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Abstract

Immobilization is characterized by activation of the ubiquitin (Ub)-proteasome-dependent proteolytic system (UPS) and of the mitochondrial apoptotic
pathway. Increased oxidative stress and inflammatory response occur in immobilized skeletal muscles. Curcumin exhibits antioxidant and anti-inflammatory
properties, blocked proteasome activation in intact animals, and may favor skeletal muscle regeneration. We therefore measured the effects of curcumin on
immobilization-induced muscle atrophy and subsequent recovery. Rats were subjected to hindlimb immobilization for 8 days (I8) and allowed to recover for 10
days (R10). Fifty percent of the rats were injected daily with either curcumin or vehicle. Proteolytic and apoptotic pathways were studied in gastrocnemius
muscles. Curcumin treatment prevented the enhanced proteasome chymotrypsin-like activity and the trend toward increased caspase-9-associated apoptosome
activity at I8 in immobilized muscles. By contrast, the increase of these two activities was blunted by curcumin at R10. Curcumin did not reduce muscle atrophy
at I8 but improved muscle recovery at R10 and the cross-sectional area of muscle fibers of immobilized muscles. Curcumin reduced the increased protein levels
of Smac/DIABLO induced by immobilization and enhanced the elevation of X-linked inhibitory apoptotic protein levels at R10. Ub-conjugate levels and caspase-3
activity increased at I8 and were normalized at R10 without being affected by curcumin treatment. Altogether, the data show that curcumin treatment improved
recovery during reloading. The effect of curcumin during the atrophic phase on proteasome activities may facilitate the initiation of muscle recovery after

reloading. These data also suggest that this compound may favor the initial steps of muscle regeneration.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Muscle wasting is observed in many conditions including immo-
bilization. Skeletal muscle provides power and strength for locomo-
tion and posture but is also the major reservoir of body proteins. Thus,
sustained muscle wasting leads to difficulties in performing daily
activities and has severe metabolic consequences. The resulting
weakness lengthens recovery periods. A major clinical issue is the
identification of approaches to limit skeletal muscle atrophy in
catabolic situations and/or to improve subsequent muscle recovery.

Muscle protein loss results from an imbalance between protein
synthesis and breakdown rates, but also from an imbalance between

“ This study was supported by grants from the Institut National de la
Recherche Agronomique and the Association Frangaise contre les Myopa-
thies. E.V,, LS., and H.M. were supported by a Ph.D. fellowship from the
Ministére de I'Enseignement Supérieur et de la Recherche.

* Corresponding author. UMR 1019, UNH, CRNH Auvergne, F-63000
Clermont-Ferrand, France. Tel.: + 33 4 73 62 48 24; fax: +33 4 73 62 47 55.

E-mail address: lydie.combaret@clermont.inra.fr (L. Combaret).

0955-2863/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.jnutbio.2010.11.021

apoptotic and regeneration processes. The ubiquitin (Ub)-protea-
some system (UPS) is involved in the breakdown of the major
contractile proteins. In this pathway, a poly-Ub chain is covalently
attached to the substrate and then recognized by the 26S proteasome
before the subsequent breakdown of the targeted protein [1]. We
and others have previously shown that this pathway is activated
during disuse muscle atrophy [2-8]. An activation of apoptosis during
immobilization has also been previously reported [8-11]. The
mitochondrial apoptotic pathway is triggered by the release of killer
proteins, such as cytochrome ¢ and Smac/Diablo, and is stimulated by
oxidative stress [12]. In this pathway, the release of cytochrome ¢
from the mitochondria leads to the formation of a complex (called
apoptosome) with apoptotic protease activating factor-1 and procaspase-
9 and to the activation of caspase-3 [13]. This pathway is believed to be
physiologically important in regulating disuse-induced muscle atrophy
[8,9,13-15]. In addition, this pathway is concomitantly activated with the
UPS during immobilization-induced atrophy and normalized during
recovery [8].

The activation of inflammatory processes and oxidative stress
pathways in immobilized muscles [16,17] has been suggested to
result in muscle damages and in increased proteolysis and apoptosis
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[17,18]. Therefore, using compounds counteracting inflammation and
oxidative stress may prove beneficial in disuse atrophy. Curcumin
(diferuloylmethane) is a component of the spice turmeric (Curcuma
longa), which exhibits anti-inflammatory and antioxidant properties
[19]. Treatment of cultured myotubes with curcumin prevented the
increase in protein degradation caused by a cachectic factor purified
from experimental tumors in mice [20]. Furthermore, in other
experiments, intraperitoneal (ip) administration of curcumin pre-
vented the loss of muscle mass and protein in lipopolysaccharide
(LPS)-injected mice [21]. This compound blocked the induction of the
UPS in several catabolic conditions [19-22]. Curcumin could also
prevent the induction of some signaling pathways (i.e., nuclear factor
KB, p38 MAP (mitogen-activated protein) kinase, ERK kinase (extra-
cellular signal-regulated kinase), xanthine oxidase, p-catenin ...)
[21,23-27]. These pathways are activated during disuse [16,17,28-30]
and associated with the induction of the UPS and the mitochondrial
apoptotic pathway [11,31-33]. Finally, curcumin stimulated muscle
regeneration after traumatic injury in mice [24]. In addition, curcumin
is well tolerated and did not exhibit detrimental effects on muscle
recovery after myotoxic injury at low doses (<2 mg/kg; ip) [34].
Therefore, we hypothesized that ip curcumin treatment may (1)
limit immobilization-induced atrophy and/or favor muscle recovery
and (2) modulate the activity of the UPS and the mitochondrial
apoptotic pathway.

2. Methods and materials
2.1. Experimental animals

The present study was approved by the Animal Care and Use Committee of the
Institut National de la Recherche Agronomique and adhered to the current legislation
on animal experimentation in France. Male Wistar rats, 8 months old (Charles River
Laboratories, L'Arbresle, France), were housed individually under controlled environ-
mental conditions (temperature, 22°C; 12 h dark period starting at 8 h), fed a basal diet
ad libitum, and given free access to water. The macronutrient composition of the basal
diet was (in g/kg diet) as follows: 470 wheat flour, 152 casein, 100 sucrose, 134 lactose,
30 colza oil, 27 peanut oil, 3 sunflower oil, 35 AIN93 mineral mix, 10 AIN93 vitamin mix
and 35 cellulose. After a 3-week adaptation period, 32 rats were anesthetized with
forene inhalation and subjected to unilateral hindlimb immobilization via an orfit-soft
plaque (Gibaud, France) for 8 days. The foot was positioned in plantar extension to
induce maximal atrophy of the gastrocnemius and the soleus muscles [5]. We
previously reported that the gastrocnemius muscle mass from the nonimmobilized
contralateral leg of the casted rats is not significantly different from the gastrocnemius
mass of noncasted rats [8]. This indicates that the muscles from the contralateral leg did
not hypertrophy because of overloading and that the muscle atrophy at I8 reflects a loss
of muscle mass in the immobilized leg [8]. Therefore, the contralateral noncasted leg
served as the control in all experiments. At the end of the immobilization period, casts
were removed, and animals were allowed to recover for 10 days. During immobili-
zation and recovery periods, animals were daily injected (ip) with either 1 mg/kg body
weight of curcumin diluted in dimethyl sulfoxide/0.9% NaCl (1:1000) (curcumin
group) or dimethyl sulfoxide/0.9% NaCl alone (vehicle group). At the end of the
immobilization (I8) and the recovery periods (R10), rats (n=8/group) were sacrificed
under pentobarbital sodium anesthesia (50 mg/kg body weight, ip). Hindlimb
gastrocnemius muscles were carefully excised and weighed. The central part of
gastrocnemius samples was frozen in cooled isopentane (—160°C), at resting length,
and stored at —80°C until histochemical analysis (see below). The remaining was finely
pulverized in liquid nitrogen and stored at —80°C until further analyses.

2.2. Histochemical analyses of muscle

Cross 10-um-thick cryosections were performed using a cryostat (HM560
Microm) and stained using picro-Sirius red coloration [35], which reveals the collagen
of perimysium and endomysium. Observations and image acquisitions were
performed using a photonic microscope in bright field mode (Olympus BX 71)
coupled to a high-resolution cooled digital camera (Olympus DP 71) and Cell F
software (Olympus Soft Imaging Solutions). For each muscle section, 15-20 images,
depending on the total area of the muscle, were acquired using a 10x objective. Image
analysis was performed using the Visilog 5.4 software (Noesis, France). The green
component, in gray level, of initial color image was used for higher contrast. For a
given optical field, automatic thresholding on gray level allowed segmentation of the
connective tissue network (perimysium and endomysium). Measurement of the area
of this network was performed by counting the number of pixels. Additional
segmentation procedure of the binary images of the connective network with the
“watershed” method results in separating objects corresponding to muscle cells. Fiber

boundaries were manually corrected when necessary. Cross-sectional area (CSA) of
each cell was automatically calculated.

2.3. Measurement of proteasome and apoptosome activities

Powder (150 mg) of gastrocnemius muscles from control and immobilized
hindlimbs at I8 and R10 was homogenized in an ice-cold buffer (pH 7.5) containing 50
mM Tris, 250 mM sucrose, 10 mM ATP, 5 mM MgCl,, 1 mM DTT (dithiothreitol) and
protease inhibitors (10 pg-ml—" of antipain, aprotinin, leupeptin and pepstatin A, and
20 pM PMSF (phenylmethylsulfonyl fluoride)). Apoptosome complexes exhibit
molecular weight ranging from ~700 to ~1,500 kDa and therefore cosediment with
proteasomes [36]. Accordingly, caspase 9-linked apoptosome activity coelutes with
peptidase activities of the proteasome on 10%-40% sucrose gradients [8,36].
Apoptosome complexes and proteasomes were therefore concomitantly isolated by
three sequential centrifugations as described previously [37]. Briefly, homogenates
were first centrifuged at 10,000g for 20 min at 4°C. The resulting supernatant was then
centrifuged at 100,000g for 1 h at 4°C. This last supernatant was then centrifuged at
100,000g for 5 h at 4°C. The final pellet was resuspended in a buffer containing 50 mM
Tris (pH 7.5), 5 mM MgCl, and 20% glycerol. The protein content was determined
according to Lowry et al. [38]. The proteasome chymotrypsin-like and the apoptosome-
linked caspase-9 activities were determined by measuring the hydrolysis of the
fluorogenic substrates succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-
AMC) (Sigma) and the N-acetyl-Leu-Glu-His-Asp-7-amino-4-methylcoumarin (LEHD-
AMC) (Biomol), respectively. To measure the chymotrypsin-like activity of the
proteasome, 15 pl of each pellet was added to 60 pl of medium containing 50 mM
Tris (pH 8.0), 10 mM MgCl,, 1 mM DTT, 2 U apyrase and 300 uM of LLVY-AMC with or
without the proteasome inhibitor MG132 (40 pM; Affiniti). To measure the
apoptosome-linked caspase-9 activity, 25 pl of each pellet was diluted to 50 pl with
buffer A [20 mM HEPES (pH 7.4), 10 mM NacCl, 1.5 mM MgCl,, 20% glycerol, 0.1% Triton
X-100 and 1 mM DTT]. Fractions were then incubated with 50 pl of the reaction buffer B
[50 mM PIPES, 0.1 mM EDTA, 10% glycerol, 10 mM DTT] containing 50 pM of LEHD-
AMC. Reactions were performed with or without the caspase-9 inhibitor LEHD-CHO
(50 uM; Biomol). Both activities were determined by measuring the accumulation of
the fluorogenic cleavage product (methylcoumaryl-amide, or AMC) using a fluores-
cence spectrometer FLX800 (Biotek) during 45 min at 380-nm excitation wavelength
and 440-nm emission wavelength. The proteasome chymotrypsin-like and the
apoptosome-linked caspase-9 activities were measured by calculating the difference
between arbitrary fluorescence units recorded with or without the specific inhibitors in
the reaction medium. The final data were corrected by the amount of protein in the
reaction medium. The time course for the accumulation of AMC after hydrolysis of the
substrate was analyzed by linear regression to calculate activities, that is, the slopes of
best fit of accumulating AMC versus time.
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Fig. 1. Effect of curcumin treatment on food intake and body weight during
immobilization and recovery. Food intake (A) and body weight (B) are expressed in

g/day and in percent of initial body weight, respectively. Data are means4+S.E.M.
(vertical bars) for n=8 rats per group.
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2.4. Caspase-3 activity measurements

Caspase-3 activity was assessed on total cytosolic protein extracts. Powder
(150 mg) of gastrocnemius muscles was homogenized in an ice-cold buffer A (see
above) as described by Siu et al. [10]. Extracts were centrifuged at 1,500g for 5 min at
4°C, and the resulting supernatants were subjected to three successive centrifugations
at 3,500g for 5 min at 4°C. The last supernatants were stored as total cytosolic protein
extracts at —80°C. A protease inhibitor cocktail containing 104 mM 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSE), 0.08 mM aprotinin, 2 mM leupeptin,
4 mM bestatin, 1.5 mM pepstatin A and 1.4 mM E-64 (Sigma) was added to a fraction of
the supernatants, which were then stored at —80°C for subsequent determination of X-
linked inhibitory apoptotic protein (XIAP) and Smac/Diablo protein levels (see below).
Protein concentration was determined according to Lowry et al. [38]. To determine
caspase-3 activity, 25 pl of the total cytosolic protein extracts was diluted to 50 pl with
buffer A and incubated with 50 pl of buffer B (see above) containing 50 M of Ac-Asp-
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Fig. 2. Curcumin treatment improved muscle recovery after immobilization. (A)
Gastrocnemius muscle atrophy is expressed in percent difference of the contralateral
noncasted control leg. (B) Cross-sectional fiber area (CSA) is expressed in percent
difference of the contralateral noncasted control leg. CSA (um?) was measured on 987
to 1,725 control and immobilized muscle fibers from vehicle- and curcumin-treated
rats. Means were calculated per muscles. CSAs of control muscle fibers from vehicle and
curcumin-treated rats were 3,5124:274 and 5,1524+401 (I8), and 3,619+493 and
2,760+283 (R10), respectively. CSAs of immobilized muscle fibers from vehicle
and curcumin-treated rats were 2,5494-143 and 3,3964-250 (18), and 2,848+196 and
3,0004226, respectively (R10). The difference between immobilized and control
muscle fibers CSA was calculated, and values are means+S.E.M. (vertical bars) for n=8
rats per group. Differences between control and immobilized muscles were assessed by
the Student's t test (*P<.05); Changes in the percent difference observed in
immobilized muscles compared with control muscles were assessed by two-way
ANOVA (curcumin effect and recovery effect). When significant differences were
detected by ANOVA, a post hoc Fisher's test was performed to compare the variations
between groups. 'P<.05, I8 versus R10 in curcumin group.

Glu-Val-Asp-AMC (Calbiochem). Reactions were performed with or without 50 uM of
the inhibitor of caspase-3 (Ac-Asp-Met-GIn-Asp-CHO [PMQD-CHO] Calbiochem).
Caspase-3 activity was determined by measuring the accumulation of AMC using a
fluorescence spectrometer FLX800 (Biotek) during 1 h at 380-nm excitation
wavelength and 460-nm emission wavelength. The caspase-3 activity was calculated
as described for the apoptosome and the proteasome activities.

2.5. Western blots analyses

The accumulation of Ub conjugates was assessed by immunoblotting on
myofibrillar protein extracts. Powder (150 mg) of gastrocnemius muscles was
homogenized in an ice-cold buffer (buffer C) containing 5 mM Tris-HCl (pH 7.5), 5
mM EDTA, pH 8, 1 mM PMSF, 0.25 mM tosyl-lysylchloromethane), 5 mM N-ethyl-
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Fig. 3. Curcumin treatment blocked increased proteasome activity but not Ub-
conjugate accumulation during immobilization and recovery. (A) High-molecular-
weight Ub conjugates (HMWC) were measured on 25 pg of myofibrillar proteins from
control (C) or immobilized (I) gastrocnemius muscles from vehicle- and curcumin-
treated rats by Western blotting using an antibody that recognizes specifically poly-Ub
chains. (B) Signals were quantified in each lanes by using the Image ] software and
normalized against the amount of proteins (determined following Ponceau Red
staining) to correct for uneven loading. Changes of Ub-conjugate accumulation in
immobilized muscles compared with control muscles were calculated, and data were
expressed in percent variation from control leg. (C) The chymotrypsin-like activity of
the proteasome was measured by using a fluorogenic substrate on partially purified
proteasome extracts from gastrocnemius muscles as described in experimental
procedures. All data are expressed as percent difference of control leg and are
means+S.E.M. (vertical bars) for n=8 rats per group. Differences between control and
immobilized muscles were assessed by the Student's t test (*P<.05). Changes in the
percent difference observed in immobilized muscles compared with control muscles
were assessed by two-way ANOVA (curcumin effect and recovery effect). When
significant differences were detected by ANOVA, a post hoc Fisher's test was performed
to compare the variations between groups. *P<.05, curcumin versus vehicle group;
'P<.05, 18 versus R10 in vehicle or curcumin group.
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maleimide, 5 pg/ml leupeptin and 5 pg/ml soybean trypsin inhibitor [8]. Homogenates
were centrifuged for 5 min (1,500g, 4°C) to pellet myofibrillar proteins, which were
then washed three times in buffer C containing 1% Triton X-100. Myofibrillar proteins
were then resuspended in 8 M urea/5 mM Tris-HCl (pH 7.5). Protein concentration was
determined as described [38]. The accumulation of Ub conjugates was measured on
25 pg of myofibrillar proteins separated on 7.5% (wt/vol) acrylamide gels and
transferred onto PVDF (polyvinylidene difluoride) membranes. The FK1 antibody
(Affiniti), which recognizes poly-Ub chains, was used at a 1:1000 dilution.

The amount of protein levels for the antiapoptotic protein XIAP and for the
proapoptotic protein Smac/Diablo (Second mitochondrial-derivated activators of
caspases) was assessed by immunoblotting on the cytosolic proteins extracted for
the caspase-3 activity measurements and stored in the presence of protease inhibitors
(see above). Fifty micrograms of protein was separated on a 15% (wt/vol)
polyacrylamide gels and transferred onto PVDF membranes (GE Healthcare).
Antibodies (Cell Signalling) against XIAP and Smac/DIABLO were used at 1:1000 and
1:4000 dilution, respectively. Signals were detected using the ECL+ detection kit (GE
Healthcare) after exposition onto radiographic films (Hyperfilm ECL; GE Healthcare),
quantified by using the Image ] software, and normalized against the amount of
proteins (determined following Ponceau Red staining) to correct for uneven loading.

2.6. Statistical analyses

All data are expressed as means+S.E.M.. Differences between control and
immobilized muscles at each time point were assessed using the Student's ¢t test. The
effect of curcumin treatment (vehicle vs. curcumin-treated rats) and of recovery by
itself (immobilization vs. recovery periods) were assessed by two-way analysis of
variance. When significant differences were detected by ANOVA, comparisons between
groups were made using the post hoc Fisher's test. Significance was defined at the .05
level. All tests were performed by using Statview (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Animal characteristics
Food intake decreased by 20% in both curcumin- and vehicle-

injected rats after 8 days of immobilization (Fig. 1A), so that their
body weight decreased by ~8% (Fig. 1B). After cast removal, food
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intake increased progressively and was rapidly normalized (about
20 g of dry matter intake) in both groups. Consequently, body weight
increased progressively, but rats did not recover their initial body
weight 10 days after cast removal (R10).

3.2. Muscle atrophy and recovery

Hindlimb gastrocnemius muscles atrophied in vehicle-injected
and curcumin-treated rats, respectively, by 24% and 25% (P<.0001)
after 8 days of immobilization (I8) (Fig. 2A). Similarly, the muscle
fiber CSA decreased by 23% (vehicle) and 32% (curcumin) at I8 (P<.05)
(Fig. 2B). Two-way ANOVA analysis showed that muscle atrophy and
CSA reduction were not modified by curcumin treatment but between
immobilization and recovery (P<.05). Ten days after cast removal,
gastrocnemius muscles mass from the casted leg remained signifi-
cantly lower compared with control muscles (P<.0001) in both groups
of rats (Fig. 2A). However, an improvement of muscle atrophy and
CSA reduction was observed between I8 and R10 only in curcumin-
treated rats (P<.05) (Fig. 2A and B).

3.3. Regulation of the Ub-proteasome-dependent pathway

This pathway (also called UPS) involves two distinct steps, that are
the ubiquitination of proteins and their subsequent degradation by
the 26S proteasome. We have investigated both steps, by (1)
measuring the accumulation of Ub conjugates, which are the final
products of the ubiquitination step, and (2) the chymotrypsin-like
activity of the proteasome.

Fig. 3A and B shows that Ub conjugates accumulated to the same
extent at I8 in immobilized gastrocnemius muscles from vehicle-
(+43%, P<.05) and curcumin-treated (+24%, P<.05) rats. The amount
of poly-Ub conjugates was normalized at R10 in both groups. The
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Fig. 4. Curcumin treatment increased XIAP protein content during recovery. Levels for the antiapoptotic protein XIAP (A) and for the proapoptotic protein Smac/DIABLO (B) were
assessed on control (C) or immobilized (I) gastrocnemius muscles by Western blotting as described in experimental procedures. Signals recorded for XIAP (C) and Smac/DIABLO (D)
were quantified by using the Image ] software and normalized against the amount of proteins (determined following Ponceau Red staining) to correct for uneven loading. All data are
expressed as percent difference of control leg and are means+S.E.M. (vertical bars) for n=5 rats per group. Differences between control and immobilized muscles were assessed by
the Student's t test (*P<.05); Changes in the percent difference observed in immobilized muscles compared with control muscles were assessed by two-way ANOVA (curcumin effect
and recovery effect). When significant differences were detected by ANOVA, a post hoc Fisher's test was performed to compare the variations between groups. 'P<.05, I8 versus R10 in

vehicle or curcumin group; 3P<.05, vehicle versus curcumin group at I8.
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chymotrypsin-like activity of the 20S proteasome increased in
muscles from the immobilized leg compared with the control leg in
the vehicle-treated group at both I8 and R10 (+43% and +50%,
respectively; P<.05) (Fig. 3C). This increased activity did not prevail in
curcumin-treated rats during immobilization or the subsequent
recovery (P<.05, two-way ANOVA). Thus, at the end of immobilization
period (I8), muscles from curcumin-treated rats likely exhibit higher
ubiquitination rates, because Ub conjugates accumulate without
change in proteasome chymotrypsin-like activity. Similarly, ubiqui-
tination rates are also likely enhanced at R10 in muscles from
untreated rats, because normalization of Ub conjugates occurs during
recovery, whereas proteasome chymotrypsin-like activities are still
elevated. It is noteworthy that muscle recovery was initiated only in
muscles from curcumin-treated rats at R10, when both chymotrypsin
-like and accumulation of Ub conjugates were normalized. This
further indicates that normalization of both steps of the Ub-
proteasome-dependent pathway is crucial for muscle mass gain.

3.4. Regulation of the apoptotic mitochondrial pathway

We have previously reported a role for the apoptotic mitochon-
drial pathway during immobilization-induced atrophy and muscle
recovery [8]. The antiapoptotic XIAP protein level (Fig. 4A and C) was
reduced in immobilized gastrocnemius muscles compared with
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Fig. 5. Curcumin blocked increased apoptosome activity but not increased caspase-3
activity during immobilization and recovery. The caspase-9 associated apoptosome (A)
and the caspase-3 (B) activities were measured using fluorogenic substrates on
gastrocnemius protein extracts as described in experimental procedures. All data are
expressed as percent difference of control leg and are means+S.E.M. (vertical bars) for
n==8 rats per group. Differences between control and immobilized muscles were
assessed by the Student's t test (*P<.05); Changes in the percent difference observed in
immobilized muscles compared with control muscles were assessed by two-way
ANOVA (curcumin effect and recovery effect). When significant differences were
detected by ANOVA, a post hoc Fisher's test was performed to compare the variations
between groups. 'P<.05, I8 versus R10 in vehicle or curcumin group.

control muscles from vehicle- (—27%, P<.05) and curcumin-treated
group (—28%, P<.05). These changes were improved during recovery
(P<.05, two-way ANOVA): between I8 and R10, the protein levels for
XIAP were normalized in vehicle-treated rats, but increased above
basal levels in immobilized muscles from curcumin-treated animals
(+30%, P<.01) (Fig. 4C). The proapoptotic Smac/DIABLO protein level
(Fig. 4B and D) increased in immobilized muscles compared with
control muscles at I8 (+40%, P<.05) and R10 (423%, P<.05) in the
vehicle-injected group but were not different in the curcumin-treated
rats. Curcumin treatment prevented the increased Smac/DIABLO
protein levels in immobilized muscles at I8 (P<.05).

The regulation of the mitochondrial apoptotic pathway was next
assessed by measuring the caspase-3 and the apoptosome-linked
caspase-9 activities. The apoptosome-linked caspase-9 activity
increased in muscles from the immobilized leg compared with
control leg in vehicle-treated group at R10 (+26%, P<.05), but only
tended to increase at I8 (443%, P=.07) (Fig. 5A). Conversely, this
activity was unchanged in immobilized muscles from curcumin-
treated rats compared with control muscles at I8 or at R10. Fig. 5B
shows that caspase-3 activity increased at I8 in immobilized
gastrocnemius muscles from vehicle- (4+51%, P<.0001) and curcu-
min-treated (+466%, P<.0001) rats. This activity was normalized at
R10 in both groups.

4. Discussion

This work suggests that curcumin had beneficial effects during
skeletal muscle recovery following immobilization. After cast remov-
al, curcumin treatment resulted in an increased expression of the
antiapoptotic XIAP protein and improved muscle recovery, through
increased CSA and muscle mass.

As previously reported [8], all processes measured in the UPS and
the mitochondria-associated apoptotic pathway were concomitantly
activated during immobilization. Curcumin administration pre-
vented the elevation of proteasome activity in immobilized skeletal
muscles but failed to suppress the accumulation of poly-Ub
conjugates, suggesting that ubiquitination rates were enhanced.
This effect is in agreement with previous studies showing that
curcumin inhibited 20S proteasome activities in muscles from septic
rats or MAC16 tumor-bearing mice [39,40] but did not alter the
amount of poly-Ub conjugates in muscles from septic or LPS-treated
animals [21,39]. We further demonstrate here that curcumin
prevented the increased expression of the proapoptotic protein
Smac/DIABLO without any effect on the depressed expression of the
antiapoptotic protein XIAP. This selective effect of this anti-
inflammatory compound on Smac/DIABLO protein levels increased
the ratio of XIAP to Smac/DIABLO in immobilized muscles. Previous
work showed that mynocycline, which also exhibit anti-inflamma-
tory properties, increased this ratio and decreased caspase 9
activation in the intact heart exposed to ischemia/reperfusion [41].
Altogether, this suggests that inflammation could trigger the entry
into apoptosis through modulating this ratio. Our data also indicate
that curcumin did not prevent all processes of the mitochondrial
apoptotic pathway during immobilization-induced muscle atrophy:
curcumin prevented the trend toward enhanced apoptosome-linked
caspase-9 activity in immobilization-induced muscle atrophy, but
not the increased caspase-3 activity. Therefore, our work also
suggests that the extrinsic pathway of apoptosis, which also leads
to caspase-3 activation, is presumably enhanced during immobiliza-
tion-induced muscle atrophy.

Previous reports indicate that the CSA decreased during immobi-
lization [42,43], hindlimb unloading [44-46] or bed-rest [47]. The
present study shows that muscle atrophy and reduced CSA observed
after 8 days of immobilization were not prevented by a daily
administration of curcumin. However, the efficacy of curcumin on
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skeletal muscle atrophy may depend on the route of administration, its
bioavailability and/or the catabolic model used [21,39,40]. For
example, an ip administration of curcumin (as in the present study)
prevented the muscle wasting of LPS-treated mice [21] or septic rats
[39]. Similarly, the administration of high doses of the curcumin c3
complex (100 mg/kg body weight) did prevent muscle wasting in
MAC16 tumor-bearing mice [40]. This effect on muscle mass was
associated with a protective effect of curcumin on fiber CSA in muscles
from these cachectic cancer mice [40]. By contrast and in accordance
with our data, the administration of curcumin per os did not prevent
skeletal muscle dysfunction and atrophy in unloaded mice [45],
another model of immobilization. In addition to the effect of curcumin
on the chymotrypsin-like activity of the proteasome during immobi-
lization, we show here that this compound prevented increased
apoptosome-linked caspase-9 and chymotrypsin-like proteasome
activities during recovery. This resulted in a beneficial effect on
muscle mass and CSA during reloading after cast removal. Altogether,
our data suggest for the first time that curcumin treatment is
potentially useful for improving subsequent recovery in a model of
immobilization. These effects of curcumin, which exhibits anti-
inflammatory properties, suggest also that inflammatory processes
play key roles in alterations of proteolytic and apoptotic processes
during immobilization-induced atrophy and the subsequent recovery.

The p38 MAP kinase and nuclear factor kB pathways are enhanced
in immobilized muscles [16,17]. In our work, we showed that
curcumin did not prevent muscle atrophy, suggesting that it does
not regulate these two pathways in our model. However, we showed
that curcumin improved muscle recovery, although the p38 MAP
kinase has been reported to be normalized very early during recovery
(i.e., 3 day after cast removal) [48]. Altogether, these observations
suggest that this compound may act through other pathways to
improve muscle mass gain during recovery. Indeed, pathways
involving the ERK kinase, the xanthine oxidase or the B-catenin are
activated during disuse muscle atrophy [29-31] and are regulated by
curcumin [25-27,49]. Moreover, some of them are involved during
muscle regeneration such as ERK [50] and 3-catenin [51]. Altogether,
curcumin may modulate one or several of these pathways during
immobilization and recovery and thereby exert its beneficial effect on
muscle mass gain.

Curcumin administration at low doses in this study concomitantly
inhibited both proteasome chymotrypsin-like and apoptosome-
linked caspase-9 activities after cast removal and most importantly
improved muscle recovery. Our data further show that curcumin
treatment increased muscle XIAP protein levels during reloading
above basal levels. This antiapoptotic protein has been recently
reported to restrict the apoptotic pathway in skeletal muscle under
differentiation [52]. In addition, curcumin stimulated muscle regen-
eration in vivo and restored the normal tissue architecture after local
muscle injury in vivo [24]. Finally, in vitro studies indicate that
curcumin can act directly on myoblasts to stimulate cell proliferation
as well as fusion and differentiation [24]. Altogether, these observa-
tions suggest that curcumin may improve muscle recovery and
differentiation/regeneration processes following immobilization by
regulating the antiapoptotic XIAP protein of the mitochondrial
apoptotic pathway.

In conclusion, our work shows that curcumin treatment during
immobilization prevented increased proteasome chymotrypsin-like
activity and proapoptotic smac/DIABLO protein levels. During
reloading, curcumin treatment blocked the elevated proteasome
chymotrypsin-like and apoptosome-linked caspase-9 activities, in-
creased XIAP protein levels and improved the recovery of muscle
mass and CSA. This suggests that curcumin may modulate the entry
into apoptosis during immobilization and stimulate initial steps of
muscle regeneration, which are highly important for muscle function
(total strength/fatigability).
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