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Abstract: We hypothesized that treatment with pharmacological agents known to increase sirtuin-1
activity (resveratrol and curcumin) may enhance muscle regeneration. In limb muscles of mice
(C57BL/6J, 10 weeks) exposed to reloading for seven days following a seven-day period of hindlimb
immobilization with/without curcumin or resveratrol treatment, progenitor muscle cell numbers
(FACS), satellite cell subtypes (histology), early and late muscle regeneration markers, phenotype
and morphometry, sirtuin-1 activity and content, and muscle function were assessed. Treatment
with either resveratrol or curcumin in immobilized muscles elicited a significant improvement in
numbers of progenitor, activated, quiescent, and total counts of muscle satellite cells, compared to
non-treated animals. Treatment with either resveratrol or curcumin in reloaded muscles compared
to non-treated mice induced a significant improvement in the CSA of both hybrid (curcumin) and
fast-twitch fibers (resveratrol), sirtuin-1 activity (curcumin), sirtuin-1 content (resveratrol), and counts
of progenitor muscle cells (resveratrol). Treatment with the pharmacological agents resveratrol and
curcumin enhanced the numbers of satellite cells (muscle progenitor, quiescent, activated, and total
satellite cells) in the unloaded limb muscles but not in the reloaded muscles. These findings have
potential clinical implications as treatment with these phenolic compounds would predominantly be
indicated during disuse muscle atrophy to enhance the muscle regeneration process.

Keywords: muscle unloading; muscle reloading; sirtuin-1; muscle progenitor cells; activated satellite
cells; quiescent satellite cells; muscle regeneration markers

1. Introduction

Disuse muscle atrophy is an important condition that is the result of progression of other chronic
and acute diseases, such as cardiac and respiratory disorders; cancer; prolonged bed rest; and critical
illness. Reduced physical activity leading to deconditioning is characterized by the loss of muscle mass
and function in the affected muscles in patients [1–5] and in animal models [6–8]. Muscle atrophy
resulting from deconditioning may also worsen disease prognosis in patients with chronic and acute
diseases regardless of the underlying condition [9,10].

Several pathophysiological and biological mechanisms are involved in the loss of muscle mass
and function characteristic of muscle atrophy. In this regard, a great many studies have previously
demonstrated that markers of oxidative stress, inflammation, proteolysis, apoptosis, autophagy,
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and atrophy signaling pathways were upregulated in the atrophying muscles following periods of
disuse in patients [11,12] and animal models [6–8]. Whether regenerative potential is altered in models
of disuse muscle atrophy remains to be fully elucidated.

Skeletal muscles are formed as a result of the fusion of progenitor myoblasts during development.
Postnatal muscle stem cells replace the muscle turnover resulting from the daily life activity of
humans and animals [13]. Thus, regeneration of skeletal muscles is a tightly regulated process [13].
Muscle regeneration relies widely on the interaction between satellite cells and the microenvironment.
Their numbers and subtypes may vary according to the underlying condition, such as during muscle
atrophy [11,13,14], exposure to cigarette smoking [15], aging [16], and prolonged bed rest [17]. All these
conditions may also take place simultaneously within the same individual and may interfere with the
process of muscle regeneration in the patients.

Satellite cells are characterized by their heterogeneity, which leads to different functions within the
skeletal muscle fibers. The satellite cell reservoir is composed by sublaminar cells that express paired box
(Pax)-7 with no expression of myogenic factor (Myf)-5 marker [13]. Importantly, Pax-7+/Myf-5+ satellite
cells are the ones that preferentially differentiate into muscle fibers, while Pax-7+/Myf-5- cells do not
proliferate, representing the satellite cell reservoir of the muscles. The ability to express Myf-5 determines
these two different subtypes of satellite cell populations within the skeletal muscles [13]. In line with
this, Pax-7+/Myf-5- satellite cells are identified as the actual stem cells, whereas Pax-7+/Myf-5+ satellite
cells are recognized as the committed myogenic progenitors [13].

Resveratrol elicits beneficial effects on tissues including skeletal muscles. It is a natural polyphenol,
which is obtained from peanuts, red wine, grapes, and other plants. It is a very popular compound given
its effects as a powerful antioxidant [18]. Resveratrol was also shown to improve the lifespan of different
animals by attenuating oxidative stress, inflammation, and atherosclerosis [19–22]. Amelioration of
injury was also shown in the gastrocnemius of rats in response to treatment with resveratrol [23].
Moreover, muscle regeneration also improved as a result of resveratrol treatment in mice [24,25].

Curcumin is another polyphenolic compound that is obtained from turmeric. Curcumin exerted
beneficial effects on several tissues through different mechanisms. For instance, in mouse cells,
myocardial-infarction-induced fibrosis was attenuated via sirtuin-1 activation [26]. Senescence of
smooth muscle and endothelial cells also improved as a result of curcumin therapy via sirtuin-1
activity [27]. Inhibition of NF-kB elicited by curcumin was shown to attenuate muscle protein
degradation in models, such as in sepsis [28,29] and during unloading in mice [30]. Moreover, muscle
regeneration was also favored by treatment with the NF-kB inhibitor curcumin [31].

In models of unloading and reloading, it was shown that the acetylation statuses of the transcription
factors fork-head box O (FoxO)1 and FoxO3 were relevant mediators of the process of muscle mass
loss during unloading of the limb muscles in mice [6,7]. Interestingly, unloading of the gastrocnemius
muscles elicited a decline in levels of histone deacetylase sirtuin-1 activity, and the activity level rose
up to the control levels following a period of reloading of the hindlimb [6,7]. The beneficial effects
observed in the gastrocnemius muscle in those studies were most likely due to the activity of sirtuin-1
enzyme on the transcription factors FoxO1 and FoxO3 [6,7]. Thus, it is plausible to conceive that
enhancement of sirtuin-1 activity with compounds such as resveratrol and curcumin may prevent
muscles from further muscle loss through attenuation of the activity of atrophy signaling. On the other
hand, sirtuin-1 activity may also promote muscle repair and regeneration following disuse muscle
atrophy [25].

On this basis, the current hypothesis was that treatment with pharmacological agents (resveratrol
and curcumin) known to increase sirtuin-1 activity, among other functions, may enhance muscle
regeneration as evaluated by the identification of biological players clearly involved in this process
in the limb muscles of mice exposed to muscle reloading following a period of hindlimb unloading.
Hence, the objectives were as follows, in the limb muscles of mice exposed to a seven-day period
of unloading followed by another seven-day period of reloading treated with either resveratrol or
curcumin: (1) progenitor muscle cell numbers (all limb muscles together) were identified using
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fluorescent-activated cell sorting (FACS), (2) subtypes of satellite cells in histological preparations
of gastrocnemius muscle were counted, (3) markers of early and late muscle regeneration were
analyzed, (4) fiber type composition and morphometry of the gastrocnemius muscle were assessed,
(5) sirtuin-1 activity and content were explored, and (6) function of the limb muscles was also explored.
The experimental model employed in the current investigation has previously been well validated [6–8].

2. Methods

2.1. Study Design and Animal Experiments

Female C57BL/6J mice (10 weeks old, weight ~20 g) were obtained from Harlan Interfauna Ibérica
SL (Barcelona, Spain). Female mice were used for practical reasons as previous investigations in our
group had also been conducted on this type of animal [6–8,30]. 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.

The entire study protocol is shown in Figure 1. Mice were exposed to unilateral hindlimb
immobilization as previously described to reproduce a model of disuse muscle atrophy [6–8,32].
The time-points used in the current investigation have also been validated in previous studies
conducted by our group [6–8]. Muscle damage was demonstrated in the limb muscles of the unloaded
mice [7]. Reloading of the muscle for another 7-day period elicited an improvement in muscle
damage [7].
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Figure 1. Graphical time-line representation of all the groups and treatments administered to the mice
in the study. Definition of abbreviations: PBS, phosphate-buffered saline; DMSO, dimethyl sulfoxide;
mL, millilitre; mg, milligram; kg, kilogram; h, hour; I, immobilization; R, recovery; Res, resveratrol;
Cur, curcumin.
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The left hindlimb was shaved with clippers and was enveloped using surgical tape. The hindlimb
was introduced into 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 [6–8,32]. As the weight of the tube was approximately 0.6 g, it did not interfere with the
usual mobility of the mice. The following groups of mice were studied (n = 10/group, Figure 1):
(1) non-immobilized mice, (2) 7-day-immobilized mice (7dI, left hindlimb immobilized for seven
consecutive days), (3) 7dI mice treated with resveratrol (7dI + Res, intraperitoneal administration,
20 mg/kg weight/24 h) [33,34], (4) 7dI mice treated with curcumin (7dI + Cur, intraperitoneal
administration, 1 mg/kg weight/24 h) from day 0 to day 7 [35], (5) 7-day-recovery mice (7dR, left
hindlimb immobilized for seven consecutive days, when the plastic splint was removed and the
animals were moving free in their cages, in order to evaluate muscle recovery), (6) 7dR mice treated
with resveratrol (7dR + Res, intraperitoneal administration, 20 mg/kg weight/24 h) from day 7 to
day 14 [33,34], and (7) 7dR mice treated with curcumin (7dR + Cur, intraperitoneal administration,
1 mg/kg weight/24 h) from day 7 to day 14 [35].

The half-life of circulating curcumin was previously established to go from 15 to 60 min in animal
models and patients [36,37] and from 30 to 60 min for resveratrol [38]. The rationale to administer
resveratrol or curcumin intraperitoneally was to ensure that each animal received exactly the same dose
of the drug every day. Administration of resveratrol or curcumin using other routes (oral, during food
or water administration) would not allow us to ensure an identical dose for each mouse. Furthermore,
intraperitoneal administration avoids absorption through the gastrointestinal tract and the first
barrier of the hepatic metabolism, as generally happens in oral administration [39,40]. Accordingly,
intraperitoneal injection was the selected route due to the fact that it gets into the circulation faster than
other routes (oral gavage), to ensure the optimal absorption of the two compounds in view of its short
bioavailability in plasma, estimated as 15–60 min in mice [36–38]. In order to control for a potential
injection-induced stress response, all four groups (including the non-treated controls) of animals were
injected intraperitoneally.

2.2. Ethics

All animal experiments were conducted in the animal facilities at PRBB. This was a controlled
study designed in accordance with the ethical regulations on animal experimentation of the European
Community Directive 2010/63/EU, Spanish Legislation (Real Decreto 53/2013, BOE 34/11370–11421)
and the European Convention for the Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (1986). All animal experiments were approved by the Animal Research
Committee at PRBB. Ethical approval was obtained by the Animal Research Committee (Animal
Welfare Department in Catalonia, Spain, EBP-13-1485).

2.3. In-Vivo Measurements in the Mice

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 and right at the end of each immobilization
or recovery time point (as described above) using a grip strength meter (Bioseb, Vitrolles Cedex,
France) following previously published methodologies [6–8,30,41] in which grip strength was also
the end-point parameter in the different experimental models. Grip strength was assessed in the
four limbs at the same time in all mice. In all the animals, limb strength gain was calculated as the
percentage of the measurements performed at the end of the study period with 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 × 100) [6,7].
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2.4. Sacrifice and Sample Collection

Mice from all the experimental groups were sacrificed after the corresponding immobilization or
recovery time cohorts (7 or 14 days). 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. Muscles were obtained from all the animals at the time of
sacrifice. For isolation of muscle cell progenitor experiments, the following muscles were obtained
from all the animals at the time of sacrifice: gastrocnemius, tibialis anterior (TA), extensor digitorum
longus (EDL) and quadriceps femoris (QF, entire muscles in all cases). All study muscles from the
hindlimb were pooled together by groups of two for each experimental condition: non-immobilized,
7dI and 7dR, with/without treatment with either resveratrol or curcumin. For immunofluorescence
experiments, gastrocnemius muscle was obtained at the time of sacrifice in each experimental cohort
and was embedded in optimum cutting temperature (OCT, Sakura Finetek, Torrance, CA, USA).
For stem cell progenitor isolation experiments, the muscle samples were preserved in cold Dulbecco’s
Modified Eagle’s Medium (DMEM) to be immediately processed as described below. For identification
of several muscle regeneration markers, gastrocnemius muscle samples were snap-frozen in liquid
nitrogen to be thereafter stored frozen at −80 ◦C to be further used.

2.5. Tissue Embedding

The gastrocnemius muscles of all study groups were fixed in 4% paraformaldehyde solution,
pH 6.9 (EMD Millipore corporation, Billerica, MA, USA) and were embedded progressively with
increasing concentrations of sucrose. They were subsequently embedded in tissue-tek OCT compound
to be snap-frozen in 2-methyl-butane immersed in liquid nitrogen as previously described [42]. Ten-µm
frozen sections were cut using a cryostat microtome (Leica CM3050S, Leica Biosystems, Wetzlar,
Germany) at −20 ◦C and were mounted on glass slides.

2.6. Biological Analyses

Muscle fiber type and morphometry. Slow- and fast-twitch muscle fibers were identified using
immunofluorescence procedures with anti-myosin heavy chain (MyHC) I and anti-MyHC II
antibodies, respectively. Muscle cross-sections were air-dried for thirty minutes and were rinsed with
phosphate-buffered saline (PBS) for another fifteen minutes. PBS was used to rinse sections in the
different incubation steps. After rising, the sections were put in cold methanol for six more minutes.
The sections were then boiled using a pressure cooker in 10 mM citrate buffer (pH 6.0) for twenty
minutes and were then cooled down at room temperature for two hours. Subsequently, sections were
incubated with mouse IgG blocking reagent (MOM, Vector Laboratories, Burlingame, CA, USA) for
one hour, and in blocking solution (3% bovine serum albumin (BSA), 10% goat serum and 0.5% triton
in PBS) for another hour. Afterwards, they were incubated overnight with the mouse monoclonal
anti-MyHC I antibody (ab11083, Abcam) and anti-MyHC II antibody (ab51263, Abcam) prepared in
blocking solution at 4 ◦C. Following incubation with the primary antibody and after rising with PBS,
the sections were incubated with the corresponding secondary antibody and 4’,6-diamino-2-fenilindol
(DAPI), which specifically stained deoxyribonucleic acid (DNA) allowing identification of all nuclei
for one hour at room temperature: Alexa Fluor® 488 AffiniPure goat anti-mouse IgG, Fcγ Subclass 1
Specific (Jackson Immunoresearch, West Grove, USA), which was also prepared in the blocking solution.
The sections were mounted using 70% glycerol in 30% PBS. Myofibers positively stained with the
anti-MyHC type I antibody or anti-MyHC type II were fluorescein isothiocyanate (FITC)-stained in
green in two consecutives muscle cross-sections. The cross-sectional area (CSA), mean least diameter,
and proportions of type I and type II, were assessed using a fluorescence microscope (x20 objective,
Nikon Eclipse Ni, Nikon, Tokyo, Japan) coupled with an image-digitizing camera (Zyla 4.2 sCMOS
camera, Andor, Belfast, UK) and the Image J software (National Institute of Health, available at
http://rsb.info.nih.gov/ij/). In each muscle cross-section, at least 100 fibers were measured and counted,
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separately, from all study groups of mice. Fibers that were stained simultaneously for both anti-type I
and anti-type II primary antibodies were identified as the hybrid fibers. They were all counted in the
histological preparations of all the study groups.

Satellite cell identification using immunofluorescence microscopy. Immunofluorescence staining was
used to detect satellite cells in both quiescent and activated states using specific antibodies (see below).
Briefly, muscle cross-sections were air-dried for 30 min and were rinsed with PBS for another 15 min.
PBS was used to rinse the sections among the different incubation steps. After rinsing, the sections were
put in cold methanol for six more minutes. Then, the sections were boiled using a hot bath in 0.1 M
citrate buffer (pH 6.0) for 12 min and were then blocked with 10% goat serum in PBS for two hours.

Subsequently, sections were incubated with MOM for 30 min. Afterwards, they were incubated
overnight with a mixture of two antibodies: mouse monoclonal anti-Pax-7 antibody (Developmental
Studies Hybridoma Bank, Iowa, IA, USA) and rabbit polyclonal anti-Myf-5 antibody (Aviva Systems
Biology, San Diego, CA, USA), prepared in an antibody solution (1% goat serum dissolved in PBS,
at 4 ◦C. Anti-Pax-7 antibody alone was used to detect quiescent satellite cells, while the mixture
of anti-Pax-7 and anti-Myf-5 antibodies detected committed satellite cells [13]. The addition of
quiescent and committed satellite cells corresponded to the total number of satellite cells. Following
incubation with the primary antibodies and after rinsing with PBS, the sections were incubated at room
temperature with the corresponding secondary antibodies for one hour: Alexa Fluor® 488 AffiniPure
goat anti-mouse IgG, Fcγ Subclass 1 Specific and Alexa Fluor® plus 555 goat anti-rabbit IgG (H+L)
(Thermo Fisher Scientific, Waltham, USA) also prepared in an antibody solution. Finally, the sections
were mounted using the fluorescent mounting medium DAPI G-Fluoromount medium (Southern
Biotech, Birmingham, AL, USA), which specifically marks DNA (allowing identification of all nuclei)
in the muscle sections. A fluorescence microscope (×40 objective, Nikon Eclipse Ni, Nikon, Tokyo,
Japan) coupled with a digitizing camera was used to identify and count the number of satellite cells
(10 fields) in each study sample. Results were expressed as Pax-7+/Myf-5- (quiescent) satellite cells,
Pax-7+/Myf-5+ (activated) satellite cells or the addition of both (as total satellite cells) to the total
number of counted myonuclei in the 10 fields. Additionally, negative control experiments were carried
out by omission of the primary antibodies and incubation of the muscle samples only with secondary
antibody, to confirm the specificity of each antibody.

Sirtuin-1 activity. Briefly, frozen muscle samples from the gastrocnemius muscle of all study animals
were homogenized in a buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 150 mM NaCl, 100 mM NaF, 10 mM Na pyrophosphate, 5 mM ethylenediaminetetraacetic
acid (EDTA), 0.5% Triton-X, and no protease inhibitors. Homogenates were centrifuged in a 4 mL
buffer containing 30% sucrose, 10 mM Tris HCl (pH 7.5), 10 mM NaCl, and 3 mM MgCl2 at 4 ◦C and
at 1300 g for 10 min. The pellets were washed with cold 10 mM Tris-HCl (pH 7.5) and 10 mM NaCl,
to be subsequently centrifuged at 4 ◦C and at 1300 g for 10 min. The resultant pellets, which contained
the nuclei, were resuspended in 200 µL of extraction buffer containing 50 mM HEPES potassium
hydroxide (HEPES KOH, pH 7.5), 420 mM NaCl, 0.5 mM EDTA, 0.1 mM Ethylene glycol tetraacetic
acid (EGTA) and 10% glycerol. The nuclei were subsequently sonicated in 15-s cycles. Afterwards,
the sonicated nuclei remained on ice for 30 min. Following centrifugation at 4 ◦C and at 12,000 g
for 10 min, the supernatants (crude nuclear extracts) were stored at −80 ◦C until further use [43,44].
Sirtuin-1 activity was evaluated using 50 µg of crude nuclear extracts from the gastrocnemius muscle
of all experimental mice.

Satellite cell isolation using fluorescence-activated cell sorting (FACS). A schematic representation of
these methodologies is shown in Figure 2. Immediately after dissection, muscles were processed
following a modified version of a previously described protocol [45]. Pools of gastrocnemius, TA, EDL
and QF muscles were first minced with scissors and secondly with a razor blade (Electron Microscopy
Science, Hatfield, PA, USA). The minced muscles were collected in a 50-mL tube containing 40 mL
of cold DMEM to be subsequently washed to remove fat tissue. Enzymatic digestion with a DMEM
media containing 2.5 U/mL collagenase (Serva Electrophoresis, Heidelberg, Germany) and 2.5 U/mL
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dispase (Sigma Aldrich, Sant Louis, MO, USA) was immediately performed at 37 ◦C in an agitation
bath for 10 min.Nutrients 2020, 12, x FOR PEER REVIEW 7 of 24 
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Figure 2. Representative flowchart corresponding to the isolation protocol of the satellite cells using
FACS analyses in the mouse limb muscles. Each specific step is described in a box and the flow of
the entire protocol is indicated by the dark thick arrows. Definition of abbreviations: QF, quadriceps
femoris; TA, tibialis anterior; EDL, extensor digitorum longus; FACS, fluorescence-activated cell sorting;
DAPI, 4’,6-diamino-2-fenilindol; α7, alpha-7 integrin.

The digestion procedure was repeated four times and the digested muscle solution was then
filtered through a 100-µm mesh filter (Corning, New York, NY, USA). Immediately afterwards, the
digestion was stopped by adding 2 volumes of 10% fetal bovine serum (FBS) in PBS, and the muscle
solution was filtered through a 70-µm mesh filter (Corning). The filtered solution was centrifuged
at 300× g for 5 min. The pellet was kept and the supernatant was centrifuged again in order to
recover the maximum amount of cells. Finally, the two cell pellets were combined in a fresh tube to
be re-suspended in FACS buffer ((1 mL PBS solution containing 2.5% goat serum (Sigma Aldrich)).
The number of cells was counted using a Neubauer chamber.

Prior to incubation with antibodies, the cells were washed in 20-mL cold DMEM and centrifuged
at 1700 rpm for 10 min to recover the cell pellet. Cells were resuspended in 1 × 106 cell/100 µL
FACS-specific buffer. All the cells were incubated with antibodies used to specifically identify the
satellite cells: Phycoerythrin (PE)-conjugated anti-alpha-7 integrin (Ablab, Vancouver, Canada),
a heterodimeric integral membrane protein critical for the modulation of cell–matrix interactions,
and allophycocyanin (APC)-conjugated anti-CD34 (BD Pharmigen, San Jose, CA, USA), as a cell surface
sialomucin (a mucopolysaccharide molecule containing sialic acid) with reported anti-adhesive, motile,
and pre-proliferative properties for 30 min. Additionally, the cells from all study groups of mice were
incubated at the same time (30 min) with specific antibodies to exclude other cell type populations
that might also have been present in the muscle extracts, namely endothelial cells, leukocytes and
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hematopoietic cells: PE-cyanine7 (Cy7)-conjugated anti-CD31 (Biolegend, San Diego, CA, USA),
a marker of endothelial cells, both anti-CD11b (Biolegend) and anti-CD45 (Biolegend) as markers
of leukocytes, and anti-Sca-1 (Biolegend), a marker of hematopoietic stem cells. The excluded cell
populations were named negative-lineage (Lin (−)).

Subsequently, all the study cells were incubated with DAPI in order to exclude the dead cells (cells
DAPI+ exclusively) five minutes prior to the start of FACS analyses (FACS Aria II SORP, BD Biosciences,
San Jose, CA, USA). Once DAPI+ cells and other cell types (endothelial, leukocytes, and hematopoietic)
were excluded, the cells identified using FACS were small and of a round shape, indicating a relatively
low complexity. Cells stained for PE-conjugated anti-alpha-7 integrin and APC-conjugated anti-CD34
were sorted and were named alpha-7 integrin+/CD34+ muscle progenitors. Muscle progenitor cells
were expressed as the percentage of alpha-7 integrin+/CD34+ progenitors to the total grams of tissue.

Ribonucleic acid (RNA) extraction. Total RNA was first isolated from the gastrocnemius muscle
of mice using Trizol reagent following the manufacturer’s protocol (Life Technologies, Carlsbad, CA,
USA). Total RNA concentrations were determined spectrophotometrically using a NanoDrop 1000
(Thermo Scientific, Waltham, MA, USA).

Procedures of messenger (mRNA) reverse transcription (RT). A single RT was performed from which
all the target genes of the study were analyzed. First-stranded complementary deoxyribonucleic acid
(cDNA) was generated from mRNA using oligo(dT)12–18 primers and the Super-Script III reverse
transcriptase following the manufacturer’s instructions (Life Technologies).

Quantitative real-time polymerase chain reaction amplification (qRT-PCR). TaqMan-based qPCR
reactions were performed using the ABI PRISM 7900HT Sequence Detector System (Life Technologies,
Carlsbad, CA, USA) together with commercially available gene expression assays. The probes
corresponding to the following genes involved in muscle regeneration were tested: marker of
cell proliferation Ki67 (Ki67) (Mm01278617_m1, Life Technologies). The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (Mm99999915_g1, Life Technologies) served as
the endogenous control for the mRNA gene [46,47]. Reactions were run in duplicate, and mRNA data
were collected and subsequently analyzed using the Sequence Detection System relative quantification
software, version 2.4 (Applied BioSystems), in which the comparative CT method (2-∆∆CT) for relative
quantification was employed [48].

Immunoblotting of 1D electrophoresis. Protein levels of the different molecular markers analyzed in
the study were explored by means of immunoblotting procedures as previously described [6,7,30].
Briefly, frozen muscle samples from the gastrocnemius muscle of all mouse experimental groups
were homogenized in a buffer containing 50 mM HEPES, 150 mM NaCl, 100 mM NaF, 10 mM
Na pyrophosphate, 5 mM EDTA, 0.5% Triton-X, 2 micrograms/mL leupeptin, 100 micrograms/mL
phenylmethanesulfonyl fluoride (PMSF), 2 micrograms/mL aprotinin and 10 micrograms/mL pepstatin
A. The entire procedure was conducted at 4 ◦C. Protein levels in crude homogenates were
spectrophotometrically determined with the Bradford method using triplicates in each case and
BSA as the standard (Bio-Rad protein reagent, Bio-Rad Inc., Hercules, CA, USA). The final protein
concentration in each sample was calculated from at least two Bradford measurements that were
almost identical. Equal amounts of total protein (ranging from 5 to 60 micrograms, depending on the
antigen and antibody) from crude muscle homogenates were always loaded onto the gels, as well
as identical sample volumes/lanes. For the purpose of comparison among the different groups of
experimental and control rodents, muscle sample specimens were always run together and kept in the
same order. Two independent sets of immunoblots were conducted and four fresh 10-well mini-gels
were always simultaneously loaded for each of the antigens. Experiments were confirmed at least
twice for all the antigens analyzed in the investigation.

Proteins were then separated by electrophoresis, transferred to polyvinylidene difluoride
(PVDF) membranes, blocked with BSA and incubated overnight with selective primary antibodies.
Protein levels of sirtuin-1 and myogenic markers Pax-7, myoD and myogein were identified in
the gastrocnemius using specific primary antibodies: NAD-dependent protein deacetylase sirtuin-1
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(anti-sirtuin-1 antibody, ProteinTech Group Inc., Rosemont, IL, USA), MyoD (anti-MyoD antibody,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), myogenin (anti-myogenin antibody, Santa Cruz
Biotechnology), Pax-7 (anti-Pax-7 antibody; Abcam, Cambridge, UK) and GAPDH (anti-GAPDH
antibody, Santa Cruz Biotechnology). Antigens from all samples were detected with horseradish
peroxidase (HRP)-conjugated secondary antibodies 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 different antibodies was confirmed by omission of the primary
antibody and incubation of the membranes only with secondary antibodies.

PVDF membranes were scanned with the Alliance Q9 Advanced (Uvitec Cambridge, England,
UK). Optical densities of specific bands were quantified using the ImageJ software (National Institute
of Health, available at http://rsb.info.nih.gov/ij/). Final optical densities obtained in each specific group
of mice corresponded to the mean values of the different samples (lanes) of each of the study antigens.
In order to validate equal protein loading among the various lanes, the glycolytic enzyme GAPDH
was used as the protein loading control in all the immunoblots [46,47].

2.7. Statistical Analysis

The Shapiro–Wilk test was used to test normality of the study variables. The results are presented
as mean values (standard deviation). The variables of food intake and percentage changes in total
body weight, limb strength, and muscle structure are represented in Tables 1 and 2. The biological
variables are represented in the figures. For each specific treatment (either resveratrol or curcumin),
two-way analysis of variance (ANOVA) was performed using STATA (Software for Statistics and
Data Science, StataCorp LLC, College Station, TX, USA) independently. For all the study variables,
the following effects were analyzed: immobilization/recovery, treatment with either resveratrol or
curcumin, and interaction between treatment and condition. Moreover, potential differences between
two specific experimental groups were analyzed using post-hoc analysis contrast of marginal linear
predictions: (1) comparisons between non-immobilized and immobilized mice, (2) comparisons
between recovery and immobilized mice, (3) comparisons between treated and non-treated animals
during the unloading period, and (4) comparisons between the treated and non-treated rodents during
the recovery period. p ≤ 0.05 was established as the level of significance.

3. Results

3.1. Physiological Characteristics of the Study Animals

Non-immobilized versus immobilized conditions. Compared with non-immobilized animals,
in immobilized mice, total body and gastrocnemius weight and limb strength gain were significantly
reduced, while food intake was not modified (Table 1).

http://rsb.info.nih.gov/ij/
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Table 1. Physiological parameters in all experimental groups of mice.

Non-Immobilized
(N = 10)

7dI
(N = 10)

7dI + Res
(N = 10)

7dI + Cur
(N = 10)

7dR
(N = 10)

7dR + Res
(N = 10)

7dR + Cur
(N = 10)

Food intake (g/24 h) 3.15 (0.10) 3.10 (0.03) 3.17 (0.13) 3.02 (0.56) 3.08 (0.47) 3.11 (0.17) 3.48 (0.65)

Total body weight gain (%) +7.28 (2.02) −1.60 (1.82), *** +0.36 (1.49) −0.73 (1.20) +3.23 (1.45), §§ +6.40 (1.92) +5.94 (1.30)

Gastrocnemius weight (g) 0.115 (0.003) 0.085 (0.05), * 0.091 (0.007) 0.089 (0.003) 0.097 (0.004), § 0.099 (0.004) 0.097 (0.006)

Limb strength gain (%) +11.44 (5.10) −5.45 (1.12), * −0.61 (1.45) −2.88 (1.81) +7.00 (2.39), §§ +7.71 (2.08) +7.60 (1.99)

Resveratrol Curcumin

Immobilization
effect

p-value

Treatment effect
p-value

Interaction
effect

p-value

Immobilization effect
p-value

Treatment effect
p-value

Interaction effect
p-value

Food intake (g/24 h) 0.919 0.454 0.750 0.640 0.426 0.308

Total body weight gain (%) 0.0001 0.052 0.621 0.0001 0.126 0.423

Gastrocnemius weight (g) 0.0001 0.078 0.274 0.0001 0.270 0.270

Limb strength gain (%) 0.048 0.547 0.637 0.0171 0.763 0.890

Variables are presented as mean (standard deviation). Definition of abbreviations: I, immobilization; R, recovery; g, grams. Statistical significance is represented as follows: *, p < 0.05 and
***, p < 0.001 between 7dI animals and non-immobilized mice; §, p < 0.05 and §§, p < 0.01 between the 7dI and 7dR groups of animals. The effect of immobilization and treatment and
interaction effects are also indicated as actual p values for each variable; p < 0.05 and p < 0.001 are presented in bold.
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Reloading versus unloading conditions. Compared with unloaded animals, in recovery mice,
total body and gastrocnemius weight and limb strength gain significantly increased, while food intake
was not modified (Table 1).

Unloading with either resveratrol or curcumin versus unloading. Compared to non-treated unloaded
mice, in the gastrocnemius of 7dI + Res and 7dI + Cur mice, food intake, total body and gastrocnemius
weight, and limb strength gain did not significantly differ (Table 1).

Reloading with either resveratrol or curcumin versus reloading. Compared to non-treated reloaded
animals, in the gastrocnemius of 7dR + Res and 7dI + Cur mice, food intake, total body and
gastrocnemius weight, and limb strength gain did not significantly differ (Table 1).

3.2. Structural Phenotypic Characteristics

Non-immobilized versus immobilized conditions. Compared with non-immobilized animals, in the
gastrocnemius of immobilized mice, the cross-sectional area of both type I and type II muscle fibers
significantly decreased, while the proportions of hybrid fibers increased (Table 2).

Reloading versus unloading conditions. Compared to non-treated unloading animals, in the
gastrocnemius of the reloading mice, the CSA of type II fibers significantly increased (Table 2).
Fiber type proportions of both slow- and fast-twitch and hybrid fibers did not significantly differ
between 7dI and 7dR mice (Table 2). The CSA of slow-twitch and hybrid fibers did not differ between
these two groups of animals (Table 2).

Unloading with either resveratrol or curcumin versus unloading. Compared to non-treated unloaded
mice, in the gastrocnemius of 7dI + Res or 7dI + Cur mice, no significant differences were detected in
either cross-sectional area or muscle fiber type proportions (Table 2).

Reloading with either resveratrol or curcumin versus reloading. Compared to non-treated reloaded
animals, in the gastrocnemius of 7dR + Cur mice, the cross-sectional area of the hybrid fibers increased,
as almost did the CSA of fast-twitch fibers in the 7dR + Res animals, while no significant differences
were observed in the other parameters (Table 2).
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Table 2. Structural characteristics of the gastrocnemius muscle in the study groups.

Non-Immobilized
(N = 10)

7dI
(N = 10)

7dI + Res
(N = 10)

7dI + Cur
(N = 10)

7dR
(N = 10)

7dR + Res
(N = 10)

7dR + Cur
(N = 10)

Muscle fiber type, %
Type I fibers 15.37 (2.99) 16.93 (2.88) 14.68 (2.56) 18.27 (6.00) 16.25 (7.23) 15.21 (8.28) 14.95 (4.84)
Type II fibers 81.96 (5.74) 82.94 (3.09) 85.31 (2.56) 81.72 (6.00) 83.74 (7.23) 84.78 (8.28) 85.04 (4.84)

Muscle fiber size (CSA)
Cross-sectional area, type I fibers 1246.64 (129.93) 886.56 (115.34), ** 982.45 (114.50) 843.59 (133.10) 923.18 (108.64) 1010.70 (111.03) 1035.55 (117.76)

Cross-sectional area, type II fibers 1256.52 (105.47) 914.31 (134.64), * 1002.68
(114.12) 948.48 (115.00) 1079.80 (119.22), § 1256.11 (127.88)

(p = 0.075) 1117.72 (120.27)

Muscle hybrid fiber, % 0.66 (0.10) 3.55 (1.80), ** 3.14 (1.05) 2.60 (0.67) 3.34 (1.72) 2.11 (1.10) 2.04 (0.99)
Cross-sectional area, hybrid fibers 1014.60 (86.57) 908.03 (150.27) 916.61 (187.89) 787.31 (88.64) 751.68 (167.49) 857.90 (128.07) 971.03 (167.32), #

Resveratrol Curcumin

Immobilization
effect

p-value

Treatment effect
p-value

Interaction
effect

p-value

Immobilization effect
p-value

Treatment effect
p-value

Interaction effect
p-value

Type I fibers, % 0.890 0.275 0.850 0.195 0.726 0.908
Type II fibers, % 0.890 0.275 0.850 0.325 0.926 0.423

Cross-sectional area, type I fibers 0.750 0.156 0.832 0.210 0.770 0.470
Cross-sectional area, type II fibers 0.010 0.147 0.713 0.0140 0.563 0.911

Muscle hybrid fiber, % 0.810 0.352 0.990 0.455 0.587 0.674
Cross-sectional area, hybrid fibers 0.515 0.694 0.576 0.283 0.621 0.0187

Variables are presented as mean (standard deviation). Definition of abbreviations: I, immobilization; R, recovery; Res, resveratrol; Cur, curcumin; CSA, cross-sectional area. Statistical
significance is represented as follows: *, p < 0.05 and **, p < 0.01 between 7dI animals and non-immobilized mice; §, p < 0.05 between the 7dI and 7dR groups of animals; #, p < 0.05 for any
group of pharmacologically treated mice (resveratrol or curcumin) compared to their respective experimental group (7dI or 7dR mice). p = 0.075: statistical significance between 7dR + Res
versus 7dR. The effect of immobilization and treatment and interaction effects are also indicated as actual p values for each variable; p < 0.05 and p < 0.01 are presented in bold.
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3.3. Sirtuin-1 Content and Activity

Non-immobilized versus immobilized conditions. Compared with non-immobilized animals, in the
gastrocnemius of immobilized mice, sirtuin-1 activity did not differ, while sirtuin-1 protein levels
significantly decreased (Figure 3A–C, respectively).
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Figure 3. (A) Mean values and standard deviation of sirtuin-1 activity levels in the gastrocnemius muscle
of the different study groups of mice, as measured by fluorescence in arbitrary units (a.u.). Definition of
abbreviations: a.u., arbitrary units; I, immobilization; R, recovery; Res, resveratrol; Cur, Curcumin.
p = 0.116: statistical significance between 7dR + Cur versus 7dR. The effect of immobilization and
treatment and interaction effects are also indicated as actual p values for each variable. (B) Mean
values and standard deviation of sirtuin-1 protein content in the gastrocnemius muscle of the different
study groups 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; Res, resveratrol;
Cur, curcumin. Statistical significance is represented as follows: *, p < 0.05 between 7dI animals and
non-immobilized mice; §, p < 0.05 between the 7dI and 7dR groups of animals; #, p < 0.05 for any group
of pharmacologically treated mice (resveratrol or curcumin) compared to their respective group (7dI
or 7dR mice). The effect of immobilization and treatment and interaction effects are also indicated as
actual p values for each variable. (C) Representative immunoblots of sirtuin-1 and GAPDH proteins
in the gastrocnemius muscle of all study groups of mice. Arrowheads indicate the corresponding
analyzed band. Definition of abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MW, molecular weight; kDa, kilodalton; I, immobilization; R, recovery; Res, resveratrol; Cur, curcumin.

Reloading versus unloading conditions. Compared to non-treated unloading animals, in the muscles
of the reloading mice, sirtuin-1 activity levels did not differ, while those of sirtuin-1 protein levels
significantly increased (Figure 3A–C, respectively).

Unloading with either resveratrol or curcumin versus unloading. Compared to non-treated unloaded
mice, in the gastrocnemius of 7dI + Res or 7dI + Cur mice, no significant differences were detected in
either sirtuin-1 protein content or activity (Figure 3A–C, respectively).

Reloading with either resveratrol or curcumin versus reloading. Compared to non-treated reloaded
animals, in the gastrocnemius of 7dR + Cur mice a significant rise in sirtuin-1 activity was almost
(p = 0.116) observed, while sirtuin-1 protein levels showed a significant increase in 7dR + Res animals
(Figure 3A–C, respectively).
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3.4. Satellite Cell Counts

Non-immobilized versus immobilized conditions. A significant decline in α7-integrin +/CD34+ cells
was detected in the limb muscles of the unloaded mice compared to non-immobilized animals
(Figure 4A). Moreover, activated (Pax-7+ and Myf-5+) satellite cells increased in the gastrocnemius of
the immobilized mice compared to the non-immobilized mice, while quiescent/regenerative potential
(Pax-7+ and Myf-5-) cells decreased, and total numbers of satellite cells did not significantly differ in
muscles between the two experimental groups (Figure 4B–D and Figure 5A, respectively).

Reloading versus unloading conditions. A significant increase in α7-integrin+/CD34+ cells was seen
in the limb muscles of the reloading mice compared to immobilized animals (Figure 4A). Activated
(Pax-7+ and Myf-5+) satellite cell numbers did not differ in the gastrocnemius of the recovery mice
compared to unloaded muscles, while quiescent/regenerative potential (Pax-7+ and Myf-5-) cells and
total numbers of satellite cells increased (Figure 4B–D and Figure 5A,B, respectively).

Unloading with either resveratrol or curcumin versus unloading. A significant increase in
α7-integrin+/CD34+ cells was observed in the limb muscles of the unloading mice treated with
either resveratrol or curcumin compared to immobilized animals (Figure 4A). A significant rise in
activated (Pax-7+ and Myf-5+) satellite cells, quiescent/regenerative potential (Pax-7+ and Myf-5-) cells,
and in total satellite cell numbers was observed in the gastrocnemius of the immobilized mice treated
with either resveratrol or curcumin compared to immobilized animals (Figure 4B–D and Figure 5A,
respectively).

Reloading with either resveratrol or curcumin versus reloading. A significant increase in α7-integrin+/

CD34+ cells was observed in the limb muscles of the reloading mice treated with resveratrol compared
to recovery animals, whereas curcumin elicited no significant modifications (Figure 4A). No significant
differences in activated (Pax-7+ and Myf-5+) satellite cells, quiescent/regenerative potential (Pax-7+

and Myf-5-) cells, or total satellite cell numbers were detected in the gastrocnemius between recovery
mice treated with either resveratrol or curcumin and non-treated recovery animals (Figure 4B–D and
Figure 5B, respectively).
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Figure 4. (A) Mean values and standard deviation of the percentage of satellite cells (alpha-7
integrin+/CD34+) measured by FACS analyses in the limb muscles of the different study groups of
mice. Definition of abbreviations: α7, alpha-7 integrin; g, grams; I, immobilization; R, recovery;
Res, resveratrol; Cur, curcumin. Statistical significance is represented as follows: *, p < 0.05 between
the 7dI animals and non-immobilized mice; §, p < 0.05 between the 7dI and 7dR groups of animals;
#, p < 0.05 for any group of pharmacologically treated mice (resveratrol or curcumin) compared to
their respective group (7dI or 7dR mice). The effect of immobilization and treatment and interaction
effects are also indicated as actual p values for each variable. (B) Mean values and standard deviation
of the percentage of activated satellite cell counts as identified by the number of Pax-7/Myf-5-positive
cells in the gastrocnemius muscle of the different study groups of mice. Definition of abbreviations:
Pax-7, paired box-7; Myf-5, myogenic factor 5; I, immobilization; R, recovery; Res, resveratrol;
Cur, curcumin. Statistical significance is represented as follows: **, p < 0.01 between 7dI animals and
non-immobilized mice; #, p < 0.05 for any group of pharmacologically treated mice (resveratrol or
curcumin) compared to their respective group (7dI or 7dR mice). The effect of immobilization and
treatment and interaction effects are also indicated as actual p values for each variable. (C) Mean values
and standard deviation of the percentage of quiescent satellite cell counts as identified by the number
of Pax7-positive cells (Myf-5-negative) in the gastrocnemius muscle of the different study groups of
mice. Definition of abbreviations: Pax-7, paired box-7; Myf-5, myogenic factor 5; I, immobilization;
R, recovery; Res, resveratrol; Cur, curcumin. Statistical significance is represented as follows: *, p < 0.05
between 7dI animals and non-immobilized mice; §, p < 0.05 between the 7dI and 7dR groups of animals;
#, p < 0.05 for any group of pharmacologically treated mice (resveratrol or curcumin) compared to their
respective group (7dI or 7dR mice). The effect of immobilization and treatment and interaction effects
are also indicated as actual p values for each variable. (D) Mean values and standard deviation of the
percentage of total satellite cell counts as identified by the number of quiescent and activated satellite
cells in the gastrocnemius muscle of the different study groups of mice. Definition of abbreviations:
I, immobilization; R, recovery; Res, resveratrol; Cur, curcumin. Statistical significance is represented
as follows: §, p < 0.05 between the 7dI and 7dR groups of animals; #, p < 0.05 and ##, p < 0.01 for any
group of pharmacologically treated mice (resveratrol or curcumin) compared to their respective group
(7dI or 7dR mice). The effect of immobilization and treatment and interaction effects are also indicated
as actual p values for each variable.
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Figure 5. (A) Representative images of immunofluorescence staining of DAPI (left panels),
Pax-7 (middle-left panels), Myf-5 (middle panels) and cells positively stained for both Pax-7 and
Myf-5 markers (middle-right panels), and negative control (right panels) in the gastrocnemius muscle of
the non-immobilized mice and immobilized mice with and without treatment (7dI, 7dI + Res and 7dI +

Cur groups of mice). Thin arrows indicate Pax-7-positive cells, and arrowheads indicate double-stained
nuclei for both Pax-7- and Myf-5-positive cells (activated satellite cells). Definition of abbreviations:
Pax-7, paired box-7; Myf-5, myogenic factor 5; DAPI, 4’,6-diamino-2-fenilindol; I, immobilization;
Res, resveratrol; Cur, curcumin. (B) Representative images of immunofluorescence staining of DAPI
(left panels), Pax-7 (middle-left panels), Myf-5 ((middle panels) and cells positively stained for both
Pax-7 and Myf-5 markers (middle-right panels) and negative control (right panels) in the gastrocnemius
muscle of the recovery mice with and without treatment (7dR, 7dR + Res and 7dR + Cur groups
of mice). Thin arrows indicate Pax-7-positive cells, and arrowheads indicate double-stained nuclei
for both Pax-7- and Myf-5-positive cells (activated satellite cells). Definition of abbreviations: Pax-7,
paired box-7; Myf-5, myogenic factor 5; DAPI, 4’,6-diamino-2-fenilindol; R, recovery; Res, resveratrol;
Cur, curcumin.
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3.5. Myogenic Markers of Muscle Regeneration

Non-immobilized versus immobilized conditions. In the gastrocnemius muscle of immobilized
rodents compared to non-immobilized mice, gene expression of Ki67 did not differ (Figure 6A). In the
gastrocnemius muscle of immobilized mice compared to non-immobilized animals, protein expression
levels of Pax-7 significantly improved, those of myogenin did not differ, while those of MyoD increased
(Figure 6B–E, respectively).

Reloading versus unloading conditions. In the gastrocnemius muscle of recovery mice compared to
immobilized animals, gene expression of Ki67 increased (Figure 6A). In the gastrocnemius muscle of
recovery mice compared to immobilized animals, protein expression of Pax-7 significantly declined,
myogenin increased, and MyoD significantly decreased (Figure 6B–E, respectively).

Unloading with either resveratrol or curcumin versus unloading. In the gastrocnemius of unloading mice
treated with either resveratrol or curcumin compared to non-treated unloaded muscles, no differences
were observed in Ki67 expression levels (Figure 6A). In the gastrocnemius of unloading mice treated
with either resveratrol or curcumin compared to non-treated unloaded muscles, protein expression of
Pax-7, myogenin and MyoD did not differ (Figure 6B–E, respectively).

Reloading with either resveratrol or curcumin versus reloading. In the gastrocnemius of reloading mice
treated with curcumin or resveratrol, compared to non-treated reloaded muscles, gene expression of
Ki67 did not differ (Figure 6A). In the gastrocnemius of reloading mice treated with either resveratrol
or curcumin compared to non-treated reloaded muscles, protein expression of Pax-7, myogenin and
MyoD did not differ (Figure 6B–E, respectively).
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Figure 6. (A) Mean values and standard deviation of gene expression of Ki67 in the gastrocnemius
muscle of the different study groups of mice. Definition of abbreviations: Ki67, cell proliferation Ki-67;
mRNA, messenger ribonucleic acid; a.u., arbitrary units; I, immobilization; R, recovery; Res, resveratrol;
Cur, curcumin. Statistical significance is represented as follows: §, p < 0.05 between the 7dI and 7dR
groups of animals. The effect of immobilization and treatment and interaction effects are also indicated
as actual p values for each variable. (B) Mean values and standard deviation of Pax-7 protein content,
as measured by optical densities in arbitrary units (OD, a.u.). Definition of abbreviations: OD, optical
densities; a.u., arbitrary units; Pax-7, paired box-7; I, immobilization; R, recovery; Res, resveratrol;
Cur, curcumin. Statistical significance is represented as follows: *, p < 0.05 between the 7dI animals
and non-immobilized mice; §, p < 0.05 between the 7dI and 7dR groups of animals. The effect of
immobilization and treatment and interaction effects are also indicated as actual p values for each variable.
(C) Mean values and standard deviation of myogenin protein content, 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; Res, resveratrol; Cur, curcumin. Statistical significance is represented
as follows: §, p < 0.05 between the 7dI and 7dR groups of animals. The effect of immobilization and
treatment and interaction effects are also indicated as actual p values for each variable. (D) Mean values
and standard deviation of MyoD protein content, as measured by optical densities in arbitrary units
(OD, a.u.). Definition of abbreviations: OD, optical densities; a.u., arbitrary units; MyoD, myogenic
differentiation 1; I, immobilization; R, recovery; Res, resveratrol; Cur, curcumin. Statistical significance
is represented as follows: *, p < 0.05 between 7dI animals and non-immobilized mice; §, p < 0.05
between the 7dI and 7dR groups of animals. The effect of immobilization and treatment and interaction
effects are also indicated as actual p values for each variable. (E) Representative immunoblots of
Pax-7, MyoD, myogenin and GAPDH proteins in the gastrocnemius muscle of all study groups of
mice. Arrowheads indicate the corresponding analyzed band. Definition of abbreviations: Pax-7,
paired box-7; MyoD, myogenic differentiation 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MW, molecular weight; kDa, kilodalton; I, immobilization; R, recovery; Res, resveratrol, Cur, curcumin.
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4. Discussion

The main findings of the current investigation were that in immobilized mice compared to
non-immobilized mice total body and gastrocnemius weight, limb strength gain, CSA of both slow- and
fast-twitch fibers, sirtuin-1 protein levels, numbers of muscle progenitor cells (α7-integrin+/CD34+),
and numbers of quiescent (Pax-7+ and Myf-5-) satellite cells significantly decreased, while proportions
of hybrid fibers, activated (Pax-7+ and Myf-5+) satellite cell counts, and both Pax-7 and MyoD protein
levels significantly increased.

In the muscles of the reloading animals compared to unloaded mice, total body and
gastrocnemius weight, limb strength gain, CSA of fast-twitch fibers, sirtuin-1 protein levels, numbers of
α7-integrin+/CD34+ satellite cells, numbers of quiescent (Pax-7+ and Myf-5-) satellite cells, total counts
of satellite cells, Ki67 levels (gene expression), and myogenin protein levels significantly improved.

In muscles of the immobilized mice treated with either resveratrol or curcumin compared to
non-treated immobilized animals, counts of satellite α7-integrin+/CD34+ cells, activated (Pax-7+ and
Myf-5+) satellite cells, quiescent (Pax-7+ and Myf-5-) satellite cells, and the total counts of satellite
cells improved.

In muscles of the reloaded animals treated with either resveratrol or curcumin compared to
non-treated reloaded mice, the CSA of both hybrid (only in curcumin-treated mice) and fast-twitch
fibers (only in resveratrol-treated animals), sirtuin-1 activity levels (only in curcumin-treated animals),
sirtuin-1 protein levels (only in resveratrol-treated mice), and counts of α7-integrin+/CD34+ satellite
cells (only in the resveratrol-treated mice) significantly increased.

Unloading of the limb muscles induced a significant decline in the numbers of muscle progenitor
cells and quiescent satellite cells, while a rise in activated satellite cell counts was observed. These are
interesting findings that put research forward on the impact of a seven-day period of unloading on the
initial steps of the muscle regeneration process.

In different experimental models, treatment with resveratrol has been shown to improve
muscle mass and phenotype as a result of sirtuin-1 activity [49] and attenuation of apoptosis [25].
Increased sirtuin-1 during reloading of previously unloaded muscles also induced an improvement in
muscle mass and function [6]. In the current study, CSA of fast-twitch myofibers also improved in
response to treatment with resveratrol during reloading of hindlimb muscles. These findings are in line
with previous results obtained in our group (unpublished observations). On the other hand, curcumin
administration during reloading also elicited an improvement in muscle phenotype and function
through attenuation of apoptosis and proteolysis (ubiquitin–proteasome system) in experimental
models [30,35]. Furthermore, NF-kB-dependent muscle wasting was also alleviated as a result of
curcumin treatment in septic rats [28,29,50].

In the present study, treatment of immobilized mice with either resveratrol or curcumin induced
a significant improvement in the numbers of muscle progenitor cells, quiescent, activated and total
satellite cell counts in the limb muscles compared to non-treated immobilized animals. In line with this,
it was previously shown [51] that sirtuin-1 maintained satellite cells in a stem-like state. This probably
accounted for the rise in the numbers of quiescent and total satellite cells seen in the muscles of
the unloaded mice treated with either curcumin or resveratrol. Furthermore, in trained elderly
subjects treated with resveratrol, satellite cell numbers also increased in their limb muscles [52].
Collectively, these findings suggest that resveratrol and curcumin favor muscle regenerative potential
following unloading.

Importantly, treatment with resveratrol was also shown to favor the process of muscle regeneration
through several mechanisms. In fact, similar levels of muscle progenitor cells to those encountered in the
current investigation were also reported in a former study [25]. Interestingly, a modest enhancement of
myogenic precursor cell proliferation was seen in resveratrol-treated muscles following reloading [25].
Furthermore, recovery of muscle mass and of the size of fast-twitch fibers in the rat hindlimb
muscles was also mediated by the action of proapoptotic proteins including cleaved caspase-3 [25].
Another mechanism whereby resveratrol may favor muscle regeneration was its ability to attenuate
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muscle damage (contusion model) in mice [24]. Furthermore, local and systemic markers of muscle
regeneration were attenuated in response to resveratrol treatment in mice [24].

Specifically, muscle regenerative markers and recovery of normal tissue architecture was favored
by the systemic administration of curcumin in mice in response to freeze injury [31]. The beneficial
effects seen in muscles were due to blocking of NF-kB activity [31]. In a previous study from our
group [30], curcumin also elicited an improvement in muscle phenotype and function via attenuation of
NF-kB activity (lower levels of acetylation) in mice exposed to the same experimental conditions as in
the present study. Taken together, these findings suggest that NF-kB is a probably a major regulator of
the muscle regeneration process detected in the hindlimb muscles of mice in the present investigation.

Protein levels of early markers of muscle regeneration (Pax-7 and MyoD) significantly increased in
the gastrocnemius of the immobilized mice compared to non-immobilized animals. These findings are
in accordance with previous reports [8,17,53] and suggest that the process of muscle regeneration has
been triggered. On the other hand, protein levels of the early markers Pax-7 and MyoD significantly
declined in the gastrocnemius of the reloaded muscles, while those of the late marker myogenin
significantly rose. These results are also consistent with previous reports in which late markers of
muscle regeneration were upregulated during recovery in limb muscles [8,17,53].

Importantly, treatment with either curcumin or resveratrol in the reloading periods elicited
an increase in sirtuin-1 activity and sirtuin-1 protein levels, while it did not induce any significant
modifications in levels of any of the analyzed markers of muscle regeneration, cells or myogenic markers
(ki67, pax-7, myoD, and myogenin) in the gastrocnemius of any of the reloaded animals. In keeping
with this, a potential role of sirtuin-1 activity was established as a negative regulator of early myogenic
markers (proliferation of muscle precursor cells) of muscle regeneration [54]. Another plausible
explanation relies on the fact that the process of muscle regeneration would be almost entirely complete
during the reloading phase, and treatment with any of the phenolic compounds would not be able to
exert additional beneficial effects. Thus, treatment with either resveratrol or curcumin did not elicit
any significant modification of the markers of muscle regeneration beyond the physiological effects
elicited by the experimental conditions of unloading or reloading.

In line with this, treatment with resveratrol during recovery for two weeks of aged rats exposed
to tail suspension also induced moderate therapeutic benefits as identified by muscle mass recovery
and increased size of the fast-twitch fibers of limb muscles, probably resulting from the attenuation of
apoptosis [25]. Another study [55] also demonstrated that the beneficial effects induced by resveratrol
on the limb muscles of type I diabetic mice was not dependent on sirtuin-1 activity. In that investigation,
mitochondrial membrane potential was restored in muscle fibers without the interference of sirtuin-1
activity in the mouse muscles [55].

5. Conclusions

Unloading of the limb muscles triggered a program of muscle regeneration characterized by
the activation of satellite cells and the upregulation of early myogenic factors. Treatment with the
pharmacological agents resveratrol and curcumin enhanced the numbers of the identified subtypes
of satellite cells (muscle progenitor, quiescent, activated, and total satellite cells) in the unloaded
limb muscles but not in the reloaded muscles. These findings have potential clinical implications as
treatment with these phenolic compounds would predominantly be indicated during disuse muscle
atrophy to enhance the muscle regeneration process. Treatment with either curcumin or resveratrol
would not elicit as many beneficial effects during reloading.
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