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Abstract

Background

Disuse muscle atrophy is a major comorbidity in patients with chronic diseases including

cancer. We sought to explore the kinetics of molecular mechanisms shown to be involved

in muscle mass loss throughout time in a mouse model of disuse muscle atrophy and recov-

ery following immobilization.

Methods

Body and muscle weights, grip strength, muscle phenotype (fiber type composition and

morphometry and muscle structural alterations), proteolysis, contractile proteins, systemic

troponin I, and mitochondrial content were assessed in gastrocnemius of mice exposed to

periods (1, 2, 3, 7, 15 and 30 days) of non-invasive hindlimb immobilization (plastic splint, I

cohorts) and in those exposed to reloading for different time-points (1, 3, 7, 15, and 30

days, R cohorts) following a seven-day period of immobilization. Groups of control animals

were also used.

Results

Compared to non-exposed controls, muscle weight, limb strength, slow- and fast-twitch

cross-sectional areas, mtDNA/nDNA, and myosin content were decreased in mice of I

cohorts, whereas tyrosine release, ubiquitin-proteasome activity, muscle injury and sys-

temic troponin I levels were increased. Gastrocnemius reloading following splint removal

improved muscle mass loss, strength, fiber atrophy, injury, myosin content, and mtDNA/

nDNA, while reducing ubiquitin-proteasome activity and proteolysis.
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Conclusions

A consistent program of molecular and cellular events leading to reduced gastrocnemius

muscle mass and mitochondrial content and reduced strength, enhanced proteolysis, and

injury, was seen in this non-invasive mouse model of disuse muscle atrophy. Unloading of

the muscle following removal of the splint significantly improved the alterations seen during

unloading, characterized by a specific kinetic profile of molecular events involved in muscle

regeneration. These findings have implications in patients with chronic diseases including

cancer in whom physical activity may be severely compromised.

Introduction

Muscle dysfunction and wasting are common comorbidities of chronic diseases such as cancer,
critical illness, chronic heart failure and respiratory conditions, e.g. chronic obstructive pulmo-
nary disease (COPD) [1–5]. Muscle mass loss and dysfunction negatively impact the patients’
exercise performance, thus severely limiting their quality of life and survival irrespective of the
underlying condition [1–5]. Additionally, malnutrition and other metabolic disorders and
aging may aggravate chronic disease-associatedmuscle wasting in patients. Therefore, these
are serious comorbidities that need to be frequently overcome in actual clinical settings.

The most important players involved in the pathophysiology of muscle mass loss associated
with respiratory and cardiac disorders and cancer are systemic inflammation, hypoxia, malnu-
trition, drugs, cigarette smoking, and deconditioning [3,4,6]. Prolonged bed rest and immobili-
zation contribute to a great extent to muscle wasting in patients with chronic diseases.
However, whether shorter periods of immobilization or reduced physical activity may equally
lead to muscle mass loss and atrophy remains to be fully identified.

Several biological events and signaling pathways have been demonstrated to mediate muscle
mass loss in patients and animal models of cachexia and muscle wasting [7–12]. For instance,
oxidative stress, enhanced muscle proteolysis and ubiquitin-proteasome system, and epigenetic
events were significantly upregulated in muscles of patients with COPD and lung cancer [11–
15] and in respiratory and limb muscles of rodents with cancer-induced cachexia [8–10],
chronic heart failure [16], and emphysema [17]. Furthermore, in models of disuse muscle atro-
phy following prolonged immobilization, oxidative stress [18,19], enhanced proteolysis
[18,19], and reduced protein synthesis [20] were also shown to be involved in the process of
muscle mass loss in several models.

Interestingly, short-term immobilization also reduced myofibrillar protein synthesis rates
and anabolic resistance to protein ingestion in the quadriceps of healthy young humans [20].
Markers of ubiquitin-proteasome pathway and atrophy were also shown in the quadriceps of
healthy elderly subjects following short-term immobilization [21]. Nonetheless, short periods
of hindlimb unloading did not induce an accumulation of lipids or ceramide production in
muscles of the animals [20,22]. Importantly, recovery of muscle mass loss may also be ham-
pered by other factors, e.g. aging as recently shown in elderly subjects [23]. However, the pre-
cise time-course of recovery of muscle mass loss and function and underlying biological events
following mechanical reloading remains to be thoroughly characterized.

On the basis of this, we sought to explore the kinetics of the molecularmechanisms shown
to be involved in muscle mass loss throughout time in a mouse model of disuse muscle atrophy.
Additionally, we also hypothesized that the kinetics of those molecular events may also vary
over time during muscle recovery following a standardized immobilization period.
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Accordingly, our objectives were that in gastrocnemius of mice exposed to different periods (1,
2, 3, 7, 15 and 30 days) of non-invasive hindlimb immobilization and in those exposed to
recovery (reloading) for different time-points (1, 3, 7, 15, and 30 days) after a seven-day period
of immobilization, the following molecular events were explored: 1) muscle strength and struc-
ture and contractile proteins, 2) proteolysis and markers of ubiquitin-proteasome system, 3)
markers of muscle anabolism, 4) mitochondrial biogenesis, and 5) systemic damage (blood tro-
ponin). The model of unilateral hindlimb immobilization has been previously validated in
other investigations [24–26].

Materials and Methods

See S1 File for detailed descriptions of all the study methodologies.

Animal experiments

Female C57BL/6J mice (10 weeks old, weight ~20 g) were obtained from Harlan Interfauna
Ibérica SL (Barcelona, Spain). Mice were kept under pathogen-free conditions in the animal
house facility at Barcelona Biomedical Research Park (PRBB), with a 12:12 h light: dark cycle.

Mice were exposed to unilateral hindlimb immobilization as previously described to repro-
duce a non-invasive model of disuse muscle atrophy [24]. Briefly, the left hindlimb was shaved
with clippers and was enveloped using surgical tape. The hindlimb was introduced in a 1.5 mL
microcentrifuge tube with cover and bottom lids removed, while maintaining the foot in a
plantar-flexed position to induce the maximal atrophy of the target limb muscle. Specific
mouse restrainers were used in order to avoid anesthesia or sedation of the animals during
application and removal of the splints. As the weight of the tube was approximately 0.6 g, it did
not interfere with the usual mobility of the mice. In the study, the following control groups of
mice were used for different purposes. Firstly, in order to assess potential differences in body
weight and food intake, age-matched non-immobilized control mice were used for all the study
groups (see below). Secondly, in order to explore potential differences in the variables muscle
weight, tyrosine release, proteasome activities, mitochondrial content, muscle phenotype and
morphometry, and structural abnormalities, the contralateral non-immobilized limb was used
for these experiments. Thirdly, with the aim to evaluate potential differences in several markers
of proteolysis, signaling pathways, and structural and functional proteins using immunoblot-
ting, and blood troponin I levels using enzyme-linked immunosorbent assay (ELISA) a group
of 30-day non-immobilizedmice (period long enough to ensure potential differences if any)
and a group of 7-day immobilized rodents, were used as the control group of the immobiliza-
tion and recovery time-cohorts, respectively. Mice maintained normally their physical activity
throughout the study protocol except for the immobilized hindlimb (S1 Video).

As shown in Figure A in S1 File, three different approaches were taken in the investigation:
1) non-immobilization group, 2) immobilization time-cohorts (I groups), and 3) recovery
time-cohorts (R groups), in which the left hindlimb of the mice was immobilized for seven con-
secutive days, time at which the splint was removed to let the animals move freely in their
cages to evaluate muscle recovery at different time-points. Afterwards, animals were randomly
assigned to the following groups (N = 10/group): 1) 30-day non-immobilized control group; 2)
mice immobilized for one day (1-day I); 3) mice immobilized for two days (2-day I); 4) mice
immobilized for three days (3-day I); 5) mice immobilized for seven days (7-day I); 6) mice
immobilized for fifteen days (15-day I); 7) mice immobilized for thirty days (30-day I); 8) mice
exposed to seven days of unilateral hindlimb immobilization followed by one day recovery
(1-day R); 9) mice exposed to seven days of unilateral hindlimb immobilization followed by
three days recovery (3-day R); 10) mice exposed to seven days of unilateral hindlimb
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immobilization followed by seven days recovery (7-day R); 11) mice exposed to seven days of
unilateral hindlimb immobilization followed by fifteen days recovery (15-day R); 12) mice
exposed to seven days of unilateral hindlimb immobilization followed by thirty days recovery
(30-day R).

All animal experiments were conducted in the animal facilities at Parc de Recerca Biomèdica
de Barcelona (PRBB). This controlled study was designed in accordance with the ethical stan-
dards on animal experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 34, Spain) at
PRBB and the Helsinki convention for the use and care of animals. Ethical approval was
obtained by the Animal Research Committee (Animal welfare department in Catalonia, EBP-
13-1485).

In vivomeasurements in themice. In all the study animals, body weight and food intake
were measured at every time-point, and food and water were supplied ad libitum for the entire
duration of the immobilization or recovery periods. In all mice, limb strength was determined
on day 0, day 30 (non-immobilized controls), and right at the end of each immobilization or
recovery time-points (as described above) using a grip strength meter (Bioseb, Vitrolles Cedex,
France) following previously published methodologies, in which grip strength was also the
end-point parameter in the different experimentalmodels [8,9,16,27]. In all mice, the four
limbs equally contributed to the maneuver of grip strength (Figure B in S1 File, and S2 Video).
In all the animals, limb strength gain was calculated as the percentage of the measurements
performed at the end of the study periodwith respect to the same measurements obtained at
baseline (grip strength at the end of the study period–grip strength on day 0)/ grip strength on
day 0 x 100).
Sacrifice and sample collection. Mice from all the experimental groups were sacrificed

after the corresponding immobilization or recovery time-cohorts, or after 30 days (non-immo-
bilized control group). Each mouse was previously inoculated intraperitoneally with 0.1 mL
sodium pentobarbital (60 mg/Kg). In all cases, the pedal and blink reflexes were evaluated in
order to verify total anesthetic depth. The following samples were obtained from all the animals
at the time of sacrifice: blood and gastrocnemius muscle. Animals were sacrificed after collect-
ing blood and gastrocnemius samples including the diaphragm, which induced the immediate
death of the mice in all study groups. Blood samples, which were obtained through puncture of
the saphenous vein, were centrifuged at 1,200 rpm for 15 minutes to yield plasma. Muscle sam-
ples were snap-frozen in liquid nitrogen to be thereafter stored frozen at -80°C to be further
used for the molecular analyses. Moreover, another fragment of the muscle specimens was par-
affin-embeddedto be used for the assessment of muscle structure abnormalities and fiber type
composition and morphometry.

Biological analyses

ELISA plasma skeletalmuscle troponin-I levels. Skeletal muscle troponin-I levels were
quantified in plasma of the following groups of animals: 1-day I, 3-day I, 7-day I, 15-day I,
30-day I, 1-day R, 3-day R, 15-day R, 30-day R, and the 30-day non-immobilized controls
using a specific sandwich ELISA kit (Life Diagnostics Inc., West Chester, PA, USA) as previ-
ously shown [28–31].
Muscle DNA isolation. Total DNA, including mitochondrial and nuclear DNA was iso-

lated from gastrocnemius muscle of all mouse experimental groups using QIAmp DNA Mini
Kit (QiAgen, GmbH, Germany), following the manufacturer’s protocol of DNA purification
from tissues, and without the use of RNase A, as previously shown [32]. Total DNA obtained
from muscles was quantified using a spectrophotometer (Thermo Scientific,Waltham, MA,
USA).
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Absolute quantification by real-timePCR of DNAs. Mitochondrial DNA (mtDNA)
copy numbers were estimated through the quantification of the mtDNA to nuclear DNA
(nDNA) ratio (mtDNA/nDNA). The content of mtDNA was determined using singleplex
(amplifying one target sequence per well) qRT-PCR analyses, and corrected by the simulta-
neous measurements of a single copy of nuclear angiogenin-1 (ANG1) gene. The mtDNA 16S
rRNA primers and TaqMan probe were used as also previously reported [33].
Immunoblotting of 1D electrophoresis. Protein levels of the different molecularmarkers

analyzed in the study were explored by means of immunoblotting procedures as previously
described [8,9,16]. Briefly, frozen muscle samples from the gastrocnemius muscle of all mouse
experimental groups were homogenized in a buffer containing 50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 150 mM NaCl, 100 mM NaF, 10 mM Na pyrophos-
phate, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.5% Triton-X, 2 micrograms/mL leu-
peptin, 100 micrograms/mL phenylmethanesulfonyl fluoride (PMSF), 2 micrograms/mL
aprotinin and 10 micrograms/mL pepstatin A. Moreover, myofibrillar proteins were also iso-
lated in order to identify levels of actin and myosin heavy chain (MyHC) as previously reported
[8,16,34,35]. Two independent sets of immunoblots were conducted, in which muscle

Fig 1. Delta gastrocnemius muscle weights of all the groups in both study cohorts. Mean values and

standard deviation of delta of the variable gastrocnemius weight in the immobilization (top panel) and recovery

(bottom panel) cohorts of mice. Definition of abbreviations: g, grams; I, immobilization; R, recovery. Statistical

significance is represented as follows: **, p�0.01, ***, p�0.001, and n.s., non-significant differences between

any of the immobilized animals and the non-immobilized controls; §§§, p�0.001, and n.s., non-significant

differences between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g001
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homogenates from immobilized and recovery groups of mice were run separately. Four fresh
10-well mini-gels were always simultaneously loaded for each of the study antigens analyzed
using immunoblotting.

Proteins were then separated by electrophoresis, transferred to polyvinylidene difluoride
(PVDF) membranes, blocked with bovine serum albumin and incubated overnight with selec-
tive primary antibodies. Protein levels of signaling pathways, proteolysis, anabolism and mus-
cle contractile proteins were identified in the gastrocnemius using specific primary antibodies:
α-actin (anti-α-sarcomeric actin antibody, clone 5C5, Sigma-Aldrich),myosin heavy chain
(anti-MyHC antibody, clone A4.1025, Upstate-Millipore), RAC-alpha serine/threonine-pro-
tein kinase (Akt) and p-Akt (anti-Akt and anti-p-Akt antibodies, Cell Signaling Technology),
p70 S6 kinase (p70S6K) and p-p70S6K (anti- p70S6K and anti-p-p70S6K antibodies, Cell Sig-
naling Technology), total ubiquitinated proteins (anti-ubiquitinated proteins antibody, Boston
Biochem), 20S proteasome subunit C8 (anti-C8 antibody, Biomol), tripartite motif containing
32 (TRIM32) (anti-TRIM32 antibody, Santa Cruz Biotechnology), ubiquitin-ligase atrogin-1
(anti-atrogin-1 antibody, Santa Cruz Biotechnology), ubiquitin-ligasemuscle ring finger
(MURF)-1 (anti-MURF-1 antibody, Everest Biotech), growth differentiation factor 15 (GDF-
15) (anti-GDF15 antibody, Santa Cruz Biotechnology) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (anti-GAPDH antibody, Santa Cruz Biotechnology). Antigens from all
samples were detectedwith horseradish peroxidase (HRP)-conjugated secondary antibodies

Fig 2. Limb strength gain of all the groups in both study cohorts. Mean values and standard deviation of limb

strength gain of the immobilization (top panel) and recovery (bottom panel) cohorts of mice. Definition of

abbreviations: I, immobilization; R, recovery. Statistical significance is represented as follows: **, p�0.01, and

***, p�0.001 between any of the immobilized animals and the non-immobilized controls; §, p�0.05, §§§,

p�0.001, and n.s., non-significant differences between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g002
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and a chemiluminescence kit. For each of the antigens, samples from the different groups were
always detected in the same picture under identical exposure times. The specificity of the differ-
ent antibodies was confirmed by omission of the primary antibody, and incubation of the
membranes only with secondary antibodies.

PVDF membranes were scanned with the Molecular Imager ChemidocXRS System
(Bio–RadLaboratories, Hercules, CA, USA) using the software Quantity One version 4.6.5 (Bio–
Rad Laboratories). Optical densities of specific proteins were quantified using the software Image
Lab version 2.0.1 (Bio-Rad Laboratories). Final optical densities obtained in each specific group
of subjects and muscle corresponded to the mean values of the different samples (lanes) of each
of the antigens studied. In order to validate equal protein loading among various lanes, the glyco-
lytic enzyme GAPDH was used as the protein loading controls in all the immunoblots.

Standard stripping methodologieswere employed when detection of the antigens required
the loading of a relatively greater amount of total muscle protein. Membranes were stripped of
primary and secondary antibodies after a 30-minute wash with a specific stripping solution [25
mM glycine, pH 2.0 and 1% sodiumdodecyl sulfate (SDS)] followed by two consecutive
10-minute washes containing phosphate buffered saline with tween (PBST) at room tempera-
ture. Membranes were blocked with bovine serum albumin (BSA) and reincubated with pri-
mary and secondary antibodies following the procedures described above.
Protein catabolism. Protein degradation in muscles was explored on the basis of the rate

of production of free tyrosine from tissue proteins as previously described [8,16,36,37].

Fig 3. Delta of muscle fibers proportions of all the groups in both study cohorts. Mean values and standard

deviation of delta of the variables type I and type II fibers proportions of the immobilization (top panel) and recovery

(bottom panel) cohorts of mice. Definition of abbreviations: I, immobilization; R, recovery. Statistical significance is

represented as follows: **, p�0.01, and n.s., non-significant differences in type I fibers proportions between any of

the immobilized animals and the non-immobilized controls; ¶¶, p�0.01, and n.s., non-significant differences in type

II fibers proportions between any of the immobilized animals and the non-immobilized controls; n.s., non-

significant differences in either type I or type II fibers proportions between any of the R groups of animals and the

7-day I mice.

doi:10.1371/journal.pone.0164951.g003
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Proteasome activities. The first step included the isolation of the proteasome, in which
previously published procedures were followed [16,38].

Chymotrypsin-like activity. In the gastrocnemius muscle of all study animals, chymotryp-
sin-like activity was evaluated according to the cleavage of the fluorescent substrate Suc-
LLVY-AMC (Biomol International, Plymouth Meeting, PA, EEUU) and the generation of a
fluorogenic product, the methyl coumarilamide (AMC) following previously published meth-
odologies [16,38].
Immunohistochemistry. On 3-micrometer muscle paraffin-embeddedsections from gas-

trocnemius muscle of all study groups, MyHC-I and–II isoforms were identified using anti-
MyHC-I (clone MHC, Biogenesis Inc.) and anti-MyHC-II antibodies (clone MY-32, Sigma-
Aldrich), respectively, as published elsewhere [8,9,16].
Muscle structure abnormalities. The area fraction of normal and abnormal muscle was

evaluated on 3-micrometer paraffin-embeddedsections of the gastrocnemius of all study
groups muscles following previously published methodologies [8,9,16]. The identified items in
the muscle cross-sections are shown in Figure C in S1 File.

Fig 4. Delta of the slow- and fast-twitch fibers cross-sectional area of all the groups in both study cohorts.

Mean values and standard deviation of delta of the variables fiber type I and type II cross sectional areas of the

immobilization (top panel) and recovery (bottom panel) cohorts of mice. Definition of abbreviations: μm2, square

micrometers; I, immobilization; R, recovery. Statistical significance is represented as follows: **, p�0.01, ***,

p�0.001, and n.s., non-significant differences in type I cross-sectional area between any of the immobilized

animals and the non-immobilized controls; ¶¶, p�0.01, ¶¶¶, p�0.001, and n.s., non-significant differences in type

II cross-sectional area between any of the immobilized animals and the non-immobilized controls; §§, p�0.01, and

n.s., non-significant differences in type I cross-sectional area between any of the R groups of animals and the

7-day I mice; #, p�0.05, ##, p�0.01, and n.s., non-significant differences in type II cross-sectional area between

any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g004
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Statistical analysis

Normality of the study variables were checked using the Shapiro-Wilk test. Physiological,
structural, and molecular results were expressed as mean (standard deviation). The following
statistical approaches were used in the study for different purposes. Firstly, total body weight
and food intake of mice from each experimental group (I and R cohorts) were compared with
their corresponding age-matched non-immobilized controls using the unpaired Student’s T-
test. For each pair, a level of significance of P� 0.05 was established.

Secondly, deltas of the difference of mean values of the results obtained in the gastrocnemius
of the immobilized hindlimb with respect to those of the contralateral non-immobilized hin-
dlimb, were also calculated in each animal from both cohorts (I and R), and from 30-day non-
immobilized animals for another set of comparisons for the following variables: muscle weight,
tyrosine release, proteasome activities,mitochondrial content, muscle phenotype and mor-
phometry, and structural abnormalities. In this case, results are expressed as mean delta (stan-
dard deviation). Deltas obtained from each group were compared as follows: 1) deltas from
mice of the immobilized cohorts (I groups) versus deltas of 30-day non-immobilized controls
and 2) deltas from mice of the recovery cohorts (R groups) versus deltas of mice that were
exposed to seven days immobilization (7-day I, control group). Potential significant differences
were assessed using one-way analysis of variance (ANOVA) with Dunnett’s post hoc analysis to

Fig 5. Gastrocnemius slow- and fast-twitch fibers cross-sectional area was reduced by immobilization.

Representative examples of the gastrocnemius muscle in animals of the 7-, 15-, and 30-day immobilized cohorts,

and non-immobilized control group. Myofibers positively stained with the anti-MyHC type I antibody are stained in

brown color (x 400). Type II fibers were not stained (white color).

doi:10.1371/journal.pone.0164951.g005

Molecular Kinetics of Early and Late Muscle Immobilization and Reloading

PLOS ONE | DOI:10.1371/journal.pone.0164951 October 28, 2016 9 / 30



adjust for multiple comparisons among the study groups. A level of significance of P� 0.05
was established.

Thirdly, for the following variables: 20S proteasome C8, ubiquitin, E3-ligases, GDF15,
MyHC, actin, Akt, P70S6K, and troponin I, comparisons were made between each group of
mice from the different time-points of the I cohorts and the 30-day non-immobilized animals,
and from the different time-points of the R cohorts compared with 7-day I. The following com-
parisons were performed to explore potential differences among the groups: 1) mice from the
immobilized cohorts (I groups) versus the 30-day non-immobilized controls and 2) animals
from the recovery cohorts (R groups) versus animals immobilized for 7 days (7-day I, control
group). In these comparisons, potential significant differences were assessed using one-way
analysis of variance (ANOVA) with Dunnett’s post hoc analysis to adjust for multiple compari-
sons among the study groups. A level of significance of P� 0.05 was established.

The sample size chosen was based on previous studies [8,9,16,17], where very similar
approaches were employed. In addition, statistical power was calculated using specific software
(StudySize 2.0, CreoStat HB, Frolunda, Sweden). Limb strength gain and changes in myofiber
cross sectional area were selected as the target variables to estimate the statistical power in the
study. On the basis of a standard power statistics established at a minimum of 80% and assum-
ing an alpha error of 0.05, the statistical power was sufficiently high to detect a minimum

Fig 6. Delta of muscle structural abnormalities of all the groups of the immobilization cohorts. Mean values

and standard deviation of deltas of the variables abnormal fraction (top panel), internal nuclei (middle panel), and

inflammatory cells (bottom panel) in the gastrocnemius of the immobilization cohorts of animals. Definition of

abbreviations: I, immobilization; R, recovery. Statistical significance is represented as follows: *, p�0.05, **,

p�0.01, ***, p�0.001, and n.s., non-significant differences between any of the immobilized animals and the non-

immobilized controls.

doi:10.1371/journal.pone.0164951.g006
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difference of 25 points of delta in limb strength gain and 300 points of delta in myofiber cross
sectional area respectively, among the different study groups for the given sample size and stan-
dard deviations.

Results

Physiological characteristics of the study animals

Immobilization. As shown in Figure D (top panel) in S1 File, and in Table A in S1 File,
total body weight and food intake did not differ between animals in the I cohorts and their age-
matched non-immobilized controls. The delta change of gastrocnemius muscle weight (immo-
bilized versus contralateral non-immobilized hindlimb) was significantly reduced in 3-day I,
7-day I, 15-day I and 30-day I animals compared to non-immobilized controls (Fig 1, top
panel). A statistically significant decrease in limb strength gain was observed in all groups of
the I cohorts compared to non-immobilizedmice (Fig 2, top panel).
Recovery. Total body weight (Figure D, bottom panel, in S1 File) and food intake (Table A

in S1 File) did not differ among the study groups. Delta changes of gastrocnemius muscle
weights were significantly increased in 15- and 30-day R groups compared to the control mice
(7-day I animals, Fig 1, bottom panel). Limb strength gain significantly improved in 3-, 7-, 15-
and 30-day R cohorts of mice compared to the controls (7-day I mice, Fig 2, bottom panel).

Fig 7. Gastrocnemius slow- and fast-twitch fibers cross-sectional area improved after the recovery

period. Representative examples of the gastrocnemius muscle in animals of the 7-, 15-, and 30-day recovery

cohorts. Myofibers positively stained with the anti-MyHC type I antibody are stained in brown color (x 400). Type II

fibers were not stained (white color).

doi:10.1371/journal.pone.0164951.g007
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Muscle structure characteristics

Immobilization. Proportions of slow-twitch muscle fibers were significantly reduced,
while those of fast-twitch were increased in 15- and 30-day I study cohorts compared to the
controls (non-immobilizedmice, Fig 3, top panel, and Figure E in S1 File). The sizes of both
slow- and fast-twitch fibers were significantly reduced in the gastrocnemius of 7-, 15-, and
30-day I mice compared to the controls (non-immobilized animals, Fig 4, top panel, Fig 5, and
Figure E in S1 File). Compared to non-immobilized animals, proportions of total abnormal
muscle fraction and internal nuclei counts were increased in the gastrocnemius of 3-, 7-, 15-,
and 30-day I study cohorts (Fig 6, top and middle panels). Inflammatory cell counts were
greater in the gastrocnemius of 7-, 15-, and 30-day I animals than in the controls (non-immo-
bilized mice, Fig 6, bottom panel).
Recovery. No significant differences were seen in any of the R study cohorts regarding the

proportions of type I or type II fibers (Fig 3, bottom panel, and Figure F in S1 File). The size of
both fast- and slow-twitch fibers significantly increased in the gastrocnemius of 7-, 15-, and
30-day R study cohorts compared to the controls (7-day immobilized animals, Fig 4, bottom
panel, Fig 7, and Figure F in S1 File). Proportions of total abnormal muscle fraction and inflam-
matory cell counts significantly reduced in the gastrocnemius of 3-, 7-, 15-, and 30-day R study

Fig 8. Delta of muscle structural abnormalities of all the groups of the recovery cohorts. Mean values and

standard deviation of deltas of the variables abnormal fraction (top panel), internal nuclei (middle panel), and

inflammatory cells (bottom panel) in the gastrocnemius of the recovery cohorts of rodents. Definition of

abbreviations: I, immobilization; R, recovery. Statistical significance is represented as follows: §, p�0.05, §§§,

p�0.001, and n.s., non-significant differences between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g008
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cohorts compared to the controls (7-day I mice, Fig 8, top and bottom panels). Internal nuclei
counts did not significantly differ among the study groups (Fig 8, middle panel).

Tyrosine release

Immobilization. Tyrosine release significantly increased in the gastrocnemius of 7-, 15-,
and 30-day groups compared to the controls (non-immobilized animals, Fig 9, top panel).
Recovery. Tyrosine release levels significantly decreased in the gastrocnemius of all R

study cohorts of mice compared to the controls (7-day I mice, Fig 9, bottom panel).

Proteolytic markers

Immobilization. Proteasome trypsine-like and chymotrypsine-like activities significantly
increased in 7-, 15- and 30-day I study cohorts compared to the controls (non-immobilized
animals, Fig 10, top panels). Levels of 20S proteasome subunit C8, total protein ubiquitination,

Fig 9. Delta of gastrocnemius tyrosine release of all the groups in both study cohorts. Mean values and

standard deviation of delta of the variable tyrosine release (nmol/mg/2h) in the gastrocnemius of the immobilization

(top panel) and recovery (bottom panel) cohorts of mice. Definition of abbreviations: nmol, nanomol; mg, milligram;

h, hour; I, immobilization; R, recovery. Statistical significance is represented as follows: ***, p�0.001, and n.s.,

non-significant differences between any of the immobilized animals and the non-immobilized controls; §§, p�0.01,

and §§§, p�0.001 between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g009
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and atrogin-1 were significantly higher in the gastrocnemius of 7-, 15-, and 30-day I study
cohorts of animals than in the controls (non-immobilizedmice, Figs 11–13, top panels, and
Figure G in S1 File). Protein content of E3 ligase MURF-1 increased in the gastrocnemius of
all I study cohorts of mice compared to the controls (non-immobilized animals, Fig 14, top
panel, and Figure G in S1 File). Muscle protein levels of TRIM32 and GDF15 did not signifi-
cantly differ among study groups in the I cohorts (Figs 15 and 16, top panels, and Figure G in
S1 File).
Recovery. Proteasome trypsine-like and chymotrypsine-like activities were significantly

reduced in 3-, 7-, 15-, and 30-day R study cohorts of mice compared to controls (7-day I ani-
mals, Fig 10, bottom panels). Protein levels of 20S proteasome subunit C8, total protein ubiqui-
tination, and atrogin-1 were significantly lower in the gastrocnemius of 7-, 15-, and 30-day
groups of the R cohorts than in the controls (7-day I mice, Figs 11–13, bottom panels, and
Figure H in S1 File). Levels of MURF-1 significantly decreased in the gastrocnemius of 3-, 7-,
15-, and 30-day study groups in the R cohorts compared to controls (7-day I mice, Fig 14, bot-
tom panel, and Figure H in S1 File). Muscle protein levels of TRIM32 and GDF15 did not sig-
nificantly differ among the study groups in the R cohorts (Figs 15 and 16, bottom panels, and
Figure H in S1 File).

Fig 10. Delta of gastrocnemius proteasome trypsin-like and chymotrypsin-like activities of all the groups

in both study cohorts. Mean values and standard deviation of delta of the variables trypsin-like and

chymotrypsin-like activities (nmol/mg/30’) in the gastrocnemius of the immobilization (top panel) and recovery

(bottom panel) cohorts of mice. Definition of abbreviations: nmol, nanomol; mg, milligram; I, immobilization; R,

recovery. Statistical significance is represented as follows: **, p�0.01, ***, p�0.001 and n.s., non-significant

differences in trypsin-like activity between any of the immobilized animals and the non-immobilized controls; ¶¶¶,

p�0.001, and n.s., non-significant differences in chymotrypsin-like activity between any of the immobilized animals

and the non-immobilized controls; §, p�0.05, and n.s., non-significant differences in trypsin-like activity between

any of the R groups of animals and the 7-day I mice; ##, p�0.01, ###, p�0.001, and n.s., non-significant

differences in chymotrypsin-like activity between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g010
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Muscle structural proteins

Immobilization. Protein levels of contractile MyHC were significantly reduced in the gas-
trocnemius of 3-, 7-, 15-, and 30-day study groups of the I cohorts compared to controls (non-
immobilized rodents, Fig 17, top panel, and Figure E in S1 File). Muscle actin protein levels did
not significantly differ among the study groups in the I cohorts of mice (Fig 18, top panel, and
Figure E in S1 File).
Recovery. Protein levels of MyHC were significantly increased only in the 30-day group of

the R cohort compared to the controls (7-day I mice, Fig 17, bottom panel, and Figure F in S1
File). Protein levels of actin did not significantly differ among the study groups in the R cohorts
of mice (Fig 18, bottom panel, and Figure F in S1 File).

Systemic damage

Immobilization. Plasma levels of fast isoform of troponin-I were significantly increased
in 7-, 15-, and 30-day I study groups compared to the controls (non-immobilizedmice, Fig 19,
top panel).

Fig 11. Gastrocnemius 20S proteasome C8 content of all the groups in both study cohorts. Mean values

and standard deviation of 20S proteasome C8 subunit content in the gastrocnemius of the immobilization (top

panel) and recovery (bottom panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.).

Definition of abbreviations: OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical

significance is represented as follows: *, p�0.05, **, p�0.01, ***, p�0.001, and n.s., non-significant differences

between any of the immobilized animals and the non-immobilized controls; §§, p�0.01, §§§, p�0.001, and n.s.,

non-significant differences between any of the R groups of animals and the 7-day I mice. Note that as arbitrary

units were used for the measurement of the optical densities in each set of immunoblots (see methods), scale bars

in the ordinate axes differ in the graphs of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g011
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Recovery. Plasma levels of fast isoform of troponin-I were significantly reduced in 15- and
30-day R study cohorts compared to the controls (7-day I mice, Fig 19, bottom panel).

Muscle anabolism

Immobilization. Akt protein levels (total and activated) did not significantly differ among
the I cohorts (Fig 20, top panel, and Figure G in S1 File). Activated p70S6K levels significantly
decreased in the gastrocnemius of 15- and 30-day study groups in the I cohorts of mice com-
pared to the controls (non-immobilizedmice, Fig 21, top panel, and Figure G in S1 File). The
ratio of mtDNA/nDNA significantly deceased in the gastrocnemius of all study groups in the I
cohorts of mice compared to the controls (non-immobilizedmice, Fig 22, top panel).
Recovery. Akt protein levels (total and activated) did not significantly differ among the

study groups (R cohorts, Fig 20, bottom panel, and Figure H in S1 File). Activated p70S6K lev-
els increased in the gastrocnemius of 15- and 30-day study groups in the R cohorts compared
to the controls (7-day I mice, Fig 21, bottom panel, and Figure H in S1 File). Mitochondrial
content, as measured by mtDNA/nDNA, significantly increased in the gastrocnemius of 7-, 15-
, and 30-day study groups in the R cohorts compared to the controls (7-day I mice, Fig 22, bot-
tom panel).

Fig 12. Total protein ubiquitination content of all the groups in both study cohorts. Mean values and

standard deviation of total ubiquitinated proteins in the gastrocnemius of the immobilization (top panel) and

recovery (bottom panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of

abbreviations: OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is

represented as follows: *, p�0.05, and n.s., non-significant differences between any of the immobilized animals

and the non-immobilized controls; §, p�0.05, §§§, p�0.001, and n.s., non-significant differences between any of

the R groups of animals and the 7-day I mice. Note that as arbitrary units were used for the measurement of the

optical densities in each set of immunoblots (see methods), scale bars in the ordinate axes differ in the graphs of

the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g012
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Discussion

The current results confirm the study hypothesis. The kinetics of relevant mechanisms shown
to be involved in muscle mass loss have been described in a limb muscle of an experimental
model of disuse muscle atrophy in which mice were exposed to different lengths (early and late
time-points) of hindlimb immobilization. Furthermore, the kinetics of the same biological
events were also analyzed in the gastrocnemiusmuscle during different lengths of recovery fol-
lowing a standardized period of hindlimb immobilization (seven days). The most interesting
findings encountered in the study are discussed below.

Time-course of muscle phenotype during immobilization and recovery

As expected, the weight of the whole gastrocnemius was significantly reduced as early as 3 days
following hindlimb exposure. This is a very interesting result that is in line with those published
in a recent investigation in which muscle mass loss and volume were continuously monitored
using ultrasonography for two weeks in gastrocnemius and soleus of mice exposed to hindlimb
unloading [39]. Nevertheless, gastrocnemius weight recovered only after 15 days of reloading

Fig 13. E3 ligase atrogin-1 content of all the groups in both study cohorts. Mean values and standard

deviation of atrogin-1 protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations:

OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is represented as

follows: *, p�0.05, **, p�0.01, ***, p�0.001, and n.s., non-significant differences between any of the immobilized

animals and the non-immobilized controls; §, p�0.05, §§, p�0.01, and n.s., non-significant differences between

any of the R groups of animals and the 7-day I mice. Note that as arbitrary units were used for the measurement of

the optical densities in each set of immunoblots (see methods), scale bars in the ordinate axes differ in the graphs

of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g013
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following the seven-day immobilization period. As also shown in previous investigations
[40,41], the sizes of both slow- and fast twitch muscle fibers were significantly smaller after
seven days of immobilization than those observed in the 30-day non-immobilized control
mice. Importantly, in both muscle fiber types, cross-sectional areas were similar to the control
gastrocnemius following 15 days of reloading. These findings are consistent with the recovery
observed in whole muscle weight at the same time-point. Thus, in this experimentalmodel,
muscle mass probably relies on the size of its muscle fibers to a great extent.

Importantly, a tendency to a slow-to-fast fiber type switch was seen in muscles of the early
time-points, e.g. three- and seven-day I cohorts, despite that the statistical significancewas
only reached in the gastrocnemius of the 15-day I group. In these muscles, the proportions of
slow-twitch muscle fibers were significantly lower, while those of fast-twitch fibers were
greater. Additionally, the content of MyHC also significantly decreased in the mouse gastroc-
nemius of the early time-cohorts (three-day I) and thereafter. These are relevant findings, as a
switch to a less fatigue-resistant phenotype has been consistently demonstrated in skeletal mus-
cles of the lower limbs in patients with several chronic conditions such as COPD [3,11,12,34],
chronic heart failure [42,43], and cancer cachexia [11]. On this basis, our data suggests that

Fig 14. E3 ligase MURF-1 content of all the groups in both study cohorts. Mean values and standard

deviation of MURF-1 protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations:

MURF-1, muscle ring finger protein 1; OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery.

Statistical significance is represented as follows: **, p�0.01, ***, p�0.001, and n.s., non-significant differences

between any of the immobilized animals and the non-immobilized controls; §, p�0.05, §§, p�0.01, §§§, p�0.001,

and n.s., non-significant differences between any of the R groups of animals and the 7-day I mice. Note that as

arbitrary units were used for the measurement of the optical densities in each set of immunoblots (see methods),

scale bars in the ordinate axes differ in the graphs of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g014
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inactivity and deconditioning are likely the most significant contributors to muscle fiber atro-
phy and slow-to-fast fiber type switch in skeletal muscles of patients bearing chronic conditions
that limit their exercise performance [3,6]. Interestingly, the switch to a less fatigue-resistant
phenotype did not significantly improve during the recovery period even after 30 days of
reloading. Explanations to account for this finding could be the lack of a statistically significant
switch towards a less fatigue-resistant phenotype in the 7-day I cohort of mice, which was used
as the control group in this set of experiments.Moreover, it is also likely that the mechanisms
underlying the recovery of muscle structure following unloadingmay require a period longer
than 30 days to fully repair the atrophying muscles. Indeed, MyHC content only significantly
improved after 30 days of recovery in the mice. In fact, a minimum of eight weeks has been
established for exercise training programs to target muscle structure and improve muscle
metabolism [3].

In the gastrocnemius,muscle structural features such as inflammatory cell and internal
nuclei counts were significantly increased as early as 3 days of unloading, especially the latter
marker. Importantly, a significant reduction in total structural abnormalities and inflammatory

Fig 15. E3 ligase TRIM32 content of all the groups in both study cohorts. Mean values and standard

deviation of TRIM32 protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations:

TRIM32, tripartite motif containing 32; OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery.

Statistical significance is represented as follows: n.s., non-significant differences between any of the immobilized

animals and the non-immobilized controls; n.s., non-significant differences between any of the R groups of animals

and the 7-day I mice. Note that as arbitrary units were used for the measurement of the optical densities in each set

of immunoblots (see methods), scale bars in the ordinate axes differ in the graphs of the immobilization groups

from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g015
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cell counts, but not those of internal nuclei, were achieved at 3 days following reloading of the
hindlimb muscles. These are interesting findings implying that the process of muscle regenera-
tion is probably not complete even after 30 days of reloading as the number of internal nuclei
remained abnormally high at all time-points in all R cohorts of mice. These features are consis-
tent with previous results [44] in which internal nuclei were still present in the soleus of rats
exposed to 1, 2 and 5 weeks of hindlimb reloading following unloading, suggesting that these
fibers were still in the process of repair and/or regeneration.

Interestingly, the decrease in gastrocnemius weight, limb strength and MyHC protein con-
tent, and the increase in muscle structural abnormalities (internal nuclei) were significantly evi-
dent in animals exposed to early time-points (one- and three-day cohorts) of hindlimb
immobilization. These are relevant findings suggesting that certain structural abnormalities
(internal nuclei) and the physiological properties of the hindlimb muscles (strength) are partic-
ularly sensitive to experience alterations even at early stages of muscle unloading. It is likely

Fig 16. GDF15 content of all the groups in both study cohorts. Mean values and standard deviation of GDF15

protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom panel) cohorts of mice,

as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations: GDF15, growth

differentiation factor 15; OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical

significance is represented as follows: n.s., non-significant differences between any of the immobilized animals

and the non-immobilized controls; n.s., non-significant differences between any of the R groups of animals and the

7-day I mice. Note that as arbitrary units were used for the measurement of the optical densities in each set of

immunoblots (see methods), scale bars in the ordinate axes differ in the graphs of the immobilization groups from

those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g016
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that electrochemical properties of the muscle fibers are more prone to suffer alterations very
early (1-day time cohort) following hindlimb immobilization. Specific in vitro contractility
studies will help elucidate whether those factors may account for the significant reduction seen
in muscle force generation in the 1-day cohort of mice, in which no signs of atrophy were
detected in the gastrocnemius fibers (significant signs of muscle atrophy were indeed observed
in the 7-day time-cohort). Those studies were beyond the scope of the current investigation but
will certainly be a matter of research in future investigations.

Improvements in gastrocnemius weight and MyHC were observed in the late time-points
(15- and 30-day R cohorts, respectively) of muscle reloading in the animals. Limb strength,
slow- and fast-twitch cross-sectional areas, and total muscle structural abnormalities (inflam-
matory cells) significantly improved in the limb muscle of the early R cohorts. These results
point to the concept that muscle regeneration, probably beyond one month, needs to be fully
achieved in order for contractile proteins and gastrocnemius weight to recover to normal levels
(non-exposed controls). Eventually, blood troponin I levels significantly declined in mice of
the 15- and 30-day recovery periods compared to 7-day immobilization cohort. These are
interesting findings which lead to the conclusion that muscle damage as represented by the

Fig 17. Myosin heavy chain content of all the groups in both study cohorts. Mean values and standard

deviation of MyHC protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations:

MyHC, Myosin Heavy Chain; OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical

significance is represented as follows: **, p�0.01, and n.s., non-significant differences between any of the

immobilized animals and the non-immobilized controls; §§§, p�0.001, and n.s., non-significant differences

between any of the R groups of animals and the 7-day I mice. Note that as arbitrary units were used for the

measurement of the optical densities in each set of immunoblots (see methods), scale bars in the ordinate axes

differ in the graphs of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g017

Molecular Kinetics of Early and Late Muscle Immobilization and Reloading

PLOS ONE | DOI:10.1371/journal.pone.0164951 October 28, 2016 21 / 30



presence of contractile proteins into the bloodstream starts to recover as late as 15 days after
muscle reloading in the animals.

Time-course of muscle proteolysis during immobilization and recovery

Muscle proteolysis as measured by tyrosine release assay significantly increased in the gastroc-
nemius of mice exposed to hindlimb immobilization for seven days and in those of the 15- and
30-day I cohorts. Additionally, expression levels of proteolytic markers such as the proteasome
trypsin and chymotrypsin-like activities, 20S proteasome C8 subunit, atrogin-1, and total pro-
tein ubiquitination were also significantly greater in the muscles of the seven-day I cohort and
thereafter. Nonetheless, muscle levels of the E3 ligase TRIM32 or the growth factor GDF-15
did not significantly differ among the study groups. Furthermore, levels of MURF-1 were also
significantly higher in the gastrocnemius of animals from all the time-cohorts exposed to
immobilization. Importantly, loss of MyHC content and atrophy of both slow- and fast-twitch
muscle fibers were also seen in mice of the three-, seven-, 15-, and 30-day I cohorts, respec-
tively. Collectively, these results suggest that the ubiquitin-proteasome system and the E3
ligases MURF-1 and atrogin-1 may underlie muscle mass and protein loss in this mouse model

Fig 18. Actin content of all the groups in both study cohorts. Mean values and standard deviation of actin

protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom panel) cohorts of mice,

as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations: OD, optical densities; a.

u., arbitrary units; I, immobilization; R, recovery. Statistical significance is represented as follows: n.s., non-

significant differences between any of the immobilized animals and the non-immobilized controls; n.s., non-

significant differences between any of the R groups of animals and the 7-day I mice. Note that as arbitrary units

were used for the measurement of the optical densities in each set of immunoblots (see methods), scale bars in

the ordinate axes differ in the graphs of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g018
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of disuse muscle atrophy in the fast-twitch gastrocnemius. These findings are in line with previ-
ous investigations conducted on other experimentalmodels of disuse muscle atrophy in
rodents [40,45]. Differences in the duration and/or intensity of the unloading exposure may
account for potential discrepancies in the levels and time-course expression of the proteolytic
events involved in muscle mass loss among the different models.

A significant novel result in the investigation was the rise in muscle troponin I levels
detected in the blood of mice of the relatively late time-cohorts: seven-, 15-, and 30-day I
groups. Troponin I binds to actin in thin myofilaments in order to maintain the actin-tropo-
myosin in place within the skeletal muscle fibers. Detection of troponin I in the bloodstreamof
patients [30], healthy subjects [28,29], and animal models [31] is a surrogate of muscle damage.
In the investigation, the fast troponin I isoform was specifically detected in the blood samples

Fig 19. Plasma Troponin-I levels in both study cohorts. Mean values and standard deviation of fast troponin I

plasma levels (ng/ml) of the immobilization (top panel) and recovery (bottom panel) cohorts of mice. Definition of

abbreviations: ng, nanogram; ml, milliliter; I, immobilization; R, recovery. Statistical significance is represented as

follows: **, p�0.01, ***, p�0.001, and n.s., non-significant differences between any of the immobilized animals

and the non-immobilized controls; §§, p�0.01, and n.s., non-significant differences between any of the R groups of

animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g019
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of all study groups of animals. These findings imply that extensive damage must have taken
place in the mouse gastrocnemius muscles in response to hindlimb unloading, especially in
those animals exposed to immobilization for relatively longer periods of time.

Relevant findings in the investigation were also the significant decline in mitochondrial con-
tent in the early (one-day I) and late time-cohorts. In fact, it has been demonstrated that alter-
ations in mitochondrial structural and functional integrity are critical in the initiation of
muscle protein degradation following disuse muscle atrophy [46–48]. Mitochondrial E3 ubi-
quitin protein ligase-1 was upregulated by forkhead box (Fox)O pathway inducing mitophagy
in models of muscle wasting [46]. In the current study, levels of E3 ligase MURF-1 were also
significantly reduced in the one-day I time-cohort of mice and thereafter. Recently, mitophagy
via increased FoxO1 activity was also demonstrated in the limb muscles of mice exposed to
hindlimb immobilization for several time-points [49,50]. Taken together, these findings sug-
gest that loss of mitochondria may be a major trigger of enhanced protein breakdown in mod-
els of disuse muscle atrophy. Reloading significantly attenuated the decline in mitochondrial

Fig 20. Activated Akt content of all the groups in both study cohorts. Mean values and standard deviation

from the p-Akt/Akt ratio is depicted in the gastrocnemius of the immobilization (top panel) and recovery (bottom

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations:

Akt, RAC-alpha serine/threonine-protein kinase; p-Akt, phosphorylated-Akt; OD, optical densities; a.u., arbitrary

units; I, immobilization; R, recovery. Statistical significance is represented as follows: n.s., non-significant

differences between any of the immobilized animals and the non-immobilized controls; n.s., non-significant

differences between any of the R groups of animals and the 7-day I mice. Note that as arbitrary units were used for

the measurement of the optical densities in each set of immunoblots (see methods), scale bars in the ordinate

axes differ in the graphs of the immobilization groups from those of the recovery cohorts.

doi:10.1371/journal.pone.0164951.g020
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content in mouse muscles of the seven-day R cohort and thereafter. Signaling mechanisms that
modulate mitophagy are likely to mediate the restoration of mitochondrial content during
muscle reloading. Nonetheless, identification of the signaling pathways potentially involved in
this process will be the matter of future research.

As early as one day after muscle reloading (recovery period), tyrosine release levels were sig-
nificantly decreased in the mouse gastrocnemius, and levels remained low thereafter in all the
study cohorts. Moreover, trypsin- and chymotrypsin-like activities and MURF-1 were also sig-
nificantly reduced in the study muscle after three days of hindlimb reloading and remained low
in the all the R cohorts of animals. Additionally, expression levels of 20S proteasome C8 subunit,
total protein ubiquitination, and atrogin-1 were also significantly attenuated in the gastrocnemius
after seven days of reloading and thereafter in the R cohorts compared to those in the 7-day
immobilized controls. Besides, the cross-sectional areas of both type I and type II fibers were also
significantly larger after seven days of hindlimb reloading and thereafter in the R cohorts of mice.

Fig 21. Activated p70S6K content of all the groups in both study cohorts. Mean values and standard

deviation from the p-p70S6K/p70S6K ratio is depicted in the gastrocnemius of the immobilization (top panel) and

recovery (bottom panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Definition of

abbreviations: p70S6K, p70 S6 kinase; p-70S6K, phosphorylated p70S6K; OD, optical densities; a.u., arbitrary

units; I, immobilization; R, recovery. Statistical significance is represented as follows: *, p�0.05, and n.s., non-

significant differences between any of the immobilized animals and the non-immobilized controls; §, p�0.05, §§,

p�0.01, and n.s., non-significant differences between any of the R groups of animals and the 7-day I mice. Note

that as arbitrary units were used for the measurement of the optical densities in each set of immunoblots (see

methods), scale bars in the ordinate axes differ in the graphs of the immobilization groups from those of the

recovery cohorts.

doi:10.1371/journal.pone.0164951.g021
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Similar findings were also reported for the gastrocnemius in myostatin deficientmice exposed to
muscle unloading and reloading (weight-bearingmodel) of the hindlimb [51]. Collectively, these
findings suggest that the time-course of molecular and cellular events follows a very consistent
pattern during muscle reloading following disuse muscle atrophy. The advantage of the current
model is that it faithfully represents what happens in actual clinical settings after a period of bed
rest, in which patients are forced to initiate their daily life activities.

Conclusions

The current non-invasive mouse model of disuse limb muscle atrophy followed a very specific
and consistent program of molecular and cellular events that led to muscle mass loss and
reduced strength, enhanced proteolysis via ubiquitin-proteasome pathway, injury (muscle
structure and troponin I release), and decreased both mitochondrial content and MyHC in the
gastrocnemius. Unloading of the muscle following removal of the splint significantly improved
the alterations seen during unloading, characterized by a specific kinetic profile of molecular
events involved in muscle regeneration. These findings have implications in patients with
chronic diseases including cancer in whom physical activity may be severely compromised.

Fig 22. Mitochondrial content of all the groups in both study cohorts. Mean values and standard deviation

of the mitochondrial DNA copy number in the gastrocnemius of the immobilization (top panel) and recovery

(bottom panel) cohorts of rodents, as measured by the mtDNA/mDNA ratio in arbitrary units (a.u.). Definition of

abbreviations: mt, mitochondrial; n, nuclear; DNA, deoxyribonucleic acid; I, immobilization; R, recovery. Statistical

significance is represented as follows: *, p�0.05, **, p�0.01, and ***, p�0.001 between any of the immobilized

animals and the non-immobilized controls; §§, p�0.01, §§§, p�0.001, and n.s., non-significant differences

between any of the R groups of animals and the 7-day I mice.

doi:10.1371/journal.pone.0164951.g022
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of respiratory and peripheral muscle function in rats. J Anim Physiol Anim Nutr (Berl) 94: e393–e401.

JPN1027 [pii]; doi: 10.1111/j.1439-0396.2010.01027.x PMID: 20662962

28. Chapman DW, Simpson JA, Iscoe S, Robins T, Nosaka K (2013) Changes in serum fast and slow skel-

etal troponin I concentration following maximal eccentric contractions. J Sci Med Sport 16: 82–85.

S1440-2440(12)00104-1 [pii]; doi: 10.1016/j.jsams.2012.05.006 PMID: 22795680

29. Foster GE, Nakano J, Sheel AW, Simpson JA, Road JD, Reid WD (2012) Serum skeletal troponin I fol-

lowing inspiratory threshold loading in healthy young and middle-aged men. Eur J Appl Physiol 112:

3547–3558. doi: 10.1007/s00421-012-2337-5 PMID: 22323298

30. Simpson JA, Labugger R, Collier C, Brison RJ, Iscoe S, Van Eyk JE (2005) Fast and slow skeletal tro-

ponin I in serum from patients with various skeletal muscle disorders: a pilot study. Clin Chem 51:

966–972. clinchem.2004.042671 [pii]; doi: 10.1373/clinchem.2004.042671 PMID: 15833785

31. Vassallo JD, Janovitz EB, Wescott DM, Chadwick C, Lowe-Krentz LJ, Lehman-McKeeman LD (2009)

Biomarkers of drug-induced skeletal muscle injury in the rat: troponin I and myoglobin. Toxicol Sci

111: 402–412. kfp166 [pii]; doi: 10.1093/toxsci/kfp166 PMID: 19628585

32. Andreu AL, Martinez R, Marti R, Garcia-Arumi E (2009) Quantification of mitochondrial DNA copy num-

ber: pre-analytical factors. Mitochondrion 9: 242–246. S1567-7249(09)00039-7 [pii]; doi: 10.1016/j.

mito.2009.02.006 PMID: 19272467

33. McDermott-Roe C, Ye J, Ahmed R, Sun XM, Serafin A, Ware J, et al. (2011) Endonuclease G is a

novel determinant of cardiac hypertrophy and mitochondrial function. Nature 478: 114–118.

nature10490 [pii]; doi: 10.1038/nature10490 PMID: 21979051

34. Fermoselle C, Rabinovich R, Ausin P, Puig-Vilanova E, Coronell C, Sanchez F, et al. (2012) Does oxi-

dative stress modulate limb muscle atrophy in severe COPD patients? Eur Respir J 40: 851–862.

09031936.00137211 [pii]; doi: 10.1183/09031936.00137211 PMID: 22408199

35. Marin-Corral J, Minguella J, Ramirez-Sarmiento AL, Hussain SN, Gea J, Barreiro E (2009) Oxidised

proteins and superoxide anion production in the diaphragm of severe COPD patients. Eur Respir J 33:

1309–1319. doi: 10.1183/09031936.00072008 PMID: 19196822

36. Furuno K, Goodman MN, Goldberg AL (1990) Role of different proteolytic systems in the degradation

of muscle proteins during denervation atrophy. J Biol Chem 265: 8550–8557. PMID: 2187867

37. Tischler ME, Desautels M, Goldberg AL (1982) Does leucine, leucyl-tRNA, or some metabolite of leu-

cine regulate protein synthesis and degradation in skeletal and cardiac muscle? J Biol Chem 257:

1613–1621. PMID: 6915936

38. van Hees HW, Li YP, Ottenheijm CA, Jin B, Pigmans CJ, Linkels M, et al. (2008) Proteasome inhibition

improves diaphragm function in congestive heart failure rats. Am J Physiol Lung Cell Mol Physiol 294:

L1260–L1268. 00035.2008 [pii]; doi: 10.1152/ajplung.00035.2008 PMID: 18424622

39. Mele A, Fonzino A, Rana F, Camerino GM, De BM, Conte E, et al. (2016) In vivo longitudinal study of

rodent skeletal muscle atrophy using ultrasonography. Sci Rep 6: 20061. srep20061 [pii]; doi: 10.

1038/srep20061 PMID: 26832124

40. Adams GR, Caiozzo VJ, Baldwin KM (2003) Skeletal muscle unweighting: spaceflight and ground-

based models. J Appl Physiol (1985) 95: 2185–2201. doi: 10.1152/japplphysiol.00346.2003 95/6/

2185 [pii]. PMID: 14600160

41. Callahan DM, Tourville TW, Miller MS, Hackett SB, Sharma H, Cruickshank NC, et al. (2015) Chronic

disuse and skeletal muscle structure in older adults: sex-specific differences and relationships to

Molecular Kinetics of Early and Late Muscle Immobilization and Reloading

PLOS ONE | DOI:10.1371/journal.pone.0164951 October 28, 2016 29 / 30

http://dx.doi.org/10.1016/j.freeradbiomed.2014.10.754
http://www.ncbi.nlm.nih.gov/pubmed/26461326
http://dx.doi.org/10.1016/j.exger.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24447828
http://dx.doi.org/10.1371/journal.pone.0038910
http://dx.doi.org/10.1371/journal.pone.0038910
http://www.ncbi.nlm.nih.gov/pubmed/22745686
http://dx.doi.org/10.1113/jphysiol.2010.201707
http://www.ncbi.nlm.nih.gov/pubmed/21115641
http://dx.doi.org/10.1111/j.1530-0277.2007.00548.x
http://dx.doi.org/10.1111/j.1530-0277.2007.00548.x
http://www.ncbi.nlm.nih.gov/pubmed/18028527
http://dx.doi.org/10.1111/j.1439-0396.2010.01027.x
http://www.ncbi.nlm.nih.gov/pubmed/20662962
http://dx.doi.org/10.1016/j.jsams.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22795680
http://dx.doi.org/10.1007/s00421-012-2337-5
http://www.ncbi.nlm.nih.gov/pubmed/22323298
http://dx.doi.org/10.1373/clinchem.2004.042671
http://www.ncbi.nlm.nih.gov/pubmed/15833785
http://dx.doi.org/10.1093/toxsci/kfp166
http://www.ncbi.nlm.nih.gov/pubmed/19628585
http://dx.doi.org/10.1016/j.mito.2009.02.006
http://dx.doi.org/10.1016/j.mito.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19272467
http://dx.doi.org/10.1038/nature10490
http://www.ncbi.nlm.nih.gov/pubmed/21979051
http://dx.doi.org/10.1183/09031936.00137211
http://www.ncbi.nlm.nih.gov/pubmed/22408199
http://dx.doi.org/10.1183/09031936.00072008
http://www.ncbi.nlm.nih.gov/pubmed/19196822
http://www.ncbi.nlm.nih.gov/pubmed/2187867
http://www.ncbi.nlm.nih.gov/pubmed/6915936
http://dx.doi.org/10.1152/ajplung.00035.2008
http://www.ncbi.nlm.nih.gov/pubmed/18424622
http://dx.doi.org/10.1038/srep20061
http://dx.doi.org/10.1038/srep20061
http://www.ncbi.nlm.nih.gov/pubmed/26832124
http://dx.doi.org/10.1152/japplphysiol.00346.2003
http://www.ncbi.nlm.nih.gov/pubmed/14600160


contractile function. Am J Physiol Cell Physiol 308: C932–C943. ajpcell.00014.2015 [pii]; doi: 10.

1152/ajpcell.00014.2015 PMID: 25810256

42. Anker SD, Ponikowski P, Varney S, Chua TP, Clark AL, Webb-Peploe KM, et al. (1997) Wasting as

independent risk factor for mortality in chronic heart failure. Lancet 349: 1050–1053. S0140-6736(96)

07015-8 [pii]; doi: 10.1016/S0140-6736(96)07015-8 PMID: 9107242

43. Anker SD, Sharma R (2002) The syndrome of cardiac cachexia. Int J Cardiol 85: 51–66.

S0167527302002334 [pii]. PMID: 12163209

44. Itai Y, Kariya Y, Hoshino Y (2004) Morphological changes in rat hindlimb muscle fibres during recovery

from disuse atrophy. Acta Physiol Scand 181: 217–224. doi: 10.1111/j.1365-201X.2004.01271.x

APS1271 [pii]. PMID: 15180794

45. Allen DL, Linderman JK, Roy RR, Bigbee AJ, Grindeland RE, Mukku V, et al. (1997) Apoptosis: a

mechanism contributing to remodeling of skeletal muscle in response to hindlimb unweighting. Am J

Physiol 273: C579–C587. PMID: 9277355

46. Lokireddy S, Wijesoma IW, Teng S, Bonala S, Gluckman PD, McFarlane C, et al. (2012) The ubiquitin

ligase Mul1 induces mitophagy in skeletal muscle in response to muscle-wasting stimuli. Cell Metab

16: 613–624. S1550-4131(12)00405-6 [pii]; doi: 10.1016/j.cmet.2012.10.005 PMID: 23140641

47. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del Piccolo P, et al. (2007) FoxO3 controls

autophagy in skeletal muscle in vivo. Cell Metab 6: 458–471. S1550-4131(07)00336-1 [pii]; doi: 10.

1016/j.cmet.2007.11.001 PMID: 18054315

48. Mitch WE, Goldberg AL (1996) Mechanisms of muscle wasting. The role of the ubiquitin-proteasome

pathway. N Engl J Med 335: 1897–1905. doi: 10.1056/NEJM199612193352507 PMID: 8948566

49. Kang C, Ji LL (2013) Muscle immobilization and remobilization downregulates PGC-1alpha signaling

and the mitochondrial biogenesis pathway. J Appl Physiol (1985) 115: 1618–1625. japplphy-

siol.01354.2012 [pii]; doi: 10.1152/japplphysiol.01354.2012 PMID: 23970536

50. Kang C, Ji LL (2016) PGC-1alpha overexpression via local transfection attenuates mitophagy pathway

in muscle disuse atrophy. Free Radic Biol Med 93: 32–40. S0891-5849(15)01185-5 [pii]; doi: 10.1016/

j.freeradbiomed.2015.12.032 PMID: 26746585

51. Smith HK, Matthews KG, Oldham JM, Jeanplong F, Falconer SJ, Bass JJ, et al. (2014) Translational

signalling, atrogenic and myogenic gene expression during unloading and reloading of skeletal muscle

in myostatin-deficient mice. PLoS One 9: e94356. doi: 10.1371/journal.pone.0094356 PONE-D-13-

54195 [pii]. PMID: 24718581

Molecular Kinetics of Early and Late Muscle Immobilization and Reloading

PLOS ONE | DOI:10.1371/journal.pone.0164951 October 28, 2016 30 / 30

http://dx.doi.org/10.1152/ajpcell.00014.2015
http://dx.doi.org/10.1152/ajpcell.00014.2015
http://www.ncbi.nlm.nih.gov/pubmed/25810256
http://dx.doi.org/10.1016/S0140-6736(96)07015-8
http://www.ncbi.nlm.nih.gov/pubmed/9107242
http://www.ncbi.nlm.nih.gov/pubmed/12163209
http://dx.doi.org/10.1111/j.1365-201X.2004.01271.x
http://www.ncbi.nlm.nih.gov/pubmed/15180794
http://www.ncbi.nlm.nih.gov/pubmed/9277355
http://dx.doi.org/10.1016/j.cmet.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23140641
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18054315
http://dx.doi.org/10.1056/NEJM199612193352507
http://www.ncbi.nlm.nih.gov/pubmed/8948566
http://dx.doi.org/10.1152/japplphysiol.01354.2012
http://www.ncbi.nlm.nih.gov/pubmed/23970536
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.032
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26746585
http://dx.doi.org/10.1371/journal.pone.0094356
http://www.ncbi.nlm.nih.gov/pubmed/24718581

