorleti, D.; Aloysius, A.; Sciarra, F.; Mangiola, F.; Kinali, M.; Ricci, E.;
Mercuri, E. Feeding problems and weight gain in Duchenne muscular dystrophy. Eur. J. Paediatr. Neurol.
2006, 10, 231–236. [CrossRef] [PubMed]

19. Davis, J.; Samuels, E.; Mullins, L. Nutrition Considerations in Duchenne Muscular Dystrophy.
Nutr. Clin. Pract. 2015, 30, 511–521. [CrossRef] [PubMed]

20. Pette, D.; Staron, R.S. Myosin isoforms, muscle fiber types, and transitions. Microsc. Res. Tech. 2000,
50, 500–509. [CrossRef]

21. Westerblad, H.; Bruton, J.D.; Katz, A. Skeletal muscle: Energy metabolism, fiber types, fatigue and
adaptability. Exp. Cell Res. 2010, 316, 3093–3099. [CrossRef] [PubMed]

22. Ferraro, E.; Giammarioli, A.M.; Chiandotto, S.; Spoletini, I.; Rosano, G. Exercise-induced skeletal muscle
remodeling and metabolic adaptation: Redox signaling and role of autophagy. Antioxid. Redox Signal. 2014,
21, 154–176. [CrossRef] [PubMed]

23. Booth, F.W.; Babij, P.; Thomason, D.B.; Wong, T.S.; Morrison, P.R. Adaptation of muscle gene expression to
changes in contractile activity. Adv. Myochem. 1987, 1, 205–216. [PubMed]

24. Baldwin, K.M.; Klinkerfuss, G.H.; Terjung, R.L.; Mole, P.A.; Holloszy, J.O. Respiratory capacity of white, red,
and intermediate muscle: Adaptative response to exercise. Am. J. Physiol. 1972, 222, 373–378. [CrossRef]
[PubMed]

25. Webster, C.; Silberstein, L.; Hays, A.P.; Blau, H.M. Fast muscle fibers are preferentially affected in Duchenne
muscular dystrophy. Cell 1988, 52, 503–513. [CrossRef]

26. Sahlin, K. Muscle fatigue and lactic acid accumulation. Acta Physiol. Scand. Suppl. 1986, 556, 83–91. [PubMed]
27. Baldwin, K.M.; Tipton, C.M. Work and metabolic patterns of fast and slow twitch skeletal muscle contracting

in situ. Pflugers Arch. 1972, 334, 345–356. [CrossRef] [PubMed]
28. Fluck, M. Functional, structural and molecular plasticity of mammalian skeletal muscle in response to

exercise stimuli. J. Exp. Biol. 2006, 209, 2239–2248. [CrossRef] [PubMed]
29. MacInnis, M.J.; Gibala, M.J. Physiological adaptations to interval training and the role of exercise intensity.

J. Physiol. 2017, 595, 2915–2930. [CrossRef] [PubMed]
30. Schiaffino, S.; Reggiani, C. Fiber types in mammalian skeletal muscles. Physiol. Rev. 2011, 91, 1447–1531.

[CrossRef] [PubMed]
31. Liu, J.; Liang, X.; Zhou, D.; Lai, L.; Xiao, L.; Liu, L.; Fu, T.; Kong, Y.; Zhou, Q.; Vega, R.B.; et al. Coupling of

mitochondrial function and skeletal muscle fiber type by a miR-499/Fnip1/AMPK circuit. EMBO Mol. Med.
2016, 8, 1212–1228. [CrossRef] [PubMed]

32. Moens, P.; Baatsen, P.H.; Marechal, G. Increased susceptibility of EDL muscles from mdx mice to damage
induced by contractions with stretch. J. Muscle Res. Cell Motil. 1993, 14, 446–451. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpregu.00735.2009
http://www.ncbi.nlm.nih.gov/pubmed/20219869
http://dx.doi.org/10.1186/2044-5040-1-21
http://www.ncbi.nlm.nih.gov/pubmed/21798099
http://dx.doi.org/10.1136/archdischild-2014-306366
http://www.ncbi.nlm.nih.gov/pubmed/25187493
http://dx.doi.org/10.1016/j.mehy.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26365249
http://dx.doi.org/10.1093/hmg/ddt342
http://www.ncbi.nlm.nih.gov/pubmed/23863459
http://dx.doi.org/10.1002/mus.25503
http://www.ncbi.nlm.nih.gov/pubmed/27935071
http://dx.doi.org/10.1177/1074248416686189
http://www.ncbi.nlm.nih.gov/pubmed/28793824
http://dx.doi.org/10.3390/nu9060594
http://www.ncbi.nlm.nih.gov/pubmed/28604599
http://dx.doi.org/10.1016/j.ejpn.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17045498
http://dx.doi.org/10.1177/0884533615586202
http://www.ncbi.nlm.nih.gov/pubmed/25977513
http://dx.doi.org/10.1002/1097-0029(20000915)50:6&lt;500::AID-JEMT7&gt;3.0.CO;2-7
http://dx.doi.org/10.1016/j.yexcr.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20580710
http://dx.doi.org/10.1089/ars.2013.5773
http://www.ncbi.nlm.nih.gov/pubmed/24450966
http://www.ncbi.nlm.nih.gov/pubmed/11539096
http://dx.doi.org/10.1152/ajplegacy.1972.222.2.373
http://www.ncbi.nlm.nih.gov/pubmed/4333578
http://dx.doi.org/10.1016/0092-8674(88)90463-1
http://www.ncbi.nlm.nih.gov/pubmed/3471061
http://dx.doi.org/10.1007/BF00592168
http://www.ncbi.nlm.nih.gov/pubmed/4672715
http://dx.doi.org/10.1242/jeb.02149
http://www.ncbi.nlm.nih.gov/pubmed/16731801
http://dx.doi.org/10.1113/JP273196
http://www.ncbi.nlm.nih.gov/pubmed/27748956
http://dx.doi.org/10.1152/physrev.00031.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013216
http://dx.doi.org/10.15252/emmm.201606372
http://www.ncbi.nlm.nih.gov/pubmed/27506764
http://dx.doi.org/10.1007/BF00121296
http://www.ncbi.nlm.nih.gov/pubmed/7693747


Nutrients 2018, 10, 796 18 of 25

33. Baker, P.E.; Kearney, J.A.; Gong, B.; Merriam, A.P.; Kuhn, D.E.; Porter, J.D.; Rafael-Fortney, J.A. Analysis
of gene expression differences between utrophin/dystrophin-deficient vs. mdx skeletal muscles reveals a
specific upregulation of slow muscle genes in limb muscles. Neurogenetics 2006, 7, 81–91. [PubMed]

34. Selsby, J.T.; Morine, K.J.; Pendrak, K.; Barton, E.R.; Sweeney, H.L. Rescue of dystrophic skeletal muscle by
PGC-1alpha involves a fast to slow fiber type shift in the mdx mouse. PLoS ONE 2012, 7, e30063. [CrossRef]
[PubMed]

35. Pant, M.; Sopariwala, D.H.; Bal, N.C.; Lowe, J.; Delfin, D.A.; Rafael-Fortney, J.; Periasamy, M. Metabolic
dysfunction and altered mitochondrial dynamics in the utrophin-dystrophin deficient mouse model of
duchenne muscular dystrophy. PLoS ONE 2015, 10, e0123875. [CrossRef] [PubMed]

36. Matsumura, K.; Ervasti, J.M.; Ohlendieck, K.; Kahl, S.D.; Campbell, K.P. Association of dystrophin-related
protein with dystrophin-associated proteins in mdx mouse muscle. Nature 1992, 360, 588–591. [CrossRef]
[PubMed]

37. Miura, P.; Jasmin, B.J. Utrophin upregulation for treating Duchenne or Becker muscular dystrophy: How close
are we? Trends Mol. Med. 2006, 12, 122–129. [CrossRef] [PubMed]

38. Anderson, E.J.; Neufer, P.D. Type II skeletal myofibers possess unique properties that potentiate
mitochondrial H(2)O(2) generation. Am. J. Physiol. Cell Physiol. 2006, 290, C844–C851. [CrossRef] [PubMed]

39. Zuo, L.; Pannell, B.K. Redox Characterization of Functioning Skeletal Muscle. Front. Physiol. 2015, 6, 338.
[CrossRef] [PubMed]

40. Ljubicic, V.; Jasmin, B.J. AMP-activated protein kinase at the nexus of therapeutic skeletal muscle plasticity
in Duchenne muscular dystrophy. Trends Mol. Med. 2013, 19, 614–624. [CrossRef] [PubMed]

41. Berhanu, T.K.; Holley-Cuthrell, J.; Roberts, N.W.; Mull, A.J.; Heydemann, A. Increased AMP-activated
protein kinase in skeletal muscles of Murphy Roth Large mice and its potential role in altered metabolism.
Physiol. Rep. 2014, 2, e00252. [CrossRef] [PubMed]

42. Heydemann, A.; Swaggart, K.A.; Kim, G.H.; Holley-Cuthrell, J.; Hadhazy, M.; McNally, E.M.
The superhealing MRL background improves muscular dystrophy. Skelet. Muscle 2012, 2, 26. [CrossRef]
[PubMed]

43. Luo, T.; Nocon, A.; Fry, J.; Sherban, A.; Rui, X.; Jiang, B.; Xu, X.J.; Han, J.; Yan, Y.; Yang, Q.; et al. AMPK
Activation by Metformin Suppresses Abnormal Extracellular Matrix Remodeling in Adipose Tissue and
Ameliorates Insulin Resistance in Obesity. Diabetes 2016, 65, 2295–2310. [CrossRef] [PubMed]

44. Dial, A.G.; Ng, S.Y.; Manta, A.; Ljubicic, V. The Role of AMPK in Neuromuscular Biology and Disease.
Trends Endocrinol. Metab. 2018, 29, 300–312. [CrossRef] [PubMed]

45. Pauly, M.; Daussin, F.; Burelle, Y.; Li, T.; Godin, R.; Fauconnier, J.; Koechlin-Ramonatxo, C.; Hugon, G.;
Lacampagne, A.; Coisy-Quivy, M.; et al. AMPK activation stimulates autophagy and ameliorates muscular
dystrophy in the mdx mouse diaphragm. Am. J. Pathol. 2012, 181, 583–592. [CrossRef] [PubMed]

46. Rafael, J.A.; Townsend, E.R.; Squire, S.E.; Potter, A.C.; Chamberlain, J.S.; Davies, K.E. Dystrophin and
utrophin influence fiber type composition and post-synaptic membrane structure. Hum. Mol. Genet. 2000, 9,
1357–1367. [CrossRef] [PubMed]

47. Vila, M.C.; Rayavarapu, S.; Hogarth, M.W.; Van der Meulen, J.H.; Horn, A.; Defour, A.; Takeda, S.; Brown, K.J.;
Hathout, Y.; Nagaraju, K.; et al. Mitochondria mediate cell membrane repair and contribute to Duchenne
muscular dystrophy. Cell Death Differ. 2017, 24, 330–342. [CrossRef] [PubMed]

48. Godin, R.; Daussin, F.; Matecki, S.; Li, T.; Petrof, B.J.; Burelle, Y. Peroxisome proliferator-activated receptor
gamma coactivator1-gene alpha transfer restores mitochondrial biomass and improves mitochondrial
calcium handling in post-necrotic mdx mouse skeletal muscle. J. Physiol. 2012, 590, 5487–5502. [CrossRef]
[PubMed]

49. Jahnke, V.E.; Van Der Meulen, J.H.; Johnston, H.K.; Ghimbovschi, S.; Partridge, T.; Hoffman, E.P.;
Nagaraju, K. Metabolic remodeling agents show beneficial effects in the dystrophin-deficient mdx mouse
model. Skelet. Muscle 2012, 2, 16. [CrossRef] [PubMed]

50. Akhmedov, D.; Berdeaux, R. The effects of obesity on skeletal muscle regeneration. Front. Physiol. 2013,
4, 371. [CrossRef] [PubMed]

51. Rybalka, E.; Timpani, C.A.; Stathis, C.G.; Hayes, A.; Cooke, M.B. Metabogenic and Nutriceutical Approaches
to Address Energy Dysregulation and Skeletal Muscle Wasting in Duchenne Muscular Dystrophy. Nutrients
2015, 7, 9734–9767. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/16525850
http://dx.doi.org/10.1371/journal.pone.0030063
http://www.ncbi.nlm.nih.gov/pubmed/22253880
http://dx.doi.org/10.1371/journal.pone.0123875
http://www.ncbi.nlm.nih.gov/pubmed/25859846
http://dx.doi.org/10.1038/360588a0
http://www.ncbi.nlm.nih.gov/pubmed/1461282
http://dx.doi.org/10.1016/j.molmed.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16443393
http://dx.doi.org/10.1152/ajpcell.00402.2005
http://www.ncbi.nlm.nih.gov/pubmed/16251473
http://dx.doi.org/10.3389/fphys.2015.00338
http://www.ncbi.nlm.nih.gov/pubmed/26635624
http://dx.doi.org/10.1016/j.molmed.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23891277
http://dx.doi.org/10.1002/phy2.252
http://www.ncbi.nlm.nih.gov/pubmed/24760507
http://dx.doi.org/10.1186/2044-5040-2-26
http://www.ncbi.nlm.nih.gov/pubmed/23216833
http://dx.doi.org/10.2337/db15-1122
http://www.ncbi.nlm.nih.gov/pubmed/27207538
http://dx.doi.org/10.1016/j.tem.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29572064
http://dx.doi.org/10.1016/j.ajpath.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22683340
http://dx.doi.org/10.1093/hmg/9.9.1357
http://www.ncbi.nlm.nih.gov/pubmed/10814717
http://dx.doi.org/10.1038/cdd.2016.127
http://www.ncbi.nlm.nih.gov/pubmed/27834955
http://dx.doi.org/10.1113/jphysiol.2012.240390
http://www.ncbi.nlm.nih.gov/pubmed/22907054
http://dx.doi.org/10.1186/2044-5040-2-16
http://www.ncbi.nlm.nih.gov/pubmed/22908954
http://dx.doi.org/10.3389/fphys.2013.00371
http://www.ncbi.nlm.nih.gov/pubmed/24381559
http://dx.doi.org/10.3390/nu7125498
http://www.ncbi.nlm.nih.gov/pubmed/26703720


Nutrients 2018, 10, 796 19 of 25

52. Austin, L.; de Niese, M.; McGregor, A.; Arthur, H.; Gurusinghe, A.; Gould, M.K. Potential oxyradical damage
and energy status in individual muscle fibres from degenerating muscle diseases. Neuromuscul. Disord. 1992,
2, 27–33. [CrossRef]

53. Cole, M.A.; Rafael, J.A.; Taylor, D.J.; Lodi, R.; Davies, K.E.; Styles, P. A quantitative study of bioenergetics in
skeletal muscle lacking utrophin and dystrophin. Neuromuscul. Disord. 2002, 12, 247–257. [CrossRef]

54. Kuznetsov, A.V.; Winkler, K.; Wiedemann, F.R.; von Bossanyi, P.; Dietzmann, K.; Kunz, W.S. Impaired
mitochondrial oxidative phosphorylation in skeletal muscle of the dystrophin-deficient mdx mouse.
Mol. Cell. Biochem. 1998, 183, 87–96. [CrossRef] [PubMed]

55. Camina, F.; Novo-Rodriguez, M.I.; Rodriguez-Segade, S.; Castro-Gago, M. Purine and carnitine metabolism
in muscle of patients with Duchenne muscular dystrophy. Clin. Chim. Acta 1995, 243, 151–164. [CrossRef]

56. Rybalka, E.; Timpani, C.A.; Cooke, M.B.; Williams, A.D.; Hayes, A. Defects in mitochondrial ATP synthesis
in dystrophin-deficient mdx skeletal muscles may be caused by complex I insufficiency. PLoS ONE 2014,
9, e115763. [CrossRef] [PubMed]

57. Masubuchi, N.; Shidoh, Y.; Kondo, S.; Takatoh, J.; Hanaoka, K. Subcellular localization of dystrophin
isoforms in cardiomyocytes and phenotypic analysis of dystrophin-deficient mice reveal cardiac myopathy
is predominantly caused by a deficiency in full-length dystrophin. Exp. Anim. 2013, 62, 211–217. [CrossRef]
[PubMed]

58. Ueda, H.; Ueda, K.; Baba, T.; Ohno, S. Delta- and gamma-Sarcoglycan localization in the sarcoplasmic
reticulum of skeletal muscle. J. Histochem. Cytochem. 2001, 49, 529–538. [CrossRef] [PubMed]

59. Kaprielian, R.R.; Stevenson, S.; Rothery, S.M.; Cullen, M.J.; Severs, N.J. Distinct patterns of dystrophin
organization in myocyte sarcolemma and transverse tubules of normal and diseased human myocardium.
Circulation 2000, 101, 2586–2594. [CrossRef] [PubMed]

60. Dunn, J.F.; Radda, G.K. Total ion content of skeletal and cardiac muscle in the mdx mouse dystrophy: Ca2+ is
elevated at all ages. J. Neurol. Sci. 1991, 103, 226–231. [CrossRef]

61. Rando, T.A. Role of nitric oxide in the pathogenesis of muscular dystrophies: A “two hit” hypothesis of the
cause of muscle necrosis. Microsc. Res. Tech. 2001, 55, 223–235. [CrossRef] [PubMed]

62. Menazza, S.; Blaauw, B.; Tiepolo, T.; Toniolo, L.; Braghetta, P.; Spolaore, B.; Reggiani, C.; Di Lisa, F.; Bonaldo, P.;
Canton, M. Oxidative stress by monoamine oxidases is causally involved in myofiber damage in muscular
dystrophy. Hum. Mol. Genet. 2010, 19, 4207–4215. [CrossRef] [PubMed]

63. Ferreira, L.F.; Laitano, O. Regulation of NADPH oxidases in skeletal muscle. Free Radic. Biol. Med. 2016,
98, 18–28. [CrossRef] [PubMed]

64. Sheu, S.S.; Wang, W.; Cheng, H.; Dirksen, R.T. Superoxide flashes: Illuminating new insights into cardiac
ischemia/reperfusion injury. Future Cardiol. 2008, 4, 551–554. [CrossRef] [PubMed]

65. Brand, M.D. The sites and topology of mitochondrial superoxide production. Exp. Gerontol. 2010, 45, 466–472.
[CrossRef] [PubMed]

66. Canton, M.; Menazza, S.; Di Lisa, F. Oxidative stress in muscular dystrophy: From generic evidence to
specific sources and targets. J. Muscle Res. Cell Motil. 2014, 35, 23–36. [CrossRef] [PubMed]

67. Brenman, J.E.; Chao, D.S.; Xia, H.; Aldape, K.; Bredt, D.S. Nitric oxide synthase complexed with dystrophin
and absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy. Cell 1995, 82, 743–752.
[CrossRef]

68. Timpani, C.A.; Hayes, A.; Rybalka, E. Therapeutic strategies to address neuronal nitric oxide synthase
deficiency and the loss of nitric oxide bioavailability in Duchenne Muscular Dystrophy. Orphanet J. Rare Dis.
2017, 12, 100. [CrossRef] [PubMed]

69. Thomas, G.D.; Sander, M.; Lau, K.S.; Huang, P.L.; Stull, J.T.; Victor, R.G. Impaired metabolic modulation of
alpha-adrenergic vasoconstriction in dystrophin-deficient skeletal muscle. Proc. Natl. Acad. Sci. USA 1998,
95, 15090–15095. [CrossRef] [PubMed]

70. Torelli, S.; Brown, S.C.; Jimenez-Mallebrera, C.; Feng, L.; Muntoni, F.; Sewry, C.A. Absence of neuronal nitric
oxide synthase (nNOS) as a pathological marker for the diagnosis of Becker muscular dystrophy with rod
domain deletions. Neuropathol. Appl. Neurobiol. 2004, 30, 540–545. [CrossRef] [PubMed]

71. Sander, M.; Chavoshan, B.; Harris, S.A.; Iannaccone, S.T.; Stull, J.T.; Thomas, G.D.; Victor, R.G. Functional
muscle ischemia in neuronal nitric oxide synthase-deficient skeletal muscle of children with Duchenne
muscular dystrophy. Proc. Natl. Acad. Sci. USA 2000, 97, 13818–13823. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0960-8966(92)90023-Y
http://dx.doi.org/10.1016/S0960-8966(01)00278-4
http://dx.doi.org/10.1023/A:1006868130002
http://www.ncbi.nlm.nih.gov/pubmed/9655182
http://dx.doi.org/10.1016/0009-8981(95)06164-9
http://dx.doi.org/10.1371/journal.pone.0115763
http://www.ncbi.nlm.nih.gov/pubmed/25541951
http://dx.doi.org/10.1538/expanim.62.211
http://www.ncbi.nlm.nih.gov/pubmed/23903056
http://dx.doi.org/10.1177/002215540104900413
http://www.ncbi.nlm.nih.gov/pubmed/11259456
http://dx.doi.org/10.1161/01.CIR.101.22.2586
http://www.ncbi.nlm.nih.gov/pubmed/10840009
http://dx.doi.org/10.1016/0022-510X(91)90168-7
http://dx.doi.org/10.1002/jemt.1172
http://www.ncbi.nlm.nih.gov/pubmed/11748861
http://dx.doi.org/10.1093/hmg/ddq339
http://www.ncbi.nlm.nih.gov/pubmed/20716577
http://dx.doi.org/10.1016/j.freeradbiomed.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27184955
http://dx.doi.org/10.2217/14796678.4.6.551
http://www.ncbi.nlm.nih.gov/pubmed/19649173
http://dx.doi.org/10.1016/j.exger.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20064600
http://dx.doi.org/10.1007/s10974-014-9380-2
http://www.ncbi.nlm.nih.gov/pubmed/24619215
http://dx.doi.org/10.1016/0092-8674(95)90471-9
http://dx.doi.org/10.1186/s13023-017-0652-y
http://www.ncbi.nlm.nih.gov/pubmed/28545481
http://dx.doi.org/10.1073/pnas.95.25.15090
http://www.ncbi.nlm.nih.gov/pubmed/9844020
http://dx.doi.org/10.1111/j.1365-2990.2004.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/15488030
http://dx.doi.org/10.1073/pnas.250379497
http://www.ncbi.nlm.nih.gov/pubmed/11087833


Nutrients 2018, 10, 796 20 of 25

72. Crosbie, R.H.; Straub, V.; Yun, H.Y.; Lee, J.C.; Rafael, J.A.; Chamberlain, J.S.; Dawson, V.L.; Dawson, T.M.;
Campbell, K.P. Mdx muscle pathology is independent of nNOS perturbation. Hum. Mol. Genet. 1998, 7,
823–829. [CrossRef] [PubMed]

73. Tidball, J.G.; Wehling-Henricks, M. The role of free radicals in the pathophysiology of muscular dystrophy.
J. Appl. Physiol. 2007, 102, 1677–1686. [CrossRef] [PubMed]

74. Balon, T.W.; Nadler, J.L. Evidence that nitric oxide increases glucose transport in skeletal muscle.
J. Appl. Physiol. 1997, 82, 359–363. [CrossRef] [PubMed]

75. Wehling-Henricks, M.; Oltmann, M.; Rinaldi, C.; Myung, K.H.; Tidball, J.G. Loss of positive allosteric
interactions between neuronal nitric oxide synthase and phosphofructokinase contributes to defects in
glycolysis and increased fatigability in muscular dystrophy. Hum. Mol. Genet. 2009, 18, 3439–3451. [CrossRef]
[PubMed]

76. Giacomello, M.; Drago, I.; Pizzo, P.; Pozzan, T. Mitochondrial Ca2+ as a key regulator of cell life and death.
Cell Death Differ. 2007, 14, 1267–1274. [CrossRef] [PubMed]

77. Rubi, L.; Todt, H.; Kubista, H.; Koenig, X.; Hilber, K. Calcium current properties in dystrophin-deficient
ventricular cardiomyocytes from aged mdx mice. Physiol. Rep. 2018, 6. [CrossRef] [PubMed]

78. McCormack, J.G.; Denton, R.M. The role of intramitochondrial Ca2+ in the regulation of oxidative
phosphorylation in mammalian tissues. Biochem. Soc. Trans. 1993, 21, 793–799. [CrossRef] [PubMed]

79. Millay, D.P.; Goonasekera, S.A.; Sargent, M.A.; Maillet, M.; Aronow, B.J.; Molkentin, J.D. Calcium influx is
sufficient to induce muscular dystrophy through a TRPC-dependent mechanism. Proc. Natl. Acad. Sci. USA
2009, 106, 19023–19028. [CrossRef] [PubMed]

80. Burr, A.R.; Molkentin, J.D. Genetic evidence in the mouse solidifies the calcium hypothesis of myofiber death
in muscular dystrophy. Cell Death Differ. 2015, 22, 1402–1412. [CrossRef] [PubMed]

81. Baron, D.; Magot, A.; Ramstein, G.; Steenman, M.; Fayet, G.; Chevalier, C.; Jourdon, P.; Houlgatte, R.;
Savagner, F.; Pereon, Y. Immune response and mitochondrial metabolism are commonly deregulated in
DMD and aging skeletal muscle. PLoS ONE 2011, 6, e26952. [CrossRef] [PubMed]

82. Gannoun-Zaki, L.; Fournier-Bidoz, S.; Le Cam, G.; Chambon, C.; Millasseau, P.; Leger, J.J.; Dechesne, C.A.
Down-regulation of mitochondrial mRNAs in the mdx mouse model for Duchenne muscular dystrophy.
FEBS Lett. 1995, 375, 268–272. [CrossRef]

83. Mizunoya, W.; Okamoto, S.; Miyahara, H.; Akahoshi, M.; Suzuki, T.; Do, M.Q.; Ohtsubo, H.; Komiya, Y.;
Qahar, M.; Waga, T.; et al. Fast-to-slow shift of muscle fiber-type composition by dietary apple polyphenols
in rats: Impact of the low-dose supplementation. Anim. Sci. J. 2017, 88, 489–499. [CrossRef] [PubMed]

84. Hafner, P.; Bonati, U.; Erne, B.; Schmid, M.; Rubino, D.; Pohlman, U.; Peters, T.; Rutz, E.; Frank, S.;
Neuhaus, C.; et al. Improved Muscle Function in Duchenne Muscular Dystrophy through L-Arginine
and Metformin: An Investigator-Initiated, Open-Label, Single-Center, Proof-of-Concept-Study. PLoS ONE
2016, 11, e0147634. [CrossRef] [PubMed]

85. Passaquin, A.C.; Renard, M.; Kay, L.; Challet, C.; Mokhtarian, A.; Wallimann, T.; Ruegg, U.T. Creatine
supplementation reduces skeletal muscle degeneration and enhances mitochondrial function in mdx mice.
Neuromuscul. Disord. 2002, 12, 174–182. [CrossRef]

86. Mok, E.; Eleouet-Da Violante, C.; Daubrosse, C.; Gottrand, F.; Rigal, O.; Fontan, J.E.; Cuisset, J.M.; Guilhot, J.;
Hankard, R. Oral glutamine and amino acid supplementation inhibit whole-body protein degradation in
children with Duchenne muscular dystrophy. Am. J. Clin. Nutr. 2006, 83, 823–828. [CrossRef] [PubMed]

87. Mok, E.; Letellier, G.; Cuisset, J.M.; Denjean, A.; Gottrand, F.; Alberti, C.; Hankard, R. Lack of functional
benefit with glutamine versus placebo in Duchenne muscular dystrophy: A randomized crossover trial.
PLoS ONE 2009, 4, e5448. [CrossRef] [PubMed]

88. 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]

89. Morici, G.; Frinchi, M.; Pitruzzella, A.; Di Liberto, V.; Barone, R.; Pace, A.; Di Felice, V.; Belluardo, N.;
Cappello, F.; Mudo, G.; et al. Mild Aerobic Exercise Training Hardly Affects the Diaphragm of mdx Mice.
J. Cell. Physiol. 2017, 232, 2044–2052. [CrossRef] [PubMed]

90. Hyzewicz, J.; Tanihata, J.; Kuraoka, M.; Nitahara-Kasahara, Y.; Beylier, T.; Ruegg, U.T.; Vater, A.; Takeda, S.
Low-Intensity Training and the C5a Complement Antagonist NOX-D21 Rescue the mdx Phenotype through
Modulation of Inflammation. Am. J. Pathol. 2017, 187, 1147–1161. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/hmg/7.5.823
http://www.ncbi.nlm.nih.gov/pubmed/9536086
http://dx.doi.org/10.1152/japplphysiol.01145.2006
http://www.ncbi.nlm.nih.gov/pubmed/17095633
http://dx.doi.org/10.1152/jappl.1997.82.1.359
http://www.ncbi.nlm.nih.gov/pubmed/9029239
http://dx.doi.org/10.1093/hmg/ddp288
http://www.ncbi.nlm.nih.gov/pubmed/19542095
http://dx.doi.org/10.1038/sj.cdd.4402147
http://www.ncbi.nlm.nih.gov/pubmed/17431419
http://dx.doi.org/10.14814/phy2.13567
http://www.ncbi.nlm.nih.gov/pubmed/29333726
http://dx.doi.org/10.1042/bst0210793
http://www.ncbi.nlm.nih.gov/pubmed/8224512
http://dx.doi.org/10.1073/pnas.0906591106
http://www.ncbi.nlm.nih.gov/pubmed/19864620
http://dx.doi.org/10.1038/cdd.2015.65
http://www.ncbi.nlm.nih.gov/pubmed/26088163
http://dx.doi.org/10.1371/journal.pone.0026952
http://www.ncbi.nlm.nih.gov/pubmed/22096509
http://dx.doi.org/10.1016/0014-5793(95)01225-4
http://dx.doi.org/10.1111/asj.12655
http://www.ncbi.nlm.nih.gov/pubmed/27417667
http://dx.doi.org/10.1371/journal.pone.0147634
http://www.ncbi.nlm.nih.gov/pubmed/26799743
http://dx.doi.org/10.1016/S0960-8966(01)00273-5
http://dx.doi.org/10.1093/ajcn/83.4.823
http://www.ncbi.nlm.nih.gov/pubmed/16600934
http://dx.doi.org/10.1371/journal.pone.0005448
http://www.ncbi.nlm.nih.gov/pubmed/19421321
http://dx.doi.org/10.1002/mus.24151
http://www.ncbi.nlm.nih.gov/pubmed/24375286
http://dx.doi.org/10.1002/jcp.25573
http://www.ncbi.nlm.nih.gov/pubmed/27576008
http://dx.doi.org/10.1016/j.ajpath.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28315675


Nutrients 2018, 10, 796 21 of 25

91. Timmons, J.A.; Larsson, O.; Jansson, E.; Fischer, H.; Gustafsson, T.; Greenhaff, P.L.; Ridden, J.; Rachman, J.;
Peyrard-Janvid, M.; Wahlestedt, C.; et al. Human muscle gene expression responses to endurance training
provide a novel perspective on Duchenne muscular dystrophy. FASEB J. 2005, 19, 750–760. [CrossRef]
[PubMed]

92. De Lateur, B.J.; Giaconi, R.M. Effect on maximal strength of submaximal exercise in Duchenne muscular
dystrophy. Am. J. Phys. Med. 1979, 58, 26–36. [PubMed]

93. Markert, C.D.; Ambrosio, F.; Call, J.A.; Grange, R.W. Exercise and Duchenne muscular dystrophy: Toward
evidence-based exercise prescription. Muscle Nerve 2011, 43, 464–478. [CrossRef] [PubMed]

94. Vignos, P.J., Jr. Physical models of rehabilitation in neuromuscular disease. Muscle Nerve 1983, 6, 323–338.
[CrossRef] [PubMed]

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

96. Ljubicic, V.; Jasmin, B.J. Metformin increases peroxisome proliferator-activated receptor gamma
Co-activator-1alpha and utrophin a expression in dystrophic skeletal muscle. Muscle Nerve 2015, 52, 139–142.
[CrossRef] [PubMed]

97. Ljubicic, V.; Miura, P.; Burt, M.; Boudreault, L.; Khogali, S.; Lunde, J.A.; Renaud, J.M.; Jasmin, B.J. Chronic
AMPK activation evokes the slow, oxidative myogenic program and triggers beneficial adaptations in mdx
mouse skeletal muscle. Hum. Mol. Genet. 2011, 20, 3478–3493. [CrossRef] [PubMed]

98. Ljubicic, V.; Burt, M.; Lunde, J.A.; Jasmin, B.J. Resveratrol induces expression of the slow, oxidative phenotype
in mdx mouse muscle together with enhanced activity of the SIRT1-PGC-1alpha axis. Am. J. Physiol.
Cell Physiol. 2014, 307, C66–C82. [CrossRef] [PubMed]

99. Hori, Y.S.; Kuno, A.; Hosoda, R.; Tanno, M.; Miura, T.; Shimamoto, K.; Horio, Y. Resveratrol ameliorates
muscular pathology in the dystrophic mdx mouse, a model for Duchenne muscular dystrophy. J. Pharmacol.
Exp. Ther. 2011, 338, 784–794. [CrossRef] [PubMed]

100. Reyes, N.L.; Banks, G.B.; Tsang, M.; Margineantu, D.; Gu, H.; Djukovic, D.; Chan, J.; Torres, M.;
Liggitt, H.D.; Hirenallur, S.D.; et al. Fnip1 regulates skeletal muscle fiber type specification, fatigue resistance,
and susceptibility to muscular dystrophy. Proc. Natl. Acad. Sci. USA 2015, 112, 424–429. [CrossRef] [PubMed]

101. Rafael, J.A.; Tinsley, J.M.; Potter, A.C.; Deconinck, A.E.; Davies, K.E. Skeletal muscle-specific expression of
a utrophin transgene rescues utrophin-dystrophin deficient mice. Nat. Genet. 1998, 19, 79–82. [CrossRef]
[PubMed]

102. Tinsley, J.; Deconinck, N.; Fisher, R.; Kahn, D.; Phelps, S.; Gillis, J.M.; Davies, K. Expression of full-length
utrophin prevents muscular dystrophy in mdx mice. Nat. Med. 1998, 4, 1441–1444. [CrossRef] [PubMed]

103. Tinsley, J.M.; Fairclough, R.J.; Storer, R.; Wilkes, F.J.; Potter, A.C.; Squire, S.E.; Powell, D.S.; Cozzoli, A.;
Capogrosso, R.F.; Lambert, A.; et al. Daily treatment with SMTC1100, a novel small molecule utrophin
upregulator, dramatically reduces the dystrophic symptoms in the mdx mouse. PLoS ONE 2011, 6, e19189.
[CrossRef] [PubMed]

104. Landisch, R.M.; Kosir, A.M.; Nelson, S.A.; Baltgalvis, K.A.; Lowe, D.A. Adaptive and nonadaptive responses
to voluntary wheel running by mdx mice. Muscle Nerve 2008, 38, 1290–1303. [CrossRef] [PubMed]

105. Ricotti, V.; Spinty, S.; Roper, H.; Hughes, I.; Tejura, B.; Robinson, N.; Layton, G.; Davies, K.; Muntoni, F.;
Tinsley, J. Safety, Tolerability, and Pharmacokinetics of SMT C1100, a 2-Arylbenzoxazole Utrophin Modulator,
following Single- and Multiple-Dose Administration to Pediatric Patients with Duchenne Muscular
Dystrophy. PLoS ONE 2016, 11, e0152840. [CrossRef] [PubMed]

106. Al-Rewashdy, H.; Ljubicic, V.; Lin, W.; Renaud, J.M.; Jasmin, B.J. Utrophin A is essential in mediating the
functional adaptations of mdx mouse muscle following chronic AMPK activation. Hum. Mol. Genet. 2015, 24,
1243–1255. [CrossRef] [PubMed]

107. Shiao, T.; Fond, A.; Deng, B.; Wehling-Henricks, M.; Adams, M.E.; Froehner, S.C.; Tidball, J.G. Defects in
neuromuscular junction structure in dystrophic muscle are corrected by expression of a NOS transgene in
dystrophin-deficient muscles, but not in muscles lacking alpha- and beta1-syntrophins. Hum. Mol. Genet.
2004, 13, 1873–1884. [CrossRef] [PubMed]

108. Tidball, J.G.; Wehling-Henricks, M. Expression of a NOS transgene in dystrophin-deficient muscle reduces
muscle membrane damage without increasing the expression of membrane-associated cytoskeletal proteins.
Mol. Genet. Metab. 2004, 82, 312–320. [CrossRef] [PubMed]

http://dx.doi.org/10.1096/fj.04-1980com
http://www.ncbi.nlm.nih.gov/pubmed/15857889
http://www.ncbi.nlm.nih.gov/pubmed/434131
http://dx.doi.org/10.1002/mus.21987
http://www.ncbi.nlm.nih.gov/pubmed/21404285
http://dx.doi.org/10.1002/mus.880060502
http://www.ncbi.nlm.nih.gov/pubmed/6888414
http://dx.doi.org/10.1177/1545968313496326
http://www.ncbi.nlm.nih.gov/pubmed/23884013
http://dx.doi.org/10.1002/mus.24692
http://www.ncbi.nlm.nih.gov/pubmed/25908446
http://dx.doi.org/10.1093/hmg/ddr265
http://www.ncbi.nlm.nih.gov/pubmed/21659335
http://dx.doi.org/10.1152/ajpcell.00357.2013
http://www.ncbi.nlm.nih.gov/pubmed/24760981
http://dx.doi.org/10.1124/jpet.111.183210
http://www.ncbi.nlm.nih.gov/pubmed/21652783
http://dx.doi.org/10.1073/pnas.1413021112
http://www.ncbi.nlm.nih.gov/pubmed/25548157
http://dx.doi.org/10.1038/ng0598-79
http://www.ncbi.nlm.nih.gov/pubmed/9590295
http://dx.doi.org/10.1038/4033
http://www.ncbi.nlm.nih.gov/pubmed/9846586
http://dx.doi.org/10.1371/journal.pone.0019189
http://www.ncbi.nlm.nih.gov/pubmed/21573153
http://dx.doi.org/10.1002/mus.21141
http://www.ncbi.nlm.nih.gov/pubmed/18816601
http://dx.doi.org/10.1371/journal.pone.0152840
http://www.ncbi.nlm.nih.gov/pubmed/27055247
http://dx.doi.org/10.1093/hmg/ddu535
http://www.ncbi.nlm.nih.gov/pubmed/25324540
http://dx.doi.org/10.1093/hmg/ddh204
http://www.ncbi.nlm.nih.gov/pubmed/15238508
http://dx.doi.org/10.1016/j.ymgme.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15308129


Nutrients 2018, 10, 796 22 of 25

109. Wehling, M.; Spencer, M.J.; Tidball, J.G. A nitric oxide synthase transgene ameliorates muscular dystrophy
in mdx mice. J. Cell Biol. 2001, 155, 123–131. [CrossRef] [PubMed]

110. Barton, E.R.; Morris, L.; Kawana, M.; Bish, L.T.; Toursel, T. Systemic administration of L-arginine benefits
mdx skeletal muscle function. Muscle Nerve 2005, 32, 751–760. [CrossRef] [PubMed]

111. Ascah, A.; Khairallah, M.; Daussin, F.; Bourcier-Lucas, C.; Godin, R.; Allen, B.G.; Petrof, B.J.; Des Rosiers, C.;
Burelle, Y. Stress-induced opening of the permeability transition pore in the dystrophin-deficient heart is
attenuated by acute treatment with sildenafil. Am. J. Physiol. Heart Circ. Physiol. 2011, 300, H144–H153.
[CrossRef] [PubMed]

112. Das, A.; Durrant, D.; Salloum, F.N.; Xi, L.; Kukreja, R.C. PDE5 inhibitors as therapeutics for heart disease,
diabetes and cancer. Pharmacol. Ther. 2015, 147, 12–21. [CrossRef] [PubMed]

113. Leung, D.G.; Herzka, D.A.; Thompson, W.R.; He, B.; Bibat, G.; Tennekoon, G.; Russell, S.D.; Schuleri, K.H.;
Lardo, A.C.; Kass, D.A.; et al. Sildenafil does not improve cardiomyopathy in Duchenne/Becker muscular
dystrophy. Ann. Neurol. 2014, 76, 541–549. [CrossRef] [PubMed]

114. Witting, N.; Kruuse, C.; Nyhuus, B.; Prahm, K.P.; Citirak, G.; Lundgaard, S.J.; von Huth, S.; Vejlstrup, N.;
Lindberg, U.; Krag, T.O.; et al. Effect of sildenafil on skeletal and cardiac muscle in Becker muscular
dystrophy. Ann. Neurol. 2014, 76, 550–557. [CrossRef] [PubMed]

115. Handschin, C.; Kobayashi, Y.M.; Chin, S.; Seale, P.; Campbell, K.P.; Spiegelman, B.M. PGC-1alpha regulates
the neuromuscular junction program and ameliorates Duchenne muscular dystrophy. Genes Dev. 2007, 21,
770–783. [CrossRef] [PubMed]

116. Hollinger, K.; Selsby, J.T. PGC-1alpha gene transfer improves muscle function in dystrophic muscle following
prolonged disease progress. Exp. Physiol. 2015, 100, 1145–1158. [CrossRef] [PubMed]

117. Bonsett, C.A.; Rudman, A. The dystrophin connection—ATP? Med. Hypotheses 1992, 38, 139–154. [CrossRef]
118. Thomson, W.H.; Smith, I. Allopurinol in Duchenne’s muscular dystrophy. N. Engl. J. Med. 1978, 299, 101.

[PubMed]
119. Thomson, W.H.; Smith, I. X-linked recessive (Duchenne) muscular dystrophy (DMD) and purine metabolism:

Effects of oral allopurinol and adenylate. Metabolism 1978, 27, 151–163. [CrossRef]
120. Tamari, H.; Ohtani, Y.; Higashi, A.; Miyoshino, S.; Matsuda, I. Xanthine oxidase inhibitor in Duchenne

muscular dystrophy. Brain Dev. 1982, 4, 137–143. [CrossRef]
121. Abou-Samra, M.; Boursereau, R.; Lecompte, S.; Noel, L.; Brichard, S.M. Potential Therapeutic Action of

Adiponectin in Duchenne Muscular Dystrophy. Am. J. Pathol. 2017, 187, 1577–1585. [CrossRef] [PubMed]
122. Lecompte, S.; Abou-Samra, M.; Boursereau, R.; Noel, L.; Brichard, S.M. Skeletal muscle secretome in

Duchenne muscular dystrophy: A pivotal anti-inflammatory role of adiponectin. Cell. Mol. Life Sci. 2017,
74, 2487–2501. [CrossRef] [PubMed]

123. Kyrychenko, V.; Polakova, E.; Janicek, R.; Shirokova, N. Mitochondrial dysfunctions during progression of
dystrophic cardiomyopathy. Cell Calcium 2015, 58, 186–195. [CrossRef] [PubMed]

124. Reutenauer, J.; Dorchies, O.M.; Patthey-Vuadens, O.; Vuagniaux, G.; Ruegg, U.T. Investigation of Debio 025,
a cyclophilin inhibitor, in the dystrophic mdx mouse, a model for Duchenne muscular dystrophy.
Br. J. Pharmacol. 2008, 155, 574–584. [CrossRef] [PubMed]

125. Millay, D.P.; Sargent, M.A.; Osinska, H.; Baines, C.P.; Barton, E.R.; Vuagniaux, G.; Sweeney, H.L.; Robbins, J.;
Molkentin, J.D. Genetic and pharmacologic inhibition of mitochondrial-dependent necrosis attenuates
muscular dystrophy. Nat. Med. 2008, 14, 442–447. [CrossRef] [PubMed]

126. Ljubicic, V.; Khogali, S.; Renaud, J.M.; Jasmin, B.J. Chronic AMPK stimulation attenuates adaptive signaling
in dystrophic skeletal muscle. Am. J. Physiol. Cell Physiol. 2012, 302, C110–C121. [CrossRef] [PubMed]

127. Bueno Junior, C.R.; Pantaleao, L.C.; Voltarelli, V.A.; Bozi, L.H.; Brum, P.C.; Zatz, M. Combined effect of
AMPK/PPAR agonists and exercise training in mdx mice functional performance. PLoS ONE 2012, 7, e45699.
[CrossRef] [PubMed]

128. Barker, R.G.; Horvath, D.; van der Poel, C.; Murphy, R.M. Benefits of Prenatal Taurine Supplementation in
Preventing the Onset of Acute Damage in the Mdx Mouse. PLoS Curr. 2017, 9. [CrossRef]

129. Fiaccavento, R.; Carotenuto, F.; Vecchini, A.; Binaglia, L.; Forte, G.; Capucci, E.; Maccari, A.M.; Minieri, M.;
Di Nardo, P. An omega-3 fatty acid-enriched diet prevents skeletal muscle lesions in a hamster model of
dystrophy. Am. J. Pathol. 2010, 177, 2176–2184. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200105110
http://www.ncbi.nlm.nih.gov/pubmed/11581289
http://dx.doi.org/10.1002/mus.20425
http://www.ncbi.nlm.nih.gov/pubmed/16116642
http://dx.doi.org/10.1152/ajpheart.00522.2010
http://www.ncbi.nlm.nih.gov/pubmed/20971771
http://dx.doi.org/10.1016/j.pharmthera.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25444755
http://dx.doi.org/10.1002/ana.24214
http://www.ncbi.nlm.nih.gov/pubmed/25042693
http://dx.doi.org/10.1002/ana.24216
http://www.ncbi.nlm.nih.gov/pubmed/25042931
http://dx.doi.org/10.1101/gad.1525107
http://www.ncbi.nlm.nih.gov/pubmed/17403779
http://dx.doi.org/10.1113/EP085339
http://www.ncbi.nlm.nih.gov/pubmed/26268822
http://dx.doi.org/10.1016/0306-9877(92)90087-S
http://www.ncbi.nlm.nih.gov/pubmed/661858
http://dx.doi.org/10.1016/0026-0495(78)90161-0
http://dx.doi.org/10.1016/S0387-7604(82)80007-7
http://dx.doi.org/10.1016/j.ajpath.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28463682
http://dx.doi.org/10.1007/s00018-017-2465-5
http://www.ncbi.nlm.nih.gov/pubmed/28188344
http://dx.doi.org/10.1016/j.ceca.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25975620
http://dx.doi.org/10.1038/bjp.2008.285
http://www.ncbi.nlm.nih.gov/pubmed/18641676
http://dx.doi.org/10.1038/nm1736
http://www.ncbi.nlm.nih.gov/pubmed/18345011
http://dx.doi.org/10.1152/ajpcell.00183.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940670
http://dx.doi.org/10.1371/journal.pone.0045699
http://www.ncbi.nlm.nih.gov/pubmed/23029189
http://dx.doi.org/10.1371/currents.md.9a3e357a0154d01050b591601cbd4fdb
http://dx.doi.org/10.2353/ajpath.2010.100174
http://www.ncbi.nlm.nih.gov/pubmed/20829440


Nutrients 2018, 10, 796 23 of 25

130. Apolinario, L.M.; De Carvalho, S.C.; Santo Neto, H.; Marques, M.J. Long-Term Therapy With Omega-3
Ameliorates Myonecrosis and Benefits Skeletal Muscle Regeneration in Mdx Mice. Anat. Rec. 2015, 298,
1589–1596. [CrossRef] [PubMed]

131. Mauricio, A.F.; de Carvalho, S.C.; Santo Neto, H.; Marques, M.J. Effects of dietary omega-3 on dystrophic
cardiac and diaphragm muscles as evaluated by 1H magnetic resonance spectroscopy: Metabolic profile and
calcium-related proteins. Clin. Nutr. ESPEN 2017, 20, 60–67. [CrossRef] [PubMed]

132. De Carvalho, S.C.; Matsumura, C.Y.; Santo Neto, H.; Marques, M.J. Identification of plasma interleukins
as biomarkers for deflazacort and omega-3 based Duchenne muscular dystrophy therapy. Cytokine 2018,
102, 55–61. [CrossRef] [PubMed]

133. Carvalho, S.C.; Apolinario, L.M.; Matheus, S.M.; Santo Neto, H.; Marques, M.J. EPA protects against muscle
damage in the mdx mouse model of Duchenne muscular dystrophy by promoting a shift from the M1 to M2
macrophage phenotype. J. Neuroimmunol. 2013, 264, 41–47. [CrossRef] [PubMed]

134. Rodriguez-Cruz, M.; Cruz-Guzman, O.D.R.; Almeida-Becerril, T.; Solis-Serna, A.D.; Atilano-Miguel, S.;
Sanchez-Gonzalez, J.R.; Barbosa-Cortes, L.; Ruiz-Cruz, E.D.; Huicochea, J.C.; Cardenas-Conejo, A.; et al.
Potential therapeutic impact of omega-3 long chain-polyunsaturated fatty acids on inflammation markers in
Duchenne muscular dystrophy: A double-blind, controlled randomized trial. Clin. Nutr. 2017. [CrossRef]
[PubMed]

135. Cotan, D.; Paz, M.V.; Alcocer-Gomez, E.; Garrido-Maraver, J.; Oropesa-Avila, M.; de la Mata, M.; Pavon, A.D.;
de Lavera, I.; Galan, F.; Ybot-Gonzalez, P.; et al. AMPK as A Target in Rare Diseases. Curr. Drug Targets 2016,
17, 921–931. [CrossRef] [PubMed]

136. Squire, S.; Raymackers, J.M.; Vandebrouck, C.; Potter, A.; Tinsley, J.; Fisher, R.; Gillis, J.M.; Davies, K.E.
Prevention of pathology in mdx mice by expression of utrophin: Analysis using an inducible transgenic
expression system. Hum. Mol. Genet. 2002, 11, 3333–3344. [CrossRef] [PubMed]

137. Garbincius, J.F.; Michele, D.E. Dystrophin-glycoprotein complex regulates muscle nitric oxide production
through mechanoregulation of AMPK signaling. Proc. Natl. Acad. Sci. USA 2015, 112, 13663–13668.
[CrossRef] [PubMed]

138. Thakur, S.; Viswanadhapalli, S.; Kopp, J.B.; Shi, Q.; Barnes, J.L.; Block, K.; Gorin, Y.; Abboud, H.E.
Activation of AMP-activated protein kinase prevents TGF-beta1-induced epithelial-mesenchymal transition
and myofibroblast activation. Am. J. Pathol. 2015, 185, 2168–2180. [CrossRef] [PubMed]

139. Heydemann, A. The super super-healing MRL mouse strain. Front. Biol. 2012, 7, 522–538. [CrossRef]
[PubMed]

140. Mantuano, P.; Sanarica, F.; Conte, E.; Morgese, M.G.; Capogrosso, R.F.; Cozzoli, A.; Fonzino, A.; Quaranta, A.;
Rolland, J.F.; De Bellis, M.; et al. Effect of a long-term treatment with metformin in dystrophic mdx mice: A
reconsideration of its potential clinical interest in Duchenne muscular dystrophy. Biochem. Pharmacol. 2018,
154, 89–103. [CrossRef] [PubMed]

141. Bagley, J.R. Fibre type-specific hypertrophy mechanisms in human skeletal muscle: Potential role of
myonuclear addition. J. Physiol. 2014, 592, 5147–5148. [CrossRef] [PubMed]

142. Fitts, R.H.; Widrick, J.J. Muscle mechanics: Adaptations with exercise-training. Exerc. Sport Sci. Rev. 1996, 24,
427–473. [CrossRef] [PubMed]

143. Kotelnikova, E.; Shkrob, M.A.; Pyatnitskiy, M.A.; Ferlini, A.; Daraselia, N. Novel approach to meta-analysis of
microarray datasets reveals muscle remodeling-related drug targets and biomarkers in Duchenne muscular
dystrophy. PLoS Comput. Biol. 2012, 8, e1002365. [CrossRef] [PubMed]

144. Mendes, K.L.; Lelis, D.F.; Santos, S.H.S. Nuclear sirtuins and inflammatory signaling pathways.
Cytokine Growth Factor Rev. 2017, 38, 98–105. [CrossRef] [PubMed]

145. Handschin, C.; Spiegelman, B.M. The role of exercise and PGC1alpha in inflammation and chronic disease.
Nature 2008, 454, 463–469. [CrossRef] [PubMed]

146. Hyzewicz, J.; Ruegg, U.T.; Takeda, S. Comparison of Experimental Protocols of Physical Exercise for mdx Mice
and Duchenne Muscular Dystrophy Patients. J. Neuromuscul. Dis. 2015, 2, 325–342. [CrossRef] [PubMed]

147. Frinchi, M.; Macaluso, F.; Licciardi, A.; Perciavalle, V.; Coco, M.; Belluardo, N.; Morici, G.; Mudo, G. Recovery
of damaged skeletal muscle in mdx mice through low-intensity endurance exercise. Int. J. Sports Med. 2014,
35, 19–27. [CrossRef] [PubMed]

148. Hayes, A.; Williams, D.A. Beneficial effects of voluntary wheel running on the properties of dystrophic
mouse muscle. J. Appl. Physiol. 1996, 80, 670–679. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ar.23177
http://www.ncbi.nlm.nih.gov/pubmed/26011009
http://dx.doi.org/10.1016/j.clnesp.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29072171
http://dx.doi.org/10.1016/j.cyto.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29276972
http://dx.doi.org/10.1016/j.jneuroim.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24090650
http://dx.doi.org/10.1016/j.clnu.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28987470
http://dx.doi.org/10.2174/1389450117666160112110204
http://www.ncbi.nlm.nih.gov/pubmed/26758671
http://dx.doi.org/10.1093/hmg/11.26.3333
http://www.ncbi.nlm.nih.gov/pubmed/12471059
http://dx.doi.org/10.1073/pnas.1512991112
http://www.ncbi.nlm.nih.gov/pubmed/26483453
http://dx.doi.org/10.1016/j.ajpath.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/26071397
http://dx.doi.org/10.1007/s11515-012-1192-4
http://www.ncbi.nlm.nih.gov/pubmed/24163690
http://dx.doi.org/10.1016/j.bcp.2018.04.022
http://www.ncbi.nlm.nih.gov/pubmed/29684379
http://dx.doi.org/10.1113/jphysiol.2014.282574
http://www.ncbi.nlm.nih.gov/pubmed/25448185
http://dx.doi.org/10.1249/00003677-199600240-00016
http://www.ncbi.nlm.nih.gov/pubmed/8744258
http://dx.doi.org/10.1371/journal.pcbi.1002365
http://www.ncbi.nlm.nih.gov/pubmed/22319435
http://dx.doi.org/10.1016/j.cytogfr.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29132743
http://dx.doi.org/10.1038/nature07206
http://www.ncbi.nlm.nih.gov/pubmed/18650917
http://dx.doi.org/10.3233/JND-150106
http://www.ncbi.nlm.nih.gov/pubmed/27858750
http://dx.doi.org/10.1055/s-0033-1343405
http://www.ncbi.nlm.nih.gov/pubmed/23868681
http://dx.doi.org/10.1152/jappl.1996.80.2.670
http://www.ncbi.nlm.nih.gov/pubmed/8929614


Nutrients 2018, 10, 796 24 of 25

149. Call, J.A.; McKeehen, J.N.; Novotny, S.A.; Lowe, D.A. Progressive resistance voluntary wheel running in the
mdx mouse. Muscle Nerve 2010, 42, 871–880. [CrossRef] [PubMed]

150. Smythe, G.M.; White, J.D. Voluntary wheel running in dystrophin-deficient (mdx) mice: Relationships
between exercise parameters and exacerbation of the dystrophic phenotype. PLoS Curr. 2011, 3, RRN1295.
[CrossRef] [PubMed]

151. Fry, C.S.; Noehren, B.; Mula, J.; Ubele, M.F.; Westgate, P.M.; Kern, P.A.; Peterson, C.A. Fibre type-specific
satellite cell response to aerobic training in sedentary adults. J. Physiol. 2014, 592, 2625–2635. [CrossRef]
[PubMed]

152. Shefer, G.; Rauner, G.; Yablonka-Reuveni, Z.; Benayahu, D. Reduced satellite cell numbers and myogenic
capacity in aging can be alleviated by endurance exercise. PLoS ONE 2010, 5, e13307. [CrossRef] [PubMed]

153. Kurosaka, M.; Naito, H.; Ogura, Y.; Kojima, A.; Goto, K.; Katamoto, S. Effects of voluntary wheel running on
satellite cells in the rat plantaris muscle. J. Sports Sci. Med. 2009, 8, 51–57. [PubMed]

154. Abreu, P.; Mendes, S.V.; Ceccatto, V.M.; Hirabara, S.M. Satellite cell activation induced by aerobic muscle
adaptation in response to endurance exercise in humans and rodents. Life Sci. 2017, 170, 33–40. [CrossRef]
[PubMed]

155. Gibson, M.C.; Schultz, E. Age-related differences in absolute numbers of skeletal muscle satellite cells.
Muscle Nerve 1983, 6, 574–580. [CrossRef] [PubMed]

156. Nederveen, J.P.; Joanisse, S.; Seguin, C.M.; Bell, K.E.; Baker, S.K.; Phillips, S.M.; Parise, G. The effect of
exercise mode on the acute response of satellite cells in old men. Acta Physiol. 2015, 215, 177–190. [CrossRef]
[PubMed]

157. Hafner, P.; Bonati, U.; Rubino, D.; Gocheva, V.; Zumbrunn, T.; Gueven, N.; Fischer, D. Treatment with
L-citrulline and metformin in Duchenne muscular dystrophy: Study protocol for a single-centre, randomised,
placebo-controlled trial. Trials 2016, 17, 389. [CrossRef] [PubMed]

158. Boon, H.; Bosselaar, M.; Praet, S.F.; Blaak, E.E.; Saris, W.H.; Wagenmakers, A.J.; McGee, S.L.; Tack, C.J.;
Smits, P.; Hargreaves, M.; et al. Intravenous AICAR administration reduces hepatic glucose output and
inhibits whole body lipolysis in type 2 diabetic patients. Diabetologia 2008, 51, 1893–1900. [CrossRef]
[PubMed]

159. Bastin, J.; Djouadi, F. Resveratrol and Myopathy. Nutrients 2016, 8, 254. [CrossRef] [PubMed]
160. Fuller, H.R.; Humphrey, E.L.; Morris, G.E. Naturally occurring plant polyphenols as potential therapies for

inherited neuromuscular diseases. Future Med. Chem. 2013, 5, 2091–2101. [CrossRef] [PubMed]
161. Capogrosso, R.F.; Cozzoli, A.; Mantuano, P.; Camerino, G.M.; Massari, A.M.; Sblendorio, V.T.; De Bellis, M.;

Tamma, R.; Giustino, A.; Nico, B.; et al. Assessment of resveratrol, apocynin and taurine on
mechanical-metabolic uncoupling and oxidative stress in a mouse model of duchenne muscular dystrophy:
A comparison with the gold standard, alpha-methyl prednisolone. Pharmacol. Res. 2016, 106, 101–113.
[CrossRef] [PubMed]

162. Gordon, B.S.; Delgado-Diaz, D.C.; Carson, J.; Fayad, R.; Wilson, L.B.; Kostek, M.C. Resveratrol improves
muscle function but not oxidative capacity in young mdx mice. Can. J. Physiol. Pharmacol. 2014, 92, 243–251.
[CrossRef] [PubMed]

163. Tinsley, J.; Robinson, N.; Davies, K.E. Safety, tolerability, and pharmacokinetics of SMT C1100,
a 2-arylbenzoxazole utrophin modulator, following single- and multiple-dose administration to healthy
male adult volunteers. J. Clin. Pharmacol. 2015, 55, 698–707. [CrossRef] [PubMed]

164. Wehling-Henricks, M.; Jordan, M.C.; Roos, K.P.; Deng, B.; Tidball, J.G. Cardiomyopathy in
dystrophin-deficient hearts is prevented by expression of a neuronal nitric oxide synthase transgene in the
myocardium. Hum. Mol. Genet. 2005, 14, 1921–1933. [CrossRef] [PubMed]

165. Warner, L.E.; DelloRusso, C.; Crawford, R.W.; Rybakova, I.N.; Patel, J.R.; Ervasti, J.M.; Chamberlain, J.S.
Expression of Dp260 in muscle tethers the actin cytoskeleton to the dystrophin-glycoprotein complex and
partially prevents dystrophy. Hum. Mol. Genet. 2002, 11, 1095–1105. [CrossRef] [PubMed]

166. Adamo, C.M.; Dai, D.F.; Percival, J.M.; Minami, E.; Willis, M.S.; Patrucco, E.; Froehner, S.C.; Beavo, J.A.
Sildenafil reverses cardiac dysfunction in the mdx mouse model of Duchenne muscular dystrophy. Proc. Natl.
Acad. Sci. USA 2010, 107, 19079–19083. [CrossRef] [PubMed]

167. Hoppeler, H.; Fluck, M. Plasticity of skeletal muscle mitochondria: Structure and function. Med. Sci.
Sports Exerc. 2003, 35, 95–104. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/mus.21764
http://www.ncbi.nlm.nih.gov/pubmed/21104862
http://dx.doi.org/10.1371/currents.RRN1295
http://www.ncbi.nlm.nih.gov/pubmed/22457847
http://dx.doi.org/10.1113/jphysiol.2014.271288
http://www.ncbi.nlm.nih.gov/pubmed/24687582
http://dx.doi.org/10.1371/journal.pone.0013307
http://www.ncbi.nlm.nih.gov/pubmed/20967266
http://www.ncbi.nlm.nih.gov/pubmed/24150556
http://dx.doi.org/10.1016/j.lfs.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27888112
http://dx.doi.org/10.1002/mus.880060807
http://www.ncbi.nlm.nih.gov/pubmed/6646160
http://dx.doi.org/10.1111/apha.12601
http://www.ncbi.nlm.nih.gov/pubmed/26367861
http://dx.doi.org/10.1186/s13063-016-1503-1
http://www.ncbi.nlm.nih.gov/pubmed/27488051
http://dx.doi.org/10.1007/s00125-008-1108-7
http://www.ncbi.nlm.nih.gov/pubmed/18709353
http://dx.doi.org/10.3390/nu8050254
http://www.ncbi.nlm.nih.gov/pubmed/27136581
http://dx.doi.org/10.4155/fmc.13.165
http://www.ncbi.nlm.nih.gov/pubmed/24215348
http://dx.doi.org/10.1016/j.phrs.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26930420
http://dx.doi.org/10.1139/cjpp-2013-0350
http://www.ncbi.nlm.nih.gov/pubmed/24593789
http://dx.doi.org/10.1002/jcph.468
http://www.ncbi.nlm.nih.gov/pubmed/25651188
http://dx.doi.org/10.1093/hmg/ddi197
http://www.ncbi.nlm.nih.gov/pubmed/15917272
http://dx.doi.org/10.1093/hmg/11.9.1095
http://www.ncbi.nlm.nih.gov/pubmed/11978768
http://dx.doi.org/10.1073/pnas.1013077107
http://www.ncbi.nlm.nih.gov/pubmed/20956307
http://dx.doi.org/10.1097/00005768-200301000-00016
http://www.ncbi.nlm.nih.gov/pubmed/12544642


Nutrients 2018, 10, 796 25 of 25

168. Liu, C.; Feng, X.; Li, Q.; Wang, Y.; Li, Q.; Hua, M. Adiponectin, TNF-alpha and inflammatory cytokines
and risk of type 2 diabetes: A systematic review and meta-analysis. Cytokine 2016, 86, 100–109. [CrossRef]
[PubMed]

169. Abou-Samra, M.; Lecompte, S.; Schakman, O.; Noel, L.; Many, M.C.; Gailly, P.; Brichard, S.M. Involvement of
adiponectin in the pathogenesis of dystrophinopathy. Skelet. Muscle 2015, 5, 25. [CrossRef] [PubMed]

170. Wissing, E.R.; Millay, D.P.; Vuagniaux, G.; Molkentin, J.D. Debio-025 is more effective than prednisone in
reducing muscular pathology in mdx mice. Neuromuscul. Disord. 2010, 20, 753–760. [CrossRef] [PubMed]

171. Waldrop, M.A.; Gumienny, F.; El Husayni, S.; Frank, D.E.; Weiss, R.B.; Flanigan, K.M. Low-level dystrophin
expression attenuating the dystrophinopathy phenotype. Neuromuscul. Disord. 2018, 28, 116–121. [CrossRef]
[PubMed]

172. Hoffman, E.P.; Kunkel, L.M.; Angelini, C.; Clarke, A.; Johnson, M.; Harris, J.B. Improved diagnosis of Becker
muscular dystrophy by dystrophin testing. Neurology 1989, 39, 1011–1017. [CrossRef] [PubMed]

173. El Refaey, M.; Xu, L.; Gao, Y.; Canan, B.D.; Adesanya, T.M.A.; Warner, S.C.; Akagi, K.; Symer, D.E.; Mohler, P.J.;
Ma, J.; et al. In Vivo Genome Editing Restores Dystrophin Expression and Cardiac Function in Dystrophic
Mice. Circ. Res. 2017, 121, 923–929. [CrossRef] [PubMed]

© 2018 by the author. Licensee MDPI, 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://dx.doi.org/10.1016/j.cyto.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27498215
http://dx.doi.org/10.1186/s13395-015-0051-9
http://www.ncbi.nlm.nih.gov/pubmed/26257862
http://dx.doi.org/10.1016/j.nmd.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20637615
http://dx.doi.org/10.1016/j.nmd.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29305136
http://dx.doi.org/10.1212/WNL.39.8.1011
http://www.ncbi.nlm.nih.gov/pubmed/2668783
http://dx.doi.org/10.1161/CIRCRESAHA.117.310996
http://www.ncbi.nlm.nih.gov/pubmed/28790199
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Interacting Nutritional and Pathological Aspects of MD 
	Normal Muscle Cellular Metabolism 
	Dystrophic Muscle Cellular Metabolism 
	Possible Metabolic Therapeutic Avenues 
	Dietary Supplements 
	Polyphenol Supplement 
	Amino acid Supplements 
	Fatty acid Supplements 
	Exercise 
	Conclusions 
	References

