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Abstract

:

Inactivity leads to skeletal muscle atrophy, whereas intermittent loading (IL) during hind limb unloading (HU) attenuates muscle atrophy. However, the combined effects of IL and protein supplementation on disuse muscle atrophy are unclear. Therefore, we investigated the effects of IL and a high-protein oral nutritional supplement (HP) during HU on skeletal muscle mass and protein synthesis/breakdown. Male F344 rats were assigned to the control (CON), 14-day HU (HU), IL during HU (HU + IL), and IL during HU followed by HP administration (2.6 g protein/kg/day; HU + IL + HP) groups. Soleus and gastrocnemius muscles were sampled 30 min after the last IL and HP supplementation. HU decreased relative soleus and gastrocnemius muscle masses. Relative muscle masses and p70 ribosomal protein S6 kinase/ribosomal protein S6 phosphorylation in soleus and gastrocnemius muscles were higher in the HU + IL group than the HU group and further higher in the HU + IL + HP group than the HU + IL group in gastrocnemius muscle. Therefore, protein administration plus IL effectively prevented skeletal muscle atrophy induced by disuse, potentially via enhanced activation of targets downstream of mammalian target of rapamycin complex 1 (mTORC1) signaling pathway.
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1. Introduction


Skeletal muscle mass is determined by the balance between protein synthesis and breakdown [1]. Strategies that increase muscle protein synthesis and reduce protein breakdown are important for maintaining and increasing skeletal muscle mass. Muscle protein synthesis is enhanced by resistance exercise and amino acids derived from dietary protein [2,3]. Essential amino acids (EAAs) stimulate muscle protein synthesis, and branched-chain amino acids (BCAAs), particularly leucine, exhibit strong anabolic effects [4,5].



Skeletal muscle atrophy is induced by aging, starvation, inactivity, cancer cachexia, diabetes, chronic kidney disease, and many other pathologies [6,7,8,9]. Disuse-muscle atrophy is the loss of skeletal muscle under conditions such as cast immobilization, prolonged bed rest, and microgravity [10]. To prevent disuse muscle atrophy, it is crucial to establish suitable and effective treatments with exercise and nutritional intervention.



The mammalian target of rapamycin complex 1 (mTORC1) signaling pathway is a key regulator related to muscle protein synthesis [11]. Insulin-like growth factor-1 binds to its receptor and activates phosphoinositide 3-kinase and Akt, resulting in activation of the mTORC1 signaling pathway [11]. p70 ribosomal protein S6 kinase (p70S6K), a signaling protein that functions downstream of mTORC1, activates ribosomal protein S6 (rpS6) via phosphorylation and enhances protein synthesis [12]. Previous reports have shown that exercise increases muscle protein synthesis by activating mTORC1 via Akt, whereas BCAAs increase muscle protein synthesis by directly activating mTORC1 [12,13].



Dupont et al. reported that hind limb unloading (HU)-induced muscle atrophy reduced Akt, mTORC1, and p70S6K phosphorylation in rat soleus (SOL) muscles [14]. Thus, attenuation of the mTORC1 signaling pathway reduces muscle protein synthesis in disuse muscle atrophy [15,16]. Previously, intermittent loading (IL) for 4 h per day was shown to increase the cross-sectional area of rat SOL muscles by activating the mTORC1 signaling pathway in disuse muscle atrophy induced by 7 days of HU [17]. However, the combined effects of protein supplementation and IL on disuse muscle atrophy have not been sufficiently investigated.



The ubiquitin-proteasome and autophagy-lysosome systems play important roles in skeletal muscle protein breakdown [18]. In disuse muscle atrophy, inhibition of the ubiquitin-proteasome system attenuates skeletal muscle atrophy, implying that this system is the major protein-breakdown system [19,20,21]. The muscle-specific E3 ubiquitin ligases atrogin-1 (also known as muscle atrophy F-box) and muscle ring finger 1 (MuRF1) are upregulated in various models of skeletal muscle atrophy [22,23]. Therefore, the expression levels of these genes are useful markers of skeletal muscle atrophy in the ubiquitin-proteasome system. In a rat model of HU-induced atrophy, IL inhibited atrogin-1 and MuRF1 gene expression in rat SOL muscles [17]. In addition, chronic oral administration of BCAAs was reported to increase the skeletal muscle cross-sectional area and decrease skeletal muscle atrogin-1 and MuRF1 expression in rat model of muscle atrophy induced by 14 days of HU [24,25]. However, the combined effects of long-term IL and protein supplementation on muscle protein synthesis and breakdown in disuse muscle atrophy have not been investigated.



Autophagy-related gene expression in skeletal muscle was increased in a model of muscle atrophy induced by fasting or denervation [26], suggesting that the autophagy-lysosome system is also important in skeletal muscle atrophy. The levels of LC3-II (phosphatidylethanolamine-conjugated LC3-I), the first mammalian protein identified that specifically associates with autophagosome membranes, are positively correlated with autophagosome formation, and this protein is recognized as a marker of autophagosome induction [27]. Unc-51-like autophagy-activating kinase 1 (ULK1) is a component of the ULK1 protein kinase complex, and phosphorylation of ULK1 at Ser757 is associated with autophagy inhibition [28,29]. The autophagy-lysosome system is activated in rat SOL and gastrocnemius (GS) muscles after 14 days of HU [30]. In contrast, no significant changes are observed in GS and quadriceps femoris muscles [31]. Thus, the mechanisms through which the autophagy-lysosome system participates in disuse muscle atrophy are unclear.



The central hypothesis of this study was that a combination of IL and protein supplementation could effectively inhibit disuse muscle atrophy. This hypothesis was validated using a rat model of HU-induced muscle atrophy. This animal model was established to investigate disuse muscle atrophy and has been used in studies primarily focused on SOL muscles demonstrating marked atrophy. Using this model, we assessed the effects of IL and oral administration of a high-protein liquid nutritional supplement (HP) on skeletal muscle mass, the expression levels of proteins related to muscle protein synthesis (mTORC1 signaling pathway), and protein breakdown in SOL and GS muscles via the ubiquitin-proteasome and autophagy-lysosome systems.




2. Materials and Methods


2.1. Animal and Experimental Protocols


This study was conducted in accordance with the Institutional Committee on Care and Use of Laboratory Animals of Otsuka Pharmaceutical Factory, Inc. (Tokushima, Japan) and was approved by the Otsuka Pharmaceutical Animal Experiment Committee (approval number: OPFCAE-18-398; approval date: 7 December 2018). Seven-week-old male F344/DuCrlCrlj rats were purchased from Charles River Japan (Yokohama, Japan). The rats were housed in a room at 23 ± 3 °C with 12-h light/dark cycle (light: 7:00 a.m.–7:00 p.m.) and 55% ± 15% humidity. After a 14-day acclimation period, the rats were divided into the following four groups: control (CON, n = 6), HU (n = 9), IL during HU (HU + IL, n = 10), and IL during HU followed by HP administration (HU + IL + HP, n = 10). Rats in the HU, HU + IL, and HU + IL + HP groups were subjected to HU for 14 days. During the experimental period, the CON and experimental rats were pair-fed an AIN-93G-based 10% casein diet (Oriental Yeast, Osaka, Japan; 9 g/day, protein: 4.1 g/kg/day) and provided water ad libitum. Two times per day (9:00 a.m. and 5:00 p.m.), the rats in the HU + IL + HP group were orally administered HP (HINEX REHADAYS; Otsuka Pharmaceutical Factory, Inc., energy: 38.4 kcal/kg/day; protein: 2.6 g/kg/day; fat: 0.5 g/kg/day; carbohydrates: 5.8 g/kg/day). HP contains 4.8 g/100 mL milk protein and 2.0 g/100 mL whey protein as its protein source and supplemented with 1.1 g/100 mL leucine and 0.8 g/100 mL citrulline as free amino acids. All rats in the other groups were orally administered a control, liquid oral-nutritional supplement (energy: 38.4 kcal/kg/day; protein: 3.2 g/kg/day; fat: 0.5 g/kg/day; carbohydrate: 5.6 g/kg/day), in which all of the proteins/amino acids in the HP were replaced with non-EAAs (alanine, aspartic acid, glutamic acid, glycine, proline, and serine in equimolar ratios), using the same dose and time as the HU + IL + HP group. Food intake was measured at 4:00 p.m. daily with an electronic balance. Following 15 h of fasting, blood and SOL and GS muscle samples were obtained under isoflurane anesthesia, 30 min after the last round of IL and oral administration. After weighing the tissues, they were rapidly frozen in liquid nitrogen and stored at −80 °C until analysis.




2.2. HU and IL


HU was performed as previously described by Morey et al. [32]. The rats were suspended by their tails using adhesive tape to prevent the hind limbs from contacting the cage floor during the experimental period. The rats were suspended by the tail at an angle of 30° from the head down and were allowed free access to water and food. IL was carried out for 1 h per day from 4:00–5:00 p.m. by releasing the rats from HU and allowing them to engage in normal cage activity.




2.3. Blood Analysis


Blood samples were collected from the abdominal aorta and drawn into blood collection tubes containing ethylenediaminetetraacetic acid disodium salt (Na2EDTA) and then immediately cooled on ice. Blood samples were centrifuged for 10 min at 4 °C and 3000 rpm, after which the plasma supernatants were collected. All samples were stored at −80 °C. The amino acid concentrations were determined by liquid chromatography-mass spectrometry (LC-MS; analysis commissioned to SRL, Inc. Tokyo, Japan).




2.4. Western Blot Analysis


Western blotting was performed as previously described [33], with minor modifications. Briefly, skeletal muscle samples were homogenized in RIPA buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin; Cell Signaling Technology, Danvers, MA, USA). Appropriate amounts of protease inhibitor cocktail (cOmplete Mini, EDTA-free; Roche, Mannheim, Germany) and phosphatase-inhibitor cocktail (PhosSTOP; Roche, Mannheim, Germany) were added to the RIPA buffer in advance. The homogenates were centrifuged at 15,000 rpm for 10 min at 4 °C. The supernatants were collected, and the protein concentrations were determined using a Protein Assay Rapid Kit wako II (Wako, Osaka, Japan). The samples were diluted with 3× sample buffer (5.0% [v/v] β-mercaptoethanol, 187.5 mM Tris-HCl [pH 6.8, 25 °C], 6% [w/v] sodium dodecyl sulfate [SDS], 30% glycerol, and 0.03% [w/v] bromophenol blue; Cell Signaling Technology) and boiled for 7 min at 97 °C. For each sample, 30 µg of protein was separated by electrophoresis using 5–20% gradient SDS polyacrylamide gels, and the proteins were then transferred to polyvinylidene difluoride membranes. Subsequently, the membranes were washed with Tris-buffered saline containing 0.05% Tween 20 (TBS-T, pH 7.6) for 1 h at 20–23 °C. The membranes were blocked with TBS-T containing bovine serum albumin for 1 h at 20–23 °C. The membranes were then washed with TBS-T and incubated overnight at 4 °C with primary antibodies (Cell Signaling Technology, Danvers, MA, USA) against phospho-Akt (Ser473) (catalog number 9271), total Akt (catalog number 9272), phospho-p70 S6 kinase (Thr389) (catalog number 9205), total p70 S6 Kinase (catalog number 2708), phospho-S6 ribosomal protein (Ser240/244) (catalog number 2215), total S6 ribosomal protein (catalog number 2217), LC3B (catalog number 2775), phospho-ULK1 (Ser757) (catalog number 14202), and total ULK1 (catalog number 8054). The membranes were then washed again in TBS-T and incubated with appropriate secondary antibodies for 1 h at 20–23 °C. Protein bands were detected using a chemiluminescent reagent (Luminata Western HRP substrate; Merck, Darmstadt, Germany). Protein bands were scanned using a chemiluminescence detector (Molecular Imager VersaDoc MP 500; Bio-Rad Laboratories, Hercules, CA, USA), and band intensities were quantified using ImageJ software, version 1.50i (National Institutes of Health, Bethesda, MD, USA). Protein-phosphorylation levels were normalized to the total levels of the corresponding protein. The autophagy-lysosome system was assessed by evaluating the LC3B II: LC3B I (LC3B II/I) ratio.




2.5. Quantitative Polymerase Chain Reaction (qPCR) Analysis


Total RNA was extracted from 20 mg of each skeletal muscle using RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany). The RNA concentration was determined using a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, MA, USA). The mRNA expression levels of atrogin-1 (Rn00591730_m1) and MuRF-1 (Rn00590197_m1) were quantified using TaqMan Gene Expression Assays (Applied Biosystems, Waltham, MA, USA). The expression of 18S ribosomal RNA (TaqMan assay Rn03928990_g1) was detected for normalization purposes. qPCR was performed using a TaqMan RNA-to-CT 1-Step Kit (Thermo Fisher Scientific) in a 96-well reaction plate. Each well contained 60 ng RNA, 10 µL TaqMan RT-PCR mix, 0.5 µL TaqMan RT enzyme mix, 5.5 μL RNase-free water, and 1 µL of a TaqMan Gene Expression assay in a reaction volume of 10 μL. A 7500 Fast Real-Time PCR System (Thermo Fisher Scientific) was used to perform qPCR using the following thermocycling parameters: 48 °C for 15 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Relative gene expression levels were calculated using the 2−ΔΔCt method [34].




2.6. Statistical Analysis


Data are presented as the mean ± standard deviation (SD). Shapiro-Wilk normality test was performed to confirm normality. Differences in body weight, caloric intake, and skeletal muscle mass were assessed by one-way analysis of variance (ANOVA), followed by an unpaired Student’s t-test or Tukey’s multiple-comparison test to determine specific group differences. Differences in plasma amino acid concentrations, as well as mRNA and protein expression levels were assessed by a nonparametric ANOVA (Kruskal–Wallis test) followed by Mann–Whitney U tests or Steel–Dwass tests. Statistics were processed with EXSUS software (version 7.7, CAC Croit Corporation, Tokyo, Japan). Results with p values of less than 0.05 were considered statistically significant.





3. Results


3.1. Body Weight, Caloric Intake, and Skeletal Muscle Mass


The body weights, caloric intake, and skeletal muscle masses of the rats in each group are shown in Table 1. Body weight was significantly lower following 14 days of HU (p < 0.05). Although the mean caloric intake was significantly lower in the HU group than in the CON group (p < 0.05), no significant differences were observed among the HU, HU + IL, and HU + IL + HP groups.



The SOL muscle mass: body weight ratio in the HU group decreased to 58.5% of that in the CON group (p < 0.05). The relative SOL muscle mass was significantly higher in the HU + IL group than in the HU group (p < 0.05), whereas no difference was observed between the HU + IL and HU + IL + HP groups.



The GS muscle mass: body weight ratio in the HU group decreased to 89.4% of that in the CON group (p < 0.05). In addition, relative GS mass was significantly higher in the HU + IL group than in the HU group (p < 0.05), and the HU + IL + HP group demonstrated a significantly higher GS mass than the HU + IL group (p < 0.05).




3.2. Plasma Amino Acid Concentrations


Measured plasma amino acid concentrations are shown in Table 2. Blood samples were collected 30 min after the last oral administration, and plasma amino acid concentrations were determined by LC-MS analysis. Plasma EAA concentrations were significantly higher (p < 0.05) in the HU + IL + HP group than in the HU and HU + IL groups. The plasma concentrations of BCAAs and leucine were also significantly higher in the HU + IL + HP group than in the HU and HU + IL groups (p < 0.05).




3.3. Phosphorylation of Akt, p70S6K, and rpS6


The phosphorylation levels of Akt at Ser473, p70S6K at Thr389, and rpS6 at Ser240/244 are shown in Figure 1. In SOL muscles, significantly higher p70S6K and rpS6 phosphorylation occurred in the HU + IL and HU + IL + HP groups than in the HU group (p < 0.05, Figure 1B,C). No significant changes were observed in the phosphorylation of Akt, p70S6K, and rpS6 in SOL muscles between the HU + IL and HU + IL + HP groups. In GS muscles, Akt phosphorylation was significantly higher in the HU + IL + HP group than in the HU group (p < 0.05, Figure 1D). In addition, the phosphorylation of p70S6K and rpS6 in GS muscles was significantly higher in the HU + IL group than in the HU group (p < 0.05, Figure 1E,F) and higher in the HU + IL + HP group than in the HU + IL group (p < 0.05).




3.4. mRNA Expression of Atrogin-1 and MuRF1


Figure 2 shows the gene expression levels of molecular markers (atrogin-1 and MuRF1) of the ubiquitin-proteasome system. Atrogin-1 and MuRF1 mRNA levels in SOL muscles were significantly higher in the HU group than in the CON group (p < 0.05, Figure 2A,B) and were significantly lower in the HU + IL and HU + IL + HP groups than in the HU group (p < 0.05). Atrogin-1 and MuRF1 mRNA levels in GS muscles were also significantly higher in the HU group than in the CON group (p < 0.05, Figure 2C,D), and atrogin-1 mRNA expression was significantly lower in the HU + IL and HU + IL + HP groups than in the HU group (p < 0.05). The atrogin-1 and MuRF1 mRNA expression levels did not significantly differ between the HU + IL and HU + IL + HP groups, in both SOL and GS muscles.




3.5. Autophagy-Related Proteins LC3-II and ULK1


Figure 3 shows the LC3B II/I ratio and the phosphorylation levels of ULK1 (Ser757), which are related to autophagy regulation. The LC3B II/I ratio in SOL and GS muscles was significantly higher in the HU group than in the CON group (p < 0.05, Figure 3A,C). Although the LC3B II/I ratio in SOL and GS muscles was significantly lower in the HU + IL and HU + IL + HP groups than in the HU group (p < 0.05, Figure 3A,C), no significant differences were observed between the HU + IL and HU + IL + HP groups. The phosphorylation of ULK (Ser757) was significantly higher in the HU + IL and HU + IL + HP groups than in the HU group in SOL muscles (p < 0.05, Figure 3B) and in the HU + IL + HP group than in the HU and HU + IL groups in GS muscles (p < 0.05, Figure 3D).





4. Discussion


In this study, we investigated the effects of IL and oral HP administration on mRNA and protein expression levels related to skeletal muscle protein synthesis and breakdown in HU-induced muscle atrophy in rats. IL combined with HP administration was more effective than IL alone in increasing GS muscle mass and phosphorylating targets downstream of the mTORC1 signaling pathway (p70S6K and rpS6). In contrast, SOL muscles did not exhibit significant differences in terms of these results. IL inhibited induction of the ubiquitin-proteasome and autophagy-lysosome systems by HU in both SOL and GS muscles. However, HP administration did not increase these inhibitory effects of IL. HP administration combined with IL was more effective in preventing disuse muscle atrophy in GS muscles. These effects may result from enhanced activation of the mTORC1 signaling pathway (Figure 4).



Phosphorylation of p70S6K and rpS6 represents downstream indicators of mTORC1 signaling pathway activation and is involved in skeletal muscle protein synthesis [12]. Reduced activation of the mTORC1 signaling pathway in disuse muscle atrophy can result in decreased protein synthesis [15,16]. Skeletal muscle atrophy induced by 7, 14, or 28 days of HU reduced mTORC1 and p70S6K phosphorylation in rat SOL muscles [14]. In this study, 14 days of HU significantly reduced rpS6 phosphorylation in SOL and GS muscles. HU decreased relative SOL and GS skeletal muscle masses, which may have resulted from attenuated mTORC1 pathway activation. Miyazaki et al. reported that IL for 4 h per day increased mTORC1 pathway activation during a 7-day period of HU-induced atrophy of rat SOL muscle [17]. In this study, IL for 1 h per day significantly increased p70S6K and rpS6 phosphorylation in GS and SOL muscles. In addition, IL combined with HP administration further increased p70S6K and rpS6 phosphorylation in GS muscles, but not SOL muscles. Skeletal muscle fibers are generally classified as type-I fibers and type-II fibers. Whereas SOL muscles in rats are composed of 83% type-I fibers, GS muscles are composed of 10% type-1 fibers and 90% type-II fibers [35]. p70S6K expression levels were reported to be higher in type-II fibers than in type-I fibers, in both rats and humans [36,37], suggesting that the mTORC1 signaling pathway exerts a greater effect in type-II fibers. Therefore, one reason for the discrepancy in the effects of HP administration between SOL and GS muscles may relate to differences in responsiveness to amino acids between the skeletal muscle fiber types. Specifically, the effects of amino acids may be manifested more readily in GS muscles than in SOL muscles. However, no study has been conducted to examine differences in amino acid responsiveness between different types of skeletal muscle fibers. Changes in the relative SOL and GS skeletal muscle masses showed trends similar to the changes observed in p70S6K and rpS6 phosphorylation. The relative GS muscle masses in rats treated with HU were highest in the group that also underwent IL combined with HP administration.



The muscle-specific E3 ubiquitin ligase atrogin-1 is specifically upregulated during muscle atrophy and promotes muscle protein breakdown [23]. In this study, the mRNA expression levels of atrogin-1 in SOL and GS muscles increased significantly after HU, suggesting that the ubiquitin-proteasome system was induced. IL was previously found to inhibit atrogin-1 expression in SOL muscles in rats treated with HU [17], and our results are consistent with this report. Furthermore, our current results demonstrated that IL reduced atrogin-1-expression levels in GS muscles in a rat model of disuse atrophy. Chronic oral administration of BCAAs attenuated HU-induced atrogin-1 upregulation in SOL muscles [25]. However, in this study, HP administration did not increase the effects of IL in SOL and GS muscles, suggesting that HP administration during IL did not affect the ubiquitin-proteasome system.



Akt phosphorylation serves as an upstream activator of the mTORC1 pathway. Akt phosphorylates FOXO, a transcription factor that promotes atrogin-1 and MuRF1 expression [9,38,39,40]. Phosphorylation of FOXO decreases its activity, after which muscle protein breakdown is inhibited. Notably, IL for 4 h per day has been shown to increase Akt phosphorylation in the SOL muscles of rats with HU-induced muscle atrophy [17]. However, in this study, IL did not induce changes in Akt phosphorylation in SOL muscles. This discrepancy could be explained by differences in the IL intensity or the timing of post-IL skeletal muscle sampling. In addition, Ribeiro et al. reported that leucine administration increased Akt phosphorylation and mTORC1 activity in SOL muscles in a rat model of denervation-induced muscle atrophy [41]. Another report showed that oral BCAA administration did not significantly affect Akt phosphorylation in SOL muscles from rats with HU-induced atrophy [25]. Thus, the effects of administering amino acids on Akt phosphorylation in disuse muscle atrophy have been inconsistent, and the discrepancies have not been fully clarified. The current findings demonstrated that IL combined with HP administration increased Akt phosphorylation in GS muscles. The combination of IL and HP administration may promote activation of the mTORC1 signaling pathway through increased Akt phosphorylation.



The autophagy–lysosome and ubiquitin–proteasome systems play important cellular roles, and LC3 has been described as an indicator of mammalian autophagy [27,42]. In this study, HU increased the LC3B II/I ratio in SOL and GS muscles, indicating that the autophagy-lysosome system was induced by HU. This result is consistent with the studies of SOL and GS muscles reported by Maki et al. and Zhang et al. [25,30]. In contrast, Speacht et al. reported that no significant change occurred in LC3 expression during HU in GS and quadriceps femoris muscles [31]. This discrepancy could be explained by differences in the study designs and the skeletal muscle types. Our results confirmed that IL inhibited the autophagy-lysosome system induced by HU in SOL and GS muscles. However, our data suggested that IL combined with HP administration did not further inhibit the autophagy-lysosome system in SOL or GS muscles. Maki et al. reported that although BCAA administration improved the cross-sectional area of SOL muscles, which was decreased by HU, it did not affect the expression levels of LC3-II following upregulation by HU [25]. Therefore, further studies are necessary to examine the effects of amino acids on disuse atrophy-induced autophagy. Phosphorylation of ULK1, a component of the ULK1 complex, is known to regulate autophagy [28]. Activated mTORC1 phosphorylates ULK1 at Ser757 and then inhibits the autophagy-proteasome system [29,43]. In this study, the combination of IL with HP administration may have altered the phosphorylation of ULK1 at Ser757 in GS muscles. Our results suggest that the decrease in the LC3B II/I ratio and the increase in the inhibitory phosphorylation of ULK1 resulted from mTORC1 activation.



The current study has some limitations. Since no HP-administered group without IL was included in the current study, we could not evaluate the effect of HP itself on HU-induced muscle atrophy. However, in our separate pilot study, HP administration alone, without IL, did not affect the SOL and GS skeletal muscle masses in a rat model of disuse atrophy induced by 14 days of HU (Table S1). Secondly, because the effect of the combination of IL and HP differed between the SOL and GS skeletal muscles, immunostaining for fiber type-specific myosin heavy chain proteins and the measurement of the cross-sectional area of muscles could further assess this difference. In addition, although HP administration combined with IL increased the gastrocnemius muscle mass, measuring the myofiber cross-sectional area is essential to eliminate the possibility that edema or fat infiltration may have affected the obtained skeletal muscle mass. Future studies should be performed to assess whether the combination of IL and protein administration affects other types of muscle atrophy, such as denervation-induced disuse atrophy, cast immobilization-induced disuse atrophy, and age-related muscle atrophy.




5. Conclusions


We evaluated the effects of IL and oral administration of HP on skeletal muscle protein synthesis and breakdown in a rat model of HU-induced muscle atrophy. HP administration increased the plasma concentrations of EAAs, BCAAs, and leucine. IL decreased relative SOL and GS muscle mass loss induced by HU, and IL combined with HP administration was more effective in preventing GS muscle atrophy than IL alone. In addition, p70S6K and rpS6 phosphorylation in GS muscles was significantly higher when IL was combined with HP administration, when compared with IL treatment alone. In both SOL and GS muscles, although IL inhibited induction of the ubiquitin-proteasome and autophagy-lysosome systems by HU, HP administration did not increase the effect of IL. The results of this study showed that IL combined with HP administration was more effective in inhibiting skeletal muscle atrophy induced by physical disuse than IL alone in GS muscles. In addition, these findings may also reflect enhanced activation of the mTORC1 signaling pathway. A combination of nutritional and physical strategies may contribute to the development of effective prevention and treatment approaches for disuse muscle atrophy.
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Figure 1. Effects of intermittent loading (IL) and high-protein oral nutritional supplement (HP) administration on the expression levels of phosphorylated Akt (Ser473), p70S6K (Thr389), and rpS6 (Ser240/244) in (A–C) soleus muscle and (D–F) gastrocnemius muscle. Four groups of rats were assigned: control (CON), hind limb unloading (HU), IL during HU (HU + IL), and IL during HU followed by HP administration (HU + IL + HP). The data are shown as the mean ± SD (n = 6–10). * p < 0.05, compared with the CON group. a, b, and c: different letters above the bars indicate significant differences among the HU, HU + IL, and HU + IL + HP groups as determined using multiple comparison tests (p < 0.05). Circles represent individual data points in each group. AU: arbitrary unit. 
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Figure 2. Effects of intermittent loading (IL) and high-protein oral nutritional supplement (HP) administration on the mRNA expression levels of atrogin-1 and MuRF1 in (A,B) soleus muscle and (C,D) gastrocnemius muscle. Four groups of rats were assigned: control (CON), hind limb unloading (HU), IL during HU (HU + IL), and IL during HU followed by HP administration (HU + IL + HP). The data are shown as the mean ± SD (n = 6–10). * p < 0.05, compared with the CON group. a and b: different letters above the bars indicate significant differences among the HU, HU + IL, and HU + IL + HP groups as determined using multiple comparison tests (p < 0.05). Circles represent individual data points in each group. AU: arbitrary unit. 
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Figure 3. Effects of intermittent loading (IL) and high-protein oral nutritional supplement (HP) administration on the LC3B II/I ratio and levels of phosphorylated ULK1 in (A,B) soleus muscles and (C,D) gastrocnemius muscles. Four groups of rats were assigned: control (CON), HU, IL during HU (HU + IL), and IL during HU followed by HP administration (HU + IL + HP). The data are shown as the mean ± SD (n = 6–10). * p < 0.05: compared with the CON group. a and b: different letters above the bars indicate significant difference among the HU, HU + IL, and HU + IL + HP groups as determined using multiple comparison tests (p < 0.05). Circles represent individual data points in each group. AU: arbitrary unit. 
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Figure 4. Proposed regulation of the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway induced by intermittent loading (IL) and the administration of high-protein oral nutritional supplement (HP) in rat gastrocnemius muscles during hind limb unloading (HU). FOXO: Forkhead box O. 
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Table 1. Body weight, caloric intake, and absolute and relative skeletal muscle mass.
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	CON
	HU
	HU + IL
	HU + IL + HP





	Body weight before HU (g)
	221.1 ± 8.6
	214.8 ± 7.2
	212.4 ± 11.8
	215.1 ± 7.2



	Body weight after HU (g)
	211.4 ± 6.4
	186.1 ± 7.2 *
	186.9 ± 4.7
	190.8 ± 7.7



	Caloric intake (kcal/day)
	44.3 ± 0.2
	43.5 ± 0.4 *
	43.4 ± 0.4
	43.5 ± 0.4



	Soleus muscle (mg)
	76.5 ± 3.8
	39.3 ± 3.3 *,a
	51.5 ± 3.2 b
	53.0 ± 3.8 b



	Soleus muscle/body weight (mg/g)
	0.36 ± 0.01
	0.21 ± 0.02 *,a
	0.28 ± 0.02 b
	0.28 ± 0.02 b



	Gastrocnemius muscle (mg)
	957.5 ± 36.4
	753.3 ± 41.0 *,a
	783.2 ± 26.9 a
	825.7 ± 41.0 b



	Gastrocnemius muscle/body weight (mg/g)
	4.5 ± 0.1
	4.0 ± 0.1 *,a
	4.2 ± 0.1 b
	4.3 ± 0.1 c







Four groups of rats were assigned: control (CON), hind limb unloading (HU), intermittent loading (IL) during HU (HU + IL), and IL during HU followed by high-protein oral nutritional supplement (HP) administration (HU + IL + HP). The data shown represent the mean ± standard deviation (SD, n = 6–10). * p < 0.05: compared with CON. a, b, and c: the different letters going across each row indicate significant differences among the HU, HU + IL, and HU + IL + HP groups as determined using multiple comparison tests (p < 0.05).
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Table 2. Plasma amino acid concentrations.
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	CON
	HU
	HU + IL
	HU + IL + HP





	EAA (nmol/mL)
	1334.5 ± 140.1
	1375.7 ± 89.9 a
	1366.1 ± 129.5 a
	1837.3 ± 200.0 b



	BCAA (nmol/mL)
	370.1 ± 51.5
	452.3 ± 42.1 *,a
	431.9 ± 72.0 a
	818.0 ± 117.3 b



	Leucine (nmol/mL)
	127.7 ± 20.7
	160.5 ± 18.5 *,a
	155.7 ± 28.7 a
	481.0 ± 70.8 b







Four groups of rats were assigned: control (CON), hind limb unloading (HU), intermittent loading (IL) during HU (HU + IL) and IL during HU followed by high-protein oral nutritional supplement (HP) administration (HU + IL + HP). Plasma samples were collected 30 min after the last IL and oral administration. Data are shown as the mean ± SD (n = 6–10). * p < 0.05: compared with the CON group. a and b: the different letters going across each row indicate significant differences among the HU, HU + IL, and HU + IL + HP groups as determined using multiple comparison tests (p < 0.05). EAA: essential amino acid; BCAA: branched-chain amino acid.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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