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ABSTRACT 26 
 27 
The aim was to determine whether neuromuscular electrical stimulation (NMES) 28 
affects skeletal muscle regeneration through a reduction of oxidative status in 29 
satellite cells of healthy elderly subjects. Satellite cells from the Vastus lateralis 30 
skeletal muscle of 12 healthy elderly subjects before and after 8 weeks of NMES 31 
were allowed to proliferate to provide myogenic populations of adult stem cells 32 
(myogenic precursor cells; MPCs). These MPCs were then investigated in terms of 33 
their proliferation, their basal cytoplasmic free Ca2+ concentrations, and their 34 
expression of myogenic regulatory factors (PAX3, PAX7, MYF5, MYOD, MYOG) and 35 
microRNAs (miR-1, miR-133a/b, miR-206). The oxidative status of these MPCs was 36 
evaluated through superoxide anion production and superoxide dismutase and 37 
glutathione peroxidase activities. On dissected single skeletal myofibers, the nuclei 38 
were counted to determine the myonuclear density, the fiber phenotype, cross 39 
sectional area and tension developed. The MPCs obtained after NMES showed 40 
increased proliferation rates along with increased cytoplasmic free Ca2+ 41 
concentrations and gene expression of MYOD and MYOG on MPCs. The muscle-42 
specific miR-1, miR133a/b, miR-206 were up-regulated. This NMES significantly 43 
reduced superoxide anion production, along with a trend to reduction of superoxide 44 
dismutase activity. The NMES-dependent stimulation of muscle regeneration 45 
enhanced  satellite cells fusion with mature skeletal fibers. NMES improved the 46 
regenerative capacity of skeletal muscle in elderly subjects. Accordingly, the skeletal 47 
muscle strength and mobility of NMES-stimulated elderly significantly improved. 48 
NMES may thus be further considered for clinical or ageing populations. 49 
 50 
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 51 
New & Noteworthy 52 
The NMES effect on skeletal muscle regeneration was assessed on healthy elderly 53 
for the first time. NMES improved the regenerative capacity of skeletal muscle 54 
through increased MPC proliferation and fusion with mature myofibers. The 55 
increased [Ca2+]cyt along with MYOD, MYOG and miRNAs up-regulation could be 56 
related to reduced O2

•– production, which, in turn, favors myogenic regeneration. 57 
Accordingly, the skeletal muscle strength of NMES-stimulated lower limbs of healthy 58 
elderly subjects improved along with their mobility.  59 
 60 
Keywords: neuromuscular electrical stimulation; satellite cells; superoxide anion; 61 
oxidative status; miRNA; elderly; superoxide dismutase activity; peroxidase activity, 62 
FTSST, TUG, strength.  63 
 64 
Abbreviations 65 
[Ca2+]cyt, cytoplasmic free Ca2+ concentration; miRNA, micro ribonucleic acid; MPCs, 66 
myogenic precursor cells; NMES, neuromuscular electrical stimulation; O2

•–, 67 
superoxide anion, MYOG, myogenin gene; FTSST, Five Times Sit-to-Stand Test; 68 
TUG, Time to Up-and-Go test. 69 
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INTRODUCTION 72 
 73 
Elderly people experience skeletal muscle frailty, loss of myofibers, and dynapenia 74 
(loss of muscle strength), which in one word can be defined as sarcopenia. As a 75 
consequence, they can experience limited mobility, and, ultimately, mortality. 76 
Moreover, sarcopenia can be exacerbated by neurological deficit and/or heavy 77 
physical impairment, which, in turn, provoke immobilization. This condition often 78 
represents the point of no return in the life of the elderly, because once it is reached, 79 
these elderly people cannot perform volitional training, such as endurance or strength 80 
training, which has been shown to maintain and increase human skeletal muscle also 81 
for the elderly (25, 26, 54, 57).  82 

In this scenario, an effective passive protocol that can be used to induce local 83 
skeletal muscle contraction, such as neuromuscular electrical stimulation (NMES), 84 
might be particularly useful to counteract the detrimental decline that occurs in 85 
sarcopenic muscle. Indeed, it is commonly accepted that NMES can offer 86 
advantages over voluntary training for people who have limited ability or are 87 
noncompliant for volitional exercise, due to its promotion of specific motor unit 88 
recruitment (20).  89 

Effective skeletal fiber contraction involves recruitment and activation of 90 
satellite cells in the muscle (57). In vivo, these quiescent satellite cells of postnatal 91 
skeletal muscle fibers can be activated to the myogenic precursor cells (MPCs) that 92 
are responsible for muscle growth and repair. Although it is currently accepted that 93 
this skeletal muscle regeneration can be stimulated by exercise that involves 94 
voluntary skeletal muscle contraction, debate still remains as to whether this also 95 
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occurs for atypical skeletal muscle contraction, such as contraction induced by 96 
NMES.  97 

Administration of an electrical current in the microampere range has been 98 
successfully used to rescue atrophied mouse muscle (39). Furthermore, different 99 
intensities of electrical stimulation (e.g., 2-20 Hz, 0.5-20 mA; 0.3 Hz, 10 μA) can 100 
stimulate the proliferation of satellite cells/MPCs and myotube activity and rescue the 101 
loss of myonuclei in atrophic and damaged mouse skeletal muscle (18, 21, 52). 102 
Recently, an NMES protocol was described that is particularly suited to counteract 103 
disuse muscle atrophy in men (20). Considering the strict link between atrophy and 104 
sarcopenia and the involvement of MPCs in both of these conditions, we investigated 105 
the effects of NMES on myogenesis in elderly human subjects.  106 

We have previously shown that the human regenerative potential of satellite 107 
cells derived from skeletal muscle of elderly subjects can be lost through 108 
spontaneous increase in the apoptotic commitment of these cells (17). Our previous 109 
investigations have suggested that the increased free radical production and 110 
oxidative stress that can become established in MPCs from elderly subjects can act 111 
as signals for maladaptive phenomena (10, 45, 50). More specifically, accumulation 112 
of the superoxide anion (O2•–) is involved in the establishment of oxidative stress in 113 
these MPCs (10). This O2•– is one of the most dangerous oxidant species, and it is 114 
mainly produced by mitochondria that have undergone metabolic impairment (37, 115 
51). Here, the key element becomes the amount of O2•– production and the 116 
enzymatic defense that can be adopted by the cells. Indeed, low intensity training 117 
mainly induces a significant O2•– reduction in MPCs from healthy young muscle (48). 118 
However, in some subjects, this training can instead produce a slight O2•– increase 119 
(48). In contrast, in MPCs of elderly subjects, the O2•– levels and the generic 120 
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cytosolic oxidation levels are at least one third more than those in MPCs of young 121 
subjects (10). This oxidative stress can provoke extensive cellular damage, 122 
apoptosis, and inflammation of skeletal fibers and the satellite cell pool (13, 14, 16). 123 
In this scenario, it is important to find stimuli that can be used to reduce the oxidative 124 
stress, in order to reduce the signals for inflammation and to promote muscle mass 125 
conservation and increased satellite cell stimulation in the elderly. 126 

Some early evidence has demonstrated that NMES can increase intracellular 127 
defenses against reactive oxygen species in skeletal muscle of young subjects (20). 128 
Moreover, NMES has been shown to promote hypertrophy of the human Vastus 129 
lateralis skeletal muscle and to increase the maximal force of the quadriceps in 130 
young subjects (36). On the basis of all of this information, we asked whether NMES 131 
can influence the regeneration process and the oxidative stress of activated satellite 132 
cells (i.e., MPCs) in skeletal muscle of healthy elderly subjects. In particular, we 133 
investigated these MPCs in-vitro, in terms of their proliferation and differentiation into 134 
myotubes and fusion with myofibers, their basal cytoplasmic free Ca2+ concentration 135 
([Ca2+]cyt), and their gene expression of myogenic regulatory factors (PAX3, PAX7, 136 
MYF5, MYOD, MYOG) and microRNAs (miR-1, miR-133a/b, miR-206), prior to and 137 
following NMES. The oxidative status of these MPCs through O2•– production and the 138 
superoxide dismutase and glutathione peroxidase activities were also investigated. 139 
Moreover, the measurement of maximal voluntary contraction on elderly lower limbs 140 
permitted to relate the cellular and molecular adaptation of NMES-stimulated skeletal 141 
muscle to the effectiveness of this protocol.   142 
 143 
MATERIALS AND METHODS 144 
Subjects 145 
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Twelve healthy male elderly subjects (69.5 ±1.6, age) volunteered to participate in 146 
this study. They used to have an active lifestyle, but were not engaged in any specific 147 
exercise training protocols  (≥6 months) before their enrolment in this study. One 148 
week before and 2 days after the NMES sessions, these subjects had their height, 149 
weight, body fat measured, and their body mass index was calculated.  Their bilateral 150 
isometric maximal voluntary contraction (MVC) of the lower limbs was measured  151 
using a leg-extension device (Nessfit Srl, San Giovanni Teatino, Italy) that was 152 
equipped with loading cell to measure the strength output (Globus, Codognè, Italy). 153 
The subjects remained in a seated position on the leg-extension device with their 154 
knees at 90° and they  performed  a MVC for 5s using both legs. The test was  155 
performed three times and the recovery time between  tests was 2 min. The highest 156 
value recorded was used as the MVC (46).  157 
Functional Assessment and tiny percutaneous needle biopsy 158 
Five Times Sit-to-Stand Test (FTSST): the FTSST was applied as described in a 159 
previous study using a 43-cm high chair. After a signal from the evaluator, the 160 
volunteers stood up and sat down 5 times as quickly as possible, maintaining their 161 
arms crossed on their chest. Before the test, the evaluator provided instructions to 162 
the volunteers for a standardized execution: 1) “You need to maintain your arms 163 
crossed on your chest during the entire test”; 2) “You need to stand up and sit down 164 
5 times as quickly as you can when I say ‘Go’”; 3) “The test begins when I say “Go” 165 
and stops when you completely touch the chair on the fifth repetition”; 4) “You need 166 
to stand up fully and touch the chair in every repetition, but you should not touch your 167 
back to chair backrest during the test” (58). Volunteers performed the FTSST three 168 
times. The first set consisted of a submaximal performance for test familiarization. 169 
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The final two sets were performed to calculate the reliability and typical error of the 170 
FTSST, the best performance being considered for the analyses. 171 
Timed Up and Go test (TUG): The TUG was applied as described in a previous 172 
study119. The volunteers were required to stand up, walk 3 m, turn, walk back, and 173 
sit down. Time to complete this task was the performance variable, evaluating 174 
mobility capacity. Two evaluators were positioned on opposite sides of the walking 175 
course (one at between 0 - 1.5m and another at between 1.5 – 3.0m) to avoid any 176 
serious consequences in the case of a fall. As in the FTSST, the volunteers 177 
performed the TUG three times, for the familiarization and reliability purposes 178 

One day after the functional test, the tiny percutaneous needle biopsies of the 179 
Vastus lateralis muscles were performed. The biopsy of the VL muscle was 180 
performed at a level about one-third of the distance from the upper margin of the 181 
patella to the trochanter major. The choice of this position was motivated by the 182 
anatomical consideration that the area lacks significant neurovascular structures. For 183 
this reason the tiny percutaneous needle biopsy procedure was well tolerated. More 184 
detailed information has been extensively described in Pietrangelo et al 2011 and 185 
2013 (43, 47). 186 

This study was approved by the Ethics Committee of the ‘G. d’Annunzio’ 187 
University of Chieti–Pescara, Italy (protocol nos. 1233/06 and 1884 COET), and it 188 
was conducted according to the Helsinki Declaration. All of the subjects who 189 
participated signed their informed consent.  190 
 191 
Neuromuscular electrical stimulation sessions 192 
The NMES protocol consisted of a training program that lasted 18 min. The 12 193 
subjects performed 40 passive isometric bilateral contractions that were stimulated 194 
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by a NMES device (Genesy 1200 Pro; Globus Srl, Codognè, Italy). This was applied 195 
for three sessions per week over an 8-week period. During the NMES session, the 196 
subjects were seated on a leg extension machine (NSFT 07036; Nessfit Srl, San 197 
Giovanni Teatino, Italy) with the knee joint fixed at 90° knee extension, to provide the 198 
isometric condition during the stimulation. Two active electrodes (contact area, 25 199 
cm2) were positioned over the motor points of the quadriceps muscles, as close as 200 
possible to the motor point of the Vastus lateralis and Vastus medialis muscles. A 201 
dispersive electrode (contact area, 50 cm2) was placed 5 cm to 7 cm below the 202 
inguinal crease, to close the stimulation loop. Rectangular-wave pulsed currents (75 203 
Hz every 400 µs) were delivered with a rise time of 1.5 s, a steady tetanic stimulation 204 
time of 4 s, and a fall time of 0.75 s (total duration of contraction, 6.25 s). A rest 205 
interval of 20 s was provided between stimulations. The intensity was monitored and 206 
recorded for each 5-min period. The intensity of the NMES was gradually increased 207 
to an individual maximally tolerable intensity, which corresponded to the pain 208 
threshold of each subject. The subjects were motivated to adjust their intensity during 209 
the training session to maintain the maximum tolerable intensity throughout the 210 
session, reaching at the end of the training period an intensity of 40 ±16 mA. 211 
 212 
 213 
Satellite cell population and myogenicity 214 
A part of the tiny percutaneous muscle biopsies (about 10 mg) was treated to obtain 215 
the muscle cells (43). The progeny of in-vitro satellite cells, MPCs, were initially 216 
expanded in growth medium, and differentiated into myotubes as previously 217 
described (15, 45, 48). These MPCs from the Vastus lateralis of the 12 healthy 218 
elderly subjects were obtained before the NMES sessions were started, and after 219 
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they were completed, with these samples defined as pre-NMES and post-NMES, 220 
respectively.  221 

Briefly, the percentages of myogenicity were obtained by counting the MPCs 222 
that were positive for an antibody against desmin (15), with respect to all of the cells 223 
present in the field of view. We counted 6341 and 6369 cells on pre- and post-NMES 224 
samples, respectively. At a confluence of 70% to 80%, the cells were split and the 225 
population doubling level (PDL) was calculated. This is given by the ratio between 226 
the number of cells that were detached (Nd) with respect to the number of cells that 227 
were initially seeded (Ns; i.e., Nd/Ns), and log Nd/Ns was calculated and divided by 228 
ln 2. The MPCs controls derived from TPNB samples of subjects without NMES were 229 
analyzed as previously described. 230 

 The differentiation of these MPCs into myotubes was measured in terms of 231 
the multinucleated cells that were positive to the primary antibody against myosin 232 
heavy chain after 7 days of differentiation. This is reported as the Fusion Index, as a 233 
percentage defined by counting the numbers of nuclei present in the myotubes, with 234 
respect to the total number of nuclei in the observed field (i.e., nuclei in myotubes/ 235 
total nuclei ×100%). Myotubes were defined as those that were positive to the 236 
primary antibody against myosin heavy chain and that had at least two nuclei (48). 237 
We counted 2717 and 2731 cells on pre- and post-NMES samples, respectively. 238 
Moreover, in the samples that were differentiated for 7 days, the numbers of 239 
mononucleated desmin+ cells were counted, which represents the number of 240 
myogenic cells that were not able to fuse into multinucleated myotubes. We counted 241 
2150 and 2139 cells on pre- and post-NMES samples, respectively. 242 
 243 
Myonuclear density of single myofibers 244 
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Another part of the tiny percutaneous muscle biopsies (about 5 mg) from four of 245 
these subjects was manually dissected to obtain single skeletal myofibers  (47). The 246 
myonuclei along these single myofibers were counted, to determine the nuclear 247 
domain. Briefly, to localize the nuclei, single myofibers were stained with DAPI (25 248 
μg/mL; Sigma) for 10 min. To precisely measure the volume, the fibers have been 249 
stained with a monoclonal mouse antibody anti- -actinin (clone EA-53 Sigma). The 250 
myonuclear density was determined as the number of nuclei in a constant myofiber 251 
volume (106 μm3). A confocal microscope (Vico; Nikon) was used to acquire the 252 
fluorescent images (32, 40). 253 
 254 
Mechanical features and phenotype of single fibers 255 
Muscle biopsy fragments for single fiber were stored at -20˚C and analyzed within 2 256 
weeks of sampling. The biopsies were stored in skinning solution with 50% (v/v) 257 
glycerol until day of the experiment. This solution contains high-potassium and high-258 
EGTA concentration that depolarizes membranes, removes calcium, and induces a 259 
rigor to ensuring optimal conditions for fiber preservation. Before the analysis, the 260 
skinning-glycerol mixture was replaced with ice-cold skinning solution containing 261 
ATP, to induce fiber relaxation. From each biopsy single fibers were manually 262 
dissected using a stereo-microscope (x10-60 magnification). Following dissection, 263 
fibers were bathed for 10 min in skinning solution containing 1% (v/v) Triton X-100 to 264 
completely have the membranes in solution. Fiber segments of 1-2 mm in length 265 
were cut, and light aluminum clips were applied at both ends. Then they were 266 
transferred to the experimental apparatus, and cross-sectional area (CSA) and 267 
tension development during maximal calcium-activated isometric contractions at 268 
12˚C were measured according to a previously described procedure (56, 41). At the 269 
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end of the experiment, each fiber was collected and put in Laemmli solution for 270 
electrophoretic analysis (see below). All solutions employed for single fiber 271 
experiments were prepared as described previously (7). 272 
 273 
Electrophoretic separation and quantification of myosin heavy chain isoforms 274 
The fibers were characterized for their myosin heavy chain (MyHC) isoform. Muscle 275 
biopsy fragments were solubilized in an appropriate volume of Laemmli solution (Tris 276 
62.5 mM, Glycerol 10% [v/v], SDS 2.3% [w/v], ß-mercaptoethanol 5% [v/v], with E-64 277 
0.1% [w/v] and leupeptin 0.1% [w/v] as anti-proteolytic factors; pH 6.8) and stored at -278 
80 °C until the analysis. Appropriate amounts (~10 μg of total protein/lane) of the 279 
protein suspension were diluted in loading buffer (Laemmli solution with 0,01% 280 
bromophenol blue) and boiled for 5 min at 80˚C before loading onto polyacrylamide 281 
gels. Separation of MyHC isoforms was carried out on 8% (w/v) gels (18 cm x 16 cm 282 
x 1 mm) at 70 V for 1.5 h and at 230 V for a further time according to the guidelines 283 
of Talmadge and Roy (1993). The gels were stained with Coomassie-blue dye. After 284 
staining, three separate bands were detected in the 200-kDa region, corresponding 285 
to MyHC-1, -2A, and -2X, in order of migration from fastest to slowest. For each 286 
biopsy sample fragment, at least two independent electrophoretic runs were 287 
performed. Gel patterns were digitized with an HP Scanjet G4050 at a resolution of 288 
1,200 dpi. The myosin isoforms distribution was achieved by densitometric analyses 289 
of the bands after staining with Coomassie-blue. Each band was characterized by a 290 
value of the Brightness-Area Product (BAP), after black/white inversion employing LI-291 
COR®Image Studio Lite (ver 5.0). From each line, BAP values for the bands 292 
identified as MyHC isoforms were summed and the BAP value for each isoform was 293 
expressed as a percentage of the total and the mean values of myosin isoforms 294 
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distribution for all subjects were obtained. The reproducibility of the procedure was 295 
confirmed by calculating isoform ratios of selected samples from gels loaded with 296 
different amounts of such samples. 297 
 298 
Intracellular calcium concentrations  299 
The MPCs were loaded with Fura2-AM (final concentration, 5 μM) for 30 min, 300 
washed by gentle solution removal and incubated for a further 30 min at 37 °C prior 301 
to the [Ca2+]cyt measurements, to allow the intracellular Fura2-AM de-esterification 302 
(27). The experiments were performed and images were acquired using the 303 
procedures and set-up described by Pietrangelo et al. (44). Thapsigargin (1 μM; 304 
Sigma-Aldrich T9033), a known releaser of internal Ca2+ stores, was added in the 305 
MPCs to induce the emptying of the intracellular Ca2+ stores. The thapsigargin-306 
dependent [Ca2+]cyt transients was recorded for at least 2 min, and analysis of the 307 
area under the 2-min transients was performed using the specific ‘area under the 308 
curve’ function of GraphPad Prism Software, version 5 (GraphPad Software, La Jolla, 309 
USA). 310 
 311 
Reactive oxygen species  312 
The superoxide anion (O2•–) levels were determined using the conventional assay 313 
based on the dye nitroblue tetrazolium chloride (Cat. No. N6639; Sigma-Aldrich), 314 
which is reduced to formazan by O2•–, determined at 550 nm using a fluorometer 315 
(SPECTRAmax Gemini XS; Molecular Devices Toronto, Canada (10, 48). 316 

The cellular oxidant levels were determined using the dye 2,7-317 
dichlorofluorescein diacetate (DCF, Cat.No. D6883; Sigma). The fluorescence was 318 
determined at 530 nm (excitation, 490 nm) using a fluorometer (SPECTRAmax 319 
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Gemini XS; Molecular Devices Toronto, Canada), with the data analyzed using the 320 
SOFTmax Pro software (48).  321 
 322 
Antioxidant enzyme activity 323 
The antioxidant enzyme activities of superoxide dismutase and glutathione 324 
peroxidase (53, 55) were analyzed for the cytosolic fractions of undifferentiated 325 
MPCs. The superoxide dismutase activity, where 2 O2•– (+ 2 H+) is oxidized to form 326 
O2 and H2O2, was determined as previously described (48). The glutathione 327 
peroxidase enzymatic activity was determined according to Shakirzyanova et al. (53), 328 
and reported as specific activities. 329 
 330 
Western blotting 331 
Western blotting (WB) analysis was performed on 40 g lysates from pre- and post-332 
NMES MPCs, using SOD1 (71G8) mouse mAb (#4266, Cell Signalling Technology, 333 
Danvers, MA, USA) at 1:1000, SOD2 (D9V9C) rabbit mAb (#13194, Cell Signalling 334 
Technology) at 1:1000, β-Actin (8H10D10) mouse mAb (#3700, Cell Signalling 335 
Technology) at 1:1000, as primary antibody. Secondary HRP-conjugated antibodies 336 
(Cell Signalling Technology) at 1:5000. Bands were detected and pictured at Bio-Rad 337 
GelDoc by LiteAblot PLUS enhanced chemiluminiscent substrate (EuroClone); 338 
densitometry analyses were performed with ImageJ software (10). 339 
 340 
Quantitative real-time PCR for myogenic transcriptional factors and miRNAs 341 
The RNA was extracted from the PMCs using Purelink RNA mini kits (Invitrogen, Life 342 
Technologies), as described by Di Filippo et al. (10). Briefly, 500 ng extracted RNA 343 
was reverse transcribed using Superscript III First-Strand Synthesis SuperMix kits 344 
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(Invitrogen, Life Technologies). Quantitative real-time PCR was performed on 1:5 345 
diluted cDNA, using Platinum Sybr Green SuperMix-UDG (Invitrogen, Life 346 
Technologies). The myogenic regulatory factors investigated were: PAX3, PAX7, 347 
MYF5, MYOD, and MYOG. GAPDH was used as the housekeeping gene, and the 348 
data are shown as ΔCt.  349 

PureLink miRNA isolation kits were used for the miRNA extractions (Cat. No. 350 
K1570-01; Invitrogen, Life Technologies, Molecular Devices, Sunnyvale, USA), 351 
according to Di Filippo et al. (10). The relative quantification of the miRNA targets 352 
was carried out using the ΔCt formula. The specific miRNA sequence probes used 353 
have the following catalog numbers: hsa-miR-16-5p, #000391; hsa-miR-1, #002222; 354 
hsa-miR-206, #000510; hsa-miR-133b, #002247; hsa-miR-133a, #002246. miR-16 355 
was used as the housekeeping gene, and the data are shown as ΔCt. Three 356 
independent experiments were performed, each carried out in triplicate. 357 

 358 
 359 
Statistical analysis 360 
The statistical analysis was carried out using the GraphPad Prism Software, version 361 
5 (GraphPad Software, La Jolla, USA). The data are reported as means ± standard 362 
error (SE) or standard deviation (SD). Unpaired and paired t-tests were used to 363 
reveal statistical differences between cellular populations and single myofiber 364 
analysis, respectively, at pre- and post-NMES.  365 
Mixed analysis of variance (mixed ANOVA) was used to analyze differences between 366 
groups and over time (control vs NMES-stimulated elderly) in addition to Bonferroni 367 
post hoc comparisons. 368 
Significance was indicated as *p ≤0.05, **p ≤0.005, and ***p ≤0.0001. 369 
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 370 
RESULTS 371 
 372 
Maximal voluntary contraction of elderly subjects 373 
The anthropometric characteristics of the 12 healthy elderly subjects who participated 374 
in the NMES sessions did not vary significantly (Table 1). However, compared to the 375 
pre-NMES maximal voluntary contractions, the post-NMES values showed a 376 
significant increase as well as the FTSST and TUG (Table 1).  377 
 378 
Table 1 to be inserted about here 379 
 380 
Myogenic characteristics and analysis of MPC differentiation 381 
The myogenic characteristics of the MPCs are reported in Table 2. Here, from pre-382 
NMES to post-NMES, there were no significant differences in the MPC myogenicity 383 
(i.e., number of desmin+ cells), Fusion Index, and desmin+ nonfused MPCs at 7 days 384 
of differentiation, as for control samples (data not shown).  385 
 386 
 387 
Table 2 to be inserted about here 388 
 389 
Proliferation rate in vitro  390 
The PDLs of the pre-NMES and post-NMES MPCs were calculated at each passage, 391 
when the cells reached about 80% confluence. As can be seen in Figure 1, the pre-392 
NMES MPCs reached 10 PDL in 50 days to 120 days (panel a), while the post-393 
NMES MPCs of the same subjects reached the same PDL in 30 days to 35 days 394 
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(panel b), demonstrating an increased rate of MPC proliferation post-NMES, similar 395 
for all subjects. The MPCs controls, without NMES stimulation, reached 10 PDL in 396 
35-40 days, showing a similar proliferation trend of pre-NMES MPCs (data not 397 
shown). 398 
 399 
 400 
Figure 1 to be inserted about here 401 
 402 
Myonuclear density on single mature myofibers 403 
The single mature myofibers showed significant increases from pre-NMES to post-404 
NMES for the myonuclei fused to the myofibers (p ≤0.05; Figure 2). 405 
 406 
Figure 2 to be inserted about here 407 
 408 
MyHC fiber phenotype 409 
The fiber type composition of the Vastus Lateralis muscle was determined by 410 
analyzing the proportion of slow (MyHC-1) and fast (MyHC-2A and -2X) myosin 411 
heavy chain isoforms in pre- and post-NMES biopsy samples. The average 412 
percentage of fibers that express the specific MyHC isoform are shown in Figure 3. In 413 
our sample, slow MyHC-1 fibers were significantly increased in post-NMES 414 
compared to pre-NMES (p ≤0.05). The percentage of fast MyHC-2A fibers did not 415 
significantly vary whereas that of MyHC-2X ones showed a decrease not statistically 416 
significant.  417 
 418 
Figure 3 to be inserted about here 419 
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 420 
Muscle fiber cross-sectional area and specific tension 421 
The results on single muscle fibers (n=80) are displayed in the Figure 4. The CSA 422 
was significantly incremented at post-NMES vs pre-NMES (5,810±267 μm2 vs 423 
4,983±288 μm2, p ≤0.05). The average force (Fo) significantly increased of about 424 
20%, from 1.06±0.06 mN to 1.25±0.05 in post-NMES (p ≤0.05).  425 
The value of specific tension (Po), the isometric strength per unit of fiber area 426 
(Fo/CSA), was 126.0±6.7 mN mm-2 and 137.8±7.7 mN mm-2 in pre- and post-NMES, 427 
respectively. Although Po tended to increase, this increment was not statistically 428 
significant. 429 
 430 
Figure 4 to be inserted about here 431 
 432 
Cytoplasmic free Ca2+ concentrations of undifferentiated MPCs 433 
The basal [Ca2+]cyt were significantly increased in the undifferentiated MPCs from 434 
pre-NMES to post-NMES (p ≤0.05; Figure 5a). The analysis of the time courses of 435 
the Ca2+ released from the intracellular stores by thapsigargin (Figure 5b) 436 
demonstrated that in these undifferentiated MPCs, from pre-NMES to post-NMES, 437 
there was less Ca2+ released. The analysis of the area under the curve for these 438 
thapsigargin-dependent [Ca2+]cyt changes from pre-NMES to post-NMES showed a 439 
significant reduction (p ≤0.001; Figure 5c).  440 
 441 
Figure 5 to be inserted about here 442 
 443 
Myogenic regulatory factor gene expression profiles 444 
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For the undifferentiated MPCs, from pre-NMES to post-NMES, the myogenic 445 
transcription factors PAX3, PAX7, MYF5 did not change their expression levels, while 446 
MYOD and MYOG were significantly up-regulated (p ≤0.05 and p ≤0.0001, 447 
respectively; Figure 6). 448 
 449 
Figure 6 to be inserted about here 450 
 451 
Superoxide anion production and basal levels of oxidant species 452 
The undifferentiated MPCs from pre-NMES to post-NMES showed significant O2•– 453 
decrease (by about 40%) (Figure 7a).  454 

The DCF fluorescence did not vary significantly from pre-NMES to post-NMES 455 
(data not shown). 456 
 457 
Antioxidant enzyme activity 458 
The activity of the cytosolic fractions from pre-NMES to post-NMES for the 459 
antioxidant enzyme superoxide dismutase showed a decrease trend (31.8 ±1.4 vs. 460 
29.7 ±1 U superoxide dismutase ng-1; Figure 7b). Instead, the glutathione peroxidase 461 
enzymatic activity remained the same from pre-NMES to post-NMES (0.25 ±0.06 vs. 462 
0.27 ±0.05, data not shown). 463 
 464 
Figure 7 to be inserted about here 465 
 466 
SOD1 and SOD2 protein expression. 467 
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A representative SOD1 and SOD2 bands obtained by MPCs at pre- and post-NMES 468 
was shown in Figure 8a. The amount of both SOD cytosolic type 1 and mitochondrial 469 
type 2 were reported in Figure 8b and c, by Western blotting analysis. 470 
 471 
Figure 8 to be inserted about here 472 
 473 
Epigenetic miRNA profile 474 
The analysis of the miRNA expression from pre-NMES to post-NMES showed 475 
significant up-regulation of miR-1, miR-133a, miR-133b and miR-206 (p ≤0.0001; 476 
Figure 9).  477 
 478 
Figure 9 to be inserted about here 479 
 480 
DISCUSSION 481 
The lowered regenerative potential of satellite cells that occurs during human ageing 482 
is known to be linked to the accumulation of oxidant species like O2•–, together with 483 
inadequate scavenger activity. These effects provoke cellular damage and impair the 484 
ability of satellite cells to efficiently divide to the MPCs that can differentiate to sustain 485 
muscle mass and function (5, 10, 12, 15, 30, 45). The hypothesis for the present 486 
study was that NMES positively stimulates skeletal muscle regeneration of healthy 487 
elderly subjects through a reduction in the MPC oxidation levels. 488 

The data here for the MPC populations obtained after the NMES (i.e., post-489 
NMES) suggest that this procedure can promote increased proliferation rate along 490 
with increased fusion of these adult stem cells with the existing myofibers.  491 
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We investigated some of the potential molecular aspects as key elements of 492 
this regeneration process, in terms of [Ca2+]cyt homeostasis, muscle regulating 493 
transcription factors and miRNA expression, and oxidative species management. 494 

In these undifferentiated MPCs, these data showed a post-NMES reduction in 495 
the [Ca2+]cyt of the (thapsigargin-releasable) intracellular Ca2+ stores in favor of an 496 
increase in the basal [Ca2+]cyt. This is in line with the increased ability of these post-497 
NMES MPCs to fuse with existing myofibers (6, 27, 29). The release of the free Ca2+ 498 
from intracellular stores occurs during the early steps of myoblast differentiation (3), 499 
when a proliferative boost is required (33, 42). On this basis, our data confirm the 500 
increased proliferation rate in the post-NMES MPCs. The NMES-dependent [Ca2+]cyt 501 
increase might influence the fusion process via two key Ca2+-dependent enzymes, 502 
the transcription factor nuclear factor of activated T cells (NFAT) and the protein 503 
kinase CamKII, which stimulate myogenin (2). Indeed an increase in [Ca2+]cyt is 504 
required for activation of myogenic transcription factors, such as myogenin (1). 505 
Accordingly, myogenin gene expression was significantly up-regulated here. It is also 506 
worth mentioning that this gene was not linked to myotube formation, because the 507 
Fusion Index was similar here between the pre-NMES and post-NMES MPCs, 508 
although we believe that it is instrumental for MPC fusion with existing myofibers. 509 
Indeed, the post-NMES MPCs showed increased proliferation rate along with no 510 
MYF5, PAX3 and PAX7 variation but MYOD overexpression, with respect to pre-511 
NMES MPCs. It has been extensively demonstrated that this specific transcription 512 
factor regulation occur when MPCs were committed to fusion escaping the self-513 
renewal (8).  514 

Considering the importance of oxidative stress in human satellite cells, and its 515 
role in impairment of regenerative processes in the elderly, we investigated the redox 516 
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balance of these pre-NMES and post-NMES MPCs. Surprisingly, the post-NMES 517 
MPCs showed significant reduction (about 40%) in O2•– production even in the 518 
presence of increased number of MyHC-1 fibers, the slow ones, those that rely 519 
mostly on mitochondrial oxidative metabolism. 520 

Superoxide dismutase and glutathione peroxidase are the most important 521 
antioxidant enzymes for detoxification of O2•– and its derivative H2O2, respectively, 522 
but these did not show different activities between the pre-NMES to post-NMES 523 
MPCs. Moreover, the reduced trend of superoxide dismutase activity is in agreement 524 
with both the decreased O2•– production and the mitochondrial SOD2 protein 525 
reduction we found on post-NMES MPCs. Superoxide dismutase reduces O2•– to 526 
H2O2, which is then a substrate for glutathione peroxidase. In the present study, the 527 
glutathione peroxidase activity did not change. It might be that H2O2 that was also 528 
produced through oxygen reduction by other metabolic sources did not decrease with 529 
the O2•–, and as a consequence, the glutathione peroxidase activity of the post-530 
NMES MPCs remained similar to that of the pre-NMES MPCs. In accordance, the 531 
data on general cellular peroxidation performed using DCF fluorescence, revealed 532 
that the cellular peroxidation end products measured directly on cells did not vary 533 
between pre- and post-NMES. It may be that the period of 8 weeks of stimulation 534 
was not sufficient to reduce the MPC general oxidative state in elderly, as expected 535 
considering the O2•– reduction. Under another point of view, it is also interesting that 536 
the general oxidation did not increase even in the presence of increased percentage 537 
of oxidative MyHC-1 fiber, that confirms data on NMES-dependent atypical fiber 538 
adaptation already present in literature (20). Moreover, it could be that NMES 539 
protocol has to be performed with other strategies, such as active training, to reduce 540 
MPC general oxidation (4). Interestingly, the increased proportion of MyHC-1 fibers 541 
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at post-NMES along with reduced O2•– production and no interference with the 542 
oxidative status, let think that NMES could be an healthy treatment for elderly. 543 

The idea that miRNAs may regulate and be regulated by oxidative stress 544 
following active and/or passive exercise in skeletal muscle still awaits experimental 545 
validation. However, in other cellular model such as neuron, endothelial, 546 
cardiomyocytes it has been established a specific miRNA regulation by oxidant level 547 
(28, 35, 59). Yildirim and coworkers (60) demonstrated a relationship between  548 
increase of oxidative stress and down-regulation of miR-1, miR-133a and miR-133b 549 
in rat cardiomyocytes. 550 

Recently, we demonstrated human regulation of miRNAs by O2•– production 551 
linked to low-intensity exercise. Indeed, we observed that human MPCs that 552 
decreased O2•– production showed up-regulation of miR-1, miR-133b and miR-206, 553 
while those that increased O2•– showed down-regulation of these myo-miRNAs (34, 554 
48).  555 

Accordingly, the decreased O2•– production up-regulated these myo-miRNAs, 556 
along with miR-133a, which promoted (or supported) the myogenesis process, and 557 
confirmed the positive role of the NMES protocol.  558 

Nakasa and colleagues (38) demonstrated that local injection of miR-1, miR-559 
133 and miR-206 mixture in rat skeletal muscle increased muscle regeneration via 560 
increased myogenic regulator factors as myogenin. Furthermore, up-regulation of 561 
miR-1, miR-133a/b and miR-206 might be linked to reduction of muscle inflammation 562 
(19), which would also be consistent with a reduction in the O2•– levels as a positive 563 
effect of the NMES protocol. Moreover, it has been demonstrated that miR-133 and 564 
miR-1 expression is linked to the regulation of apoptotic pathways (10). Although we 565 
did not obtain information about this specific pathway here, we believe that the up-566 
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regulation of both miR-1 and miR-133a/b could be in line with apoptosis repression, 567 
in favor of cell proliferation (9, 24, 48). 568 
One of the most important effects of stimulation of the skeletal muscle regeneration 569 
process, which in the present case relates to MPC fusion with myofibers, is the 570 
increased cross sectional area and isometric strength of myofibers, and as a direct 571 
consequence, the increase in muscle strength. The isometric maximal voluntary 572 
strength of lower limbs measured on post-NMES significantly increased with respect 573 
to pre-NMES, accordingly with the present literature (11, 23). Interestingly, we found 574 
other NMES positive effects on elderly mobility, as revealed by FTSST and TUG 575 
functional tests. These effects reveal an important physiological outcome of this 576 
NMES-dependent activation of skeletal muscle regeneration and suggest that NMES 577 
may thus be further considered for counteract sarcopenia. Indeed, even if one 578 
limitation of this method could be the discomfort that is associated with the intensity 579 
of the electrically-induced muscle contractions (31, 23), in our experience, the NMES 580 
has been well tolerated by elderly. Moreover, NMES could be considered as an 581 
important adjuvant in clinical approach for those individuals who are unable to 582 
exercise because of orthopedic problems or other complications also considering the 583 
positive effect reported in literature on energy expenditure and  human metabolism 584 
enhancement (22, 49). 585 
 586 

 587 
CONCLUSIONS 588 
Neuromuscular electrical stimulation is an interesting protocol for the stimulation of 589 
human skeletal muscle, even if this is achieved passively and in a localized manner. 590 
Although NMES is extensively used in sport and human muscle rehabilitation, there 591 
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is little evidence of the physiological effects and few data on regeneration of human 592 
sarcopenic muscle. We have demonstrated in the present study that NMES 593 
stimulates specific physiological signals for MPC regeneration, which can result in 594 
increased fusion of satellite cells with existing mature myofibers of the elderly through 595 
increases in [Ca2+]cyt. This process appears to be driven by overexpression of 596 
myogenin that is sustained by up-regulation of myo-miRNAs, which can occur due to 597 
reduced O2•– production in the MPCs stimulated by this NMES protocol. In 598 
conclusion, this NMES can help muscle regeneration and increase the maximal 599 
isometric strength of the lower limbs in healthy elderly subjects along with their 600 
mobility. 601 
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Table 1: Anthropometric characteristics, isometric maximal voluntary contraction 830 
(MVC) of lower limb and functional performance measured on healthy elderly 831 
subjects before (Pre-) and after (Post-) the neuromuscular electrical stimulation 832 
(NMES) protocol. 833 

 NMES  CONTROL 

Characteristic Pre Post Pre Post 

Weight (kg) 74.2±6.9 74.5±7.0 76.8±4.2 77.5±4.0 

Height (m) 1.65±0.06 1.65±0.06 1.66±0.03 1.66±0.03 

BMI (kg/m2) 27.3±2.7 27.4±2.8 27.9±2.2 28.2±2.1 

Body fat (%) 26.7±5.1 25.6±5.2 24.8±3.5 24.7±3.6 

MVC (N) 546±126 605±118* 499±137 488±125 

FSST (s) 7.96±0.71 6.50±0.30** 7.55±0.98 7.43±1.14 

TUG (s) 6.02±1.15 4.71±0.51*** 5.33±0.52 5.45±0.49 

* Significant difference for interaction time*group for NMES (n=14) vs Control (n=8) 834 
group (F(12642.574)= 5.014; P= 0.037; np2= 0.200; 1-β= 0.568) 835 
** Significant difference between Pre and Post for NMES group (n= 5; F(4.056, 836 
1.962)= 24.811; P= 0.001; np2= 0.674; 1-β= 0.995) and interaction time*group for 837 
NMES (n=5) vs Control (n=9) group (F(2.866, 1.962)= 17.529; P= 0.001; np2= 0.594; 838 
1-β= 0.969) 839 
*** Significant difference between Pre and Post for NMES group (n= 4; F(1.972, 840 
1.289)= 16.823; P= 0.002; np2= 0.605; 1-β= 0.961) and interaction time*group for 841 
NMES (n=4) vs Control (n=9) group (F(2.818, 1.289)= 24.044; P= 0.001; np2= 0.686; 842 
1-β= 0.993). 843 
BMI, body mass index; BF, body fat; MVC, muscle voluntary contraction; N, Newton; 844 
FSST, Five Times Sit-to-Stand Test; TUG, Timed Up and Go test. 845 
 846 
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Table 2. Myogenicity and differentiation features of the MPCs isolated from the 847 
Vastus Lateralis of the healthy elderly subjects before (Pre-) and after (Post-) the 848 
NMES sessions. 849 
 850 

Condition Myogenicity Differentiation 
 (%desmin+) Fusion Index 

(%) 
%Desmin+ 
unfused 

Pre-NMES 64.9 ±4.5  46.7 ±6.9  57.0 ±9.6 

Post-NMES 71.1 ±5.4 50.7 ±6.2  50.7 ±8.6  

 851 
 852 
 853 
Figure legends 854 
 855 
Figure 1. Population doubling level of MPCs. 856 
Population doubling levels of MPCs (undifferentiated cells) obtained from the skeletal 857 
muscle of six representative of the healthy elderly subjects, with respect to the days 858 
of in-vitro cultivation of these cells, as pre-NMES (a) and post-NMES (b).  859 
 860 
Figure 2. Myonuclei fused with single mature myofibers.  861 
The graph shows the numbers of myonuclei for the single dissected myofibers from 862 
the muscle needle biopsy of elderly subjects were counted (per 106 μm3 myofiber 863 
volume). The myofibers analyzed were 27 and 33 for pre- and post-NMES samples, 864 
respectively. The images show an example of human fibers stained for determination 865 
of myonuclear density: the nuclei are revealed with DAPI; an antibody against alpha-866 
actinin allows to determine the volume. Top, image of pre-NMES myofiber; bottom, 867 
image of post-NMES myofiber. Scale bar, 20 μm. 868 
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 869 
Figure 3. MyHC isoform distribution in biopsy samples collected before and 870 
after NMES. The MyHC isoform distribution was determined by electrophoretic 871 
separation and densitometric analysis of proteins of biopsy samples from the Vastus 872 
Lateralis muscle. The dark columns represent the percentages of the MyHC isoform 873 
distribution on post-NMES, and the white columns represent pre-NMES percentages. 874 
*p≤0.05. 875 
 876 
Figure 4. Phenotype and isometric tension of single fiber 877 
Single-fiber analysis, cross sectional area (A), force (B) and specific isometric tension 878 
(C). The white and dark columns represent pre-NMES and post-NMES samples, 879 
respectively. Panel A shows the cross-sectional area (CSA) of single muscle fibers 880 
obtained by the Vastus Lateralis. Panel B shows the force developed by single fiber. 881 
Panel C reported measurements of specific isometric tension (force/CSA) developed 882 
in maximal calcium activated contraction by the same fibers.  *p ≤0.05 883 
 884 
Figure 5. Free intracellular Ca2+ concentrations of MPCs. 885 
(a) Free cytoplasmic Ca2+ concentrations of the undifferentiated MPCs as pre-NMES 886 
to post-NMES, as the basal [Ca2+]cyt (*, p <0.05) and (b) the time-course of the 887 
thapsigargin-dependent Ca2+ release. (c) Area under the curve measures for the 888 
[Ca2+]cyt of the undifferentiated MPCs, as pre-NMES to post-NMES, for estimation of 889 
the thapsigargin-sensitive Ca2+ stores released over the first 2 min of thapsigargin 890 
stimulation (***, p < 0.0001).  891 
 892 
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Figure 6. Gene expression of early transcriptional and myogenic regulatory 893 
factors.  894 
Pre-NMES to post-NMES mRNA expression levels (as ΔCt) for Pax3, Pax7, Myf5, 895 
MyoD, and myogenin gene expression. Data are means ± SE from three 896 
independent experiments, each performed in triplicate. (*, p <0.05 and ***, p 897 
<0.0001) 898 
 899 
Figure 7. Superoxide anion production and superoxide enzymatic dismutation. 900 
Quantitative analyses from pre-NMES to post-NMES in MPCs for O2

•– (a) and the 901 
activity of the enzyme superoxide dismutase, SOD (b). The SOD units (USOD) were 902 
calculated considering that 1 SOD unit is defined as the quantity that inhibits the rate 903 
of cytochrome c reduction by 50% per ng of protein (b). ***, p <0.0001 904 
 905 
Figure 8. SOD1 and SOD2 protein expression. 906 
Western blotting analysis of superoxide enzymes cytosolic type 1, and mitochondrial 907 
type 2. The panel a shows representative bands of SOD1 and SOD2 enzymes 908 
obtained by MPCs from Vastus Lateralis muscles biopsies before (pre-) and after 909 
(post-) NMES. Panel b and c show the SOD2 and SOD1 protein quantification. 910 
*, p <0.05, n=4 911 
 912 
Figure 9. miRNA expression.  913 
Pre-NMES to post-NMES relative expression (as ΔCt) of miR-133a, miR-133b, 914 
miRNA-1, and miR-206 (as indicated) in MPCs. Data are means ± SE from three 915 
independent experiments, each performed in triplicate. ***, p <0.0001 916 
 917 
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