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ABSTRACT 
Amyotrophic lateral sclerosis (ALS) is a rare, progressive, neurodegenerative disorder 
caused by degeneration of upper and lower motor neurons. The disease process leads 
from lower motor neuron involvement to progressive muscle atrophy, weakness, 
fasciculations for the upper motor neuron involvement to spasticity. Muscle atrophy in ALS 
is caused by a dysregulation in the molecular network controlling fast and slow muscle 
fibres. Denervation and reinnervation processes in skeletal muscle occur in the course of 
ALS and are modulated by rehabilitation. 
MicroRNAs (miRNAs) are small non-coding RNAs that modulate a wide range of biological 
functions under various pathophysiological conditions. MiRNAs can be secreted by various 
cell types and they are markedly stable in body fluids. MiR-1, miR-133 a, miR-133b, and 
miR-206 are called “myomiRs” and are considered markers of myogenesis during muscle 
regeneration and neuromuscular junction stabilization or sprouting. 
We observed a positive effect of a standard aerobic exercise rehabilitative protocol 

conducted for six weeks in 18 ALS patients during hospitalization in our center. We 

correlated clinical scales with molecular data on myomiRs. After six weeks of moderate 

aerobic exercise, myomiRNAs were down-regulated, suggesting an active proliferation of 

satellite cells in muscle and increased neuromuscular junctions. Our data suggest that 

circulating miRNAs modulate during skeletal muscle recovery in response to physical 

rehabilitation in ALS. 
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INTRODUCTION 

 

Amyotrophic lateral sclerosis (ALS) is a rare, progressive, neurodegenerative disease that 

involves lower motor neurons in the spinal cord or brainstem and upper motor neurons in 

the motor cortex. Loss of motor neurons leads to muscle atrophy and weakness, 

fasciculations, and spasticity [1]. Approximately two-thirds of patients with ALS have the 

classical  'spinal form' of the disease [2] with onset in lower limb and symptoms associated 

with muscle atrophy. Patients with a bulbar onset of motor neuron disease (MND) initially 

exhibit dysarthria and dysphagia for solids and liquids [2]. In MND death occurs within 3-5 

years but there is a great variability in the duration of the disease since few patients die a 

few months after the onset and others survive for more than twenty years [1]. 

The causes of sporadic ALS probably occur as a result of complex interactions between 

environmental mechanisms and the activation of ALS pathogenetic mechanisms such as 

oxidative stress, defects in RNA processes, mitochondrial dysfunction, protein aggregates, 

excitotoxicity, problems in axonal transport, and inflammation [3–5] Pathogenic processes 

leading to the disease involve both motorneurons and non-neuronal cells including 

astrocytes, microglia, T-cells, and skeletal muscle. Muscle atrophy in ALS is caused by a 

disregulation in the 'molecular network' of autophagy, mitochondrial biogenesis, the 

proliferation of satellite cells, and muscle regeneration processes [3,4]. Therefore, 

structural and metabolic changes in skeletal muscle can aggravate the course of the 

disease.  Recent studies suggest that skeletal muscle contributes to a retrograde signaling 

cascade that impairs motor neurons [6–8].  

In a trial [9] we found that regular, rehabilitative exercise in ALS patients helps to reduce 

pain and fatigue of skeletal muscle origin. If a patient is inactive, the loss of training and 

disuse leads to muscular atrophy, which adds to the weakness and muscular atrophy 

caused by denervation and degeneration of motor neurons in ALS. 

MicroRNAs (miRNAs) are small, noncoding, single-stranded RNA (19-24 nucleotide) 

molecules, highly conserved during evolution, which possess a high specificity of tissue 

during various stages of development. They negatively regulate gene expression at the 

post-transcriptional level [10] by pairing with specific messenger RNAs (mRNAs), leading 

to degradation or preventing translation into the corresponding protein product. The up-

regulation of a specific miRNA determines a decrease in the expression of the 

corresponding protein product. Bioinformatics predictions indicate that mammalian 

miRNAs could regulate more than 30% of all proteins encoded by genes [11].  

MiRNAs are involved in a wide range of physiological and pathological processes, 

including muscle, and their dysregulation is involved in several human diseases. Evidence 

has highlighted the role of miRNAs and their abnormal expression in neurodegenerative 

diseases. Dysregulation of miRNAs has been documented in ALS [12–14], Alzheimer, 

Huntington and Parkinson diseases [15,16]. MiRNAs are promising potential diagnostic 

biomarkers [17] and they could be utilized to monitor the progression of the disease and to 

evaluate response to pharmacological or rehabilitative treatments.  
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In this study, we correlate observation on the effects of physical rehabilitative practice in 

ALS patients with molecular data on serum muscle-specific miRNAs as biomarkers of 

muscle regeneration and neuromuscular-junctions recovery. 

 

 

Materials and Methods 

Patient selection 

A cohort of 18 ALS patients was included in this study and diagnosed according to the 

revised EI Escorial criteria [18]. Inclusion criteria included: a sporadic ALS form, mild to 

moderate disability  where the patient could walk without an assisted device. We excluded 

ALS patients with: a genetic form of ALS, cardiac involvement, history of other neurological 

and metabolic disorders, and severe neuropsychiatric illness that caused patients to be 

unable to understand and perform instructions. The level of physical disability was 

assessed using the revised ALS functional rating scale (ALSFR-R). 

The study was performed in accordance with the ethical standards of the Declaration of 

Helsinki. The investigation and use of patients’ data for research purposes were approved 

by the local research ethics committee in accordance with the Declaration of the World 

Medical Association. 

Serum samples were obtained from peripheral blood of 18 ALS patients after written 

informed consent. In ALS patients serum was collected at the beginning of the patient’s 

admission, hereafter called Time Zero (T0, baseline), and the second after a period of 

physical rehabilitation named Time One (T1). Biological samples were stored frozen at -

80°C in Biobank of Rare Diseases and Neuro-rehabilitation (BBMRNR) at Foundation 

Hospital San Camillo IRCCS until use. 

 

Patient rehabilitation protocol 

The rehabilitation programme consisted of an individualized progressive training of 

muscular strengthening and aerobic endurance exercises to avoid muscle damage, 

performed daily for 6 weeks during hospitalization. In relation to the disability the ALS 

patients performed a cycle ergometer, ergometry arm-leg and/ or treadmill or a standard 

rehabilitation consisting of a one-hour session of stretching, active mobilization, and 

general reinforcement as previously described [9]. In addition, all ALS patients underwent 

speech, occupational, and psychological therapy. 

A series of clinical scales was assessed before and after physical rehabilitation: functional 

autonomy was evaluated by the Functional Independence Measure (FIM). The Fatigue 

Severity Scale (FSS) was administered to measure the degree of fatigue and its effect on 

the patient's activities. The Barthel Index was used to measure performance improvement 

in daily life activities. 
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RNA extraction and miRNA quantification 
 
MiRNAs were isolated from serum using the miRNA easy Mini Kit (Qiagen, Hilden, 
Germany) following the instructions of the manufacturer. RNA was reverse transcribed 
using TaqMan microRNAs reverse transcription kit (Applied Biosystems, Carlsbad, CA, 
USA) according to manufacturer’s protocol and specific probes for each miRNA (miR-1, 
miR-133a, miR-133b, and miR-206) were used. The resulting cDNA was amplified by 
Real-Time PCR using TaqMan microRNA assay primers.  
MiRNA levels were calculated using the ∆∆CT method. MiRNA expression levels were 
normalized using miR-39-3p of C. elegans as previously described [13,19] added as a 
spike-in control to measure the efficiency of RNA extraction, reverse transcription, and 
PCR amplification. Baseline data, Time Zero (T0) before rehabilitation treatment, were set 
as a control to calculate fold change using the 2-ΔΔCt method of Time One (T1). 
 
Statistical analysis 

We used the Wilcoxon-Mann-Whitney test for paired data for small samples to verify the 

validity of data obtained. The level of significance was set at p < 0.05. In the graphs, 

values are expressed as a mean ± standard deviation.  Data were analysed using the R-

studio program for Windows 

Results 

Patient cohort and selection 

Eighteen patients were selected from a cohort of twenty-one ALS patients admitted to 

Foundation Hospital San Camillo IRCCS (Venice, Italy) and were evaluated in the course 

of 6 weeks of physical rehabilitation. Eighteen patients who met the inclusion criteria, 

described in the materials and methods were enrolled in the study. Patients with a genetic 

form of the disease were excluded. The clinical features of ALS patients are reported in 

Table 1. The ALS patients (eleven male and seven female), had an average age of  61.1 

years with a mild or moderate disability with an ALSFR-R average mean of 34.6±4.9. 

 

TABLE 1: Clinical characteristics of the ALS patients at 

baseline 

ALS features Mean±SD 

Age (years) 

 

61.1±12.8 

Sex M/F 

 

11/7 

Disease duration (years) 

 

4.3±3 

ALSFRS-R 

 

34.6±4.9 

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional 

Scale-revised 
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We collected clinical scales and peripheral blood from selected ALS patients before (T0) 

and after (T1) a period of six weeks of training. 

 

 

 

In Table 2 we report sex, age, and the values of clinical outcome, according to scale 

measurement recorded at T0 and at T1 for every ALS patient. After physical training, the 

ALS patients showed an improvement of muscle strength, an improvement of physical 

conditions, and independence documented by a significant change (p-value≤0.05) in 

ALSFR-R, Barthel and FIM scores and a decreased sense of fatigue registered by FSS in 

T1 (p-value≤0.05) underlining the positive effect of rehabilitation. 

 

 

Circulating miRNA expression 

We measured circulating muscle-specific miRNAs by qRT-PCR in the serum of eighteen 

sporadic ALS patients before (T0) and after (T1) 6 weeks of physical rehabilitation.   We 

found a significant down-regulation of miR-1, miR-206, miR-133a, and miR-133b as shown 

in Fig 1. We believe that the decrease in expression levels of myomiRs that we found after 

training try to restore a normal biological condition in skeletal muscle and neuromuscular 

junction (NMJ) of ALS patients. 
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Fig. 1. Circulating myomiRs in ALS patients. Bar graph showing the levels of different 

myomiRs in the serum of ALS patients before (T0) and after (T1) 6 weeks of physical 

rehabilitation. We observed a significant down-regulation of miR-1, miR-206, miR-133a, 

and miR-133b after rehabilitation treatment (**p-value < 0.001; *p-value < 0.05). 

 

Individual expression levels of myomiRNA after rehabilitation are shown in Fig 2. A general 

decrease of miRNA was observed after training: for miR-206 we observed a strong down-

regulation in 13 patients while the data are not detectable for patient number 4. MiR-1 

appeared down-regulated in 15 patients.  In three patients (pt 13-14-17) there was a slight 

increment in miR-206 and miR-1. The individual expression levels of miR-133a and 

miR133b exhibit a similar pattern of deregulation. 
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Fig. 2 Expression levels of mir-1, miR-133 a, miR-133b and miR-206 in eighteen ALS 

patients after 6 weeks of physical rehabilitation. A decreasing trend of miRNA was 

observed after training showing modulation of myomiRs with rehabilitation. 

 

Discussion 

Current medical treatment for ALS is limited to supportive care, and few drugs have been 

approved for symptomatic treatment. In recent years, the role of skeletal muscle 

involvement in ALS has been discussed and muscle-specific miRNAs are emerging as 

biomarkers that are useful for understanding the molecular pathways involved in muscle 

and NMJ [20]. In this study, we examined the effects of physical rehabilitative practice in 

patients with ALS, on molecular data on circulating muscle-specific miRNA, the possible 

biomarkers of muscle regeneration  and NMJ recovery and we collected outcome clinical 

scales before and after training. Physical rehabilitation is standard care for ALS patients 

admitted to our center (Foundation Hospital San Camillo IRCCS, Venice, Italy) specialized 

in the rehabilitation of patients with neurodegenerative and neuromuscular diseases. 
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The effects of exercise and physical rehabilitation in patients with ALS are under 

investigation. Moderate and regular exercise is supported in the treatment of numerous 

muscle conditions [21,22]. Patients with ALS are often advised to avoid exercise to 

preserve muscle strength and to minimize the effects of possible muscle overload. This 

recommendation is based on epidemiological studies showing a high incidence of the 

disease in people who perform an intense physical activity such as, for example, soccer 

players [23,24]. The role of physical exercise after the onset of the disease has been 

poorly studied in ALS patients. Evidence in ALS animal models and human studies 

reinforces the benefits of an exercise program suggesting that moderated endurance 

exercise can delay disease onset and increase survival. In the SLA mouse model, it was 

found that physical activity does not affect survival [25]. Moderate and regular physical 

activity in people affected by ALS shows a temporary positive effect on the symptoms of 

the disease [26] and improves functional disability scores  [27]. In another study, 

conducted in a few SLA patients with respiratory failure, exercise slowed the clinical 

deterioration of the disease [28]. Current studies support the effectiveness of exercise in 

patients with motoneuron disease: two recent clinical trials in ALS patients [9,29] 

demonstrated safety and tolerability of resistance and endurance training. Lunetta and 

collaborators [30] proved that monitored exercise programs reduce motor deterioration. 

Moreover, in healthy people, regular physical activity has many potential physical benefits: 

reducing pressure, preventing obesity and heart disease, as well as decreasing anxiety, 

pain [31], and the sense of fatigue.  

In accordance with recent reports, we observed a positive effect of physical moderate 

training: ALS patients had an improvement of muscle strength, physical conditions, and 

independence documented by a significant change in ALSFR-R, Barthel, and FIM scores. 

We also investigated the impact of rehabilitation in terms of fatigue, a common symptom in 

ALS patients [32] that has a negative effect on their quality of life. In our patients we found 

a decreased sense of fatigue documented by a significant change in FSS index. 

The involvement of skeletal muscle in ALS pathogenesis, muscle-specific miRNAs 

(myomiRs) could be regarded as biomarkers modulating the molecular response to 

rehabilitation. MiR-1, miR-133a, miR-133b, and miR-206 are designed as canonical 

myomiRs and they are predominantly expressed in cardiac and skeletal muscle [33]. 

MyomiRs take part in the molecular network regulating myogenesis, muscle development, 

repair, and remodeling [34,35]. MiRNA-1 and -206 share specific targets that are closely 

related to functioning: both promote myoblast differentiation in myotubes and cell 

proliferation [33,36]. In contrast, the miR-133 family inhibits differentiation by repressing 

SRF [37].   

Mouse models of ALS [38–40] and spinal muscular atrophy [41] have show an up-

regulation of miR-206 which is parallel with the onset of the disease and muscle atrophy, 

and occurs with a disorganization of the NMJ, which might slow down the reinnervation of 

denervated muscle [38].  

High levels of miR-206 are found in ALS; in our previous research we found an increase of 

myomiRs in ALS patients compared to controls both in serum [42]  and in muscle [13]. 

In the present study, we analyzed the expression levels of muscle-specific microRNAs in 

the serum of ALS patients before and after a period of six weeks of moderate physical 

rehabilitation and we observed a significant down-regulation of circulating miR-1, miR-
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133a, miR-133b, and miR-206 after training. In ALS, the activation of satellite cells in 

muscle and NMJ promote tissue regeneration and the reorganization of the muscular 

fibers to contrast denervation and muscular atrophy [20]. We believe that the decrease in 

expression levels of myomiRs that we found after training try to restore a normal biological 

condition in skeletal muscle and NMJ of ALS patients. 

The role of miR-206 and miR-133b in the development and maintenance of neuromuscular 

synapses [43,44] is supported by the fact that they are crucial in ALS disease. Increase of 

miR-206 and miR-133b has been documented in the muscle of ALS mice models after 

nerve injury or denervation [38,45,46]. Probably this molecular mechanism is not specific 

to MND but it is shared between various conditions in which NMJ function is impaired. 

Several studies support the idea that miR-206 is a key regulator of signaling between 

muscle fibers and neurons since it acts as a bidirectional sensor of damage or loss of 

motor neurons and promotes regeneration of functional NMJ to attenuate muscle 

injury [35,47,48] and delay progression of the disease [38,48]. In addition, the function of 

miR-133b in NMJ is supported by the observation that this miRNA stimulates neurite 

growth in the rat brain following nerve damage after treatment with MSC cells [49]. 

Elevated expression levels of this miRNA found after denervation are related to nerve 

regeneration. 

We found a similar trend of expression in miR-1 and miR-206 and in miR-133a and miR-

133b in ALS patients after training that are probably related to common target and 

functions previously described.  

Our data suggest a cross-talk between an upper/lower motor neuron and muscle during 

rehabilitation. We hypothesize that there is more reinnervation and an increase in synaptic 

formation documented by miR-206 and miR-133b and less muscle atrophy as an effect of 

aerobic exercise performance. Our study suggests that myomiRs are correlated in skeletal 

muscle recovery in response to rehabilitation as we observed a positive effect of moderate 

rehabilitative training in our sporadic ALS patients documented by the medical scale and a 

significant reduction of fatigue with a decrement in the FSS scores after exercise. We 

propose myomiRNA as a valid molecular tool to evaluate the response to rehabilitative 

treatments in neurodegenerative and neuromuscular diseases. 

 

Acknowledgments  

Biobank BBMRNR of Foundation Hospital San Camillo IRCCS, part of BBMRI-ERIC 

network for providing the samples. 

 

 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2018                   doi:10.20944/preprints201810.0709.v1

Peer-reviewed version available at Brain Sci. 2019, 9, 8; doi:10.3390/brainsci9010008

http://dx.doi.org/10.20944/preprints201810.0709.v1
http://dx.doi.org/10.3390/brainsci9010008


References 

 

1.  Robberecht, W.; Philips, T. The changing scene of amyotrophic lateral sclerosis. 
Nat. Rev. Neurosci. 2013, 14, 248–264, doi:10.1038/nrn3430. 

2.  Brooks, B. R.; Bravver, E. K.; Langford, V. L.; Bockenek, W. L.; Lindblom, S. S. 
Stage of prolonged survival in ALS. Lancet Neurol. 2018, 17, 579, 
doi:10.1016/S1474-4422(18)30207-2. 

3.  Toivonen, J. M.; Manzano, R.; Oliván, S.; Zaragoza, P.; García-Redondo, A.; Osta, 
R. MicroRNA-206: A potential circulating biomarker candidate for amyotrophic lateral 
sclerosis. PLoS One 2014, 9, doi:10.1371/journal.pone.0089065. 

4.  Scaramozza, A.; Marchese, V.; Papa, V.; Salaroli, R.; Sorarù, G.; Angelini, C.; 
Cenacchi, G. Skeletal Muscle Satellite Cells in Amyotrophic Lateral Sclerosis. 
Ultrastruct. Pathol. 2014, 38, 295–302, doi:10.3109/01913123.2014.937842. 

5.  Robberecht, W.; Philips, T. The changing scene of amyotrophic lateral sclerosis. 
Nat. Rev. Neurosci. 2013, 14, 248–264, doi:10.1038/nrn3430. 

6.  Dadon-Nachum, M.; Melamed, E.; Offen, D. The “Dying-Back” Phenomenon of 
Motor Neurons in ALS. J. Mol. Neurosci. 2011, 43, 470–477, doi:10.1007/s12031-
010-9467-1. 

7.  Boyer, J. G.; Ferrier, A.; Kothary, R. More than a bystander: the contributions of 
intrinsic skeletal muscle defects in motor neuron diseases. Front. Physiol. 2013, 4, 
doi:10.3389/fphys.2013.00356. 

8.  Moloney, E. B.; de Winter, F.; Verhaagen, J. ALS as a distal axonopathy: molecular 
mechanisms affecting neuromuscular junction stability in the presymptomatic stages 
of the disease. Front. Neurosci. 2014, 8, doi:10.3389/fnins.2014.00252. 

9.  Merico, A.; Cavinato, M.; Gregorio, C.; Lacatena, A.; Gioia, E.; Piccione, F.; Angelini, 
C. Effects of combined endurance and resistance training in Amyotrophic Lateral 
Sclerosis: A pilot, randomized, controlled study. Eur. J. Transl. Myol. 2018, 28, 132–
140, doi:10.4081/ejtm.2018.7278. 

10.  Bhaskaran, M.; Mohan, M. MicroRNAs: History, Biogenesis, and Their Evolving Role 
in Animal Development and Disease., doi:10.1177/0300985813502820. 

11.  Lewis, B. P.; Burge, C. B.; Bartel, D. P. Conserved seed pairing, often flanked by 
adenosines, indicates that thousands of human genes are microRNA targets. Cell 
2005, 120, 15–20, doi:10.1016/j.cell.2004.12.035. 

12.  Tasca, E.; Pegoraro, V.; Merico, A.; Angelini, C. Circulating microRNAs as 
biomarkers of muscle differentiation and atrophy in ALS. Clin. Neuropathol. 2016, 
35, doi:10.5414/NP300889. 

13.  Pegoraro, V.; Merico, A.; Angelini, C. Micro-RNAs in ALS muscle: Differences in 
gender, age at onset and disease duration. J. Neurol. Sci. 2017, 380, 
doi:10.1016/j.jns.2017.07.008. 

14.  Volonte, C.; Apolloni, S.; Parisi, C. MicroRNAs: newcomers into the ALS picture. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2018                   doi:10.20944/preprints201810.0709.v1

Peer-reviewed version available at Brain Sci. 2019, 9, 8; doi:10.3390/brainsci9010008

http://dx.doi.org/10.20944/preprints201810.0709.v1
http://dx.doi.org/10.3390/brainsci9010008


CNS Neurol. Disord. Drug Targets 2015, 14, 194–207, 
doi:10.2174/1871527314666150116125506. 

15.  Rajgor, D. Macro roles for microRNAs in neurodegenerative diseases. Non-coding 
RNA Res. 2018, 3, 154–159, doi:10.1016/j.ncrna.2018.07.001. 

16.  Roser, A. E.; Caldi Gomes, L.; Schünemann, J.; Maass, F.; Lingor, P. Circulating 
miRNAs as Diagnostic Biomarkers for Parkinson’s Disease. Front. Neurosci. 2018, 
12, 1–9, doi:10.3389/fnins.2018.00625. 

17.  Witwer, K. W. Circulating MicroRNA Biomarker Studies: Pitfalls and Potential 
Solutions. Clin. Chem. 2015, 61, 56–63, doi:10.1373/clinchem.2014.221341. 

18.  Brooks, B. R.; Miller, R. G.; Swash, M.; Munsat, T. L.; World Federation of 
Neurology Research Group on Motor Neuron Diseases El Escorial revisited: revised 
criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 
Other Motor Neuron Disord. 2000, 1, 293–9. 

19.  Li, Y.; Kowdley, K. V. Method for microRNA isolation from clinical serum samples. 
Anal. Biochem. 2012, 431, 69–75, doi:10.1016/j.ab.2012.09.007. 

20.  Di Pietro, L.; Lattanzi, W.; Bernardini, C. Skeletal muscle microRNAs as key players 
in the pathogenesis of amyotrophic lateral sclerosis. Int. J. Mol. Sci. 2018, 19, 
doi:10.3390/ijms19051534. 

21.  Aitkens, S. G.; McCrory, M. A.; Kilmer, D. D.; Bernauer, E. M. Moderate resistance 
exercise program: its effect in slowly progressive neuromuscular disease. Arch. 
Phys. Med. Rehabil. 1993, 74, 711–5. 

22.  Abresch, R. T.; Carter, G. T.; Han, J. J.; McDonald, C. M. Exercise in 
Neuromuscular Diseases. Phys. Med. Rehabil. Clin. N. Am. 2012, 23, 653–673, 
doi:10.1016/j.pmr.2012.06.001. 

23.  Chio, A.; Calvo, A.; Dossena, M.; Ghiglione, P.; Mutani, R.; Mora, G. ALS in Italian 
professional soccer players: the risk is still present and could be soccer-specific. 
Amyotroph. Lateral Scler. 2009, 10, 205–9, doi:10.1080/17482960902721634. 

24.  Beghi, E.; Logroscino, G.; Chiò, A.; Hardiman, O.; Millul, A.; Mitchell, D.; Swingler, 
R.; Traynor, B. J. Amyotrophic lateral sclerosis, physical exercise, trauma and 
sports: results of a population-based pilot case-control study. Amyotroph. Lateral 
Scler. 2010, 11, 289–92, doi:10.3109/17482960903384283. 

25.  Gurney, M. E.; Cutting, F. B.; Zhai, P.; Doble, A.; Taylor, C. P.; Andrus, P. K.; Hall, 
E. D. Benefit of vitamin E, riluzole, and gabapentin in a transgenic model of familial 
amyotrophic lateral sclerosis. Ann. Neurol. 1996, 39, 147–57, 
doi:10.1002/ana.410390203. 

26.  Drory, V. E.; Goltsman, E.; Reznik, J. G.; Mosek, A.; Korczyn, A. D. The value of 
muscle exercise in patients with amyotrophic lateral sclerosis. J. Neurol. Sci. 2001, 
191, 133–7. 

27.  Bello-Haas, V. D.; Florence, J. M.; Kloos, A. D.; Scheirbecker, J.; Lopate, G.; Hayes, 
S. M.; Pioro, E. P.; Mitsumoto, H. A randomized controlled trial of resistance 
exercise in individuals with ALS. Neurology 2007, 68, 2003–2007, 
doi:10.1212/01.wnl.0000264418.92308.a4. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2018                   doi:10.20944/preprints201810.0709.v1

Peer-reviewed version available at Brain Sci. 2019, 9, 8; doi:10.3390/brainsci9010008

http://dx.doi.org/10.20944/preprints201810.0709.v1
http://dx.doi.org/10.3390/brainsci9010008


28.  Pinto, A. C.; Alves, M.; Nogueira, A.; Evangelista, T.; Carvalho, J.; Coelho, A.; de 
Carvalho, M.; Sales-Luís, M. L. Can amyotrophic lateral sclerosis patients with 
respiratory insufficiency exercise? J. Neurol. Sci. 1999, 169, 69–75. 

29.  Clawson, L. L.; Cudkowicz, M.; Krivickas, L.; Brooks, B. R.; Sanjak, M.; Allred, P.; 
Atassi, N.; Swartz, A.; Steinhorn, G.; Uchil, A.; Riley, K. M.; Yu, H.; Schoenfeld, D. 
A.; Maragakis, N. J.; neals consortium A randomized controlled trial of resistance 
and endurance exercise in amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 
Front. Degener. 2018, 19, 250–258, doi:10.1080/21678421.2017.1404108. 

30.  Lunetta, C.; Lizio, A.; Sansone, V. A.; Cellotto, N. M.; Maestri, E.; Bettinelli, M.; Gatti, 
V.; Melazzini, M. G.; Meola, G.; Corbo, M. Strictly monitored exercise programs 
reduce motor deterioration in ALS: preliminary results of a randomized controlled 
trial. J. Neurol. 2016, 263, 52–60, doi:10.1007/s00415-015-7924-z. 

31.  Abresch, R. T.; Carter, G. T.; Han, J. J.; McDonald, C. M. Exercise in 
Neuromuscular Diseases. Phys. Med. Rehabil. Clin. N. Am. 2012, 23, 653–673, 
doi:10.1016/j.pmr.2012.06.001. 

32.  Sharma, K. R.; Kent-Braun, J. A.; Majumdar, S.; Huang, Y.; Mynhier, M.; Weiner, M. 
W.; Miller, R. G. Physiology of fatigue in amyotrophic lateral sclerosis. Neurology 
1995, 45, 733–40. 

33.  Townley-tilson, W. H. D.; Callis, T. E.; Wang, D. NIH Public Access. Int. J. Biochem. 
2011, 42, 1252–1255, doi:10.1016/j.biocel.2009.03.002.MicroRNAs. 

34.  Wang, J.; Yang, L. Z.; Zhang, J. S.; Gong, J. X.; Wang, Y. H.; Zhang, C. L.; Chen, 
H.; Fang, X. T. Effects of microRNAs on skeletal muscle development. Gene 2018, 
668, 107–113, doi:10.1016/j.gene.2018.05.039. 

35.  Mitchelson, K. R.; Qin, W.-Y. Roles of the canonical myomiRs miR-1, -133 and -206 
in cell development and disease. World J. Biol. Chem. 2015, 6, 162–208, 
doi:10.4331/wjbc.v6.i3.162. 

36.  Anderson, C.; Catoe, H.; Werner, R. MIR-206 regulates connexin43 expression 
during skeletal muscle development. Nucleic Acids Res. 2006, 34, 5863–5871, 
doi:10.1093/nar/gkl743. 

37.  Chen, J.-F.; Mandel, E. M.; Thomson, J. M.; Wu, Q.; Callis, T. E.; Hammond, S. M.; 
Conlon, F. L.; Wang, D.-Z. The role of microRNA-1 and microRNA-133 in skeletal 
muscle proliferation and differentiation. Nat. Genet. 2006, 38, 228–233, 
doi:10.1038/ng1725. 

38.  Williams, A. H.; Valdez, G.; Moresi, V.; Qi, X.; McAnally, J.; Elliott, J. L.; Bassel-
Duby, R.; Sanes, J. R.; Olson, E. N. MicroRNA-206 Delays ALS Progression and 
Promotes Regeneration of Neuromuscular Synapses in Mice. Science (80-. ). 2009, 
326, 1549–1554, doi:10.1126/science.1181046. 

39.  Wang, X. H. MicroRNA in myogenesis and muscle atrophy. Curr Opin. Clin Nutr 
metab Care 2013, 16, 258–266, doi:10.1097/MCO.0b013e32835f81b9.MicroRNA. 

40.  Ma, G.; Wang, Y.; Li, Y.; Cui, L.; Zhao, Y.; Zhao, B.; Li, K. MiR-206, a key modulator 
of skeletal muscle development and disease. Int. J. Biol. Sci. 2015, 11, 345–352, 
doi:10.7150/ijbs.10921. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2018                   doi:10.20944/preprints201810.0709.v1

Peer-reviewed version available at Brain Sci. 2019, 9, 8; doi:10.3390/brainsci9010008

http://dx.doi.org/10.20944/preprints201810.0709.v1
http://dx.doi.org/10.3390/brainsci9010008


41.  Valsecchi, V.; Boido, M.; De Amicis, E.; Piras, A.; Vercelli, A. Expression of Muscle-
Specific MiRNA 206 in the Progression of Disease in a Murine SMA Model. PLoS 
One 2015, 10, e0128560, doi:10.1371/journal.pone.0128560. 

42.  Tasca, E.; Pegoraro, V.; Merico, A.; Angelini, C. Circulating microRNAs as 
biomarkers of muscle differentiation and atrophy in ALS. Clin. Neuropathol. 2016, 
35, 22–30, doi:10.5414/NP300889. 

43.  Williams, A. H.; Valdez, G.; Moresi, V.; Qi, X.; Mcanally, J.; Elliott, J. L.; Bassel-duby, 
R.; Sanes, J. R.; Olson, E. N. NIH Public Access. 2009, 326, 1549–1554, 
doi:10.1126/science.1181046.MicroRNA-206. 

44.  Valdez, G.; Heyer, M. P.; Feng, G.; Sanes, J. R. The role of muscle microRNAs in 
repairing the neuromuscular junction. PLoS One 2014, 9, 
doi:10.1371/journal.pone.0093140. 

45.  Valdez, G.; Heyer, M. P.; Feng, G.; Sanes, J. R. The Role of Muscle microRNAs in 
Repairing the Neuromuscular Junction. PLoS One 2014, 9, e93140, 
doi:10.1371/journal.pone.0093140. 

46.  Wiberg, R.; Jonsson, S.; Novikova, L. N.; Kingham, P. J. Investigation of the 
Expression of Myogenic Transcription Factors, microRNAs and Muscle-Specific E3 
Ubiquitin Ligases in the Medial Gastrocnemius and Soleus Muscles following 
Peripheral Nerve Injury. PLoS One 2015, 10, e0142699, 
doi:10.1371/journal.pone.0142699. 

47.  Ma, G.; Wang, Y.; Li, Y.; Cui, L.; Zhao, Y.; Zhao, B.; Li, K. MiR-206, a Key Modulator 
of Skeletal Muscle Development and Disease. Int. J. Biol. Sci. 2015, 11, 345–352, 
doi:10.7150/ijbs.10921. 

48.  Valdez, G.; Heyer, M. P.; Feng, G.; Sanes, J. R. The role of muscle microRNAs in 
repairing the neuromuscular junction. PLoS One 2014, 9, e93140, 
doi:10.1371/journal.pone.0093140. 

49.  Xin, H.; Li, Y.; Buller, B.; Katakowski, M.; Zhang, Y.; Wang, X.; Shang, X.; Zhang, Z. 
G.; Chopp, M. Exosome-Mediated Transfer of miR-133b from Multipotent 
Mesenchymal Stromal Cells to Neural Cells Contributes to Neurite Outgrowth. Stem 
Cells 2012, 30, 1556–1564, doi:10.1002/stem.1129. 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2018                   doi:10.20944/preprints201810.0709.v1

Peer-reviewed version available at Brain Sci. 2019, 9, 8; doi:10.3390/brainsci9010008

http://dx.doi.org/10.20944/preprints201810.0709.v1
http://dx.doi.org/10.3390/brainsci9010008

