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Abstract 

Decrease in activity stress induces skeletal muscle atrophy. A previous study showed that treatment 
with resveratrol inhibits muscular atrophy in mdx mice, a model of DMD. However, almost all 
studies using resveratrol supplementation have only looked at adaptive changes in the muscle 
weight. The present study was designed to elucidate whether the resveratrol-inducing attenuation 
of skeletal muscle actually reflects the adaptation of muscle fibers themselves, based on the 
modulation of atrogin-1- or p62-dependent signaling. Mice were fed either a normal diet or 0.5% 
resveratrol diet. One week later, the right sciatic nerve was cut. The wet weight, mean fiber area, 
and amount of atrogin-1 and p62 proteins were examined in the gastrocnemius muscle at 14 days 
after denervation. The 0.5% resveratrol diet significantly prevented denervation-induced decreases 
in both the muscle weight and fiber atrophy. In addition, dietary resveratrol suppressed the 
denervation-induced atrogin-1 and p62 immunoreactivity. In contrast, 0.5% resveratrol 
supplementation did not significantly modulate the total protein amount of atrogin-1 or p62 in the 
denervated muscle of mice. Resveratrol supplementation significantly prevents muscle atrophy after 
denervation in mice, possibly due to the decrease in atrogin-1 and p62-dependent signaling. 
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1. Introduction 
Skeletal muscle possesses a highly plastic 

potential to cope with the demands of various 
environmental conditions. Skeletal muscle is 
composed of a variety of proteins and is regulated by 
the balance between protein synthesis and 
degradation. However, marked increase in protein 
degradation and decreases in protein synthesis will 
result in muscle atrophy. Muscle atrophy occurs in the 
presence of inactivity, sarcopenia, and various 
neuromuscular diseases, leading to a marked decrease 
in physical activity and the inevitable progression of 
muscle wasting. For example, sarcopenia is the 
common denominator of the aging process, 
responsible for a general and substantial decline in 

physical performance, which ultimately leads to 
physical disability. 

 Various approaches such as resistance training 
[1], hormonal [2] and pharmacological [3] treatment, 
nutritional [4] supplementation, and caloric restriction 
[5] has been attempted to inhibit muscle atrophy, 
particularly in sarcopenia. For example, treatment 
with androgen and nandrolone enhance protein 
synthesis, markedly increasing the muscle volume 
and strength [2]. Examining frail elderly subjects in 
different coutries, Becker et al. [3] showed that a phase 
two trial of treatment with myostatin antibody 
(LY2495655: LY) improved the lean body mass and 
several indicators of muscle power at 24 weeks. In 
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addition, many researchers have tried various forms 
of supplementation to prevent muscle atrophy in vivo 
in humans and rodents.  

 Resveratrol, which was discovered in veratrum 
grandiflorum, was reported to upregulate the 
expression of sirtuin and lead to increased longevity 
in various species [6-8]. Resveratrol supplementation 
has been reported to enhance the activities of AMPK 
and PGC-1, leading to the upregulation of the insulin 
sensitivity and mitochondrial biogenesis in mice [9] 
and obese humans [10], but not nonobese women [11]. 
In addition, treatment with resveratrol improves the 
negative influence of a high-calorie diet in mice [12]. 
Furthermore, Chen et al. [13] demonstrated that 
resveratrol administration attenuates the abnormal 
accumulation of adipose tissue in mice continuously 
fed a high-fat diet. All of these findings suggest that 
resveratrol supplementation exhibits anti-aging effect 
and attenuates metabolic disorders. 

 Several researchers investigated the effect of 
resveratrol on morphometric paramerters such as the 
mass of skeletal muscle. Hori et al. [14] demonstrated 
that treatment with resveratrol inhibited muscle 
atrophy in mdx mice, a model of DMD. Shadfar et al. 
[15] also found that resveratrol administration 
inhibited muscle atrophy in a mouse model of cancer 
cachexia, possibly due to a decrease in immune 
cytokines. However, almost all studies using 
resveratrol supplementation have only looked at 
adaptive changes in the muscle weight [16, 17]. Since 
the muscle weight is determined by the water content, 
connective tissues such as tendons, and intramuscular 
lipids as well as muscle fibers, the increase of the 
muscle weight may not reflect the actual adaptation of 
muscle fibers. In addition, many studies involved a 
descriptive investigation of the adaptation of SIRT 
[16-20], AMPK [16, 19], PGC-1 [16-18, 20], apoptosis- 
[18-20], and anti-oxidant- regulated molecules [18, 20] 
in skeletal muscle after resveratrol supplementation. 
It is unknown whether resveratrol modulates the 
main pathway of protein degradation [ubiquitin 
-proteasome system (UPS) and autophagy]. A single 
result of atrogin-1 mRNA in muscle fed resveratrol 
[21] cannot reflect the adaptive role of these proteins 
at all. All of these findings indicate insufficient 
investigation of the protein degradation-linked 
molecules (UPS and autophagy system) at the protein 
level in particular.  

 In the present study, we investigated whether 
the resveratrol-inducing attenuation of skeletal 
muscle actually reflects the adaptation of muscle 
fibers themselves, and is attributable to the adaptation 
of representative protein degradation signaling such 
as UPS and autophagy-dependent signaling. 

2. Materials and Methods 
2.1 Experimental animals 

 Experiments were conducted in male ICR mice 
(12-weeks of age, Japan SLC, Shizuoka, Japan). The 
animals were housed in a temperature (22±2°C) and 
humidity (60±5%)-controlled room regulated to 
provide alternating 12-h periods of light and darkness 
and were allowed to feed (commercial chow, Japan 
SLC) and drink ad libitum. After acclimatization for 1 
week, mice were randomized and divided into two 
groups: the mice fed either normal (n=12) or 
resveratrol [0.5% content (w/w) n=12] diets. Mice 
continued to receive the normal or resveratrol diets 
until the termination of the experiments 3 weeks later. 
These special diets were provided by Oriental Yeast 
Co., Ltd. (Tokyo, Japan). At 1 weeks of diet exchange, 
the sciatic nerve of the left leg of mice was cut and a 10 
mm piece was excised under anaesthetization. At 2 
weeks of denervation, mice were killed by excess 
pentobarbital, and the medial gastrocnemius muscles 
dissected. The muscles were quickly weighed, frozen 
in liquid nitrogen, and then stored at -80°C. This 
experimental procedure was approved by the 
Committee for Animal Research in Toyohashi 
University of Technology.  

2.2 Primary antibodies  
 The antibodies employed in the present study 

were as follows: affinity-purified mouse monoclonal 
antibody to dystrophin (1:50, Cat. No. #25013, Sigma 
Aldrich); rabbit polyclonal antibody to 
atrogin-1/MAFbx (1:300, Cat. No. SC-33782, Santa 
Cruz Biotechnology, Santa Cruz, CA), and to p62 
(1:200, Cat. No. M-115, MBL, Nagoya); to 
affinity-purified goat polyclonal antibody to 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH, 1:400, Cat. No. SC-20357, Santa Cruz 
Biotechnology, Santa Cruz, CA).  

2.3 Tissue preparation, gel electrophoresis, 
and immunoblotting 

 The gastrocnemius muscle of both mice was 
homogenized in 10-20 vols of 50 mM Tris-HCl pH 7.4, 
5 mM EDTA, 10 µg/ml phenylmethyl-
sulfonylfluoride, 0.5 µg/ml leupeptin, 0.2 µg/ml 
aprotinin, 0.2% NP-40, 0.1% Triton X-100, and 1mM 
Na3VO4 in a polytron (DIAX 900, 
Heidolph-Instruments, Schwabach, Germany) for 30 
s. The homogenized tissues were then centrifuged at 
15,000×g for 25 min at 4 °C, and the protein 
concentration of the supernatant was colorimetrically 
determined (Bio-Rad protein determination kit, 
Bio-Rad Laboratories, Richmond, CA). Sodium 
dodecylsulfate-polyacrylamide gel electrophoresis 
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(SDS-PAGE) (10-15% acrylamide for detection of 
atrogin-1, cleaved caspase-3 and GAPDH) and 
Western blotting were performed next as described 
previously [22]. Proteins separated by SDS-PAGE 
were electrophoretically transferred onto 
nitrocellulose membranes (Hybond-ECL Western, 
Amersham, Arlington Heights, IL). The blots were 
then incubated with blocking buffer composed of 
0.1% Tween-20 and 1% gelatin in 10 mM Tris-buffered 
saline (TBS, 10 mM Tris, 135 mM NaCl, 1 mM KCl, 
and 0.02% NaN3, pH 7.4) for 5 min. The blots were 
next incubated with primary antibodies (each 
concentration Atrogin-1 1:400, p62 1:2000, and 
GAPDH 1:400) overnight and with goat anti-rabbit or 
rabbit anti-goat IgG -conjugated AP (1:10000, Cat. No. 
611-105-122 and 16376, Rockland Immunochemicals, 
Inc., USA) for lh and were visualized with Western 
blue, a stabilized substrate for alkaline phosphatase 
(Promega). By using GAPDH bands as loading 
control, a densitometric analysis of each blot was 
performed with a computerized image processing 
system (NIH Image 1.63). 

2.4 Immunofluorescence. 
 Mouse gastrocnemius muscle was isolated and 

frozen in isopentane. Serial 7-µm transverse sections 
made with a cryostat (Microm Coldtome, HM-520, 
Germany) were mounted on silanized slides (Dako 
Japan, Tokyo). Cryosections were fixed with 4% 
paraformaldehyde (5 min) and incubated in blocking 
solution (10 % normal horse serum in PBS) for 30 min 
at room temperature. Sections were incubated with 
polyclonal anti-atrogin-1 and anti-dystrophin 
antibodies for 90 min at room temperature. After 
being washed in PBS, sections were incubated with 
anti-rabbit FITC-conjugated (1:100 final dilution; 
Rockland Immunochemicals, Inc., USA) and anti-goat 
Rhodamine- conjugated (1:100 final dilution; 
Chemicon International Inc., USA) secondary 
antibodies. The muscle sections were mounted in a 
slowfade antifade kit with 4’-6-Diamidino-2- 
phenylindole (DAPI) (Vector Laboratories, Inc., 
Burlingame, CA, USA). Images were acquired on an 
Olympus BX50 inverted microscope with a 
fluorescent attachment (Olympus) and Photonic 
Science CCD camera (Olympus DP70). As described 
previously [23], we calculated in percentages of nuclei 
possessing atrogin-1 immunoreactivity by analyzing 
DAPI-positive nuclei from 10-15 different parts of 
cross-sections using 10 animals. We conducted the 
analysis of cross-sectional area (CSA) in 
gastrocnemius muscles of mice by analyzing 200 
muscle fibers. 

2.5 Statistical analysis 
 All values were expressed as means ± S.D. A 

one-way analysis of variance (ANOVA) was used to 
evaluate the significance of differences in 
morphometric parameter. Individual differences 
between groups were assessed with Scheffés multiple 
range test. P < 0.05 was considered to be statistically 
significant. 

3. Results 
 Figure 1a shows a similar level of food intake 

between the control (3.7±0.2 g/day) and resveratrol 
(3.7±0.1 g/day)-fed groups. To examine the inhibitory 
effects of resveratrol on muscle atrophy after 
denervation, the left leg muscles of ICR mice were 
denervated by sectioning the sciatic nerve while the 
right leg muscles of mice were sham-operated. The 
denervated mice were divided into two groups. There 
were no significant differences in body weight (data 
not shown) between the two groups of mice. In the 
mice fed a normal diet, the muscle weight of 
denervated gastrocnemius muscle decreased by 50% 
14 days after denervation. Similar but significantly 
lower extent of denervation-induced atrophy was 
observed in the muscle of mice fed the resveratrol diet 
(b) (p < 0.05) [Fig. 1b].  

 We examined the effects of dietary resveratrol 
on the denervation-mediated decrease in the fiber 
area of the gastrocnemius muscle. The denervated 
muscle of mice fed the resveratrol diet exhibited a 
significantly larger fiber area (905.0±33.5 μm2) than 
those fed a normal diet (809.3±27.7 μm2) (p < 0.05) 
[Fig. 1c-e].  

 Next, we investigated whether the level of 
atrogin-1 protein expression differs in the denervated 
gastrocnemius muscle between those fed normal and 
resveratrol diets. We performed immunofluorescence 
staining of a single cryosection, which can be used to 
detect atrogin-1 immunoreactivity by visualizing 
using Rhodamine-conjugated secondary antibody. 
Irrespective of the differences in the diet, normal 
unoperated muscle did not exhibit the expression of 
atrogin-1 immunoreactivity in the nuclei [Fig. 2a-d]. 
Denervation significantly enhanced the atrogin-1- 
positive nuclei in muscle (p < 0.01) [Fig. 2e-h], but 
these expression levels were not significantly reduced 
with the resveratrol diet (p < 0.01) (2.0±0.3%) 
compared with those of normal diet (4.2±0.4%) [Fig. 
2i]. Western blot analysis using crude homogenates of 
the total muscle indicated prominent bands of 
atrogin-1 and GAPDH proteins at 42 and 37 kDa, 
respectively [Fig. 3a]. Densitometric analysis did not 
detect a significant increase in the amount of atrogin-1 
protein in the denervated muscle of mice receiving 
both diets [Fig. 3b]. 
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Figure 1. Food intake and morphological characteristics of mice and the gastrocnemius muscle fed both the normal and resveratrol diets. There was no significant difference in 
the amount of fook intake (a). In the mice fed the normal diet, the weight of the devnervated gastrocnemius muscle had decreased by 50% at 14 days after denervation (b). Similar 
but significant lower extent of denervation-induced atrophy was observed in the muscle of mice fed the resveratrol diet (b). The effects of dietary resveratrol on the 
denervation-mediated decrease in the fiber area of the gastrocnemius muscle. The immunostaining using anti-dystrophin antibody is performed for the cryosections of the 
gastrocnemius muscle of mice fed normal (c) and resveratrol (d) diets. The denervated muscle of mice fed the resveratrol diet exhibited a significantly larger fiber area than those 
fed the normal diet (c-e). Comparing the muscule fiber size distribution maps, the mice fed the resveratrol diet exhibited more larger-sized and lower numbers of small sized 
muscle fibers after denervation (f). Values are means ± SD (n=10~12/group). †† : p < 0.01 compared with the non-operated muscle. *: p < 0.05 compared with normal diet. 
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Figure 2. Serial cryosections of the gastrocnemius muscle of mice fed normal and resveratrol diets. Atrogin-1 immunoreactivity was visualized using Rhodamine-conjugated 
antibody. In non-operated gastrocnemius muscle of both diets, immunofluorescence labeling showed that atrogin-1 was not present in the any nuclei of muscle fibers (a-d). 
Marked increases of atrogin-1 immunoreactivity were observed in several nuclei of denervated muscle of both mice (e-h). Densitometric analysis showed significant increasee in 
atrogin-1 immunoreactivity in the denervated muscle of mice fed between normal and resveratrol diets (i). However, the percentage of atrogin-1 positive nuclei were significantly 
lower in the mice fed the resveratrol diet than those of normal one (i). White circles and squares indicate the same fibers on different immunoimages. White arrows denote the 
atrogin-1-positive nuclei. Bar = 50 μm. ††: p < 0.01 compared with the non-operated muscle. **: p < 0.01 compared with normal diet. 
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Figure 3. Western blot analysis showed that the denervated muscles of both mice were not significantly increased in the atrogin-1 protein compared with those non-operated 
muscles (a). No significant difference in the amount of atrogin-1 protein was observed in the gastrocnemius muscles between normal and resveratrol fed mice (b). The integrated 
optical density (IOD) of atrogin-1 protein was normalized to the IOD of each internal control (GAPDH) (arbitrary units). Values are means ± SD (n=8/group).  

 
 
 To obtain a clear understanding of whether the 

level of autophagic defect (p62/SQSTM1 accumu-
lation in cytosol) differs in the denervated muscle 
between control and resveratrol supplementation, we 
performend immunofluorescence staining. p62/ 
SQSTM1-positive fibers were detected weakly in 
non-operated muscle (control: 0.3±0.1% vs. 
resveratrol: 0.3±0.1%) [Fig. 4a-d]. Denervation 
significantly increased p62/SQSTM1 immuno-
reactivity in the cytosol of several muscle fibers with 
both diets (p < 0.01) [Fig. 4e-i]. Densitometric analysis 
clearly showed a significantly lower amount of 
p62-positive muscle fibers in the denervated muscle 
of mice with the resveratrol diet (4.2±0.4%) than 
normal diet (2.1±0.5%) (p < 0.01) [Fig. 4i]. 

 Western blot analysis using crude homogenates 
of the total muscle indicated prominent bands of 
p62/SQSTM1 and GAPDH proteins at 62 and 37 kDa, 
respectively [Fig. 5a]. In the denervated muscle of 
mice fed the normal diet, p62/SQSTM1 protein 
increased markedly, although such a change was 
smaller in those fed the resveratrol diet. Densitometric 
analysis indicated a significant increase in the amount 
of p62/SQSTM1 protein in the denervated muscle of 

mice with both diets (p < 0.01) [Fig. 5b]. However, we 
failed to observe a significantly lower expression of 
p62/SQSTM1 with resveratrol supplementation than 
with the normal diet. 

 

4. Discussion 
 A previous study demonstrated that resveratrol 

supplementation attenuates muscular atrophy in mdx 
mice, a model of DMD. However, it is unknown 
whether such attenuation by resveratrol is 
attributable to the modulation of the main protein 
degrading system (UPS and autophagy). The present 
study investigated whether resveratrol 
supplementation attenuates denervation-induced 
atrophy of muscle fibers by the inhibition of UPS and 
autophagy. Two main conclusions can be derived 
from the findings of the present study. First, 
supplementation with resveratrol at a 0.5% of diet 
significantly attenuates the atrophy of muscle fibers 
after denervation. Second, this protective effect can be 
attributed to the decrease in atrogin-1 and p62 
accumulation.  
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Figure 4. Serial cryosections of the gastrocnemius muscle of mice fed normal and resveratrol diets. Atrogin-1 immunoreactivity was visualized using FITC-conjugated antibody. 
In non-operated gastrocnemius muscle of both diets, immunofluorescence labeling showed that p62/SQSTM1 was not present in the any cytosol of muscle fibers (a-d). Marked 
increases of p62/SQSTM1 immunoreactivity were observed in the cytosol of several muscle fibers of denervated gastrocnemius of both mice (e-h). Densitometric analysis 
showed significant increasee in p62/SQSTM1 immunoreactivity in the denervated muscle of mice fed between normal and resveratrol diets (i). However, the percentage of 
p62/SQSTM1-potitive muscle fibers was significantly lower in the mice fed the resveratrol diet than those of normal one (i). White circles and squares indicate the same fibers 
on different immunoimages. White arrows denote the p62/SQSTM1-positive muscle fiber. Bar = 50 μm. †† : p < 0.01 compared with the non-operated muscle. **: p < 0.01 
compared with normal diet. 
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Figure 5. In mice fed the both diets, a prominent bands of p62 protein and GAPDH were detected at 62 and 37 kDa, respectively (a). Western blot analysis showed that the 
denervated muscles of both mice were more abundantly expressing p62 protein (a). Although denervation increased the p62 protein in the gastrocnemius muscle, the expression 
levels in mice receiving the two diets were similar (b). The integrated optical density (IOD) of p62 protein was normalized to the IOD of each internal control (GAPDH) 
(arbitrary units). Values are means ± SD (n=8/group). ††: p < 0.01 compared with the non-operated muscle. 

 
Since the amount of food intake in the mice fed 

resveratrol diet was similar to that in the mice fed 
normal diet, the food intake may not affect the 
findings (all of our data). In the present study, the 
ratio of the denervated/contralateral muscle weight 
in the resveratrol-fed mice was significantly higher 
than in the normal-fed mice. Our atrophy-attenuating 
data using resveratrol (0.5%) are similar to the data of 
Hori et al. [14], which demonstrated that 
C57BL/10ScSn-Dmdmdx/J mice (mdx mice) exhibit 
less muscle atrophy of the biceps brachii on receiving 
0.4% resveratrol for 32 weeks. In addition, we 
investigated the attenuation of the atrophy of muscle 
fibers in the resveratrol-fed mice compared with 
normal-fed mice. All data indicated the attenuating 
effect of resveratrol supplementation on the 
denervated muscle of mice. 

It is widely accepted that UPS cannot modulate 
slower muscle atrophy in sarcopenia [24-26]. In 
contrast, the protein degradation in the denervated 
muscle is highly regulated by UPS [27, 28]. Indeed, the 
protein content of E3 ubiquitin ligase, MuRF1, and 
atrogin-1 is upregulated in the denervated muscle 
[29], similar to the results of our study [Fig. 3]. In 
addition, our study indicated the lower expression of 
atrogin-1 immunoreactivity in the denervated muscle 

after resveratrol supplementation. This result 
supports the report of Sin et al. [20], which 
demonstrated decreased atrogin-1 expression by 
resveratrol in degenerated muscle after compression. 
It is widely accepted that SIRT is activated by 
resveratrol. SIRT1 attenuates muscle atrophy by 
inhibiting the movement of Foxo1 and Foxo3 
transcription factor the upstream modulator of 
atrogin-1 [30]. Thus, resveratrol may inhibit the 
expression of atrogin-1 protein via the activation of 
SIRT1.  

 Our Western blot using atrogin-1 antibody 
could not detect a significant decrease after 
resveratrol supplementation. Since atrogin-1 exhibits 
movable components between the nucleus and 
cytosol [31], atrogin-1 only changes the localization 
and does not cause volumetric changes. The protein 
analysis in this study was conducted to utilize crude 
homogenate using whole muscle but not fractionated 
homogenate with the division of components such as 
the nucleus, cytosol, and membrane. Unfortunately, 
our protein analysis using crude homogenate can only 
determine the total amount of atrogin-1 protein. 
Therefore, further studies should be conducted to 
examine the localization of atrogin-1 protein using 
fractionated homogenate with the nucleus and cytosol 
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at least to elucidate the attenuating effect on muscle 
atrophy of treatment with resveratrol.  

 The cytosol accumulation of p62/SQSTM1 is a 
marker of the functional defect in autophagy- 
lysosome signaling. Indeed, the marked accumulation 
of p62/SQSTM1 occurs in the atrophic muscle of mdx 
mice [32], sarcopenic muscle of mice [33], and 
sporadic inclusion-body myositis of muscle fibers 
[34]. The present study demonstrated the marked 
accumulation of p62/SQSTM1 in the cytosol of 
muscle fibers in the denervated muscle [Fig. 4]. Thus, 
denervated muscle exhibits a defect of autophagy- 
dependent signaling. Intriguingly, resveratrol 
supplementation in our study significantly decreased 
the percentage of p62/SQSTM1-positive muscle fibers 
after denervation. Western blot analysis using whole 
muscle homogenate also indicated a small but 
non-significant decrease in the amount of 
p62/SQSTM1 proteins after denervation than those of 
the control diet [Fig. 5]. These results suggest that 
resveratrol supplementation ameliorates the 
autophagic defect in denervated muscle. Resveratrol 
is known to activate AMPK, an upstream mediator of 
autophagy-lysosome signaling [10, 12]. AMPK 
activates autophagic signaling probably by 
inactivating mTORC1, which inhibits this autophagic 
system [35, 36]. In addition, AMPK directly activates 
ULK1 and Beclin1 [37, 38], which are necessary 
molecules for the initial step of the autophagic system. 
Thus, resveratrol alleviates the autophagic defect by 
activating AMPK. Since the autophagy-lysosome 
system is a degradation system, the improvement in 
the defect of the autophagic system may induce 
further muscle atrophy. However, the accumulation 
of unnecessary degraded protein also leads to the 
deterioration of muscle protein synthesis and 
promotes further degradation. Our results suggest 
that the alleviation of the autophagic defect in the 
denervated muscle may block muscle atrophy by 
degrading unnecessary accumulated proteins, and 
recovering the protein balance.  

 Our study demonstrated that treatment with 
resveratrol at a 0.5% of food intake attenuates 
denervation-induced muscle atrophy of mice. This 
attenuation may be ascribed to the decrease in the 
atrogin-1-dependent system and by improvement of 
the autophagic defect. It remains necessary to 
elucidate a more descriptive mechanism (AMPK-, 
SIRT1-, or PGC-1α dependent?) linked to the decrease 
of atrogin-1 and p62 protein in the denervated muscle 
during resveratrol supplementation, and assess 
whether treatment with resveratrol is effective for 
morphological parameters in other muscular atrophy 
models such as sarcopenia and muscular dystrophy.  
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