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Gondin J, Brocca L, Bellinzona E, D’Antona G, Maffiuletti NA,
Miotti D, Pellegrino MA, Bottinelli R. Neuromuscular electrical
stimulation training induces atypical adaptations of the human skeletal
muscle phenotype: a functional and proteomic analysis. J Appl
Physiol 110: 433-450, 2011. First published December 2, 2010;
doi:10.1152/japplphysiol.00914.2010.—The aim of the present study
was to define the chronic effects of neuromuscular electrical stimu-
lation (NMES) on the neuromuscular properties of human skeletal
muscle. Eight young healthy male subjects were subjected to 25
sessions of isometric NMES of the quadriceps muscle over an 8-wk
period. Needle biopsies were taken from the vastus lateralis muscle
before and after training. The training status, myosin heavy chain
(MHC) isoform distribution, and global protein pattern, as assessed by
proteomic analysis, widely varied among subjects at baseline and
prompted the identification of two subgroups: an “active” (ACT)
group, which performed regular exercise and had a slower MHC
profile, and a sedentary (SED) group, which did not perform any
exercise and had a faster MHC profile. Maximum voluntary force and
neural activation significantly increased after NMES in both groups
(+~30% and +~10%, respectively). Both type 1 and 2 fibers
showed significant muscle hypertrophy. After NMES, both groups
showed a significant shift from MHC-2X toward MHC-2A and
MHC-1, i.e., a fast-to-slow transition. Proteomic maps showing ~500
spots were obtained before and after training in both groups. Differ-
entially expressed proteins were identified and grouped into functional
categories. The most relevant changes regarded /) myofibrillar pro-
teins, whose changes were consistent with a fast-to-slow phenotype
shift and with a strengthening of the cytoskeleton; 2) energy produc-
tion systems, whose changes indicated a glycolytic-to-oxidative shift
in the metabolic profile; and 3) antioxidant defense systems, whose
changes indicated an enhancement of intracellular defenses against
reactive oxygen species. The adaptations in the protein pattern of the
ACT and SED groups were different but were, in both groups, typical
of both resistance (i.e., strength gains and hypertrophy) and endurance
(i.e., a fast-to-slow shift in MHC and metabolic profile) training.
These training-induced adaptations can be ascribed to the peculiar
motor unit recruitment pattern associated with NMES.

exercise training; hypertrophy; motor unit recruitment; two-dimen-
sional electrophoresis; energy metabolism; antioxidant defense

OVER THE LAST 30 YR, numerous studies have characterized in
vivo the effects of multiple sessions of neuromuscular electri-
cal stimulation (NMES) on skeletal muscle function. In both
healthy and impaired muscles, it has been commonly reported
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that NMES is an efficient modality for increasing muscle mass
(36, 82), maximal voluntary strength (36, 82), and/or exercise
capacity (16, 72). On that basis, NMES has been widely used
as a complement to voluntary exercise in athletes (64) and in
patients who cannot undertake conventional forms of voluntary
exercise due various pathologies such as heart failure (82),
chronic obstructive pulmonary disease (72), or cancer (22).
Although growing evidence is emerging illustrating the
beneficial effects of NMES training programs in humans, the
corresponding cellular and molecular mechanisms responsible
for the improved muscle function remain very poorly docu-
mented, whereas a plethora of studies have described those
occurring after voluntary resistance training (for reviews, see
Refs. 20 and 94). Indeed, muscle biopsy samples have been
scarcely analyzed in response to multiple bouts of NMES, and
most of the previous human studies (33, 74, 92, 93) have been
focused on the chronic effects of low-frequency NMES. In the
corresponding experiments, both the stimulation frequency
(from 8 to 15 Hz) and amounts of daily stimulation (from 3 to
8 h) were far from those commonly used in sport training and
rehabilitation programs (i.e., ~50-75 Hz for ~15-30 min,
respectively) (60). To our knowledge, only two studies have
performed in vitro analyses after conventional NMES resis-
tance training. Perez et al. (77) demonstrated a shift toward a
slower phenotype after a 6-wk NMES program (3 days/wk
with a 45- to 60-Hz intermittent pattern). Surprisingly, these
authors failed to observe muscle hypertrophy and an improve-
ment in functional capacity of the knee extensor muscles.
Although a single case study (65) has combined both in vivo
and in vitro experiments and reported important clues to
changes in maximal voluntary strength, neural activation, my-
osin heavy chain (MHC) composition, and single fiber mor-
phology, such investigations need to be extended to a larger
sample size. This is of the utmost interest as adaptations to
NMES could differ from those observed after voluntary train-
ing. Indeed, NMES is characterized by a nonselective, spatially
fixed (i.e., continuous), and temporally synchronous motor unit
recruitment pattern (37), while it is well acknowledged that
motor units are recruited according to the size principle during
voluntary contractions (42). As a consequence, NMES may
recruit both slow and fast fibers even at relatively low force
levels (i.e., random spatial recruitment) (53). In addition,
NMES would lead to a continuous activation of the same
muscle fibers, thereby resulting in an exaggerated metabolic
demand and muscle fatigue (for a review, see Ref. 63). Con-
sidering this peculiar motor unit recruitment, NMES could
induce adaptations of the muscle phenotype different from and
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complementary to those obtained with voluntary training,
which might be particularly suited to treat specific conditions
of disuse/immobilization. NMES could also offer significant
advantages over voluntary training as it could be applied to
subjects with limited or no compliance to volitional exercise,
such as elderly and very sedentary subjects, patients affected
by cardiac and respiratory chronic diseases, and patients in
intensive care units, who can undergo critical illness myopathy
characterized by extensive muscle atrophy.

The present study aimed to provide a comprehensive picture
of skeletal muscle phenotype adaptations after a typical NMES
training program known to induce voluntary strength gains
(36). Maximal voluntary strength and neural activation (as-
sessed by the twitch interpolation technique) were used to
characterize in vivo the chronic effects of NMES on the
neuromuscular properties of the knee extensor muscles. Needle
biopsy samples were taken from the vastus lateralis muscle
before and immediately after the training period and used for
an analysis of MHC isoform distribution and for proteome
analysis. Since almost 20 yr, MHC isoform distribution has
emerged as the major single marker of muscle phenotype
adaptations (13, 25, 41) based on the key functional role of
myosin isoforms and on the understanding that a gene expres-
sion program coordinates the expression of MHC isoforms and
many other myofibrillar and nonmyofibrillar proteins (13, 86).
Much more recently, it has been suggested that skeletal muscle
adaptations would not depend on a single “master switch”
shifting MHC isoforms and the muscle phenotype from slow to
fast or vice versa (88). On the contrary, a number of broad
genetic programs can control the expression of proteins be-
longing to different functional categories, generating adapta-
tions in the protein pattern, which are much more complex than
a shift in MHC distribution and in the related proteins. To
address the complexity of the phenomenon, proteomic analysis
appeared to be the approach of choice. Proteomic analysis, in
fact, has been shown to provide a global analysis of the adapta-
tions in the protein pattern of a muscle identifying the differen-
tially expressed proteins, which can be considered the target of an
adaptive phenomenon, among a very large number of proteins
(500-800) (17, 18, 34).

Combining functional analyses in vivo with proteomic anal-
ysis in vitro, this study suggests that NMES, likely due to
specific motor unit recruitment, causes atypical adaptations of
the muscle phenotype that appear particularly suited to coun-
teract disuse atrophy. This study is the first of a series of
NMES training investigations in which it is essential to under-
stand the chronic response of healthy muscles before studying
what happens to immobilized/disused muscles.

METHODS
Experimental Design

This study was performed on 10 healthy young men (age: 26 * 3
yr, height: 177 £ 8 cm, and weight: 75 *= 13 kg) with no previous
record of muscular disease or traumatic lesions who volunteered to
participate in the investigation. None of them had engaged in system-
atic strength training or NMES in the 12 mo before the beginning of
the experiments. However, five subjects were involved in various
sports (basketball, kickboxing, track and field, and mountain climb-
ing) and were mainly recruited from the Faculty of Sport Sciences of
the University of Pavia. The average weekly volume of physical
exercise was ~4-6 h/wk. The five remaining subjects, who were

mainly recruited from the Medical School of the University of Pavia,
had no history of regular participation in physical activities (i.e., <2
h/wk). The study was approved by the ethical committee of the
University of Pavia and conformed with standards set by the Decla-
ration of Helsinki (last modified in 2000). The quadriceps femoris
muscles of both legs were trained for 8§ wk. Neuromuscular tests were
performed 4 days before the first training session and 4 days after the
last training session. Biopsy samples were obtained from the right
vastus lateralis muscle for 9 subjects and from the left vastus lateralis
muscle for 1 subject at least 2 wk before the beginning of the NMES
training program and immediately after the last NMES training
session. One subject dropped out due to personal problems, and
another subject was excluded from the data analysis due to a specific
MHC distribution (see below). Therefore, both in vivo and in vitro
results were obtained from eight subjects.

NMES Training

The training program consisted of 25 18-min sessions of isometric
(bilateral) NMES over an 8-wk period, with 3 sessions/wk. Each
training session was composed of 40 isometric contractions. During
the stimulation, subjects were seated on a leg extension machine
(Oemmebi, Moglia, Italy) typically used for strength training of the
quadriceps muscle with the knee joint fixed at a 75° angle (where 0°
corresponds to a full knee extension). Straps were firmly fastened
across the pelvis to minimize hip and thigh motion during the
contractions. Three 2-mm-thick, self-adhesive electrodes were placed
over each thigh. Two positive electrodes, measuring 25 cm? (5 X 5
cm), were placed as close as possible to the motor point of the vastus
lateralis and vastus medialis muscles. The negative electrode, mea-
suring 50 cm? (10 X 5 cm), was placed 5-7 cm below the inguinal
crease. For each individual, the set of the electrodes was changed at
the end of the fourth week of training. A portable battery-powered
stimulator (Compex Sport, Medicompex, Ecublens, Switzerland) was
used. Rectangular wave pulsed currents (75 Hz) lasting 400 s were
delivered with a rise time of 1.5 s, a steady tetanic stimulation time of
4 s, and a fall time of 0.75 s (total duration of the contraction: 6.25 s).
Each stimulation was followed by a pause lasting 20 s. Intensity was
monitored online and was gradually increased throughout the training
session to a level of maximally tolerated intensity. Each session was
preceded by a standardized warmup consisting of 5 min of submaxi-
mal electrical stimulation at a freely chosen intensity (5 Hz, pulses
lasting 200 ps). Subjects then performed two maximal isometric
voluntary contractions (MVCs) of the knee extensor muscles sepa-
rated by 2 min of rest. The individual level of isometric force
developed during each NMES session was measured using a strain
gauge (load cell model DG-ST, Dinamica Generale, Poggio Rusco,
Italy). The peak force of each evoked contraction was measured and
then divided by the highest MVC obtained before the NMES training
session. Such a NMES training protocol has been successfully used in
our laboratory to increase knee extensor muscle strength (36).

As described in detail below, subjects were separated in two
groups: an active (ACT) group and a sedentary (SED) group. The
average force evoked during the NMES session was not different
(P > 0.05) between the two groups (56 £ 8% vs. 59 £ 5% MVC for
the ACT and SED groups, respectively). In the same way, stimulation
intensity was similar (P > 0.05) between the groups despite large
inter- and intragroup variability (81 £ 27 vs. 61 * 20 mA for the ACT
and SED groups, respectively).

In Vivo Neuromuscular Tests

The testing session included MVCs of the knee extensor muscles
with neural activation assessment (see below). All measurements were
carried out on the biopsied leg. The present experimental protocol and
procedures are commonly adopted in our laboratory for the study of
neuromuscular properties of the knee extensor muscles (36). All
contractions were performed under isometric conditions using an
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isometric ergometer that included a chair connected to a strain gauge
(see above). Subjects were placed in a seated posture with the
trunk-thigh angle at 90° and the knee flexed at 75°, as in the NMES
training position. Each subject was securely strapped to the test chair
with two crossover shoulder harnesses and a belt across the hip joint.
A strap also secured the lower leg of the subject to the ergometer lever
arm.

Before each testing session, 10—15 submaximal voluntary contrac-
tions were completed before the determination of the optimal intensity
for electrically evoked twitch and doublet. The femoral nerve was
stimulated using a cathode ball electrode (0.5-cm diameter) manually
pressed and maintained in the femoral triangle 3-5 cm below the
inguinal ligament. The anode was a large electrode (10 X 5 cm)
located in the gluteal fold. Rectangular pulses (1-ms duration, 400-V
maximal voltage) were delivered by a commercially available stimu-
lation unit (Digitimer DS7, Hertfordshire, UK). Stimulation intensity
was progressively increased by 10-mA increments until there was no
further increase in peak twitch force (i.e., the highest value of the
quadriceps twitch force). This intensity was further increased by 10%
(i.e., supramaximal) and then maintained for paired stimulations
(10-ms interpulse interval).

MVC force of the knee extensor muscles (2-3 trials) muscle was
measured, during which subjects were instructed to produce their
maximal force (“hard”). The total duration of these efforts was ~5 s.
Paired stimuli were delivered over the isometric plateau (superim-
posed doublet) and 8 s after the contractions (potentiated doublet) to
assess neural activation according to the twitch interpolation tech-
nique (4). A 2-min rest period was allowed between MVCs to
minimize the effects of fatigue.

Force traces were digitized online (sampling frequency: 5 kHz) and
stored for analysis with commercially available software (Acknowl-
edge, Biopac Systems, Santa Barbara, CA). MVC force was analyzed
over a 500-ms period once the isometric force had reached a plateau
and before the superimposed stimuli. Neural activation was estimated
according to the following formula: (1 — superimposed doublet/
potentiated doublet) X 100 (4). Only the trial with the highest MVC
force was considered for analysis.

In Vitro Analyses

Muscle samples (~50-100 mg) were taken from the vastus late-
ralis muscle by needle biopsy under local anaesthesia using the
Bergstrom approach, which is routinely used in our laboratory (12, 24,
25). Biopsies were divided in two portions of different size: the larger
one was immediately frozen in liquid nitrogen and thereafter used for
MHC and proteomic analysis and the smaller one was mounted in an
embedding medium (Tissue-Tek) and frozen in liquid nitrogen.

MHC isoform analysis. Separation and identification of MHC
isoforms were performed according to our previous reports (24, 25).
MHC distribution was initially obtained in nine subjects. MHC
distribution widely varied among subjects and prompted the identifi-
cation of two subgroups. K-means cluster analysis has recently
emerged as a relevant tool for classifying human subjects based on the
magnitude of myofiber hypertrophy in response to voluntary resis-
tance training protocols (9, 58, 78, 79). This kind of analysis is of
interest for investigating the highly variable nature of training-medi-
ated adaptations between human subjects. Using K-means statistical
analysis, we classified subjects into two groups (or clusters) based on
their MHC distribution: subjects having a MHC-2X content of <9%
and MHC-1 of >23% and subjects having a MHC-2X content of
>34% and MHC-1 of <12%. It is noteworthy that one subject had an
atypical MHC isoform distribution (MHC-1: 21%, MHC-2A: 38%,
and MHC-2X: 41%) and was not included in the cluster analysis.
Therefore, each group analyzed for MHC, and the proteomic was
composed of four subjects. Interestingly, all subjects of the first group
(low MHC-2X content) were students from the Faculty of Sport
Sciences of the University of Pavia who were more active, whereas all

subjects of the second group (high MHC-2X content) were students
from the Faculty of Medicine of the University of Pavia who were less
active. Consequently, the subgroup with low MHC-2X content was
called the ACT group (age: 25 = 3 yr, height: 175 = 6 cm, and
weight: 75 = 14 kg), whereas the group with high MHC-2X content
was called the SED group (age: 26 = 4 yr, height: 175 = 8 cm, and
weight: 71 £ 12 kg).

Cross-sectional area analysis. The cross-sectional area (CSA) of
individual muscle fibers was determined in four subjects. Although a
portion of each biopsy was embedded and frozen in liquid nitrogen for
such analysis, the size of the bundle enabled a precise determination
of the CSA of muscle fibers in only four subjects. Most of the biopsy
was, in fact, used for MHC and proteomic analysis, which were the
major goals of the study. Serial transverse sections (10 wm thick) of
the muscle samples mounted in OCT embedding medium were cut in
a cryostat at —20°C. The cross-cryosections were incubated for 40
min with primary antibody against MHC isoforms (BA-F8 against
MHC-1 and SC-71 against MHC-2A) as previously described in detail
(14); after several washes in PBS (136 mM NaCl, 2 mM KCI, 6 mM
Na,KPO,, and 1 mM KH,PO,), the cross-cryosections were incu-
bated with secondary antibody (rabbit anti-mouse IgG) conjugated
with peroxidase (DAKO P-0260) to reveal the binding of the primary
antibodies. The antibodies enabled us to identify type 1 and type 2A
muscle fibers. As no antibodies are available against MHC-2X,
analysis could not be performed on such fibers. Images of the stained
sections were captured using a light microscope (Leica DMLS) and
transferred to a personal computer using a video camera (Leica DFC
280). CSAs of identified fibers were measured with Scion Image
analysis software (National Institutes of Health, Bethesda, MD) and
expressed in micrometers squared. Approximately 200 fibers/muscle
were measured.

Proteome Analysis (Two-Dimensional Electrophoresis)

Sample preparation. The methods of proteome analysis were
mostly the same as those previously used (17). Muscle samples
previously stored at —80°C were pulverized in a steel mortar with
liquid nitrogen to obtain a powder that was immediately resuspended
in lysis buffer (8 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, and
40 mM Tris base; 10 wl buffer/mg tissue). Samples were vortexed,
frozen with liquid nitrogen, thawed at room temperature four times,
incubated with DNase and RNase for 45 min at 4°C to separate
proteins from nucleic acids, and then spun at 35,000 g for 30 min. The
protein concentration in the dissolved samples was determined with
a protein assay kit [two-dimensional (2-D) quant kit, GE Healthcare].

To perform proteome analysis, a sample mix was created for each
experimental group (ACT and SED) both pre- and post-NMES train-
ing. Each sample mix was constituted by an equal protein quantity
from each subject. Isoelectrofocusing was carried out using an IPG-
phor system (Ettan IPGphor Isoelectric Focusing Sistem, Amersham
Biosciences). IPG gel strips [pH 3-11 nonlinear (NL), 13 cm] were
rehydrated for 14 h at 30 V and 20°C in 250 pl of reswelling buffer
[8 M urea, 2 M thiourea, 2% (wt/vol) CHAPS, 0.1% (vol/vol) tergitol
NP7 (Sigma), 65 mM DTT, and 0.5% (vol/vol) pharmalyte 3—11 NL
(Amersham Biosciences)] containing 100 g of protein sample. Strips
were focused at 20,000 V-h at a constant temperature of 20°C, and the
current was limited to 50 wA/IPG gel strip. After isoelectrofocusing,
the strips were stored at —80°C until use or equilibrated immediately
for 10—-12 min in 5 ml of equilibration buffer [SO mM Tris (pH 6.8),
6 M urea, 30% (vol/vol) glycerol, 2% (wt/vol) SDS, and 3% (wt/vol)
iodoacetamide]. The immobiline IPG gel strips were then applied to
15% T and 2.5% C polyacrilamide gels without a stacking gel. The
separation was performed at 80 V for 17 h at room temperature.

The 2-D gels were fixed for 2 h in fixing solution [40% (vol/vol)
ethanol and 10% (vol/vol) acetic acid], stained with fluorescent
staining (FlamingoTM Fluorescent Gel Stain, Bio-Rad) for 3 h, and
destained with 0.1% (wt/vol) Tween 20 solution for 10 min. Triplicate
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gels of each sample were acquired by a Typhoon system. Image
analysis was carried out using Platinum Software (GE Healthcare),
which provided the normalized volume for each spot (representing the
amount of protein). The volumes of each spot in the triplicate gels
were averaged. The average volumes (*=SD) were used for statistical
comparison among spots that were considered differentially expressed
if P < 0.05 by a r-test. The average volumes of each differentially
expressed spot were also used to determine the volume ratios reported
in the figures.

Protein identification. ELECTROPHORESIS FRACTIONATION AND IN
SITU DIGESTION. For protein identification, 2-D gels were loaded with
300 g proteins/strip; the electrophoretic conditions were the same as
those described above. After being stained with colloidal Comassie,
spots were excised from the gel and washed in 50 mM ammonium
bicarbonate (pH 8.0) in 50% acetonitrile to a complete destaining. The
gel pieces were resuspended in 50 mM ammonium bicarbonate (pH
8.0) containing 100 ng trypsin and incubated for 2 h at 4°C and
overnight at 37°C. The supernatant containing the resulting peptide
mixtures was removed, and the gel pieces were reextracted with
acetonitrile. The two fractions were then collected and freeze dried.

MATRIX-ASSISTED LASER DESORPTION/IONIZATION MASS SPEC-
TROSCOPY ANALYSIS. Matrix-assisted laser desorption/ionization
(MALDI) mass spectra were recorded on an Applied Biosystem
Voyager DE-PRO mass spectrometer equipped with a reflectron
analyzer and used in the delayed extraction mode. One microliter of
peptide sample was mixed with an equal volume of «a-cyano-4-
hydroxycynnamic acid as matrix [10 mg/ml in 0.2% trifluoroacetic
acid (TFA) in 70% acetonitrile], applied to the metallic sample plate,
and air dried. Mass calibration was performed using the standard
mixture provided by manufacturer. Mass signals were then used for
database searching using the MASCOT peptide fingerprinting search
program (Matrix Science, Boston, MA) available online.

LIQUID CHROMATOGRAPHY TANDEM MASS SPECTROSCOPY ANALYSIS.
When the identity of the proteins could not be established by peptide
mass fingerprinting, the peptide mixtures were further analyzed by
liquid chromatography tandem mass spectroscopy (LCMSMS) using
a LC/MSD Trap XCT Ultra (Agilent Technologies, Palo Alto, CA)
equipped with a 1100 HPLC system and a chip cube (Agilent
Technologies). After being loaded, the peptide mixture (7 wl in 0.5%
TFA) was first concentrated and washed /) at 1 wl/min onto a C18
reverse-phase precolumn (Waters) or 2) at 4 wl/min in a 40-nl
enrichment column (Agilent Technologies chip) with 0.1% formic
acid as the eluent. The sample was then fractionated on a C18
reverse-phase capillary column (75 mm X 20 cm in the Waters system
and 75 X 43 mm in the Agilent Technologies chip) at a flow rate of
200 nl/min with a linear gradient of eluent B (0.1% formic acid in
acetonitrile) in eluent A (0.1% formic acid) from 5% to 60% in 50
min. Elution was monitored on the mass spectrometers without any
splitting device. Peptide analysis was performed using data-dependent
acquisition of one MS scan (m/z range from 400 to 2,000 Da/electron)
followed by MS/MS scans of the three most abundant ions in each MS
scan. Dynamic exclusion was used to acquire a more complete survey
of the peptides by automatic recognition and temporary exclusion (2
min) of ions from which definitive MS data had previously been
acquired. Moreover, a permanent exclusion list of the most frequent
peptide contaminants (keratins and trypsin peptides) was included in
the acquisition method to focus the analyses on significant data.

Immunoblot Analysis

Protein variations observed with the proteomic approach were also
investigated with standard one-dimensional immunoblot analysis to
confirm the variation of protein expression.

About 30 pg of muscle samples prepared and used for 2-D
electrophoresis were loaded on 15% SDS-PAGE gels. Proteins were
transferred from the gels to nitrocellulose membranes (4.5 wm pore
size, GE Healthcare), and Western blot analysis was performed.

Nitrocellulose membranes were blocked in 5% milk in Tris-buffered
saline (TBS; 0.02 M Tris and 0.05 M NaCl, pH 7.4-7.6) for 1 h and
then incubated in primary antibody (diluted in 5% milk) at 4°C
overnight. The following antibodies were used: ATP synthase-f3
(rabbit anti-ATP synthase, dilution 1:2,000, Abcam), NADH-ubiqui-
none oxidoreductase 30-kDa subunit (mouse anti- NADH-ubiquinone
oxidoreductase, 1:5,000, Abcam), ubiquinol cytochrome ¢ reductase
(mouse anti-ubiquinol cytochrome ¢ reductase 1, 1:1,000, Abnova),
tubulin (rabbit anti-tubulin, 1:300, Abcam), SOD1 (rabbit anti-SOD]1,
1:900, Abcam), peroxiredoxin (PRDX)3 (mouse anti-PRDX3, 1:500,
Abcam), af-crystallin (rabbit anti-af3-crystallin, 1:1,000, Abcam),
acyl CoA (mouse anti-acyl CoA, 1:1,000, Abnova), pyruvate dehy-
drogenase (mouse anti-pyruvate dehydrogenase, 1:500, Abcam), iso-
citrate dehydrogenase (rabbit anti-isocitrate dehydrogenase, 1:500,
Abcam), lactate dehydrogenase (rabbit anti-lactate dehydrogenase,
1:1,000, Abcam), triosephosphate isomerase (mouse anti-triosephos-
phate isomerase, 1:1,000, Abcam), (3-enolase (mouse anti-f3-enolase,
1:1,000, Abnova), creatine kinase M (rabbit anti-creatine kinase M,
1:1,000, Abcam), and myoglobin (rabbit anti-myoglobin, 1:2,000,
Abcam).

After several rinses in 0.1% Tween 20 in TBS, membranes were
incubated in horseradish peroxidase-conjugated secondary antibody
(diluted in 5% milk), rabbit anti-mouse (1:800, DAKO) or goat
anti-rabbit (1:5,000, Millipore), for 1 h at room temperature. Protein
bands were visualized by an enhanced chemiluminescence method in
which luminol was excited by peroxidase in the presence of H>O»
(ECL Plus, GE Healthcare). The content of a single protein under
investigation was assessed by determining the brightness-area product
of the protein bands.
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Fig. 1. Maximal voluntary contraction (MVC) force obtained during unilateral
knee extension with the biopsied leg (A) and neural activation assessed by the
twitch interpolation technique (B) before (Pre) and after (Post) neuromuscular
electrical stimulation (NMES) training for both the active (ACT) and sedentary
(SED) groups. *Significantly different from pre-NMES (P < 0.05).
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Statistical Analysis

K-means statistical analysis was performed to identify two clusters
based on the MHC isoform distribution (Statistica 6.0, Statsoft, Tulsa,
OK). Statistical significance of the differences between means was
assessed by Student’s #-test. Paired #-tests were used for the compar-
ison between pre- and post-NMES data. Unpaired #-tests were used to
compare the changes between ACT and SED groups. A probability of
<5% was considered significant (P < 0.05). All data are expressed as
means *= SD within the text (few occurrences) and as means * SE in
the figures for the sake of clarity.

RESULTS
MVC Force and Neural Activation

MVC force increased significantly (P < 0.05) and similarly
for both groups (+29 % 20% and +27 % 20% for the ACT and
SED groups, respectively) after training (Fig. 1A). There was a
trend toward a significant higher MVC force (P = 0.13) at
baseline for the ACT group compared with the SED group.
Neural activation was significantly higher (P < 0.05) post-
NMES for both the ACT (+13 % 4%) and SED (+9 * 5%)
groups (Fig. 1B). Despite the different training background
between the two groups, neural activation was not different at
baseline, likely due to the small sample size.

slow fibers

post-NMES

7500 4

5000

CSA (ym?)
N
g

Slow fibers 2A fast fibers

CSA of Individual Muscle Fibers

CSA of type 1 and 2A individual muscle fibers was deter-
mined on cross-cryosections of muscle bundles stained by
monoclonal antibodies against MHC-1 and MHC-2A (Fig. 2A).
For technical reasons, the analysis could be performed on four
subjects only (see METHODS). Therefore, no comparison be-
tween the subjects belonging to the ACT (n = 2) and SED
(n = 2) groups was performed, as it would not have had
statistical significance, and all data were pooled. Both fiber
types went through hypertrophy after NMES training (Fig. 2B),
which was higher in fast type 2A fibers (+23%) compared with
slow type 1 fibers (+12%).

MHC Distribution

As indicated in METHODS, MHC isoform distribution widely
varied among subjects and prompted the identification of two
subgroups (or clusters): the ACT group and the SED group
(Fig. 3). For both groups, MHC isoform distribution shifted
toward a slower phenotype after NMES (Fig. 3). In the ACT
group, we observed a significant increase in MHC-1 content
(+20%) and a concomitant reduction (—9%) in MHC-2A
relative content. In the SED group, both the MHC-1 and
MHC-2A contents were higher (+96% and +42%, respec-

2A fast fibers

Fig. 2. Cross-sectional area (CSA) determined
on cross-cryosections immunostained by an anti-
myosin heavy chain (MHC)-1 and anti-MHC-2A
antibodies for a representative subject (A) and all
subjects (B) pre- and post-NMES training. Four
subjects were analyzed. *Significantly different
from pre-NMES (P < 0.05).
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Fig. 3. MHC isoform distribution pre- and post-NMES training for the ACT
and SED groups. *Significantly different from pre-NMES (P < 0.05).

tively) post-NMES, whereas a large decrease was observed
(=79%) in MHC-2X. Interestingly, the MHC profile of the
SED group after training was not significantly different from
that of the ACT group at baseline. Moreover, the MHC profile
of the two groups converged toward a common pattern post-
NMES, so that post NMES the two groups were much more
similar than at baseline.

Adaptations of the Protein Pattern

2-D maps were obtained, pooling equal amounts of mus-
cle samples from ACT and SED subjects. Although the goal
of the work was to study the adaptations in the protein
pattern after NMES, as two groups were identified by
K-means analysis based on the MHC isoform distribution,
the proteomic map of the ACT group pre-NMES was first
compared with that of the SED group pre-NMES to define
baseline differences in the protein pattern. Thereafter, the
major comparisons between the ACT group pre- and post-
NMES and between the SED group pre- and post-NMES
were performed.

After all comparisons, the differentially expressed proteins
were grouped on the basis of their functional role into the
following categories: myofibrillar proteins, energy production
systems (glycolytic metabolism, oxidative metabolism, and
creatine kinase), antioxidant defense systems, and heat shock
proteins (HSPs). The remaining proteins, with variable func-
tional roles, were pooled into a single group (other proteins).

The circles and numbers shown in Fig. 4 indicate all proteins
found to be differentially expressed in any of the comparisons
performed and that could be identified by MALDI-time of
flight (MALDI-TOF). The numbers enable the identification of
the protein and access to the full set of information regarding
the differentially expressed proteins shown in Tables 1-3.

Four hundred and sixty-three protein spots were common to
both ACT and SED groups pre-NMES, 52 protein spots were
differentially expressed (44 upregulated and 8 downregulated),
and 23 protein spots were identified by MALDI-TOF (Fig. 5).
The content in glycolytic enzymes and creatine kinase were
higher, whereas that of oxidative enzymes was lower in the
SED group than in the ACT group. Four myofibrillar protein
isoforms were differentially expressed: myosin light chain
(MLC)-2s was downregulated, whereas MLC-2f, troponin T
fast, and tropomyosin-a fast were upregulated. Carbonic an-
hydrase III was upregulated in the SED group compared with
the ACT group. Fatty acid-binding proteins, serum albumin,
myoglobin, and DNAasel were also upregulated in the SED
group compared with the ACT group. The full set of informa-
tion regarding the differentially expressed proteins is shown in
Table 1.

As regards the impact of NMES on the protein pattern of the
ACT and SED groups, in the ACT group, 500 protein spots
were separated on 2-D gels. Thirty-nine spots (~8%) were
differentially expressed after NMES, of which 22 were iden-
tified by MALDI-TOF (Fig. 6). In the SED group, 510 spots
were separated in proteomic maps. Forty-two spots (~8%)
were differentially expressed, of which 31 were identified by
MALDI-TOF (Fig. 7). The full set of information regarding the
differentially expressed proteins in both groups is shown in
Tables 2 and 3.

As frequently observed in 2-D gels, several of the differen-
tially expressed proteins were found at multiple spot locations
and therefore appear more than once in the figures and tables.
Spots of some MLCs varied in opposite directions and sug-
gested a separate analysis (Fig. 8), whereas all other differen-
tially expressed spots, except pyruvate kinase (Fig. 7), varied
in the same direction.

Myofibrillar proteins. Seven and four myofibrillar protein
spots were differentially expressed in the ACT and SED
groups, respectively. In the ACT group MLC-1s content was
higher and in the SED group MLC-2f and troponin T fast
content were lower post-NMES. In the SED group, two spots
corresponding to MLC-1f were significantly changed: one was
upregulated and the other was downregulated. Several other
spots corresponding to MLC isoforms were differentially ex-
pressed, but their changes did not reach statistical significance.
In an attempt to define a more comprehensive picture of MLC
isoforms adaptations, we pooled the volumes of all spots of a
given MLC isoform and compared their content pre-NMES
versus post-NMES in both the ACT and SED groups (Fig. 8).
The analysis indicated an overall fast-to-slow shift in MLC
isoforms after NMES.

Besides MLCs, in the ACT group, a-cardiac and a-skeletal
actin, tubulin (2-chain, two spots), desmin, and cofilin-2 were
significantly upregulated. Interestingly, besides MLCs and tro-
ponin T fast, no other myofibrillar proteins were differentially
expressed in the SED group.

Energy production systems. In the ACT group, all the
differentially expressed proteins involved in glycolytic (n = 1)
and oxidative metabolism (n = 4) were upregulated. Enoyl-
CoA hydratase was included in this functional group as it
catalyzes the second step in the B-oxidation pathway of fatty
acid metabolism.
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In the SED group, glycolytic enzymes (16 spots, 7 proteins)
and creatine kinase were mostly downregulated and oxidative
enzymes (n = 4) were mainly upregulated

Antioxidant defense systems and HSPs. In the ACT group, a
major group of differentially expressed proteins (n = 7) were
those involved in cellular defense systems against ROS or free
radicals. PRDX3, PRDX6, SOD, and glutathione-S-trans-
ferase-u2 were upregulated. Consistently, HSPs, including
HSP B6 and af-crystallin, which also protect cells against
oxidative stress, were upregulated.

An enhancement of antioxidant defense systems was ob-
served in the SED group as well, although to a lower extent.
Three protein spots corresponding to SOD and HSP B6 (two
spots) were upregulated post-NMES.

Other proteins. In the ACT group, three differentially ex-
pressed proteins, which were all upregulated, could not be
ascribed to a specific functional group: RNA-binding protein
regulatory subunit Dj-1, Kelch-related protein 1 (Krpl), and
DNAasel.

In the SED group, myoglobin was downregulated, whereas
serum albumin and Krpl were upregulated.

Immunoblot Analysis

To validate the results of the 2-D electrophoresis analysis,
comparative immunoblot analysis of some of the most relevant
changed proteins was carried out. Comparative analysis of
immunoreactive bands was performed for ATP synthase,
NADH-ubiquinone oxidoreductase, ubiquinol cytochrome c¢
reductase, [3-enolase, tubulin, SOD1, PRDX3, and a3-crystal-
lin in the ACT group (Fig. 9) and acyl CoA, pyruvate dehy-

drogenase, isocitrate dehydrogenase, ubiquinol cytochrome ¢
reductase, lactate dehydrogenase, triosephososphate isomerase,
B-enolase, creatine kinase, SOD1, and myoglobin in the SED
group (Fig. 10). The immunoblot analysis confirmed the
changes in the expression of all proteins except for 3-enolase.
The latter inconsistency is conceivable. In fact, being that
B-enolase separated in 2-D maps in very many spots, the
significantly different expression of a single spot cannot ensure
a correct determination. Indeed, a major reason to perform
immunoblot analysis is to ensure that when a protein is sepa-
rated in more than one spot the spot that is found to be
differentially expressed is representative of the protein as a
whole.

DISCUSSION

The goal of the this study was to provide a comprehensive
picture of skeletal muscle phenotype adaptations after a typical
NMES training program through a combination of both in vivo
and in vitro analyses. The proteomic approach has been applied
only in one instance to study interval-exercise training-induced
adaptations in humans (44) and never to NMES. The proteomic
approach enabled us to compare the expression of several
hundred proteins (~500) after multiple sessions of NMES.
NMES induces atypical adaptations of the muscle phenotype
that are characteristic of both resistance (i.e., strength gains)
and endurance (i.e., fast-to-slow conversion) training.

In Vivo Adaptations

Neuromuscular tests performed before and after the training
program confirmed that NMES is an efficient modality to
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Table 1. Differentially expressed proteins in the SED group pre-NMES versus the ACT group pre-NMES

Spot Number

Swiss-Prot

Theoretical Isoelectric Point

Theoretical Molecular Mass

in Map Protein Name Accession Number Using Expasy Tool Using Expasy Tool, Da Ratio
Mpyofibrillar proteins
1 Slow skeletal myosin regulatory light chain, 2s P10916 4.62 18,789 —1.7
2 Fast skeletal myosin regulatory light chain, 2f Q96A32 491 19,015 2.68
3 Troponin T, fast skeletal muscle P45378 5.71 31,825 2.48
4 Tropomyosin-al P09493 4.69 32,708 4.23
Glycolytic metabolism
5 Phosphofructokinase P08237 8.23 85,182 6.23
6 Triosephosphate isomerase 1 P60174 5.65 31,057 1.86
7 Triosephosphate isomerase 1 P60174 5.65 31,057 3.48
8 Triosephosphate isomerase 1 P60174 5.65 31,057 3.07
9 Glyceraldehyde-3-phosphate dehydrogenase P04406 8.26 36,202 2.46
10 B-Enolase P13929 7.59 47,244 4.05
11 Glycogen phosphorylase P11217 6.57 97,560 3.53
12 Glycogen phosphorylase P11217 6.57 97,560 5.51
Oxidative metabolism
13 Ubiquinol cytochrome ¢ reductase complex core P31930 5.94 53,270 —1.23
protein I, mitochondrial (precursor)
14 NADH-ubiquinone oxidoreductase 30-kDa 075489 5.76 30,242 —1.67
subunit, mitochondrial (precursor)
15 Acyl CoA dehydrogenase very-long-chain P49748 8.92 70,745 —1.94
isoform 1 precursor
Creatine kinase
16 Creatine kinase P07310 6.77 43,268 5.76
Antioxidant defense systems
17 Carbonic anhydrase III P07451 6.86 29,557 1.91
18 Carbonic anhydrase 111 P07451 6.86 29,557 2.62
Other proteins
19 Fatty acid-binding protein P05413 6.29 14,858 2.83
20 Serum albumin precursor P02768 591 71,176 2.56
21 Myoglobin P02144 7.29 17,099 1.66
22 Myoglobin P02144 7.29 17,099 3.35
23 DNAasel P24855 4.71 31,434 6.07

SED, sedentary; ACT, active; NMES, neuromuscular electrical stimulation.

increase voluntary strength. In agreement with our previous
study (36), an average increase of ~30% in MVC force of the
knee extensor muscles was observed after 8 wk of NMES
training. It is noteworthy that the strength gains can be as-
cribed, at least partially, to adaptations occurring within the
central nervous system. Indeed, neural activation was higher
after NMES, which is consistent with our previous reports (35,
36). The occurrence of neural adaptations is related to the fact
that NMES does not actually bypass the nervous system.
Indeed, NMES activates both intramuscular nerve branches
and cutaneous receptors, thus generating force directly by the
activation of motor axons (48) and indirectly by reflex recruit-
ment of spinal motoneurons (21). Moreover, activation of
various brain areas has been observed during a single bout of
NMES performed on the knee extensor muscles (87).

In Vitro Adaptations

NMES and MHC distribution. Although several studies have
reported lower MHC-2A and higher MHC-1 contents in young
active humans compared with our results (5, 45, 77, 81), the
MHC profile of the ACT group at baseline was consistent with
that previously reported by our laboratory (11, 24). The very
high MHC-2X content (i.e., ranging from 34% to 58%) ob-

served in all the four subjects of the SED group likely reflected
their physical training status since similar MHC distribution
has been reported in SED subjects (40, 74).

One of the key findings of our study was the shift toward a
slower phenotype after NMES regardless of the training status.
Whereas a MHC isoform shift in the direction of MHX-2X >
MHC-2A has been frequently observed after voluntary resis-
tance strength training (5, 46, 98), the very large shift toward
MHC-1, especially in the SED group, was rather unexpected.
Indeed, a bidirectional transformation (MHC-1 > MHC-2A <
MHC-2X) has been mostly reported after training (31, 61) and
also after a 6-wk NMES program (77). Nevertheless, these
latter authors (77) have failed to observe muscle hypertrophy
and an improvement in functional capacity of the knee extensor
muscles, contrary to the considerable increases in strength and
single-fiber CSA induced by our NMES protocol. To our
knowledge, an increase in MHC-1 content has only been
observed after low-frequency (i.e., 15 Hz), high-volume (i.e., 4
h/day, 7 days/wk) NMES (74) or, at a lower extent, after
intensive marathon training (95). It appears, therefore, that
both high- and low-frequency NMES can increase MHC-1
content. The atypical adaptations we observed could be likely
accounted for by the motor unit recruitment during NMES that
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Table 2. Differentially expressed proteins in the ACT group post-NMES versus pre-NMES

Spot Number

Swiss-Prot

Theoretical Isoelectric Point Theoretical Molecular Mass

in Map Protein Name Accession Number Using Expasy Tool Using Expasy Tool, Da Ratio
Mpyofibrillar proteins
24 a-Cardiac actin P68032 5.31 42,019 1.56
25 Tubulin-B2 chain P07437 4.83 49,671 1.92
26 Tubulin-B2 chain P07437 4.83 49,671 2.11
27 a-Skeletal actin P68133 5.33 42,051 2.63
28 Slow skeletal myosin light chain, 1s P14649 5.56 22,764 3.20
29 Desmin P17661 4.99 53,536 2.65
30 Cofilin 2 Q9Y281 7.66 18,839 4.90
Glycolytic metabolism
31 3-Enolase P13929 7.59 47,244 2.48
Oxidative metabolism
32 ATP synthase P06576 495 48,083 2.90
14 NADH-ubiquinone oxidoreductase 30-kDa 075489 5.76 30,242 3.47
subunit, mitochondrial (precursor)
13 Ubiquinol cytochrome ¢ reductase complex core P31930 5.94 53,270 233
protein I, mitochondrial (precursor)
33 Enoyl CoA hydratase, short chain, 1, P30084 5.95 31,387 3.37
mitochondrial
Antioxidant defense systems and heat shock proteins
34 Heat shock protein B6 014558 5.95 17,182 2.83
35 Heat shock protein B6 014558 5.95 17,182 3.22
36 af-Crystallin P02511 6.76 20,146 1.26
37 Peroxiredoxin 6 P30041 6.0 25,133 1.35
38 Peroxiredoxin 3 P30041 7.67 28,017 2.20
39 Cu/Zn SOD P00441 5.86 16,096 1.87
40 Glutathione-S-transferase-p.2 P28161 6.58 25,745 4.61
Other proteins
41 RNA-binding protein regulatory subunit Dj-1 014805 6.06 19,891 241
42 Kelch-related protein 1 060662 5.14 68,037 3.20
23 DNAasel P24855 4.71 31,434 2.60

does not strictly follow the well-described Henneman’s size
principle of voluntary contractions (42). Indeed, NMES allows
the recruitment of both slow and fast fibers even at relatively
low force levels (random spatial recruitment) (37, 53), know-
ing that recruitment according to size principle is also possible
with the use of wide-pulse (1 ms), high-frequency (50—100 Hz)
NMES (.e., reflex recruitment with central torque develop-
ment) (21). In addition, NMES induces continuous contractile
activity of the same fibers (superficial and spatially fixed
recruitment) that inevitably results in early and exaggerated
muscle fatigue (for a review, see Ref. 63). On that basis, one
could assume that the continuous activation of the same pop-
ulation of muscle fibers, especially of the most fatiguable, fast
ones, could explain why a shift toward a slower phenotype
occurred. However, further carefully controlled studies are
needed to provide additional insights into the role of motor unit
recruitment pattern in the magnitude of muscular adaptations.

NMES, muscle mass, and the myofibrillar protein pattern.
The gains in maximal voluntary strength were also related to
changes at the muscle level since we observed a significant
muscle hypertrophy of both type 1 (+12%) and type 2A
(+23%) muscle fibers. Using ultrasonography measurements,
we (36) have previously reported an increase of 6% in quad-
riceps muscle anatomic CSA, which is lower than the increase
of single-fiber CSA observed here. This is in agreement with
Aagaard et al. (1), who observed that single-muscle fiber CSA

increased more than anatomic muscle CSA after 14 wk of
heavy-resistance voluntary strength training. For technical rea-
sons, however, the CSA analysis was limited to four subjects.
Indeed, given the small amount of material obtained by needle
biopsy and the need to collect a sufficient amount of tissue to
perform MHC, and especially proteomic and immunoblot anal-
yses, a very small portion of the biopsy could be devoted to
histological analysis. However, the occurrence of muscle hy-
pertrophy after the same NMES training protocol used in this
study is supported not only by in vivo analysis (36) but also by
a previous single case study (65) and by an ongoing resistance
training study performed in our laboratory, in which a highly
significant increase in CSA of individually dissected muscle
fibers was observed in 14 healthy subjects (G. D’ Antona, M. A.
Pellegrino, and R. Bottinelli, unpublished observations).

The increase in CSA might not be the only cellular deter-
minant of strength gains after NMES. Specific force has been
shown to be higher in hypertrophic fibers of body builders (24)
than in control fibers, and variations in specific force have been
observed during a competitive season in male cross-country
runners after a change in training volume (39). Therefore, an
increase in the intrinsic capacity to develop force by muscles
fibers might also concur to the strength gain after NMES. A
detailed analysis of such phenomenon is required to define a
clear picture of the determinants of strength improvements
after NMES.
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Table 3. Differentially expressed proteins in the SED group post-NMES versus pre-NMES

Spot Number

Swiss-Prot

Theoretical Isoelectric Point Theoretical Molecular Mass

in Map Protein Name Accession Number Using Expasy Tool Using Expasy Tool, Da Ratio
Mpyofibrillar proteins
43 Troponin T, fast skeletal muscle P45378 5.71 31,825 —-3.05
44 Fast skeletal myosin regulatory light chain, 2f Q96A32 491 19,015 —=5.51
56 Fast skeletal myosin alkali light chain, 1f P05976 4.97 21,189 22
46 Fast skeletal myosin alkali light chain, 1f P05976 4.97 21,189 —1.28
Glycolytic metabolism
47 Phosphofructokinase P08237 8.23 85,182 —3.23
48 L-Lactate dehydrogenase A chain P00338 8.44 36,950 =3.11
49 Pyruvate kinase 3 isoform 2 P14618 7.60 58,538 —2.14
50 Pyruvate kinase 3 isoform 2 P14618 7.60 58,538 3.28
8 Triosephosphate isomerase 1 P60174 5.65 31,057 —2.1
9 Glyceraldehyde-3-phosphate dehydrogenase P04406 8.26 36,202 —1.98
10 B-Enolase P13929 7.59 47,244 —4.06
51 B-Enolase P13929 7.59 47,244 —2.46
52 B-Enolase P13929 7.59 47,244 1.93
53 B-Enolase P13929 7.59 47,244 2.83
54 B-Enolase P13929 7.59 47,244 4.25
11 Glycogen phosphorylase P11217 6.57 97,560 —3.27
55 Glycogen phosphorylase P11217 6.57 97,560 —3.74
56 Glycogen phosphorylase P11217 6.57 97,560 —3.32
12 Glycogen phosphorylase P11217 6.57 97,560 —3.06
57 Glycogen phosphorylase P11217 6.57 97,560 —3.41
Oxidative metabolism
58 Acyl CoA dehydrogenase very-long-chain P49748 8.92 70,745 —3.87
isoform 1 precursor
59 Pyruvate dehydrogenase-[3 P11177 5.38 93,233 2.96
60 Isocitrate dehydrogenase 2 (NADP™) P48735 8.88 51,333 4.38
mitochondrial precursor
61 Ubiquinol cytochrome ¢ reductase complex core P31930 5.94 53,270 5.95
protein I, mitochondrial (precursor)
Creatine kinase
16 Creatine kinase P07310 6.77 43,268 2.1

In the ACT group, the adaptations in the MLC profile were
fully consistent with the fast-to-slow shift in MHC isoform
content.

The upregulation of desmin, tubulin-f32, cofilin-2, and both
a-cardiac and o-skeletal actin complements the picture of
muscle hypertrophy. Desmin connects adjacent myofibrills at
the level of the Z disks and the Z disks with the subsarcolem-
mal cytoskeleton contributing to the longitudinal and espe-
cially lateral load-bearing capacity of muscle fibers. Desmin
content has been found to increase after resistance training in
healthy humans (100) and after chronic low-frequency stimu-
lation (CLFS) in animals (7), likely indicating an improvement
in the load-bearing capacity of the cytoskeleton, whereas
disuse has been shown to decrease desmin content (18). In
addition, a significant negative correlation between desmin
content and the percentage of MHC-2X has been recently
reported (100), thereby indicating that muscle containing a
smaller percentage of MHC-2X may have a greater desmin
protein content. This finding is consistent with the low
MHC-2X content (i.e., ~5%) observed at the end of the NMES
training. Tubulin-B2 is involved in the polymerization of
microtubules, which are implied in numerous cellular pro-
cesses including intracellular transport, positioning of or-
ganelles, cell motility, and mitosis. Considering that microtu-
bules participate in the mechanical integration of various or-
ganelles in skeletal muscle, the adaptation of tubulin-32 can be

part of an overall adaptation of the cytoskeleton to higher load
bearing. Of interest, microtubules are involved in the early
hypertrophic responses of the myocardium during pressure
overload (89), and patients treated with colchicine, a microtu-
bule polymerization inhibitor by binding to tubulin, develop
“colchicine myopathy,” which is characterized by muscle
weakness (30). An alternative explanation for the upregulation
of tubulin-B2 would be the shift toward a slower phenotype,
since microtubules are approximately twofold more abundant
in type 1 fibers than in type 2 fibers (15). Cofilin-2 is involved
in the regulation of the actin-filament dynamics (8, 19). Do-
noghue et al. (27) reported increased cofilin-2 content after
CLFS and suggested that it could be considered as a new
biomarker of fast-to-slow conversion. However, a slower phe-
notype was observed not only in the ACT group but also in the
SED group, whereas the cofilin-2 content remained unchanged.
Therefore, changes in the cofilin-2 content are unlikely to depend
on the same gene program controlling MHC distribution.

Both the a-skeletal and «-cardiac actin, which are the two
isoforms of actin expressed in human skeletal muscle fibers
(38), were found to be upregulated. Surprisingly, the a-skeletal
actin content was unchanged after multiple bouts of voluntary
resistance training (100, 101), suggesting that the pattern of
motor unit recruitment might be involved in the specific adap-
tation of the main thin filament. Indeed, besides our present
findings, higher actin content has been observed after CLFS of
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Fig. 5. Histogram of volume ratios of differentially ex-
pressed proteins in the SED pre-NMES versus the ACT
group pre-NMES. As shown on the right, proteins were
grouped on the basis of their functional role as follows:
myofibrillar proteins, energy production systems (glyco-
lytic metabolism, oxidative metabolism, and creatine ki-
nase), antioxidant defense systems and heat shock proteins
(HSPs), and other proteins. The numbers on the x-axis
indicate the ratio between the average volume of a given
protein expressed in the SED group and the average
volume of the same protein in the ACT group. Positive
numbers (on the right) indicate upregulation of a protein in
the SED group whereas negative numbers (on the left)
indicate downregulation. MLC, myosin light chain; CAH
11, carbonic anhydrase III.

the rabbit tibialis anterior muscle (27). It should be noted that
actin content has been shown to decrease in disuse (18, 85).
The upregulation of a-cardiac actin after NMES is intriguing.
a-Cardiac actin is the predominant actin isoform in fetal
skeletal muscle (75) but is later down-regulated in human
skeletal muscle to low levels by birth (49) and accounts for
<5% of the striated actin in adult skeletal muscle (96). Inter-
estingly, a-cardiac actin expression in skeletal muscle rescued
the lethality of mice lacking a-skeletal actin (73).

Active group Post-NMES vs Active group Pre-NMES
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B tubulin
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actin
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RNA-binding protein regulatory sub
kelch-related protein 1
DNAase 1
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Collectively, the changes in desmin, cofilin-2, tubulin-32
and actin suggest a strengthening of the cytoskeleton of muscle
fibers of the ACT group, which can be interpreted as an
adaptation to the higher force bearing after NMES. Consis-
tently, Krpl, which promotes the assembly of myofibrils
through interactions with nebulin-related anchoring protein and
actin (91), was also upregulated.

In the SED group, the adaptations in myofibrillar proteins
were not large and could mainly be accounted for by the

Myofibrillar proteins

Glycolytic metabolism

Fig. 6. Histogram of volume ratios of differentially ex-
pressed proteins in the ACT group after NMES training.
The numbers on the x-axis indicate the ratio between the
average volume of a given protein expressed after training
and the average volume of the same protein before training.
Positive numbers (on the right) indicate upregulation of a
protein after training, whereas negative numbers (on the
left) indicate downregulation.

Antioxidant defense
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Sedentary group Post-NMES vs Sedentary group Pre-NMES
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Fig. 7. Histogram of volume ratios of differentially
expressed proteins in the SED group after NMES
training. The same approach to represent differentially
expressed proteins was used as in Fig. 6.
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fast-to-slow shift in the MHC profile. In contrast to the ACT
group, no significant changes were observed in desmin, tubu-
lin-B2, cofilin-2, actin, or other proteins possibly involved in
cytoskeleton remodelling in the SED group. Such differential
adaptations between the ACT and SED groups are not easy to

Active group

60
1 Pre-NMES

Bl Post-NMES

iﬂﬂﬂﬁm

MLC-1s MLC-1f MLC-2s MLC-2f MLC-3f

Sedentary group
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El Post-NMES
40

.
20+
.
’_" ’;i
0-
MLC-1s MLC-1f MLC-2s MLC-2f MLC-3f

Fig. 8. MLC isoform distribution pre- and post-NMES training for the ACT
and SED groups. *Significantly different from pre-NMES (P < 0.05).

MLC %

-4 -2 0 2 4 6 8

explain. It cannot be due to a different content in such proteins
at baseline, as the ACT and SED groups showed differences
for only MLC, tropomyosin, and troponin isoforms, which
were fully consistent with the different MHC profile. A possi-
ble clue could come from the trend toward a lower MVC force
both pre- and post-NMES by the SED group compared with the
ACT group. The adaptations in the cytoskeleton might be
triggered or become evident only at higher force levels, i.e., in
the ACT group. However, in the absence of a precise determi-
nation of force per CSA of the quadriceps muscle, no conclu-
sions can be reached on this issue.

NMES and energy metabolism. In the ACT group, a general
upregulation of oxidative enzymes was observed after training,
which is consistent with the fast-to-slow MHC isoform shift
and with the increase in mitochondrial volume density that can
occur in all fiber types after training (47). B-Enolase, a glyco-
Iytic enzyme more abundant in glycolytic, fast fibers (56), has
also been shown to be involved in muscle degeneration and
regeneration (66). Its upregulation might suggest muscle re-
modelling after NMES. However, [B-enolase was the only
protein whose expression was not confirmed by Western blot
on one-dimensional gels, likely due to the fact that, being
separated in 2-D maps in multiple spots (32, 34), the differen-
tial expression of one spot cannot ensure its correct determi-
nation. The upregulation of desmin is consistent with and could
indeed contribute to a major improvement of cell metabolism.
In fact, desmin in not only a load-bearing protein but is also
involved in mitochondrial positioning and respiratory function
(68). Overall, adaptations of proteins involved in energy me-
tabolism occurring after NMES mimicked those usually ob-
served after endurance training. Interestingly, Perez et al. (77)
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Fig. 9. Confirmation of the proteomic data by Western blot analysis for the ACT group. Shown are immunoreactive bands of ATP synthase, NADH-ubiquinone
oxidoreductase, ubiquinol cytochrome ¢ reductase, B-enolase, tubulin, SOD1, PRDX3, and af-crystallin pre- and post-NMES. *Significantly different from

pre-NMES (P < 0.05).

reported a higher succinic dehydrogenase activity and an in-
crease in the number of capillaries after a 6-wk NMES training
program, whereas both citrate synthase and phosphofructoki-
nase activities were unchanged after 4 wk of NMES (57). As a
consequence, it appears that metabolic adaptations occurred
concomitantly with changes in muscle mass and architecture
(36), i.e., after long-term (i.e., >4 wk) NMES application.
Taken together, the adaptations in energy metabolism could be
related to the peculiar motor unit recruitment associated with
NMES (see above) that imposes an exaggerated metabolic
demand (97) and thus hastens the onset of muscle fatigue,
mainly because of the repeated contractile activity within the
same muscle fibers (63).

In the SED group, the upregulation of oxidative enzymes
and the downregulation of glycolytic enzymes and creatine
kinase are highly consistent with the fast-to-slow MHC iso-
form shift as slow fibers mostly have an oxidative metabolism
and type 2X fibers mostly have a glycolytic metabolism. In
addition, creatine kinase muscle fiber content is known to
increase in the order of slow oxidative > fast oxidative
glycolytic > fast glycolytic fibers (90). Serum albumin, which
is the most abundant protein in human blood plasma, likely
comes from blood and small vessels present in the biopsy
material. Its upregulation might just be a consequence of the
exercise-induced increase in blood vessels (28). Besides its
widely recognized short-term O; reservoir function, myoglobin
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Fig. 10. Confirmation of the proteomic data by Western blot analysis for the SED group. Shown are immunoreactive bands of acyl CoA, pyruvate
dehydhrogenase, isocitrate dehydrogenase, ubiquinol cytochrome c¢ reductase, lactate dehydrogenase (LDH), triosephosphate isomerase, [3-enolase, creatine
kinase, SOD1, and myoglobin pre- and post-NMES. *Significantly different from pre-NMES (P < 0.05).

plays a role in energy metabolism by directly stimulating
oxidative phosphorylation and by linking blood O» supply to
mitochondria, facilitating O, diffusion within the cell (67). As
type 2A and type 1 fibers have higher myoglobin content than
2X fibers (99), the lower content in myoglobin after NMES in
the SED group, confirmed by immunoblot analysis (see Fig.
10), is puzzling. Interestingly, the myoglobin content was
unexpectedly higher in the SED group pre-NMES compared
with the ACT group pre-NMES. The lower myoglobin content
is the only adaptation not consistent with an enhancement of
oxidative metabolism.

The different adaptation of the ACT group (no change)
versus the SED group (decrease of most enzymes) with respect
to glycolytic enzymes likely depends on the starting phenotype
of the two groups (Fig. 5). Before NMES, the SED group had
a much faster MHC profile and a much higher content in
glycolytic enzymes than the ACT group and went through a
much larger fast-to-slow shift in MHC isoform content than the
ACT group. Given that hypoactive patients are characterized

by a fast and glycolytic phenotype, NMES appears particularly
suited to induce a shift toward a slower phenotype and a more
oxidative metabolism, which would counteract the increased
fatiguability.

NMES and oxidative stress. For both groups, HSPs and
proteins involved in antioxidant defense systems were mostly
upregulated, thereby indicating an improvement of cellular
defense systems after multiple bouts of NMES. From the
pioneering work of Dillard et al. (26), it is widely accepted that
physical exercise results in free radical-mediated damage to
tissues. Numerous studies have reported muscle antioxidant
adaptation to chronic exercise training (for reviews, see Refs.
50, 51, 52, and 80). Among the antioxidant enzymes in skeletal
muscle, SOD activity has consistently been shown to increase
with exercise training (23, 43). PRDX, discovered in 1988
(59), is a novel peroxidase capable of reducing both hydroper-
oxides and peroxynitrate with the use of electrons provided by
a physiological thiol, like thioredoxin. Mammalian cells usu-
ally express six isoforms of PRDX (PRDX1-6), which are
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distributed differentially within the cell: PRDX1, PRDX2, and
PRDX6 are found in the cytosol, PRDX3 is located in the
mitochondrion, PRDX4 is located in the extracellular space,
and PRDXS is located in both mitochondria and peroxisomes
(84). We found an upregulation of PRDX3, and PRX6 after
NMES, thereby indicating that adaptations enhancing defenses
against oxidative stress occurred within both the cytosol and
mitochondrion. Interestingly, a decrease in the expression of
PRDXG6, coupled to the downregulation of other proteins in-
volved in antioxidant defenses systems, was observed in disuse
(18), a condition in which defenses against oxidative stress are
supposed to be impaired. While the Dj-1 functional role is still
unclear, it has been recently suggested that it could be an
atypical peroxiredoxin-like peroxidase participating in antiox-
idant defense against ROS (6).

Upregulation of HSPs, including HSP B6 [previously named
HSP20 (55)] and «3-crystallin, has been widely observed after
chronic voluntary exercise (69). Considering that both small
HSPs and af3-crystallin are also involved in the stabilization of
actin filaments and in Z-disk structure remodeling (29, 70, 76),
their upregulation is also consistent with the higher content of
both desmin and a-skeletal actin and could reflect a protection
of the cytoskeleton and contractile machinery. Given that
oxidative stress might be directly or indirectly involved in the
pathogenesis of various diseases (71), one could suggest that
NMES might be an effective modality for enhancing the
activity of antioxidant enzymes and counteracting muscle
wasting.

Interestingly, the enhancement of antioxidant defense sys-
tems and HSPs was much more pronounced in the ACT group
than in the SED group. Such a differential response of the two
groups was not due to a different expression of antioxidant
defense systems pre-NMES. We only observed a higher con-
tent of carbonic anhydrase III in the SED group, which is
surprising because carbonic anhydrase III content is known to
be higher in slow muscle fibers than in fast muscle fibers (102).
However, the slower baseline phenotype of the ACT group is
likely involved in such phenomenon, as the enhancement of the
exercise-induced increase in SOD activity in muscle fibers is
greatest in skeletal muscles composed of highly oxidative
fibers (e.g., type 1 and type 2A) (23).

As exercise increases the production of ROS, the observed
adaptations could be an attempt to maintain the balance be-
tween ROS production and removal during exercise, which, in
turn, play multiple regulatory roles (80, 83). It is well known
that low basal levels of ROS are required for normal force
production, small increases in ROS enhance muscle perfor-
mance, and small decreases or large increases in ROS depress
muscle performance. In addition, high levels of ROS can
determine muscle damage. Interestingly, growing evidence is
emerging illustrating the potential damaging effect of electri-
cally induced isometric contractions in humans. Indeed, three
studies (2, 3, 54) have recently reported a significant increased
muscle soreness and creatine kinase activity (i.e., from ~10- to
30-fold) resulting from NMES of the quadriceps muscle.
Mackey et al. (62) also showed that a NMES session performed
on the human gastrocnemius muscles led to macrophage infiltra-
tion, z-line disruption, and slightly modified desmin staining,
therefore providing direct evidence of fiber alterations.

The differential adaptations of the antioxidant defense sys-
tems of the ACT and SED groups to NMES could, therefore,

contribute to the variations in muscle performance and muscle
adaptations between the two groups after NMES.

Conclusions

In the present study, we demonstrated that NMES training is
an efficient modality for increasing muscle mass, maximal
voluntary strength, neural drive, and oxidative metabolism as
well as for improving antioxidant defense systems in healthy
young humans. The atypical adaptations of the muscle pheno-
type by NMES are characteristic of both resistance (i.e.,
strength gains) and endurance (i.e., fast-to-slow and glycolytic-
to-oxidative conversion) training and can be mainly ascribed to
the specific motor unit recruitment pattern, i.e., nonselective,
continuous, and synchronous. Considering that disuse atrophy
is characterized by loss of muscle mass and strength, by a
faster and more glycolytic phenotype, and by an increase in
fatiguability, the adaptations observed here on healthy muscles
would even be larger for immobilized/disused muscles. In
agreement with a recent systematic review of randomized
controlled trials (10), NMES appears, therefore, particularly
suited to counteract disuse atrophy in hypoactive patients.
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