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Abstract

Sarcopenia is the general muscle mass and strength loss associated with ageing. Muscle atrophy could be made worse by
exposure to acute periods of immobilization, because muscle disuse by itself is a stimulus for atrophy. Using a model of
unilateral hindlimb casting in old adult rats, we have already demonstrated that the primary effect of immobilization was
atrophy in the casted leg, but was also surprisingly associated with a retarded atrophy in the non-casted leg during
rehabilitation. In search of mechanisms involved in this generalized atrophy, we demonstrated in the present study that
contrary to pair-fed non-immobilized control animals, muscle protein synthesis in the non-immobilized limb was unable to
adapt and to respond positively to food intake. Because pair-fed control rats did not lose muscle mass, this defect in muscle
protein synthesis may represent one of the explanation for the muscle mass loss observed in the non-immobilized rats.
Nevertheless, in order to stimulate protein turn over and generate a positive nitrogen balance required to maintain the
whole muscle mass in immobilized rats, we tested a dietary free leucine supplementation (an amino acid known for its
stimulatory effect on protein metabolism) during the rehabilitation period. Leucine supplementation was able to overcome
the anabolic resistance in the non-immobilized limb. A greater muscle protein synthesis up-regulation associated with a
stimulation of the mTOR signalling pathway was indeed recorded but it remained inefficient to prevent the loss of muscle in
the non-immobilized limb. By contrast, we demonstrated here that whey protein or high protein diets were able to prevent
the muscle mass loss of the non-immobilized limb by sustaining muscle protein synthesis during the entire rehabilitation
period.
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Introduction almost three-time the duration of the immobilization period after
the removal of the casts), it seems unlikely that a reduction in
physical activity related to immobilization may be responsible for
the general atrophy observed. Furthermore, this phenomenon has
not been demonstrated in young adult animals by using the same
model of muscle immobilization [6] and seems then specific to
ageing. Therefore, if the primary effect of unilateral immobiliza-
tion results in local atrophy of the casted limb in the old adults, it
could have subsequent consequences by inducing a general muscle
mass loss as observed in generalized catabolic states. The
consequences of this observed phenomenon may be similar to
the frailty syndrome described as a physiological state of
susceptibility that places older individuals at high risk for adverse
out-comes such as falls, disability, morbidity and institutionaliza-
tion [7-10].

Presently, the mechanisms involved in this delayed atrophy are
nevertheless unknown. It is however noteworthy to mention that

Sarcopenia is an age-related loss in skeletal muscle mass and
strength associated with normal ageing [1]. Besides a slow and
progressive loss over vyears, English & Paddon-Jones have
suggested that, when ageing, sarcopenia could also result from
muscle atrophy episodes followed by uncompleted muscle recovery
[2]. The authors named this phenomenon the ‘catabolic crisis
model’ which has been observed previously after generalized
catabolic states including food deprivation [3] or glucocorticoids
treatment [4]. We have also recently shown that contrarily to
adults [5], muscle mass loss was not recovered after 40 days of
rehabilitation in an old adult rat model of unilateral hindlimb
casting. More surprisingly, we showed for the first time that
atrophy also occurred in the non-immobilized leg during the
rehabilitation period and reached a non-negligible level of 10—
15% decrease after the cast removal [5]. Considering that this
general atrophy occurred later during the rehabilitation period (i.e.
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Chen et al. have shown that casting in adult volunteers affected
not only the immobilized limb but also the gene expression in the
non-immobilized limb. The genes affected were involved in stress
response, sarcomere structure, cell growth/death and interestingly
protein turnover regulation [l11]. The size of the muscle
compartment is indeed dependent on the overall balance between
muscle protein synthesis and protein breakdown. However, we
have shown that muscle proteolysis and apoptotic processes
remained unaffected in the non-immobilized leg during the
immobilization by casting and the following recovery period [5].
The delayed muscle mass loss observed in this non-immobilized
leg seems to be linked to a depressed protein synthesis. However,
this has not been demonstrated yet. Muscle protein synthesis is not
constant during the day and it is subjected to variations especially
following dietary intake. Amino acids are particularly efficient in
stimulating muscle protein synthesis and by inhibiting muscle
protein breakdown [12-14], hence resulting in a positive post-
prandial nitrogen balance required to maintain the muscle mass
constant. Among amino acids, leucine is particularly known for its
‘signal’ properties i.e. it i3 known to acutely increase muscle
protein synthesis and decrease protein breakdown under both i
vitro and i viwo conditions [15-24]. Leucine ingestion/infusion
results in the phosphorylation of proteins critical for the anabolic
mTOR signalling pathway leading to the stimulation of the
initiation of muscle protein synthesis [25-27].

In our previous study in old adult rats [28], we have shown that
either leucine supplementation incorporated into a casein diet,
whey protein or a high protein diets were more efficient than a
standard diet at stimulating post-prandial muscle protein synthesis
in a limb that was previously immobilized by casting. However,
only the whey proteins or the high protein diet were efficient to
improve muscle mass recovery. The objective of the present study
was to understand the mechanisms involved in the atrophy
observed in the non-immobilized leg after immobilization-induced
atrophy, muscle protein synthesis and key intracellular signalling
factors were measured in the same animals that we previously
studied [28]. We also wanted to explore kinetically the response to
the diets already tested on the immobilized limb in the non-
immobilized leg muscle.

Materials and Methods

Animals and experimental design

All procedures were performed in strict accordance with the
institutional guidelines on animal experimentation in France
(Animal facilitiy scientific committee, CSU INRA Clermont-
Theix). At the time of the experiment, ethics committee approval
was not required in Irance but required the official authorization
for animal experimentation for the experimenter (Direction
Départementale des Services Vétérinaires (DDSV), Dominique
Dardevet; Authorization 63-08) and the official authorization of
our animal facility (Installation Expérimentale de Nutrition (Unité
de Nutrition Humaine, INRA de Theix), agreement n° C
63345.14 delivered the 22 December 2009). From 2013, France
is now under the European legislation in animal ethics and all
protocols should be approved by the “Comité d’Ethique En
Matiére d’Expérimentation Animale Auvergne (CEMEAA)”.
Similar protocols with casted rats (adults or old animals) have
been submitted and received the approval (CE4-09 ; CE29-11;
CE108-12). All casting were performed under gas anesthesia
(Fluothane). Animals were weighted every day, food intake
monitored and casts were checked twice a day (morning and
afternoon). If necessary, the cast was removed under gas anesthesia
and replaced to insure no injury. Every effort was made to
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minimize suffering and animals were removed from the experi-
ment if their food consumption was abnormal for more than 3
days.

Experiment 1. Male Wistar rats aged 22-24 months were
housed individually under controlled environmental conditions
(room temperature 22°C; 12 h light-dark cycle, light period
starting at 08:00 h), fed ad lbitum a standard 13% casein diet
(Table 1) and given free access to water.

After a 3-week adaptation period, seventeen rats were studied as
a reference point before the immobilization period (I0) and 144
rats were anesthetized with isoflurane inhalation and subjected to
unilateral hindlimb cast immobilization with an Orfit-soft plaque
(Gibaud, France) for 8 days (I8) to generate local muscle atrophy.
The foot joint was casted with a 130° angle and gastrocnemius
muscle was immobilized in the shortened position. All rats were
fed the standard 13% casein diet during immobilization which is
known to cover the dairy protein recommendation in non-growing
rats [29]. For muscle recovery, casts were removed and the rats
were allowed to recover for 10 (R10), 20 (R20), 30 (R30) or 40
(R40) days. Half of the rats were fed a control diet (i.e. with casein
as protein source) and constituted the CONTROL group; the
other half was fed with a 4.45% leucine-supplemented diet
(Table 1) and was the LEU group. To prevent the fall of plasma
valine and isoleucine concentrations induced by leucine supple-
mentation, the leucine-supplemented diet was also supplemented
with appropriate amounts of these amino acids [30]. Alanine, an
amino acid that has no effect on muscle protein metabolism, was
included in the control diet to render the diets iso-nitrogenous and
iso-caloric.

Before immobilization (I0) and at the end of the immobilization
(I8) or recovery periods (R10, R20, R30, R40), animals were fasted
overnight (light period) and cuthanized the next morning under
pentobarbital sodium anaesthesia (50 mg/kg ip). On the morning
of each time point studied, half of the rats in each group were not
fed, so that they were in a post-absorptive state. These rats were
assigned the acronym “PA” (PA CONTROL and PA LEU). The
others ate as usual for 1 h and then were in the post-prandial state
as previously described [16,30]; they were named “PP” (PP
CONTROL and PP LEU). The food consumption was identical
between all groups at R20 (8.8+0.6, 8.4%0.6, 7.4%0.6 and
7.4%0.5 g for control, leucine, whey and high protein diet groups,
respectively) and R40 (7.7%0.7, 8.1+0.6, 7.5%=0.5 and 8.1£0.6 g
for control, leucine, whey and high protein diet groups,
respectively).

Finally, for immobilized rats, the number of animals was n=38
for each group and each nutritional state at each time point. Non-
casted pair-fed rats were also studied at the PA and the PP states
using the same procedure (n=48 per group at each time point).
They were fed with the standard diet from 10 to I8 and then with
the control diet during the recovery.

Experiment 2. In a second experiment designed exactly as
Experiment 1, the effect of whey protein or high protein diets was
assessed on the non-immobilized limb in rats (described in [28]).
Forty one animals were subjected to cast immobilization for 8 days
and then allowed to recover during 20 (R20) and 40 (R40) days.
Eight animals were euthanized at 18 and the others were divided in
two groups: the first one (n=16) received a whey protein diet
WHEY group) and the second group (n=17) received a high
protein diet (HIGH PROT group) (Table 1). Both diets are iso-
caloric and contain same calories as others diets. Seven animals
were used as a control before casting (10). All animals were studied
at the post-prandial state.
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Measurement of proteasome activities

In this pathway, two distinct steps are depicted: 1) the
ubiquitination of proteins and 2) their degradation by the 26S
proteasome. We have firstly investigated the chrymotrypsin- and
the trypsin-like activity of the proteasome which are surrogate
markers of this pathway.

One hundred and fifty mg of gastrocnemius muscle powder from
non-immobilized muscles at each time point were homogenized in
10 volumes of an ice-cold buffer containing 50 mm Tris-Cl
(pH 7.5), 5 mm MgCly, 250 mMm sucrose, 1 mm Dithiothreitol
(DTT), 10 nm adenosine triphosphate (ATP) and protease
inhibitors (10 pg/ml antipain, 10 ug/ml leupeptin, 10 pg/ml
aprotinin, 10 pg/ml pepstatin A, 20 um phenylmethanesulphonyl
fluoride [PMSF]). Briefly, extracts were centrifuged at 8,000 rpm
for 20 min at 4°C. Supernatants were then centrifuged at
47,000 rpm for 30 min at 4°C and resulting supernatants were
finally centrifuged at 47,000 rpm for 2.5 h at 4°C. The resulting
protein pellets were resuspended in 150 pL of a buffer containing
20% glycerol, 5 mm MgCl, and 50 mm Tris-Cl (pH 7.5) (Buffer
A). Protein concentration was determined from these resuspended
pellets (BIORAD® assay). The peptidase activities of the
proteasome (chymotrypsin-like and trypsin-like activities) were
determined by measuring the hydrolysis of the fluorogenic
substrates succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin
(LLVY-AMC) (Sigma, USA) and the Boc-Leu-Arg-Arg-7-amido-
4-methylcoumarin (LRR-AMC) (Enzo Life Sciences) respectively.
To measure the proteasome chymotrypsin-like and trypsin-like
activities, 15 pg of proteins from the resuspended pellets diluted in
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Table 1. Composition of standard and experimental diets.

Standard diet Control and experimental diets

CONTROL LEU WHEY HIGH PROT

Ingredients
Casein 166 166 166 = 156
Whey - - - 144 144
L-cystine 1.8 1.8 1.8 - -
Alanine' - 59 - -
Leucine - - 44.5 - -
Valine? - - 5.1 - -
Isoleucine? - - 9.8 - -
Proline - - 57 -
Choline - - 25 25
Rapeseed oil 30 30 30 30 30
Peanut oil 27 27 27 27 27
Sunflower oil 3 3 3 3 3
Cellulose 35 35 35 35 35
Sucrose 100 100 100 100 100
Lactose 134 134 134 134 134
Wheat flour 458.2 399.2 398.8 482 334
Mineral mixture AIN93 35 35 35 35 35
Vitamin mixture AIN93 10 10 10 10 10
Given during adaptation/immobilization recovery recovery recovery recovery
Quantities are expressed in g.kg™' dry matter for the CONTROL, LEU, WHEY and HIGH Prot groups.
LEU, leucine; WHEY, whey protein; HIGH PROT, high protein.
"Alanine was included in the control diet to render the diets isonitrogenous. This amino acid has no effect on muscle protein metabolism.
2Valine and isoleucine were included in the leucine-supplemented diet to prevent the fall of their plasma concentrations induced by leucine supplementation.
doi:10.1371/journal.pone.0070130.t001

15 pL. of Buffer A were added to 60 ul of medium containing
50 mm Tris-Cl (pH 7.5), 11.25 mm MgCLy, 1.25 mm DTT, 0.01
U apyrase and 300 um LLVY-AMC or 800 um LRR-AMC. Pilot
experiments were performed with or without inhibitors of the
chymotrypsin-like activity (MG132, Affiniti) to ensure that the
activities were totally inhibited. The trypsin-like activity was
measured with and without the specific inhibitor lactacystin
(lactacystin, 100 pum, Sigma). Both activities were determined by
measuring the accumulation of the fluorogenic cleavage product
(AMC) using a fluorescence spectrometer FLX800 (Biotek, USA)
during 45 min at 380 nm excitation wavelength and 440 nm
emission wavelength. The time course for the accumulation of
AMC after hydrolysis of the substrate was analyzed by linear
regression to calculate activities, i.e., the slopes of best fit of
accumulation AMC vs. time.

Analysis of muscle protein synthesis and proteolysis
signalling pathways by western blotting

Powder (300 mg) of gastrocnemius muscles was homogenized in
10 volumes of a buffer containing 1 mwm dithiothreitol (D'T'T),
0.1 mm phenylmethanesulphonyl fluoride (PMSF), 1 mm benza-
midine and 0.5 mMm Na vanadate. Extracts were then centrifuged
at 9,500 rpm for 12 min at 4°C. Aliquots of supernatants were
diluted in sample buffer, boiled for 5 min, and stored at —20°C
until protein immunoblot analyses. Equal amounts of proteins
were separated by SDS-PAGE and transferred to PVDF
membranes (GE Healthcare, Orsay, France).
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Muscle proteasome proteolysis pathway. To explore the
first step of the ubiquitin-proteasome-dependant proteolysis
(tagging of proteins by ubiquitin before their recognition by the
proteasome) the anti-ubiquitinylated proteins antibody, which
recognizes poly-ubiquitin chains (Millipore, USA), was used at
1:2,000 dilution. Twenty-five micrograms of proteins was sepa-
rated on 7% acrylamide gels. FoxO3a is a transcription factor
mvolved in atrogenes transcription. When phosphorylated, its
nuclear translocation is impossible. Thus, the ratio between
FOXO3a and its phosphorylated form traduces an inhibition of
atrogenes transcription. The abundance of transcription factor
FoxO3a and its phosphorylated form phospho-FoxO3a (Ser253)
were determined using appropriate antibodies (Cell Signalling
Technology, Inc., Danvers, MA, USA) at 1:1,000. Fifty micro-
grams of proteins was separated on 7.5% acrylamide gels.

Muscle protein synthesis pathway. We have previously
shown that mTOR signalling pathway in old rat muscles was
activated after amino acids and glucose intake [31-32]. However,
the early steps in this signalling pathways (S6KI) were only
stimulated transiently (30 min) and were not anymore phosphor-
ylated after 1 h. By contrast, the phosphorylation of the substrates
of S6K1 such as S6 remained elevated even 1 h after the nutrient
intake. Because, muscle protein synthesis was measured 110-
140 min after food intake in the present study, only the
downstream signalling factors of the S6K1 were assessed in order
to reflect the activation of the mTOR pathway. Immunoblotting
was performed using appropriate antibodies: S6 and phospho-S6
(Ser 235/236) (Cell Signalling Technology, Inc., Danvers, MA,
USA) at 1:6,000 dilution. To determine the amount of S6 25 ug of
proteins were separated on 15% acrylamide gels, and 30 pg of
proteins were separated on 12% acrylamide gels to quantify
amount of phospho-S6. The amount of total 4EBP1 (o, B and vy
forms) was determined on 50 pg of proteins separated on 15%
acrylamide gels, using an antibody (Cell Signalling Technology,
Inc., Danvers, MA, USA) at 1:4,000 dilution.

For all immunoblots, signals were detected using the ECL+
detection kit (GE Healthcare, France) after exposition onto
radiographic film (Hyperfilm ECL, GE Healthcare, France),
quantified by densitometry using the Image ] software and
normalized against the amount of proteins (determined following
Ponceau Red staining) to correct for uneven loading.

Measurements of in vivo protein synthesis

Protein synthesis rates were measured using the flooding-dose
method. Each rat was injected intravenously with [1-'°C] valine
(99%) (150 pmoles/100 g body weight), 40 min before sacrificing
(i.e., 110-140 min after the beginning of the experimental diets),
to flood the precursor pool with [1-'?C] valine. Rats were then
euthanized under pentobarbital sodium anaesthesia (50 mg kg™
ip). Blood was withdrawn from the aorta, and hindlimb
gastrocnemius muscles were carefully dissected, weighed and frozen
in liquid nitrogen. Free and bound valine enrichments were
determined as follows.

Muscles were powdered in liquid nitrogen in a ball mill
(Dangoumeau, Prolabo, Paris, France). A 200 mg-aliquot of
frozen muscle powder was homogenized in 2 mL of 10%
trichloroacetic acid (TCA). Homogenates were centrifuged
(8000 rpm, 15 min, 4°C) and supernatants, containing free amino
acids, were desalted by cation-exchange chromotography (AG
50%8, 100-200 mesh, H* form, Bio-Rad, Richmond, CA) in
minidisposal columns. Valine and other amino acids were eluted
with 4 mol/L. NH,OH. After evaporation of NH;OH under
vacuum, free amino acids were resuspended in 0.01 mol/L HCI
for enrichment measurements. TCA-insoluble materials were
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washed 3 times in 4 volumes of cold 10% TCA and once in 4
volumes of 0.2 mol/L perchloric acid (PCA). Resultant pellets
were resuspended in 0.3 mol/L NaOH and incubated at 37°C for
1 h. Protein concentration was determined using the bicinchoninic
procedure. Proteins were precipitated with 20% PCA overnight at
4°C, samples centrifuged (10,000xg, 5 min, 4°C). The protein
pellet was hydrolyzed in 6 mol/L HCl at 110°C for 24 h. HC] was
removed by evaporation and amino acids purified by cation-
exchange chromotography as described above. Measurement of
free valine enrichment was done as its tbutyldimethylsilyl
derivative by gas chromatography electron impact mass spec-
trometry, using a gas chromatograph coupled to an organic mass
spectrometer quadrupole. Enrichment of [1-'*C] valine into
muscle proteins was measured as its MN-acetyl-propyl derivatives
by gas chromatography-combustion-isotope ratio mass spectrom-
etry.

Calculations

The absolute synthesis rate (ASR) was calculated from the
product of the protein fractional synthesis rate (FSR) and the
protein content of the tissue and expressed in mg/d. FSR (in %/d)
is calculated from the formula : FSR =Shx100/Saxt, were Sb is
the enrichment at time t (minus natural basal enrichment of
protein) of the protein-bound valine, ¢ is the incorporation time in
d, and Sa is the mean enrichment of free tissues valine between
time 0 and ¢ The mean Sa enrichment was the Sa (t;,9) value
calculated from the linear regression obtained in tissue between
time 0 and time &

Statistical analysis

All data are expressed as means = SEM. Food intake and body
weight comparisons were assessed using repeated measures
analysis of variance test (StatView statistical software package,
version 5, SAS Institute, Cary, NC, USA). Other measurements
were analyzed using a two-way ANOVA (time, diet). When
significant differences were detected by ANOVA, post hoc
comparisons between groups were made using the Fisher’s PLSD
test. Significance was defined at the P<<0.05 level.

Results

Body weights and food intake

Body weight and food intake are presented in Fig. 1. Body
weight was similar between the CONTROL, LEU, WHEY and
HIGH PROT groups at 10 (560-580 g) and had the same body
weight decrease in response to casting (—10% at 18) (Fig. 1A).
During the recovery period, body weights stabilized in all groups
by the end of the recovery period (~470 g at R40). Similarly, food
intake decreased until I8 in the four experimental groups, and then
increased to reach normal value (16-17 g.day ' at R40 os.
18 g.day™ ! at 10) (Fig. 1B). Food intake of the pair-fed group
perfectly matched that of the casted group during immobilization
(11.29%0.06 g.day ' at I8) and recovery (17.86+1.09 g.day ' at
R20). The body weight of pair-fed animals decreased slightly
during the experimental protocol (—4.4% at I8 and 10.1% at R20)

Effect of the nutritional intervention on muscle mass

Gastrocnemius muscle mass from pair-fed non-immobilized old
adult rats was stable at each point measured (2.553%0.04;
2.557%0.03 and 2.498%+0.04 g at 10; I8 and R20, respectively)
(Fig. 2). This result confirmed our previous observations [5]
showing that pair-fed gastrocnemius weight did not significantly
change from 10 to R40.
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Figure 1. Body weight and food intake for rats fed the CONTROL, LEU, WHEY, and HIGH PROT diets. (A), the initial body weight for rats
(expressed in g) were similar between the four experimental groups at 10 (Experiment 1 and Experiment 2). Changes were similar across the groups
during the whole experiment, i.e. casting induced a decreased of body weight which stabilized during the recovery phase. (B), food intake (expressed
in g.day~") was similar between groups from the beginning to the end of the experiment. LEU, leucine; WHEY, whey protein; HIGH PROT, high
protein. 10, before immobilization; I8, 8 days of casting; R10 to R40, 10 to 40 days of recovery.

doi:10.1371/journal.pone.0070130.g001

In controls, gastrocnemius muscle mass of the non-immobilized
limb remained unchanged during the immobilization (I8) and the
first 20 days of recovery (Fig. 2). Between the 20" and the 40™
day of recovery gastrocnemius atrophied significantly by 15.5%. By
comparison, the immobilized gastrocnemius mass of the same
animals was decreased by 20% at R40 [28]. The atrophy in
other muscles has also been checked for the tibialis anterior. In the
non-immobilized leg, tibialis anterior in casted animals was also
atrophied significantly at R40 compared to before immobilization
(I0) (0.79%0.02 vs. 0.89%0.02 mg (—11%; P<<0.05) at R40 and
10, respectively) whereas it remained unchanged just after the
immobilization period (I8 =0.90%£0.03 mg). According to these
data, tibialis anterior followed the same weight change than the
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Figure 2. Muscle mass of the non-immobilized gastrocnemius
muscles for rats fed the CONTROL, LEU, WHEY, and HIGH PROT
diets. Muscle mass is expressed for each group in grams (g). Muscle
mass slightly decreased when rats were fed the CONTROL and LEU diets
to become significantly lower at R40 (Experiment 1). However, muscle
mass was maintained at its initial level in rats fed the WHEY and HIGH
PROT diets (Experiment 2). LEU, leucine; WHEY, whey protein; HIGH
PROT, high protein; 10, before immobilization; 18, 8 days of casting; R20
and R40, 20 and 40 days of recovery. Values with different letters are
significantly different from each other. Data are means = SEM.
doi:10.1371/journal.pone.0070130.g002
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gastrocnemius muscle in the non-immobilized limb in casted
animals.

When rats were fed the leucine supplemented diet, gastrocnemius
muscle followed the same kinetic of atrophy (not significant at R20
and —18.1% (P<<0.05) at R40. However, when fed the whey
protein or the high protein diets, gastrocnemius muscle of the non-
immobilized limb remained stable throughout the experimental
period and did not differ in mass when compared to 10 (Fig. 2).

Ubiquitin-proteasome-dependent pathway in the non-
immobilized leg of casted animals

No difference was observed between the PA and the PP states.
Values from both groups were thus pooled. Fig. 3A shows that
neither immobilization of the controlateral leg, nor the diet
consumed during the recovery period affected significantly the
amount of polyUb conjugates in the non-immobilized limb. Both
chrymotrypsin- (Fig. 3B) and trypsin-like activities (Fig. 3C) were
unaffected and no difference was observed between the CON-
TROL group and the LEU group during the whole experiment.
Phospho-FOXO3a/FOXO3a ratio was not different between the
two diets (Fig. 3D). All values were not significantly different from
the pair fed values (data not shown). As previously recorded, an
increase of muscle proteolysis during the recovery period could not
explain the decrease of muscle mass of the non-immobilized limb
during the rehabilitation period [28]. Furthermore, leucine
supplementation had no effect on proteolysis showing that
nutritional intervention on muscle proteolysis would be unlikely
efficient.

Effect of the nutritional interventions on the in vivo post-
prandial muscle protein synthesis

Muscle protein synthesis stimulation is the other driver of
protein metabolism especially after food intake and when a
nutritional strategy is studied. When rats were fed a control diet,
muscle post-prandial protein synthesis in the non-immobilized
limb remained unchanged during the immobilization period (10 vs.
18) and during the recovery period (R20 and R40 vs. 10) (Fig. 4).
With the leucine supplemented diet, muscle protein synthesis was
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Figure 3. Ubiquitin-proteasome-dependent proteolysis in the non-immobilized gastrocnemius muscles of rats fed the CONTROL
and LEU diets. Ubiquitin proteasome-dependent proteolysis was measured in Experiment 1. As no effect of the meal was observed, post-absortive
and post-prandial values are pooled. (A), accumulation of polyUb proteins was assessed on 25 ug of proteins by immunoblotting using an antibody
that recognizes polyubiquitin chains. (B) and (C), the chymotrypsin-like activity (B) and trypsin-like activity (C) of the proteasome were measured by
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ug—1 min—1). (D), phospho-FoxO3a/FoxO3a ratio traduces an anti-proteolytic potential. FoxO3a and its phosphorylated form phospho-FoxO3a
(Ser253) were determined using appropriate antibodies on 50 ug of proteins. LEU, leucine; PolyUb, polyubiquitinated; 10, before immobilization; 18, 8
days of casting; R10 to R40, 10 to 40 days of recovery. * P<<0.05, vs. 10. Data are means *= SEM.

doi:10.1371/journal.pone.0070130.g003

higher than with the control diet at R20 but returned to control
values at R40. With the whey protein and high protein diets, post-
prandial muscle protein synthesis followed the same pattern than
the leucine-supplemented group but remained significantly higher
at R40 when compared to the control and the leucine
supplemented groups (Fig. 4).

Muscle protein synthesis kinetics at the post-absorptive
and the post-prandial states in the pair-fed, control and

leucine-supplemented old adult rats

At I0, muscle protein synthesis was slightly increased after food
intake but the difference remained non significant (Fig. 5). This
reflects, as previously described, the anabolic resistance observed
during ageing. In the non-immobilized pair-fed group, the
difference between the PA and PP protein synthesis became
significant at I8 and R20 and reached +29.3% and +19.4%.
(Fig. 5A). By contrast, in the control group, during the
immobilization and the recovery period, PA and PP protein
synthesis remained unchanged in the non-immobilized limb and
still exhibited an anabolic resistance (Fig. 5B). When animals were
fed the leucine-supplemented diet, muscle protein synthesis at the
PP state became significantly different from the PA states from
R10 to R30. At R40, no significant difference was again recorded
(Fig. 5C).

Within the mTOR signalling pathways, the phosphorylation of
the S6 protein did not change with food intake at 10 (Fig. 6). In
the non-immobilized pair-fed group, the phosphorylation of the S6
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Figure 4. /n vivo post-prandial protein synthesis in non-
immobilized gastrocnemius muscles of old adult rats fed the
CONTROL, LEU, WHEY, and HIGH PROT diets. In vivo protein
synthesis is expressed for each group in % of 10 at 18 (end of
immobilization period) and R40 (end of recovery period, i.e. after 40
days of dietary supplementation) for Experiment 1 (Control and LEU
groups) and Experiment 2 (WHEY and HIGH PROT groups). LEU, leucine;
WHEY, whey protein; HIGH PROT, high protein; 10, before immobiliza-
tion; 18, 8 days of casting; R40, 40 days of recovery. Values with different
letters are significantly different from each other. Data are means *=
SEM.

doi:10.1371/journal.pone.0070130.g004
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doi:10.1371/journal.pone.0070130.9g005

protein become significantly higher in the PP then in the PA state
in response to the food decrease at both I8 (+34%) and R20
(+39%)(Fig. 6A). By contrast, in the CONTROL group, during
the immobilization and the recovery period, no significant increase
in the S6 protein phosphorylation was recorded in the non-
immobilized limb in response to food intake (excepted at R10)
(Fig. 6C). When animals were fed the leucine-supplemented diet,
the phosphorylation of S6 greatly increased after food intake in the
non-immobilized limb (+61%, +54% and +91% at R10, R20 and
R30, respectively, PA vs. PP) (Fig. 6E). At R40, no significant
stimulation was recorded.

Regarding the phosphorylation of 4EBPl, no difference
between the PA and PP states was recorded either during the
immobilization period or the recovery period in all groups
(Fig. 6B,D,F) excepted at R30 in the leucine supplemented
group (Fig. 6F).

Correlation analysis between muscle protein synthesis
and muscle protein content

The Absolute Synthesis Rate (ASR) was calculated in mg/day,
i.e. the amount of proteins synthesized each day. Between R20
and R40, i.e. when muscles atrophied, total ASR was positively
correlated with the amount of proteins measured into the
gastrocnemius muscles across all groups (Fig. 7, R?=0.993),
demonstrating that the efficiency of protein synthesis was
correlated with the muscle protein content. With leucine and
control diets, this correlation was negative i.e. fewer proteins were
synthesized at R40 when compared with R20 (=80 and —40 mg
for Leucine and Control groups, respectively). With whey and high
protein diets, the correlation was positive, that i.e. at R40 as much
or more proteins were synthesized vs. R20.

Discussion

We demonstrated that a simple adverse event (i.e. a relatively
short period of immobilization) without any associated pathology
and which is localized only to one limb, has deleterious
consequences by inducing a delayed generalized muscle loss in
old adult rats. Such situations may be associated to the geriatric
frailty syndrome that places older individuals at high risk for
adverse outcomes such as falls, disability, morbidity and institu-
tionalization [7-10].

More precisely, in this study, unilateral hindlimb casting in old
adult rats induced a muscle mass loss of the controlateral non-

PLOS ONE | www.plosone.org

immobilized leg 20 days after cast removal when animals were fed
a standard protein diet (i.e. 13% casein as protein source) [3]. It is
important to note that this atrophy was similar to the atrophy
observed in the immobilized limb which reached 20% in the same
rats [28]. However, it could not be attributed to the ageing
processes per se because the non-immobilized pair-fed old adult rats
of the same age did not present this atrophy in the present
experiment and as previously observed [5]. As muscle protein
breakdown was unchanged in the non-immobilized leg of casted
rats in the present study, our working hypothesis was that protein
synthesis was altered. Before immobilization, old adult rat muscles
presented the well-known anabolic resistance [33] associated with
the impaired response of the mTOR signalling pathway which was
activated post-prandially [34]. However, interestingly, in the non-
immobilized pair-fed group, muscle protein synthesis sensitivity to
food intake was partially restored when animals were subjected to
food restriction. It can be explained by the restoration of the
activation of the mTOR signalling pathway since we recorded
simultaneously a significant stimulation of the S6 protein following
food intake. Even though we may not had enough data and
despite the fact that experiment was not designed to answer this
question, we may nevertheless hypothesize that old adult rats can
still adapt to moderate food deprivation and can partially restore a
post-prandial stimulation of muscle protein synthesis when the
dietary supply in amino acids decreases. This adaptation may in
part explain why the non-immobilized old adult pair-fed rats were
able to constantly maintain their muscle mass in the present study.
By contrast, we showed here that unilateral hindlimb casting did
not modify muscle protein synthesis at both the post-absorptive
and the post-prandial states in the non-immobilized limb when
animals were fed the control diet and when these values were
compared to those recorded at I0 (before casting). In other words,
immobilization prevented the restoration of muscle protein
synthesis sensitivity to food intake as observed in the pair-fed
group and animals remained in an anabolic resistance state. This
non-adaptation, caused by immobilization in the non-immobilized
limb may explain the decrease in muscle mass recorded in this
group because the post-prandial muscle protein synthesis could not
adapt to the decrease of amino acid supply. The mechanisms
mmplicated remained unknown and would need further investiga-
tion. We may postulate that, at the time we measured muscle
protein synthesis (2.-2.5 h post-prandially), no difference in the
immobilized group could be seen because the overall post-prandial
stimulation of protein synthesis was less efficient and/or not
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sustained enough when compared to the old adult pair-fed group.
Indeed, a stimulation of the post-prandial muscle protein synthesis
in the non-immobilized limb could not be excluded but it may
have been terminated before the sacrifice of the animals. The
maintenance of the anabolic resistance in the non-immobilized
limb could not be attributed to the development of an
inflammatory or/and oxidative stress which could not be detected
during the immobilization or the recovery period [53].

The anabolic resistance of muscle protein synthesis could be
overcome with adapted nutritional strategies [35]. We are aware
that physical activity is the best way to maintain and/or gain
muscle mass. In elderly individuals, resistance exercise increased
muscle protein synthesis by 30 to 50% [36-38]. However, this
countermeasure is not always applicable particularly in the elderly
population when immobilization results from a trauma, and
therefore others solutions should be proposed. Amino acids are
able to stimulate muscle anabolism [39,40] by increasing protein
synthesis and decreasing protein degradation [41-46]. As leucine
is an amino acid trigger that has been shown to stimulate by itself
protein synthesis and decrease protein breakdown in witro
[15,20,23] and w vivo [12,13,17,19,22], we expected that a free
leucine-supplemented diet could improve protein metabolism and
therefore prevent and/or limit the general muscle mass loss we
observed following local immobilization without bed rest. We
found here that free leucine was able to better stimulate protein
synthesis as previously described in the literature [16,17,22,30].
This increase of post-prandial protein synthesis correlated with an
increase of the mTOR signalling pathway, ie. an increased
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phosphorylation of S6 protein when compared to the control non
supplemented diet. However, this improvement in protein
synthesis rate did not prevent the general muscle atrophy observed
during the rehabilitation period following unilateral hindlimb
casting.

Once again, this implies that the stimulatory effect of leucine in
the non-immobilized leg may have been weak or may not have
been adequately sustained to induce the sufficient positive nitrogen
balance required to maintain muscle mass [35]. Verhoven et al.
[47] and Zeanandin et al. [31] used long-term leucine supple-
mentation in healthy elderly individuals or in the animal model
and did not show any beneficial effect on muscle mass. This
discrepancy may be explained by a desynchronization between the
leucine stimulatory signal (which may be transient) and the slow
and late liberation of amino acids (coming from casein digestion
which is slowly digested) [28,35,48-50]. Choosing free leucine as a
supplement over a normal protein diet creates a de-synchroniza-
tion between leucine signal and the rise in all amino acids. Indeed
the free leucine is absorbed immediately whereas the other amino
acids are released later after gastric emptying and proteolytic
digestion in the gut. This non synchronization between the
stimulation of muscle leucine-associated protein metabolism
pathways and the delayed availability of amino acids as substrates
can explain that protein anabolism was only stimulated for a very
short period of time during the postprandial period and then could
not translate into a significant muscle protein accretion [35].

To induce a sustained stimulation of muscle protein synthesis
during the post-prandial phase within the non-immobilized limb,
we tested whey proteins and a high protein diet. This nutritional
strategy has been shown to be a lot more efficient than free leucine
supplementation in the immobilized limb and was able not only to
re-stimulate muscle protein synthesis post-prandially but also to
generate a significant muscle mass recovery [28]. Because whey
proteins are leucine-rich- and fast-digested proteins, not only could
the post-prandial aminoacidemia be improved but also, leucine
availability which is increased simultaneously with the other amino
acids. High protein diets are also an efficient strategy to generate
hyperaminoacidemia but they present the advantage to also
prolong the hyper aminoacidemia during the post-prandial period
[51]. A prolonged stimulation could not be achieved with fast-
digested proteins at normal dietary level (even enriched with
leucine) since the concentration of amino acids declines rapidly
after their intake [48]. We showed here that both diets had a
positive impact on the non-immobilized muscle mass and
prevented the general muscle atrophy. These two diets have
induced a greater post-prandial protein synthesis stimulation
compared to casein or free leucine-supplemented diets especially
in the late phase of recovery, ie. when the atrophy of the
controlateral limb appeared. The hypothesis is that both diets (the
whey protein and high protein diets), simultaneously provided the
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The present findings show that nutrition is able to play a crucial
role in the maintenance of whole body muscle mass when old adult
rats are in rehabilitation after a catabolic state even if the atrophy
is localized to one limb without bed rest. Indeed, we have
demonstrated that after unilateral hindlimb immobilization, a
significant atrophy appeared in non-immobilized hindlimb when
old adult rats were fed a ‘classic’ diet containing casein as protein
source. Furthermore, we highlighted that a specific nutrition (e.g.
whey protein and high protein diets) was efficient to prevent this
global adverse effect following a local cast immobilization.
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