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Introduction: During aging, sarcopenia and decline in physiological processes lead to partial loss of muscle strength, atrophy, and increased fatigability. Muscle changes may be related to a reduced intake of essential amino acids playing a role in proteostasis. We have recently shown that branched-chain amino acid (BCAA) supplements improve atrophy and weakness in models of muscle disuse and aging. Considering the key roles that the alteration of Ca2+-related homeostasis and store-operated calcium entry (SOCE) play in several muscle dysfunctions, this study has been aimed at gaining insight into the potential ability of BCAA-based dietary formulations in aged mice on various players of Ca2+ dyshomeostasis.
Methods: Seventeen-month-old male C57BL/6J mice received a 12-week supplementation with BCAAs alone or boosted with two equivalents of L-alanine (2-Ala) or with dipeptide L-alanyl-L-alanine (Di-Ala) in drinking water. Outcomes were evaluated on ex vivo skeletal muscles indices vs. adult 3-month-old male C57BL/6J mice.
Results: Ca2+ imaging confirmed a decrease in SOCE and an increase of resting Ca2+ concentration in aged vs. adult mice without alteration in the canonical components of SOCE. Aged muscles vs. adult muscles were characterized by a decrease in the expression of ryanodine receptor 1 (RyR1), the Sarco-Endoplasmic Reticulum Calcium ATPase (SERCA) pump, and sarcalumenin together with an alteration of the expression of mitsugumin 29 and mitsugumin 53, two recently recognized players in the SOCE mechanism. BCAAs, particularly the formulation BCAAs+2-Ala, were able to ameliorate all these alterations.
Discussion: These results provide evidence that Ca2+ homeostasis dysfunction plays a role in the functional deficit observed in aged muscle and supports the interest of dietary BCAA supplementation in counteracting sarcopenia-related SOCE dysregulation.
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1 INTRODUCTION
Aging is considered an important risk factor for many age-associated conditions, including sarcopenia (Khan et al., 2017), which is a progressive and generalized skeletal muscle condition that contributes to typical reduced mobility and loss of independence in the elderly (Batsis et al., 2014; Wiedmer et al., 2021). The age-related decline in skeletal muscle mass can be related to many possible causes, including anabolic dysfunction (Léger et al., 2008), satellite cell senescence (Chaib et al., 2002), and low-grade chronic inflammation (Schaap et al., 2009). Particularly, the alteration of muscle protein metabolism is responsible for the negative protein balance in relation to protein synthesis and degradation (Katsanos et al., 2005; Morley, 2016). Importantly, aging has myofiber phenotype-dependent effects, differently affecting fibers expressing the slow myosin heavy chain (MHC) I versus the fast MHC II (Grosicki et al., 2022), with the latter’s showing a profound age-related decrement in the size and contractile function. Considering the growing elderly population, the prevalence of sarcopenia will certainly increase in the coming years. In this context, current strategies are mainly focused on exercise, nutrition, and medications or the combination of the three remedies for promoting active aging (Chaib et al., 2002; Childs et al., 2017; Torcinaro et al., 2022).
The use of dietary supplements to support muscle protein synthesis is considered a feasible approach for counteracting muscle loss during aging (Lin et al., 2021). In particular, dietary supplementation of branched-chain amino acids (BCAAs: leucine, valine, and isoleucine) has been reported as beneficial (Argiles et al., 2015; Banfi et al., 2018; Boccanegra et al., 2020) in relation to the key role of these three essential amino acids (EAAs) in the regulation of protein synthesis (Bifari and Nisoli, 2017). Furthermore, BCAAs are known to play a role in insulin secretion, ATP synthesis (Brosnan and Brosnan, 2006), and the prevention of atrophy associated with cancer cachexia in mice (Eley et al., 2007). These amino acids are the only ones capable of initiating signal transduction mechanisms important for translation initiation (Yoshizawa, 2004). Among the three BCAAs, leucine is the most potent in stimulating muscle protein synthesis by activating the mammalian target of the rapamycin complex 1 (mTORC1) pathway and, in parallel, inhibiting protein degradation (Maki et al., 2012).
By using murine models, we have recently demonstrated that an oral supplementation with BCAAs (in a 2:1:1 ratio) ameliorated muscle function while increasing muscle mass in various conditions, such as physiological exercise, disuse-related atrophy, and age-related sarcopenia. The effects were especially evident with formulations boosted with L-alanine (L-ALA), the main amino acid derived from BCAA catabolism, particularly in the form of two equivalents (2ALA) or as a dipeptide (L-alanyl-L-alanine, Di-ALA) (Mantuano et al., 2020; Mantuano et al., 2021a; Mantuano et al., 2023). In this regard, the reduction of the histology markers of atrophy and the amelioration of in vivo and ex vivo muscle weakness observed in the aged mouse model further support the interest of supplement-based BCAAs to contrast sarcopenia (Mantuano et al., 2023). However, the molecular mechanisms underlying the ability of BCAAs to counteract functional age-related muscle alterations are unclear.
The regulation of cytosolic calcium levels in skeletal muscle fibers is crucial for proper contraction (Kuo and Ehrlich, 2015). In this context, a fine equilibrium is needed between excitation and dihydropyridine-coupled calcium release by sarcoplasmic reticulum via ryanodine receptor (RyR) channels, calcium reuptake by the Sarco-Endoplasmic Reticulum Calcium ATPase (SERCA) pump, and store-operated calcium entry (SOCE). SOCE is known to involve canonical components such as stromal interaction molecule 1 (STIM1) and calcium release-activated calcium channel protein (ORAI1), plus other proteins such as mitsugumin 53 (MG53) and mitsugumin 29 (MG29), which are emerging as novel key players in the SOCE mechanism (Gruszczynska-Biegala et al., 2021).
SOCE is important in limiting fatigue during repetitive high-frequency stimulation (Wei-Lapierre et al., 2013; Boncompagni et al., 2017; Cho et al., 2017; Michelucci et al., 2020; Protasi et al., 2023), whereas its alteration has been associated with the progression of some muscular disorders, including muscular dystrophy (Edwards et al., 2010; Harisseh et al., 2013) and cachexia (Conte et al., 2017), as well as aging. In particular, together with an increase in cytosolic Ca2+ concentration (Fodor et al., 2020; Mijares et al., 2021), a reduction in SOCE activity contributes to age-related muscle weakness (Zhao et al., 2008; Thornton et al., 2011).
In light of the above considerations, the main aim of this study was to investigate if BCAA formulations may have a role in modulating Ca2+ intracellular levels and the SOCE mechanism of sarcopenic skeletal muscle. We performed ex vivo cytofluorometry and biochemical investigations on skeletal muscles from aged male C57BL/6J mice treated with BCAAs alone or combined with boosting 2ALA or Di-ALA, as a direct follow-up of our previous work (Mantuano et al., 2023), focusing the attention on key molecular components involved in cellular calcium homeostasis.
2 MATERIALS AND METHODS
2.1 Ethical statement for animal studies
This study was approved by the National Ethics Committee for Research Animal Welfare of the Italian Ministry of Health (authorization no. 1119/2020-PR). All the experiments were conducted in conformity with the Italian Guidelines for Care and Use of Laboratory Animals (D.L.116/92) and the European Directive (2010/63/EU), as well as in compliance with the ARRIVE guidelines. Accordingly, the present experiments were ethically conducted in continuity with the functional and morphological assessments whose results were published in the study by Mantuano et al. (2023) using spared samples from the same set of animals.
2.2 Animal groups and treatment
Seventeen-month-old (n = 32) and adult 3-month-old (n = 6) male C57BL/6J mice (Charles River Laboratories, Calco Italy), for a total of n = 38 animals, were used. All mice were first acclimatized and successively divided into experimental groups, as described in the study by Mantuano et al. (2023). Briefly, after acclimatization, cohorts of aged mice (4 groups, each consisting of n = 8 animals) were randomized to receive a 12-week treatment with a vehicle (filtered tap water), the BCAA formulation, or one of the modified formulations—BCAAs + 2ALA or BCAAs + Di-ALA—in drinking water, whereas a group of adult 3-month-old male C57BL/6J mice (n = 6) was used as the control to better evaluate the alteration of specific functional parameters not yet assessed in the aged mouse model (Figure 1). Each formulation was prepared once a week by dissolving the powder of the amino acid mixture in filtered tap water to obtain the desired final dose: for the BCAA mixture (weight ratio of L-Leu:L-Ile:L-Val 2:1:1), we obtained a final dose of 656 mg/kg, for BCAAs + 2ALA (L-Leu:L-Ile:L-Val:L-ALA 2:1:1:2), we obtained a final dose of 984 mg/kg, and for BCAAs + DiALA (L-Leu:L-Ile:L-Val:Di-ALA 2:1:1:2), we obtained a final dose of 984 mg/kg (Mantuano et al., 2023). Water intake was monitored once a week to allow the adjustment of administered doses considering the amount of water consumed per cage, divided for the number of mice in the cage, and normalized to their mean body weight. Once the 12-week treatment had ended, mice were deeply anesthetized by intraperitoneal (ip) injection with a cocktail of ketamine (100 mg/kg) and xylazine (16 mg/kg) to allow skeletal muscle dissection (Figure 1). Specifically, our study focused on fast-twitch muscles, i.e., the muscles more affected by the aging process as they mainly contain fibers expressing the MHC II isoform (Deschenes et al., 2013; Grosicki et al., 2022). The use of multiple techniques to determine the parameters under investigation (calcium homeostasis, gene and protein expression, and muscle contractile properties) forced us to use different fast-twitch muscles, such as extensor digitorum longus (EDL), flexor digitorum brevis (FDB), and gastrocnemius (GC) muscles. These muscles were used immediately for cytofluorimetric studies or frozen in liquid nitrogen and stored at –80 °C for further gene and protein expression analysis.
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental protocol. (A) 17-month-old male C57BL/6J mice received 12-week treatment (20-month-old at the end of treatment) with vehicle (AGED + vehicle) branched-chain amino acids (BCAAs, AGED + BCAAs) alone or boosted with two equivalents of L-alanine (2ALA, AGED + BCAAs + 2ALA) or with dipeptide L-alanyl-L-alanine (Di-ALA, AGED + BCAAs + Di-ALA), in drinking water. Outcome was evaluated on in vivo/ex vivo indices vs. ADULT 3-month-old male C57BL/6J mice (6-month-old at the end of treatment). (B) Scheme illustrating experimental design and timeline of the study. After a week of acclimatization, mice received 12-weeks of treatment, as previously described, in drinking water. Each formulation was prepared once a week. Water intake and body weight were monitored once a week to allow the adjustment of administered doses. Once the 12-week treatment had ended, mice were sacrificed for ex vivo procedures.
2.3 Ex vivo isometric contraction recordings
Extensor digitorum longus (EDL) and soleus (SOL) muscles from the left hind limb were isolated and adequately prepared to be used for contractile recordings, as described in full detail by Mantuano et al. (2023). Briefly, each muscle was placed into a horizontal muscle bath (mod. 809B-25, Aurora Scientific Inc.–ASI–Aurora, ON, Canada) containing 25 mL of isotonic Ringer’s solution (mM: NaCl 148, KCl 4.5, CaCl2 2.0/2.5, MgCl2 1.0, NaH2PO4 0.44, NaHCO3 12.0, and glucose 5.55; pH 7.2–7.4; 27 ± 1°C), continuously gassed with a mixture of 95% O2 and 5% CO2, and thermostatically maintained at 27°C ± 1°C. One tendon was fixed at the bottom of the chamber, and the other tendon was fixed to a force transducer (mod. 300C-LR, Aurora Scientific Inc.–ASI–Aurora, ON, Canada). Electrical field stimulation was obtained by two axial platinum electrodes closely flanking the muscle, connected to a high-power bi-phase stimulator (mod. 701C, Aurora Scientific Inc.–ASI–Aurora, ON, Canada). Data were acquired via a dedicated signal interface and software (mod. 604A plus DMCv5.415, Aurora Scientific Inc.–ASI–Aurora, ON, Canada). After equilibration (∼30 min), muscle preparations were stretched to their optimal length (L0, measured with an external caliper). Then, the single twitch tension and tetanic contractions at increasing frequencies (10–250 Hz) were elicited according to validated protocols of stimulation (Mantuano et al., 2020; Mantuano et al., 2021b; Mantuano et al., 2023). This allowed us to calculate using ASI software DMAv5.201 and SigmaPlot 10.0, the Hz50, a calcium-sensitive parameter indicating the frequency at which 50% of maximal sP0 is produced.
2.4 Fiber isolation and Fura2 fluorescence measurements
Cytofluorimetric experiments were performed in adult and aged muscle fibers from flexor digitorum brevis (FDB) dissociated using collagenase in normal physiological Ringer’s solution, according to previous studies (De Backer et al., 2002; Conte et al., 2021). Briefly, FDB muscles were removed from mice and transferred to a dish containing oxygenated Ringer’s solution (mM: NaCl 148; KCl 5.5; MgCl2 1; CaCl2 2; NaHPO4 0.44; NaHCO3 12; glucose 5.55) to remove residual connective tissue plantaris tendons and then into a dissecting dish containing oxygenated Ringer’s solution and 0.2% type IV collagenase (Sigma-Aldrich, United States, C-5138) for 45 min at 37°C. The pH of all solutions was adjusted to 7.3–7.4 by bubbling them with 95% O2/5% CO2. After incubation, fibers were washed with Ringer’s solution and gently dissociated by several passages through a series of Pasteur pipettes of progressively decreasing diameter. Successively, dissociated fibers were sampled and transferred into a rectangular PRESTIGE 24 × 50 mm glass coverslip (Syntesys disposable labware, cod.372114), coated with PathClear™ extracellular matrix basement membranes (Cultrex, BioTechne, Minneapolis, MN, United States, cod. #3432–005-01). The coverslips were kept in an incubator with 5% CO2 at 30 °C, and the adhesion of the fibers to the matrix occurred within 2 h. At the end, the coverslips with adhered dissected fibers were transferred into a modified RC-27NE experimental chamber (Warner Instrument Inc., Hamden, United States) for Fura-2 loading and intracellular calcium analysis.
Calcium measurements were performed using the membrane-permeable Ca2+ indicator Fura-2 acetoxymethyl ester (Fura-2AM, Thermo Fisher Scientific, Waltham, United States, cod.15455039). Loading of muscle fibers was performed for 1 h in an incubator, with 5% CO2 at 30°C in normal physiological Ringer’s solution containing 5 μm Fura-2AM mixed with 0.05% (v/v) Pluronic F-127 (Thermo Fisher Scientific, Waltham, United States, cod. P3000MP). After loading, muscle fibers were washed, and the experimental chamber was placed on the stage of an inverted Eclipse TE300 microscope (Nikon, Japan) with a 40X Plan Fluor objective (Nikon, Japan) for cytofluorimetric analyses. The QuantiCell 900 integrated imaging system (VisiTech International Ltd., Sunderland, United Kingdom) was used for fluorescence measurements, as previously described (Fraysse et al., 2003; Liantonio et al., 2014).
Pairs of background-subtracted images of Fura-2 fluorescence (510 nm) excited at 340 and 380 nm were acquired at rest, and ratiometric images (340/380 nm) were calculated for each dissected muscle fiber using QuantiCell 2000 software version 2.0e (VisiTech International Ltd., Sunderland, United Kingdom) and converted to calcium concentration (nM), after the calibration procedure, using the equation: [Ca2+]i = (R-Rmin)/(Rmax-R)*KD*β, where R is the ratio of the fluorescence excited at 340 nm to that excited at 380 nm; KD is the affinity constant of Fura-2 for calcium, which was taken as 145 nM; and β, Rmin, and Rmax were determined experimentally in situ in ionomycin-permeabilized muscle fibers, as previously described (Conte et al., 2017). Because calibration parameters of Fura-2 can depend on muscle type and experimental condition (Fraysse et al., 2003), we determined the parameters of Grynkiewicz’s equation in each muscle examined for accurate calculation of calcium concentration and used a unique batch of Fura-2 to guarantee no variation in KD between experimental conditions.
2.5 Store-operated calcium entry measurements
A part of dissected FDB fibers adhered on coverslips was used for the SOCE measurement, performed according to previous studies (Conte et al., 2021; Sakai-Takemura et al., 2023). Particularly, fibers were incubated with a calcium free-solution (mM: 148 NaCl, 4.5 KCl, 10 EGTA, 1 MgCl2, 0.44 NaH2PO4, 12 NaHCO3, and 5.5 glucose) and 2 μM thapsigargin (Sigma-Aldrich, United States, cod. T9033) to passively deplete Ca2+ stores. Successively, calcium-free solution was replaced with normal physiological solution containing calcium (mM: 148 NaCl, 4.5 KCl, 2.5 CaCl2, 1 MgCl2, 0.44 NaH2PO4, 12 NaHCO3, and 5.5 glucose) to allow extracellular calcium entry in the cell following the concentration gradient (SOCE protocol). The pH of all solutions was adjusted to 7.3–7.4 by bubbling them with 95% O2/5% CO2. All chemicals cited above were purchased from Sigma (St. Louis, MO, United States).
2.6 Total RNA purification and real-time PCR
Gene expression analysis was performed in gastrocnemius (GC) muscles of different experimental groups according to a previous study (Boccanegra et al., 2023a). For each muscle sample, total RNA was isolated with TRIzol (Thermo Fisher Scientific, Waltham, United States, cod.10296028). RNA quantification and quality validation (260/280 and 260/230 ratios) were evaluated by using a spectrophotometer (ND-1000 NanoDrop, Thermo Fisher Scientific). Reverse transcription was performed using an iScriptTM gDNA CLR cDNA kit (Bio-Rad, Hercules, CA, United States, cod.1725034). Real-time PCR was performed using the Bio-Rad CFX Connect instrument and custom pre-loaded PCR plates. In addition to the selected genes, all pre-loaded plates included the following controls: DNA contamination control (Bio-Rad, Hercules, CA, United States, Unique assay ID: qMmuCtlD0001004), a positive PCR control (Bio-Rad, Hercules, CA, United States, Unique assay ID: qMmuCtlD0001003), and a reverse transcription control assay (Bio-Rad, Hercules, CA, United States, Unique assay ID: qMmuCtlD0001001). Two technical replicates per biological replicates were performed for each experiment. Amplification of cDNA (3 ng) was performed in a total volume of 20 μL of SsoAdvanced Universal SYBR Green Suprmix (Bio-Rad, Hercules, CA, United States, cod #1725271). All qPCR analyses performed using SYBR Green were conducted at 50°C for 2 min and 95°C for 2 min, and then 40 cycles of 95°C for 15 s and 60°C for 1 min.
qPCR primer assays (Bio-Rad, Hercules, CA, United States) were ordered with the following unique assay IDs: Orai1: qMmuCID0020628; Cacna1s: qMmuCID0021135; Casq1: qMmuCID0010641; Ryr1: qMmuCID0023154; Srl: qMmuCID0017758; Atp2a1: qMmuCID0027023; Atp2a2: qMmuCID0005528; Stim1: qMmuCID0021406; Sypl2: qMmuCID0010947; Trpc1: qMmuCID0013199; and Trim72: qMmuCID0007333. Relative mRNA concentration of the target genes was normalized to the corresponding β-actin internal control, which was the more stable housekeeping among β-actin (unique assay ID: qMmuCED0027505), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, unique assay ID: qMmuCED0027497), and hypoxanthine phosphoribosyltransferase 1 (Hprt1, unique assay ID: qMmuCID0005679), and quantified by the 2−ΔΔct method (Livak and Schmittgen, 2001). All primers were validated by Bio-Rad laboratories by analyzing the amplification plot, melt peak, and standard curve. At the end of all PCR cycles, a melt curve analysis was performed to confirm the specificity of primer annealing.
2.7 Western blot analysis
Total proteins were extracted from gastrocnemius (GC) muscles of different experimental groups, as described by Boccanegra et al. (2023b) with some modifications. Briefly, all muscles were homogenized in ice-cold buffer containing 10 mM Tris·HCl (pH 7.4 at 4°C), 1% Triton X100, 10% glycerol, 150 mM NaCl, 5 mM EDTA, 1 mM sodium vanadate, and protease inhibitor cocktail (Roche, Cat# 5056489001). Homogenates were centrifuged at 1,500 g for 15 min at 4°C, and the supernatant was quantified using the BCA Protein Assay Kit (Sigma-Aldrich, United States, bicinchoninic acid solution, cod.1003278214; copper (III) sulfate solution, cod.1003274018) according to the manufacturer’s instructions. For immunoblot analysis, 40 μg of protein were separated on 10% Mini–PROTEAN TGX Stain-Free Protein Gels (Bio-Rad, Hercules, CA, United States, Cat# 4568033) and transferred onto stain-free polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, United States, Cat# 1704156) for 7 min at 1,3A–25 V (Trans-Blot ® Turbo™ Transfer System, Bio-Rad, Hercules, CA, United States). The incubation in primary antibodies was carried out overnight at 4°C, and anti-mouse (1:5000 anti-mouse IgG, Sigma-Aldrich, United States, Cat# A9044, RRID:AB_258431) for transient receptor potential channel 3 (TRPC3) and anti-rabbit (1:5000 anti-rabbit IgG, Bio-Rad, Hercules, CA, United States, Cat# 170–6515 (also 1706515), RRID:AB_11125142) for transient receptor potential channel 4 (TRPC4), mitsugumin 29 (MG29), and mitsugumin 53 (MG53) horseradish peroxidase-conjugated secondary antibodies were carried out at room temperature. Dilutions of primary antibodies were used as follows: TRPC3 (dilution 1:500, Santa Cruz Biotechnology Cat# sc-514670, RRID:AB_3086704), TRPC4 (dilution 1:700, Sigma-Aldrich Cat# SAB2108245, RRID:AB_3086705), MG29 (dilution 1:1,000, Sigma-Aldrich Cat #SAB3500069, RRID:AB_10604155), and MG53 (dilution 1:700, MyBioSource Cat# MBS8502881, RRID:AB_3086706).
Protein detection was conducted as described previously (Conte et al., 2020; Mantuano et al., 2021a). Briefly, the bands were visualized with a chemiluminescent substrate (Clarity Western ECL Substrate, Bio-Rad, Hercules, CA, United States, cat# 1705061), and signals were recorded with the ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, United States). The evaluation of the relative amount of each analyzed protein was performed by relating the densitometric value of optical density (OD) units of each protein band to the OD units of the respective vinculin band (dilution 1:800, Thermo Fisher Scientific Cat #MA5-11690, RRID:AB_10976821) using Image Laboratory software version 6.1 (Bio-Rad Laboratories, Inc. United States). The software detects the chemiluminescence of each protein band obtaining the absolute signal intensity. The density volume was automatically adjusted by subtracting the local background.
2.8 Statistical analysis
All experimental data were expressed as the mean ± standard error of mean (SEM). All data followed a normal distribution by the Shapiro–Wilk test, being included in the 95% confidence interval of the mean, which allowed to apply the following parametric statistical analyses (Mantuano et al., 2020; Mantuano et al., 2021b; Mantuano et al., 2023). Single comparison between means by the unpaired Student’s t-test was only used to address differences between AGED + vehicle mice versus ADULT mice (*) as a stand-alone analysis in order to assess the presence of an aged phenotype on the parameters of interest. Multiple statistical comparisons among experimental groups (AGED + vehicle, AGED + BCAAs, AGED + BCAAs + 2ALA, and AGED + BCAAs + Di-ALA) were performed by one-way analysis of variance (ANOVA), with Dunnett’s test post hoc correction (°) using the GraphPad Prism version 8 program. p < 0.05 was statistically significant. The exclusion of specific samples from data analyses was only due to overt technical issues during experiments.
Whenever appropriate, the recovery score, which is an objective index directly indicating how much of the deficit is recovered (%) by a treatment, was calculated according to TREAT-NMD SOPs (ID Number M.1.1_001), as follows:
[image: image]
3 RESULTS
3.1 Resting intracellular calcium and SOCE
As expected (Fraysse et al., 2006; Mijares et al., 2021), the resting intracellular calcium concentration, [Ca2+]i, was significantly higher in FDB aged muscle fibers than in fibers from adult mice (AGED + vehicle: 94 ± 5 nM vs. ADULT: 53 ± 3 nM). Treatments with all mixtures were able to significantly prevent this increase by bringing the intracellular calcium levels to values almost overlapping those of the adult mice (recovery scores toward ADULT value: AGED + BCAAs 53%; AGED + BCAAs + 2ALA 71%; and AGED + BCAAs + Di-ALA 61% (Figure 2A).
[image: Figure 2]FIGURE 2 | Calcium homeostasis characterization of adult, aged, and treated FDB fibers. (A) Resting calcium concentration measured in ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), and AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA). A statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p < 0.0001). A statistically significant difference was found among AGED mice groups by one-way ANOVA (F = 14.87; p < 0.0001). Dunnett’s post hoc test, used to compare each mixture-treated group to the vehicle group, is as follows: °vs. AGED + vehicle (p < 0.0001). Values are expressed as the mean ± SEM of the number of fibers analyzed (indicated in brackets over the bars) derived from a number of 6/7 mice in each group. (B) Representative traces of increased Ca2+ entry in store-depleted thapsigargin-treated muscle fibers after the addition of extracellular calcium (see SOCE protocol described in Materials and methods) in ADULT and AGED + vehicle. (C) Amplitude values of [Ca2+]i observed with the SOCE protocol in ADULT, AGED + vehicle, AGED + BCAAs, AGED + BCAAs + 2ALA, and AGED + BCAAs + Di-ALA. A statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p < 0.0001). A statistically significant difference was found among AGED mice groups by one-way ANOVA (F = 3.589; p = 0,0318). Dunnett’s post hoc test, used to compare each mixture-treated group to the vehicle group, is as follows: °vs. AGED + vehicle (p < 0.035). Values are expressed as the mean ± SEM of the number of fibers analyzed (indicated in brackets over the bars) derived from a number of 3 mice in each group. The recovery score toward the ADULT value, calculated for each treated group, is indicated above the bars.
To evaluate SOCE activity, SR Ca2+ stores of FDB muscle fibers were depleted with thapsigargin in the absence of extracellular Ca2+ and then extracellular Ca2+ was applied to muscle fibers to measure SOCE. As shown in Figures 2B, C, according to previous studies (Zhao et al., 2008; Thornton et al., 2011), aged muscle fibers showed an SOCE value significantly reduced with respect to adult muscle fibers (AGED + vehicle: 138 ± 19 nM vs. ADULT: 450 ± 50 nM). A trend of increased SOCE was observed with the treatment with BCAAs and BCAAs + 2ALA, with the latter formulation being the most effective (recovery scores toward ADULT value: AGED + BCAAs 29% and AGED + 2ALA 48%). In contrast, no significant effect was exerted by BCAAs + Di-ALA, with the SOCE value completely overlapping that of aged untreated mice.
To investigate the outcome of the improved Ca2+ homeostasis at the functional level, we focused on calcium-dependent functional indices calculated during isometric contraction recordings in isolated fast-twitch muscle (i.e., EDL) and particularly on the frequency of stimulation to obtain a half maximal tetanic contraction (Hz50). In fact, in parallel with a significant decline in the maximal specific tetanic force (Mantuano et al., 2023), EDL muscles from aged mice also exhibited a significant shift of the Hz50 toward lower frequencies (i.e., a train of pulses of lower frequency is needed to get a half maximal contraction) with respect to adult mice (Figure 3). Importantly, a significant amelioration of Hz50 was observed in aged mice treated with all three formulations (Figure 3), with BCAAs + 2ALA being especially effective (recovery scores toward ADULT value: AGED + BCAAs 100%; AGED + BCAAs + 2ALA 162%; and AGED + BCAAs + Di-ALA 150%).
[image: Figure 3]FIGURE 3 | Hz50 of isolated EDL muscle. Values for Hz50, a contractile index related to calcium homeostasis indicating the frequency at which 50% of maximal isometric specific tetanic force (sP0) is produced, measured in extensor digitorum longus (EDL) muscles isolated from ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), and AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA). All values are expressed as mean ± SEM from a number of 6/8 mice in each group. A statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT mice (p < 0.03). A statistically significant difference among AGED mice groups was found by one-way ANOVA (F = 8.9, p = 0.0003). Dunnett’s post hoc test, used to compare each mixture-treated group to the vehicle group, is as follows: °vs. AGED + vehicle (0.0002 < p < 0.03). The recovery score toward the ADULT value, calculated for each treated group, is indicated above the bars.
In parallel, Hz50 was not significantly altered in slow-twitch SOL muscles of aged mice compared to adult mice (26.8 ± 2.2 vs. 29.9 ± 4.9, respectively), further supporting the rationale to focus our analyses on fast-twitch muscle phenotype. Furthermore, no changes in calcium-sensitive kinetic indices were observed in either EDL or SOL muscle (data not shown).
3.2 Expression profile of genes involved in SOCE mechanism and calcium buffering
To gain insight into the molecular mechanism underlying the capability of BCAAs of interfering with SOCE, a gene expression analysis about the key components of SOCE has been performed on gastrocnemius (GC) muscles. As shown in Figure 4, the expression values of ryr1 (encoding for the ryanodine receptor 1, RyR1) and atp2a1 (encoding for the sarcoplasmic/endoplasmic reticulum Ca2+-transporting 1, SERCA1) genes were significantly decreased in untreated aged muscle compared with adult ones. Similarly, although not in a significant manner, atp2a2 (encoding for the sarcoplasmic/endoplasmic reticulum Ca2+-Transporting 2, SERCA2) mRNA levels had reduced expression. In contrast, no alteration of stim1/orai1/trpc1 and cacna1s (encoding for dihydropyridine receptor) mRNA levels were observed, suggesting that the age-related decrease in SOCE activity is not likely due to changes in the relative abundance of these SOCE components.
[image: Figure 4]FIGURE 4 | mRNA expression levels of selected genes involved in the SOCE mechanism. Relative content of mRNA levels for ORAI calcium release-activated calcium modulator 1 (orai1), stromal interaction molecule 1 (stim1), transient receptor potential cation channel subfamily C member 1 (trpc1) genes (upper panel), ryanodine receptor 1 (ryr1), calcium voltage-gated channel subunit alpha1 S (cacna1s) (encoding for dihydropyridine receptor, DHPR), ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1 (atp2a1) (encoding for sarcoplasmic/endoplasmic reticulum calcium ATPase1, SERCA1), and ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (atp2a2) (encoding for sarcoplasmic/endoplasmic reticulum calcium ATPase2, SERCA2) genes (bottom panel) involved in store-operated calcium entry (SOCE) mechanism and calcium homeostasis, respectively, normalized to β-actin gene in gastrocnemius (GC) muscles isolated from ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA) groups. A statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p = 0.042 for ryr1; *p = 0.032 for atp2a1). A statistically significant difference was found among AGED mice groups by one-way ANOVA for atp2a1 (F = 22.24, p < 0.0001), atp2a2 (F = 9.979, p = 0.0007). Dunnett’s post hoc test is as follows: °vs. AGED + vehicle (0.0002 < p> 0.004). Data are expressed as fold-difference compared with the ADULT group, and values are expressed as mean ± SEM from a number of 4/5 mice in each group.
Interestingly, BCAA and BCAAs + 2ALA treatments efficaciously counteract the decrease of ryr1, atp2a1, and atp2a2 gene expression, resulting in the expression values of treated animals overlapping or being even greater than the related values of adult animals. Furthermore, the same mixes induced an increase of cacna1s gene expression. By contrast, no effect has been observed for BCAAs + Di-ALA treatment.
To test whether the increased resting intracellular calcium concentration in aged skeletal muscle was associated with altered expression of the principal Ca2+ buffers of SR, we also evaluated expression levels of srl and casq1 genes encoding for sarcalumenin and calsequestrin, respectively. In line with previous studies (O'Connell et al., 2008), there was no alteration in casq1 expression levels, whereas a significant decrease in srl mRNA levels was found in the AGED + vehicle animal group compared with adult animals. The BCAAs + 2ALA mixture allowed a significant recovery of srl mRNA levels expression (2-fold increase vs. the expression value of AGED muscle). In contrast, no effect was exerted by BCAAs and BCAAs + Di-ALA mixture (Figure 5A). All three treatments caused a trend in increase of casq1 mRNA levels in AGED muscles.
[image: Figure 5]FIGURE 5 | mRNA expression levels of genes encoding for calcium buffers, MG29 and MG53. Relative content of mRNA levels for (A) sarcalumenin (srl), calsequestrin (casq1), and (B) mitsugumin29 (sypl2) and mitsugumin 53 (trim72) genes normalized to β-actin gene in gastrocnemius (GC) muscles isolated from ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), and AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA) groups. (A) For the srl gene, a statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p = 0.0081). A statistically significant difference was found among AGED mice groups by one-way ANOVA (F = 12.14, p = 0.006). Dunnett’s post hoc test is as follows: °vs. AGED + vehicle (p = 0.0005). (B) For sypl2 and trim72 genes, a statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p = 0.007). A statistically significant difference was found among AGED + vehicle mice groups by one-way ANOVA for sypl2 (F = 7.867, p = 0.0019), trim72 (F = 11.47, p = 0.0003). Dunnett’s post hoc test is as follows: ° vs. AGED + vehicle (0.002 < p< 0.02). Data are expressed as fold-difference compared with the ADULT group, and values are expressed as mean ± SEM from a number of 4/5 mice in each group.
3.3 Expression analysis of MG29, MG53, and related TRP proteins
In addition to STIM1/Orai1/TRPC1/RyR1, other molecular components are recognized as players in controlling the SOCE mechanism in skeletal muscle (Gruszczynska-Biegala et al., 2021). Here, we focused on gene and protein expression of MG29 (encoded by sypl2 gene), a synaptophysin-like protein localized at the t-tubules that acts as an SOCE and RyR1 modulator (Weisleder et al., 2006; Zhao et al., 2008; Woo et al., 2015), and MG53 (encoded by trim72 gene) that is involved in muscle Ca2+ movements (Ryan et al., 2008; Cai et al., 2009; Baumann et al., 2016; Benissan-Messan et al., 2020). Furthermore, considering that MG29 is a TRPC3-interacting protein and that TRPC4 participates in SOCE (Woo et al., 2015; Antigny et al., 2017), we also assessed the expression of TRPC3 and TRPC4 at the protein levels. As shown in Figures 5B, 6, 7, we found a significant reduction of MG29 paralleled with an increase of MG53 in GC muscles of AGED + vehicle vs. ADULT mice. Although to a different extent, all formulations, particularly ALA-enriched ones, were able to counteract the alterations of MG29 and MG53 both at gene and protein expression levels. Furthermore, as shown in Figure 7, no change in TRPC4 expression was found, whereas, in parallel with MG29 reduction, we found a significant TRPC3 protein reduction in AGED mice compared to ADULT, and among treatments, only BCAAs + 2ALA treatment fully restored this reduction.
[image: Figure 6]FIGURE 6 | MG29 and MG53 protein expression analyses in gastrocnemius muscles. Densitometric analysis and representative Western blot of mitsugumin 29 (MG29) and mitsugumin 53 (MG53) bands normalized to vinculin of ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), and AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA) groups. Blots were loaded by an operator unaware of the experimental groupings of samples. A statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p = 0.0163 for MG29; *p = 0.0284 for MG53). Values are expressed as mean ± SEM from a number of 4 mice in each group. The recovery score toward the ADULT value, calculated for each treated group, is indicated above the bars.
[image: Figure 7]FIGURE 7 | TRPC3 and TRPC4 protein expression analyses in gastrocnemius muscles. Densitometric analysis and representative Western blot of transient receptor potential cation channel subfamily C member 3 (TRPC3) and transient receptor potential cation channel subfamily C member 4 (TRPC4) bands normalized to vinculin of ADULT, AGED + vehicle, AGED + branched-chain amino acids (AGED + BCAAs), AGED + branched-chain amino acids +2 L-alanine (AGED + BCAAs + 2ALA), and AGED + branched-chain amino acids + L-alanyl-L-alanine (AGED + BCAAs + Di-ALA) groups. Blots were loaded by an operator unaware of the experimental groupings of samples. For TRPC3 protein, a statistically significant difference was found by unpaired Student’s t-test for AGED + vehicle vs. ADULT (*p = 0.0007). A statistically significant difference was found among AGED + vehicle mice groups by one-way ANOVA (F = 4.507, p = 0.0168). Dunnett’s post hoc test is as follows: °vs. AGED + vehicle (p = 0.0055). Values are expressed as mean ± SEM from a number of 5/6 mice in each group. The recovery score toward the ADULT value, calculated for each treated group, is indicated above the bars.
4 DISCUSSION
By using an animal model of sarcopenia, this study added new pieces of evidence about the beneficial effects on dietary formulations of BCAAs on aged muscle function and unveiled a new pathway to counteract sarcopenia, that is, skeletal muscle Ca2+ handling mainly linked to the SOCE mechanism. The frail condition of aged mice pushed us to use a little invasive administration route for ethical reasons, that is, drinking water, in agreement with previous experiences (Capogrosso et al., 2018; Mele et al., 2019; Mantuano et al., 2020; Mantuano et al., 2021b; Mantuano et al., 2023). Although a certain interindividual variability between mice cannot be excluded a priori, attention has been given to verify water consumption, so dose should be adjusted in relation to body weight on a constant basis; the following observation that all the endpoint measured followed a normal distribution strengthens the view of a rather homogenous exposure in all mice.
Several studies have shown that aging processes and sarcopenia are related and/or caused by a skeletal muscle dysfunction of Ca2+ homeostasis (Fraysse et al., 2006; Weisleder et al., 2006; Zhao et al., 2008; Michelucci et al., 2020); however, although some hypotheses have been proposed, the mechanisms underlying these alterations are not well understood. During aging, an increase in intracellular Ca2+ concentration and a reduction in SOCE activity were shown to contribute to altered muscle function (Zhao et al., 2008; Brotto, 2011; Thornton et al., 2011); however, other controversial studies showed that SOCE was not compromised in muscle fibers from aged mice despite a 40% reduction in STIM1 mRNA levels (Edwards et al., 2011), and the resting [Ca2+]i levels were similar between young and aged fibers (Weisleder et al., 2006). In this study, we characterized the effects of sarcopenia on skeletal muscle Ca2+ homeostasis investigating not only the directly involved proteins but also other factors that may be of physiological relevance in the SOCE mechanism. In line with previous studies (Fraysse et al., 2006; Zhao et al., 2008; Thornton et al., 2011), our findings showed that in comparison with adult muscle, aged muscle is characterized by a two-fold increased resting [Ca2+]i and a reduced SOCE, thus confirming an altered Ca2+ homeostasis condition associated to sarcopenia, which in turn could lead to the observed alteration in muscle contractility (Batsis et al., 2014). Although no change in the expression of the main molecular components of the SOCE mechanism, such as STIM1/Orai1/TRPC1/TRPC4, was observed, aged muscle showed reduced mRNA levels of Ryr1 and SERCA1, which are the two major SR proteins controlling Ca2+ fluxes in skeletal muscle, and, as previously shown (O'Connell et al., 2008), of sarcalumenin, which is a luminal Ca2+-binding protein of the longitudinal SR that co-localizes with the SERCA Ca2+ pump acting as a chaperone for this protein (O'Connell et al., 2008). Altogether, these findings suggest that the expression reduction of both sarcalumenin and SERCA could contribute to age-related intracellular Ca2+ increase because of a less efficient mechanism of reuptake of Ca2+ back into the SR and of sarcalumenin-dependent Ca2+ buffering. In parallel, the significant reduction of RyR1 expression in aged myofibers could lead to a reduced Ca2+ release from the SR and therefore to a reduced signal for SOCE activation. This latter result is in line with a recent study in which authors demonstrate a decline in RyR1 content and an increased amount of degraded Ryr1 in aged muscle (Fodor et al., 2020).
Although we did not detect significant differences in Orai1 and Stim1 expression levels between adult and aged animals, we cannot rule out that concomitant aging-related mechanisms can impact their function. For instance, aged skeletal muscle is characterized by the presence of tubular aggregates (TAs) (Chevessier et al., 2005; Boncompagni et al., 2012) and unusual accumulation of SR tubes that are found in different disorders, including tubular aggregate myopathy (TAM) (Böhm et al., 2014; 2017). Recently, it has been demonstrated that Stim1 and Orai1 are accumulated in TAs in muscles of aged mice (Boncompagni et al., 2021). An attractive hypothesis is that in aged muscles, these proteins might be trapped in the SR tubes of TAs without being able to reach the proper destination in plasma membrane, thus leading to a dysfunctional SOCE.
The reduction in SOCE activity could be strictly related to aged muscle dysfunction, and thus, gaining insight into such mechanisms could reveal new targets with high therapeutic potential. Importantly, a series of studies have recently disclosed that other molecular components may contribute to the physiological SOCE mechanism in skeletal muscle in health and disease (Gruszczynska-Biegala et al., 2021). At this regard, appealing roles have been postulated for proteins MG29 and MG53. MG29 is a muscle synaptophysin-related protein, located in t-tubules and triad junction, also related to the fatigue and aging process of skeletal muscle (Takeshima et al., 1998). Indeed, MG29-deficient mice exhibit phenotypic changes in skeletal muscle like those observed in aged animals, including impaired SOCE as well as low twitch force (Pan et al., 2002; Brotto et al., 2004; Manring et al., 2014), and in aged mouse skeletal muscle, MG29 expression appears decreased (Zhao et al., 2008; O'Connell et al., 2008). Furthermore, it has been proven that MG29 is able to directly bind TRPC3, favoring its interaction with RyR1 and thus playing a role in regulating Ca2+ transient in skeletal muscle (Woo et al., 2015). On the other hand, the role of MG29 as a possible regulator of the SOCE mechanism in skeletal muscle was not confirmed by another study performed on adult tissue (Kurebayashi et al., 2003). In the present study, we showed that aged muscles were characterized by a reduced expression of MG29 and TRPC3 at gene and protein levels, which are features which could negatively interfere with muscle maintenance and function.
MG53 is a muscle-specific tripartite motif family protein principally expressed in cardiac and skeletal muscle and present in circulation with a key role in repair and regeneration of vital organs (Cai et al., 2009; Hu and Xiao, 2018; Whitson et al., 2021). In addition, MG53 is also a molecular component involved in cellular processes regulating excitation–contraction coupling and calcium homeostasis (Ahn et al., 2016). The MG53 protein, in fact, has been shown to interact with Orai1, favoring the SOCE mechanism, to reduce the activities of RyR1 and SERCA and to increase the expressions of TRPC3 and TRPC4 at the transcriptional level (Lee et al., 2012; Ahn et al., 2016; Benissan-Messan et al., 2020). Our findings showed an increased MG53 protein expression in aged skeletal muscle, which in relation to the observed age-related SOCE and calcium homeostasis muscle dysfunction, could be considered as an adaptative and/or compensatory response to the observed alterations. Taking into consideration the pleiotropic effects mediated by MG53, it is also possible to speculate that MG53 may also have a beneficial or protective effect on other organs affected by aging, such as the heart. Further studies are needed to confirm this hypothesis.
BCAA mixtures have been successfully used in many disease conditions characterized by a catabolic state, including muscle sarcopenia (D’Antona et al., 2010). Previous studies indicate several possible mechanisms underlying BCAA-mediated muscle protection, such as the recovery of the altered Akt/mTOR signaling (Flati et al., 2010), the improvement of mitochondrial dysfunction, or the prevention of oxidative stress characterizing sarcopenic muscles (D'Antona et al., 2010). In this setting, we previously demonstrated that BCAA supplementation improved physical performance and muscle strength, in a mouse model of physiological exercise and of disuse-induced atrophy (Mantuano et al., 2020; Mantuano et al., 2021a; Mantuano et al., 2023), and ameliorated muscle atrophy and contractile activity in aged mice (Mantuano et al., 2023). In addition, the co-administration of L-ALA, which is the main amino acid derived from the catabolism of BCAAs, resulted in the ability to enhance the availability of BCAAs by improving their ergogenic effect (Mantuano et al., 2020; Mantuano et al., 2021b).
Here, we demonstrated that after 12 weeks of supplementation, all amino acid formulations, either containing BCAAs alone or BCAAs + 2ALA or Di-ALA, were able to counteract the age-related increase of intracellular Ca2+ levels. Our data highlighted that all BCAA formulations also had a positive impact on muscle contractility, as shown by their ability to counteract the age-associated shift in Hz50. The significant decrease in Hz50 observed in aged mice indicates that the threshold for contraction is reached at lower stimulation frequencies, and this could be related, as in this case, to increased cytosolic calcium levels. Therefore, the amelioration of Hz50 induced by our formulations also represents an indirect index of restored calcium homeostasis. Accordingly, this was accompanied by an improvement in tetanic force, as reported in the study by Mantuano et al. (2023).
In regard of the SOCE mechanism, only the BCAAs + 2ALA formulation was able to induce a recovery of the SOCE reduction characterizing aged muscles. The protection observed at the functional level was also detectable on the expression profile of proteins involved in the SOCE mechanism and calcium buffering, such as MG29, MG53, TRPC3, and sarcalumenin proteins. In all cases, particularly at the transcript level, the BCAAs + 2ALA formulation, and to a lesser extent, even BCAAs alone, were effective in restoring the alteration age-related muscle features under investigation. Our findings further support the hypothesis that BCAA formulations have a protective potential to counteract aging-related skeletal muscle functional alterations, revealing new actions of BCAAs interfering with Ca2+ keys pathways. Based on our findings, we might speculate that the reduction of resting Ca2+ concentration together with the partial or total recovery of the SOCE mechanism, in terms of activity and expression of the various protein components, might be at the basis of the improved muscle performance induced by BCAA formulations. As the increase of MG53 expression observed during aging is considered as a compensatory mechanism to protect the membrane from oxidative stress (Ryan et al., 2008; Hord et al., 2016; Wang et al., 2021), the trend of decrease of MG53 expression induced by BCAAs could provide further evidence of the capability of these amino acids to protect skeletal muscle.
Finally, the known BCAA capability of activating mTOR and improving proteostasis (Maki et al., 2012) could play a role in mediating the observed beneficial effects. Indeed, it has been recently demonstrated that a long-term exercise improves the impaired proteostatic mechanism via modulation of mTOR (Fuqua et al., 2023) by enhancing its sensitivity to amino acids, particularly leucine (D’Hulst et al., 2022). Thus, we might hypothesize that BCAA formulations, also containing leucine, can in part resemble the effect of exercise, preventing or limiting the improper accumulation of Stim1 and Orai1, for example, in TAs and ultimately ameliorating the SOCE mechanism.
In conclusion, skeletal muscle is among the most age-sensitive tissues in mammal organisms. In this context, the results we obtained in this study corroborate the hypothesis that Ca2+ homeostasis and SOCE dysfunction may contribute to muscle weakness during aging. In addition, our results support the potential usefulness of BCAAs in combination with L-alanine. In particular, the formulation with the greatest efficacy on the examined parameters was BCAAs + 2ALA, containing BCAAs (2:1:1) + 2 L-ALA, so its use may be an effective dietary strategy to contrast age-related muscle alterations and sarcopenia. Based on our results, 2ALA or Di-ALA co-administration could be hypothesized to have a fiber-type specific action on fast-twitch muscles (i.e., EDL) and on muscles with similar composition (i.e., GC) in aged mice. Interestingly, in fast glycolytic fibers, the enhancement of BCAA effectiveness provided by ALA may be related to the increased availability of this amino acid to participate into the glucose/alanine cycle, which is a key interplay for glycolytic energy metabolism between the liver and skeletal muscle, and to serve as an energy source (Sarabhai and Roden, 2019). However, although calcium-related functional indices (i.e., Hz50) were not altered in the slow-twitch SOL muscle, a potential limitation of our study is represented by the low amount of tissue that did not allow us to perform comparative molecular analyses on this muscle to ascertain fiber type-dependent effects of BCAA formulations on genes involved in calcium homeostasis. In addition, the present results do not allow us to rule out possible additional effects of BCAAs on other players that may contribute to calcium dyshomeostasis in our model, for example, the Ca2+ content in SR and/or in mitochondria, which are key aspects that can be addressed in future dedicated experiments.
Overall, this new nutritional strategy could produce a better quality of life and resistance to frailty in elderly patients and in other muscle-wasting-related conditions.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by Organismo preposto al benessere degli animali (O.P.B.A.), University of Bari. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
EC: conceptualization, writing–original draft, data curation, validation, and writing–review and editing. PM: conceptualization, data curation, validation, writing–original draft, and writing–review and editing. BB: formal analysis, investigation, methodology, and writing–review and editing. PI: data curation and writing–review and editing. GD: investigation, methodology, and writing–review and editing. RL: investigation, methodology, and writing–review and editing. OC: formal analysis, investigation, methodology, and writing–review and editing. DC: investigation, methodology, and writing–review and editing. ADA: data curation and writing–review and editing. LB: data curation and writing–review and editing. HGD: data curation, formal analysis, writing–review and editing. GB: writing–review and editing. AA: writing–review and editing. MA: data curation and writing–review and editing. AL: funding acquisition, methodology, supervision, writing–review and editing, and writing–original draft. ADL: funding acquisition, methodology, supervision, writing–review and editing, and writing–original draft.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This paper was developed within the project funded by Next Generation EU - “Age-It - Ageing well in an ageing society” project (PE0000015), National Recovery and Resilience Plan (NRRP) - PE8 - Mission 4, C2, Intervention 1.3”. The views and opinions expressed are only those of the authors and do not necessarily reflect those of the European Union or the European Commission. Neither the European Union nor the European Commission can be held responsible for them.This project was also supported by PRIN-MIUR (Research Projects of Relevant National Interest—Ministry of Education, University and Research) 2020 Prot. n. 20202YAY9B _004 granted to AL and PRIN-MIUR (Research Projects of Relevant National Interest—Ministry of Education, University and Research) 2020 Prot. n. 20203YAY9B granted to LB.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahn, M. K., Lee, K. J., Cai, C., Huang, M., Cho, C. H., Ma, J., et al. (2016). Mitsugumin 53 regulates extracellular Ca(2+) entry and intracellular Ca(2+) release via Orai1 and RyR1 in skeletal muscle. Sci. Rep. 6, 36909. doi:10.1038/srep36909
 Antigny, F., Sabourin, J., Sauc, S., Bernheim, L., Koenig, S., and Frieden, M. (2017). TRPC1 and TRPC4 channels functionally interact with STIM1L to promote myogenesis and maintain fast repetitive Ca(2+) release in human myotubes. Biochim. Biophys. Acta Mol. Cell Res. 1864, 806–813. doi:10.1016/j.bbamcr.2017.02.003
 Argiles, J. M., Busquets, S., Stemmler, B., and Lopez-Soriano, F. J. (2015). Cachexia and sarcopenia: mechanisms and potential targets for intervention. Curr. Opin. Pharmacol. 22, 100–106. doi:10.1016/j.coph.2015.04.003
 Banfi, S., D'Antona, G., Ruocco, C., Meregalli, M., Belicchi, M., Bella, P., et al. (2018). Supplementation with a selective amino acid formula ameliorates muscular dystrophy in mdx mice. Sci. Rep. 8 (1), 14659. doi:10.1038/s41598-018-32613-w
 Batsis, J., Mackenzie, T., Barre, L., Lopez-Jimenez, F., and Bartels, S. (2014). Sarcopenia, sarcopenic obesity and mortality in older adults: results from the National Health and Nutrition Examination Survey III. Eur. J. Clin. Nutr. 68, 1001–1007. doi:10.1038/ejcn.2014.117
 Baumann, C. W., Kwak, D., Liu, H., and Thompson, L. V. (2016). Age-induced oxidative stress: how does it influence skeletal muscle quantity and quality?J. Appl. Physiol. 121, 1047–1052. doi:10.1152/japplphysiol.00321.2016
 Benissan-Messan, D. Z., Zhu, H., Zhong, W., Tan, T., Ma, J., and Lee, P. H. U. (2020). Multi-cellular functions of MG53 in muscle calcium signaling and regeneration. Front. Physiol. 11, 583393. doi:10.3389/fphys.2020.583393
 Bifari, F., and Nisoli, E. (2017). Branched-chain amino acids differently modulate catabolic and anabolic states in mammals: a pharmacological point of view. Br. J. Pharmacol. 174 (11), 1366–1377. doi:10.1111/bph.13624
 Boccanegra, B., Cappellari, O., Mantuano, P., Trisciuzzi, D., Mele, A., Tulimiero, L., et al. (2023a). Growth hormone secretagogues modulate inflammation and fibrosis in mdx mouse model of Duchenne muscular dystrophy. Front. Immunol. 14, 1119888. doi:10.3389/fimmu.2023.1119888
 Boccanegra, B., Mantuano, P., Conte, E., Cerchiara, A. G., Tulimiero, L., Quarta, R., et al. (2023b). LKB1 signaling is altered in skeletal muscle of a Duchenne muscular dystrophy mouse model. Dis. Model Mech. 16 (7), dmm049930. doi:10.1242/dmm.049930
 Boccanegra, B., Verhaart, I. E. C., Cappellari, O., Vroom, E., and De Luca, A. (2020). Safety issues and harmful pharmacological interactions of nutritional supplements in Duchenne muscular dystrophy: considerations for Standard of Care and emerging virus outbreaks. Pharmacol. Res. 158, 104917. doi:10.1016/j.phrs.2020.104917
 Böhm, J., Bulla, M., Urquhart, J. E., Malfatti, E., Williams, S. G., O'Sullivan, J., et al. (2017). ORAI1 mutations with distinct channel gating defects in tubular aggregate myopathy. Hum. Mutat. 38 (4), 426–438. doi:10.1002/humu.23172
 Böhm, J., Chevessier, F., Koch, C., Peche, G. A., Mora, M., Morandi, L., et al. (2014). Clinical, histological and genetic characterisation of patients with tubular aggregate myopathy caused by mutations in STIM1. J. Med. Genet. 51 (12), 824–833. doi:10.1136/jmedgenet-2014-102623
 Boncompagni, S., Michelucci, A., Pietrangelo, L., Dirksen, R. T., and Protasi, F. (2017). Exercise-dependent formation of new junctions that promote STIM1-Orai1 assembly in skeletal muscle. Sci. Rep. 7 (1), 14286. doi:10.1038/s41598-017-14134-0
 Boncompagni, S., Pecorai, C., Michelucci, A., Pietrangelo, L., and Protasi, F. (2021). Long-term exercise reduces formation of tubular aggregates and promotes maintenance of Ca2+ entry units in aged muscle. Front. Physiol. 11, 601057. doi:10.3389/fphys.2020.601057
 Boncompagni, S., Protasi, F., and Franzini-Armstrong, C. (2012). Sequential stages in the age-dependent gradual formation and accumulation of tubular aggregates in fast twitch muscle fibers: SERCA and calsequestrin involvement. Age 34, 27–41. doi:10.1007/s11357-011-9211-y
 Brosnan, J. T., and Brosnan, M. E. (2006). Branched-chain amino acids: enzyme and substrate regulation. J. Nutr. 136, 207S–211S. doi:10.1093/jn/136.1.207S
 Brotto, M. (2011). Aging, sarcopenia and store-operated calcium entry: a common link?Cell Cycle 10, 4201–4202. doi:10.4161/cc.10.24.18645
 Brotto, M. A., Nagaraj, R. Y., Brotto, L. S., Takeshima, H., Ma, J. J., and Nosek, T. M. (2004). Defective maintenance of intracellular Ca2+ homeostasis is linked to increased muscle fatigability in the MG29 null mice. Cell Res. 14 (5), 373–378. doi:10.1038/sj.cr.7290237
 Cai, C., Masumiya, H., Weisleder, N., Matsuda, N., Nishi, M., Hwang, M., et al. (2009). MG53 nucleates assembly of cell membrane repair machinery. Nat. Cell Biol. 11, 56–64. doi:10.1038/ncb1812
 Capogrosso, R. F., Mantuano, P., Uaesoontrachoon, K., Cozzoli, A., Giustino, A., Dow, T., et al. (2018). Ryanodine channel complex stabilizer compound S48168/ARM210 as a disease modifier in dystrophin-deficient mdx mice: proof-of-concept study and independent validation of efficacy. FASEB J. 32 (2), 1025–1043. doi:10.1096/fj.201700182RRR
 Chaib, S., Tchkonia, T., and Kirkland, J. L. (2002). Cellular senescence and senolytics: the path to the clinic. Nat. Med. 28 (8), 1556–1568. doi:10.1038/s41591-022-01923-y
 Chevessier, F., Bauche-Godard, S., Leroy, J. P., Koenig, J., Paturneau-Jouas, M., Eymard, B., et al. (2005). The origin of tubular aggregates in human myopathies. J. Pathol. 207, 313–323. doi:10.1002/path.1832
 Childs, B. G., Gluscevic, M., Baker, D. J., Laberge, R. M., Marquess, D., Dananberg, J., et al. (2017). Senescent cells: an emerging target for diseases of ageing. Nat. Rev. Drug Discov. 16 (10), 718–735. doi:10.1038/nrd.2017.116
 Cho, C. H., Woo, J. S., Perez, C. F., and Lee, E. H. (2017). A focus on extracellular Ca(2+) entry into skeletal muscle. Exp. Mol. Med. 49, e378. doi:10.1038/emm.2017.208
 Conte, E., Camerino, G. M., Mele, A., De Bellis, M., Pierno, S., Rana, F., et al. (2017). Growth hormone secretagogues prevent dysregulation of skeletal muscle calcium homeostasis in a rat model of cisplatin-induced cachexia. J. Cachexia Sarcopenia Muscle 8 (3), 386–404. doi:10.1002/jcsm.12185
 Conte, E., Fonzino, A., Cibelli, A., De Benedictis, V., Imbrici, P., Nicchia, G. P., et al. (2020). Changes in expression and cellular localization of rat skeletal muscle ClC-1 chloride channel in relation to age, myofiber phenotype and PKC modulation. Front. Pharmacol. 11, 714. doi:10.3389/fphar.2020.00714
 Conte, E., Pannunzio, A., Imbrici, P., Camerino, G. M., Maggi, L., Mora, M., et al. (2021). Gain-of-Function STIM1 L96V mutation causes myogenesis alteration in muscle cells from a patient affected by tubular aggregate myopathy. Front. Cell Dev. Biol. 9, 635063. doi:10.3389/fcell.2021.635063
 D'Antona, G., Ragni, M., Cardile, A., Tedesco, L., Dossena, M., Bruttini, F., et al. (2010). Branched-chain amino acid supplementation promotes survival and supports cardiac and skeletal muscle mitochondrial biogenesis in middle-aged mice. Cell Metab. 12 (4), 362–372. doi:10.1016/j.cmet.2010.08.016
 De Backer, F., Vandebrouck, C., Gailly, P., and Gillis, J. M. (2002). Long-term study of Ca(2+) homeostasis and of survival in collagenase-isolated muscle fibres from normal and mdx mice. J. Physiol. 542 (Pt 3), 855–865. doi:10.1113/jphysiol.2002.020487
 Deschenes, M. R., Gaertner, J. R., and O'Reilly, S. (2013). The effects of sarcopenia on muscles with different recruitment patterns and myofiber profiles. Curr. Aging Sci. 6 (3), 266–272. doi:10.2174/18746098113066660035
 D'Hulst, G., Masschelein, E., and De Bock, K. (2022). Resistance exercise enhances long-term mTORC1sensitivity to leucine. Mol. Metab. 66, 101615. doi:10.1016/j.molmet.2022.101615
 Edwards, J. N., Blackmore, D. G., Gilbert, D. F., Murphy, R. M., and Launikonis, B. S. (2011). Store-operated calcium entry remains fully functional in aged mouse skeletal muscle despite a decline in STIM1 protein expression. Aging Cell 10, 675–685. doi:10.1111/j.1474-9726.2011.00706.x
 Edwards, J. N., Friedrich, O., Cully, T. R., von Wegner, F., Murphy, R. M., and Launikonis, B. S. (2010). Upregulation of store-operated Ca2+ entry in dystrophic mdx mouse muscle. Am. J. Physiol. Cell Physiol. 299 (1), C42–C50. doi:10.1152/ajpcell.00524.2009
 Eley, H. L., Russell, S. T., and Tisdale, M. J. (2007). Effect of branched-chain amino acids on muscle atrophy in cancer cachexia. Biochem. J. 407, 113–120. doi:10.1042/BJ20070651
 Flati, V., Caliaro, F., Speca, S., Corsetti, G., Cardile, A., Nisoli, E., et al. (2010). Essential amino acids improve insulin activation of AKT/MTOR signaling in soleus muscle of aged rats. Int. J. Immunopathol. Pharmacol. 23 (1), 81–89. doi:10.1177/039463201002300108
 Fodor, J., Al-Gaadi, D., Czirják, T., Oláh, T., Dienes, B., Csernoch, L., et al. (2020). Improved calcium homeostasis and force by selenium treatment and training in aged mouse skeletal muscle. Sci. Rep. 10 (1), 1707. doi:10.1038/s41598-020-58500-x
 Fraysse, B., Desaphy, J. F., Pierno, S., De Luca, A., Liantonio, A., Mitolo, C. I., et al. (2003). Decrease in resting calcium and calcium entry associated with slow-to-fast transition in unloaded rat soleus muscle. FASEB J. 17, 1916–1918. doi:10.1096/fj.02-1012fje
 Fraysse, B., Desaphy, J. F., Rolland, J. F., Pierno, S., Liantonio, A., Giannuzzi, V., et al. (2006). Fiber type-related changes in rat skeletal muscle calcium homeostasis during aging and restoration by growth hormone. Neurobiol. Dis. 21, 372–380. doi:10.1016/j.nbd.2005.07.012
 Fuqua, J. D., Lawrence, M. M., Hettinger, Z. R., Borowik, A. K., Brecheen, P. L., Szczygiel, M. M., et al. (2023). Impaired proteostatic mechanisms other than decreased protein synthesis limit old skeletal muscle recovery after disuse atrophy. J. Cachexia Sarcopenia Muscle 14 (5), 2076–2089. doi:10.1002/jcsm.13285
 Grosicki, G. J., Zepeda, C. S., and Sundberg, C. W. (2022). Single muscle fibre contractile function with ageing. J. Physiol. 600 (23), 5005–5026. doi:10.1113/JP282298
 Gruszczynska-Biegala, J., Martin-Romero, F. J., Smani, T., and Secondo, A. (2021). Editorial: molecular components of store-operated calcium entry in health and disease. Front. Cell Neurosci. 15, 771138. doi:10.3389/fncel.2021.771138
 Harisseh, R., Chatelier, A., Magaud, C., Déliot, N., and Constantin, B. (2013). Involvement of TRPV2 and SOCE in calcium influx disorder in DMD primary human myotubes with a specific contribution of α1-syntrophin and PLC/PKC in SOCE regulation. Am. J. Physiol. Cell Physiol. 304 (9), C881–C894. doi:10.1152/ajpcell.00182.2012
 Hord, J. M., Botchlett, R., and Lawler, J. M. (2016). Age-related alterations in the sarcolemmal environment are attenuated by lifelong caloric restriction and voluntary exercise. Exp. Gerontol. 83, 148–157. doi:10.1016/j.exger.2016.08.006
 Hu, X., and Xiao, R. P. (2018). MG53 and disordered metabolism in striated muscle. Biochim. Biophys. Acta Mol. Basis Dis. 1864 (5PtB), 1984–1990. doi:10.1016/j.bbadis.2017.10.013
 Katsanos, C. S., Kobayashi, H., Sheffield-Moore, M., Aarsland, A., and Wolfe, R. R. (2005). Aging is associated with diminished accretion of muscle proteins after the ingestion of a small bolus of essential amino acids. Am. J. Clin. Nutr. 82 (5), 1065–1073. doi:10.1093/ajcn/82.5.1065
 Khan, S. S., Singer, B. D., and Vaughan, D. E. (2017). Molecular and physiological manifestations and measurement of aging in humans. Aging Cell 16 (4), 624–633. doi:10.1111/acel.12601
 Kuo, I. Y., and Ehrlich, B. E. (2015). Signaling in muscle contraction. Cold Spring Harb. Perspect. Biol. 7 (2), a006023. doi:10.1101/cshperspect.a006023
 Kurebayashi, N., Takeshima, H., Nishi, M., Murayama, T., Suzuki, E., and Ogawa, Y. (2003). Changes in Ca2+ handling in adult MG29-deficient skeletal muscle. Biochem. Biophys. Res. Commun. 310, 1266–1272. doi:10.1016/j.bbrc.2003.09.146
 Lee, K. J., Park, C. S., Woo, J. S., Kim, D. H., Ma, J., and Lee, E. H. (2012). Mitsugumin 53 attenuates the activity of sarcoplasmic reticulum Ca(2+)-ATPase 1a (SERCA1a) in skeletal muscle. Biochem. Biophys. Res. Commun. 428 (3), 383–388. doi:10.1016/j.bbrc.2012.10.063
 Léger, B., Derave, W., De Bock, K., Hespel, P., and Russell, A. P. (2008). Human sarcopenia reveals an increase in SOCS-3 and myostatin and a reduced efficiency of Akt phosphorylation. Rejuvenation Res. 11 (1), 163–175. doi:10.1089/rej.2007.0588
 Liantonio, A., Camerino, G. M., Scaramuzzi, A., Cannone, M., Pierno, S., De Bellis, M., et al. (2014). Calcium homeostasis is altered in skeletal muscle of spontaneously hypertensive rats: cytofluorimetric and gene expression analysis. Am. J. Pathol. 184 (10), 2803–2815. doi:10.1016/j.ajpath.2014.06.020
 Lin, C. C., Shih, M. H., Chen, C. D., and Yeh, S. L. (2021). Effects of adequate dietary protein with whey protein, leucine, and vitamin D supplementation on sarcopenia in older adults: an open-label, parallel-group study. Clin. Nutr. 40 (3), 1323–1329. doi:10.1016/j.clnu.2020.08.017
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 Maki, T., Yamamoto, D., Nakanishi, S., Iida, K., Iguchi, G., Takahashi, Y., et al. (2012). Branched-chain amino acids reduce hindlimb suspension-induced muscle atrophy and protein levels of atrogin-1 and MuRF1 in rats. Nutr. Res. 32 (9), 676–683. doi:10.1016/j.nutres.2012.07.005
 Manring, H., Abreu, E., Brotto, L., Weisleder, N., and Brotto, M. (2014). Novel excitation-contraction coupling related genes reveal aspects of muscle weakness beyond atrophy-new hopes for treatment of musculoskeletal diseases. Front. Physiol. 5, 37. doi:10.3389/fphys.2014.00037
 Mantuano, P., Bianchini, G., Cappellari, O., Boccanegra, B., Conte, E., Sanarica, F., et al. (2020). Ergogenic effect of BCAAs and L-alanine supplementation: proof-of-concept study in a murine model of physiological exercise. Nutrients 12 (8), 2295. doi:10.3390/nu12082295
 Mantuano, P., Boccanegra, B., Bianchini, G., Cappellari, O., Tulimiero, L., Conte, E., et al. (2023). Branched-chain amino acids and di-alanine supplementation in aged mice: a translational study on sarcopenia. Nutrients 15 (2), 330. doi:10.3390/nu15020330
 Mantuano, P., Boccanegra, B., Bianchini, G., Conte, E., De Bellis, M., Sanarica, F., et al. (2021a). BCAAs and Di-Alanine supplementation in the prevention of skeletal muscle atrophy: preclinical evaluation in a murine model of hind limb unloading. Pharmacol. Res. 171, 105798. doi:10.1016/j.phrs.2021.105798
 Mantuano, P., Boccanegra, B., Conte, E., De Bellis, M., Cirmi, S., Sanarica, F., et al. (2021b). β-Dystroglycan restoration and pathology progression in the dystrophic mdx mouse: outcome and implication of a clinically oriented study with a novel oral dasatinib formulation. Biomolecules 11 (11), 1742. doi:10.3390/biom11111742
 Mele, A., Mantuano, P., De Bellis, M., Rana, F., Sanarica, F., Conte, E., et al. (2019). A long-term treatment with taurine prevents cardiac dysfunction in mdx mice. Transl. Res. 204, 82–99. doi:10.1016/j.trsl.2018.09.004
 Michelucci, A., Boncompagni, S., Pietrangelo, L., Takano, T., Protasi, F., and Dirksen, R. T. (2020). Pre-assembled Ca2+ entry units and constitutively active Ca2+ entry in skeletal muscle of calsequestrin-1 knockout mice. J. Gen. Physiol. 152 (10), e202012617. doi:10.1085/jgp.202012617
 Mijares, A., Allen, P. D., and Lopez, J. R. (2021). Senescence is associated with elevated intracellular resting [Ca2+] in mice skeletal muscle fibers. An in vivo study. Front. Physiol. 11, 601189. doi:10.3389/fphys.2020.601189
 Morley, J. E. (2016). Pharmacologic options for the treatment of sarcopenia. Calcif. Tissue Int. 98 (4), 319–333. doi:10.1007/s00223-015-0022-5
 O'Connell, K., Gannon, J., Doran, P., and Ohlendieck, K. (2008). Reduced expression of sarcalumenin and related Ca2+ -regulatory proteins in aged rat skeletal muscle. Exp. Gerontol. 43 (10), 958–961. doi:10.1016/j.exger.2008.07.006
 Pan, Z., Yang, D., Nagaraj, R. Y., Nosek, T. A., Nishi, M., Takeshima, H., et al. (2002). Dysfunction of store-operated calcium channel in muscle cells lacking mg29. Nat. Cell Biol. 4 (5), 379–383. doi:10.1038/ncb788
 Protasi, F., Girolami, B., Roccabianca, S., and Rossi, D. (2023). Store-operated calcium entry: from physiology to tubular aggregate myopathy. Curr. Opin. Pharmacol. 68, 102347. doi:10.1016/j.coph.2022.102347
 Ryan, M. J., Dudash, H. J., Docherty, M., Geronilla, K. B., Baker, B. A., Haff, G. G., et al. (2008). Aging-dependent regulation of antioxidant enzymes and redox status in chronically loaded rat dorsiflexor muscles. J. Gerontol. A Biol. Sci. Med. Sci. 63, 1015–1026. doi:10.1093/gerona/63.10.1015
 Sakai-Takemura, F., Saito, F., Nogami, K., Maruyama, Y., Elhussieny, A., Matsumura, K., et al. (2023). Antioxidants restore store-operated Ca2+ entry in patient-iPSC-derived myotubes with tubular aggregate myopathy-associated Ile484ArgfsX21 STIM1 mutation via upregulation of binding immunoglobulin protein. FASEB 5 (11), 453–469. doi:10.1096/fba.2023-00069
 Sarabhai, T., and Roden, M. (2019). Hungry for your alanine: when liver depends on muscle proteolysis. J. Clin. Invest. 129 (11), 4563–4566. doi:10.1172/JCI131931
 Schaap, L. A., Pluijm, S. M., Deeg, D. J., Harris, T. B., Kritchevsky, S. B., Newman, A. B., et al. (2009). Higher inflammatory marker levels in older persons: associations with 5-year change in muscle mass and muscle strength. J. Gerontol. A Biol. Sci. Med. Sci. 64 (11), 1183–1189. doi:10.1093/gerona/glp097
 Takeshima, H., Shimuta, M., Komazaki, S., Ohmi, K., Nishi, M., Iino, M., et al. (1998). Mitsugumin29, a novel synaptophysin family member from the triad junction in skeletal muscle. Biochem. J. 331 (Pt 1), 317–322. doi:10.1042/bj3310317
 Thornton, A. M., Zhao, X., Weisleder, N., Brotto, L. S., Bougoin, S., Nosek, T. M., et al. (2011). Store-operated Ca(2+) entry (SOCE) contributes to normal skeletal muscle contractility in young but not in aged skeletal muscle. Aging (Albany NY) 3, 621–634. doi:10.18632/aging.100335
 Torcinaro, A., Cappetta, D., De Santa, F., Telesca, M., Berrino, L., Urbanek, K., et al. (2022). Ranolazine counteracts strength impairment and oxidative stress in aged sarcopenic mice. Metabolites 12 (7), 663. doi:10.3390/metabo12070663
 Wang, X., Li, X., Ong, H., Tan, T., Park, K. H., Bian, Z., et al. (2021). MG53 suppresses NF-κB activation to mitigate age-related heart failure. JCI Insight 6 (17), e148375. doi:10.1172/jci.insight.148375
 Wei-Lapierre, L., Carrell, E. M., Boncompagni, S., Protasi, F., and Dirksen, R. T. (2013). Orai1-dependent calcium entry promotes skeletal muscle growth and limits fatigue. Nat. Commun. 4, 2805. doi:10.1038/ncomms3805
 Weisleder, N., Brotto, M., Komazaki, S., Pan, Z., Zhao, X., Nosek, T., et al. (2006). Muscle aging is associated with compromised Ca2+ spark signaling and segregated intracellular Ca2+ release. J. Cell Biol. 174 (5), 639–645. doi:10.1083/jcb.200604166
 Whitson, B. A., Mulier, K., Li, H., Zhou, X., Cai, C., Black, S. M., et al. (2021). MG53 as a novel therapeutic protein to treat acute lung injury. Mil. Med. 86 (Suppl. 1), 339–345. doi:10.1093/milmed/usaa313
 Wiedmer, P., Jung, T., Castro, J. P., Pomatto, L. C. D., Sun, P. Y., Davies, K. J. A., et al. (2021). Sarcopenia - molecular mechanisms and open questions. Ageing Res. Rev. 65, 101200. doi:10.1016/j.arr.2020.101200
 Woo, J. S., Hwang, J. H., Huang, M., Ahn, M. K., Cho, C. H., Ma, J., et al. (2015). Interaction between mitsugumin 29 and TRPC3 participates in regulating Ca(2+) transients in skeletal muscle. Biochem. Biophys. Res. Commun. 464 (1), 133–139. doi:10.1016/j.bbrc.2015.06.096
 Yoshizawa, F. (2004). Regulation of protein synthesis by branched-chain amino acids in vivo. Biochem. Biophys. Res. Commun. 313, 417–422. doi:10.1016/j.bbrc.2003.07.013
 Zhao, X., Weisleder, N., Thornton, A., Oppong, Y., Campbell, R., Ma, J., et al. (2008). Compromised store-operated Ca2+ entry in aged skeletal muscle. Aging Cell 7, 561–568. doi:10.1111/j.1474-9726.2008.00408.x
NOMENCLATURE
[image: ]Conflict of interest: Authors GB, AA, and MA were employed by Dompé farmaceutici S.p.A.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Conte, Mantuano, Boccanegra, Imbrici, Dinoi, Lenti, Cappellari, Cappetta, De Angelis, Berrino, Gordish-Dressman, Bianchini, Aramini, Allegretti, Liantonio and De Luca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1393746-g004.gif
. 2ED v 0

B oA Trect

-
1

T

—— CACNAIS.





OPS/images/fphar-15-1393746-g005.gif
EY cxsor

et






OPS/images/fphar-15-1393746-g002.gif
c
- g

- sowrows)
ot hcae vt

+ Ko rcArs+ A )
- 0D Bt oA )

Ay s
= steved

© A bk A
© kD 5oam - AN






OPS/images/fphar-15-1393746-g003.gif
H30

Aour s
4GED + vt =7}
AGED + A 18
AGED + BCAR + 2ALA (450
AGED + BCAR + VALA N7

Fryquency procuchg

0% of masimal 390






OPS/images/math_qu1.gif
Ireaiod AISERYEAIS ~ BEinmtes AT maice,
Recovery score = —— e+ 100






OPS/images/fphar-15-1393746-g006.gif
RN EN]






OPS/images/fphar-15-1393746-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Branched-chain amino acids and L-alanine supplementation ameliorate calcium dyshomeostasis in sarcopenia: New insights for nutritional interventions		1 Introduction

		2 Materials and methods		2.1 Ethical statement for animal studies

		2.2 Animal groups and treatment

		2.3 Ex vivo isometric contraction recordings

		2.4 Fiber isolation and Fura2 fluorescence measurements

		2.5 Store-operated calcium entry measurements

		2.6 Total RNA purification and real-time PCR

		2.7 Western blot analysis

		2.8 Statistical analysis





		3 Results		3.1 Resting intracellular calcium and SOCE

		3.2 Expression profile of genes involved in SOCE mechanism and calcium buffering

		3.3 Expression analysis of MG29, MG53, and related TRP proteins





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References

		Nomenclature









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Branched-chain amino acids
and L-alanine supplementation
ameliorate calcium
dyshomeostasis in sarcopenia:
New insights for nutritional
interventions





OPS/images/fphar-15-1393746-001.jpg
BCAAs Branched-chain amino acids
CASQL Calsequestrin 1
DHPR Dihydropyridine receptor

Di-ALA L-alanyl-L-alanine

EAAs Essential amino acids

EDL Extensor digitorum longus muscle
FDB Flexor digitorum brevis muscle
GC Gastrocnemius muscle

L-ALA L-alanine

MG29 Mitsugumin29

MG53 Mitsugumin53

mTORCI  Mammalian target of rapamycin complex 1

ORAIL Calcium release-activated calcium modulator 1
PVDF Polyvinylidene difluoride

Ryrl Ryanodine receptor type 1

SERCA  Sarcoplasmic/endoplasmic reticulum Ca®* transporter

SOCE Store-operated calcium entry

SR Sarcoplasmic reticulum

SRL Sarcalumenin

STIM1 Stromal interaction molecule 1

TRPCI Transient receptor potential cation channel, subfamily C, member 1
TRPC3 Transient receptor potential cation channel, subfamily C, member 3

TRPC4  Transient receptor potential cation channel, subfamily C, member 4





OPS/images/fphar-15-1393746-g001.gif
A e
ADULT (3 months-old) =6 |

AGED (17t 1) + vehicle (r=5)

AGED (17-monthe i) + BCAS (0-6)

AGED (17-months o) + BCARS + WA (0<6)

AGED (17 00510+ B OLAA () |

o

]

ndiobingwatr

Weks T T0 T T "o Tt T T T Tie Ssotkemns
0 o 5 T 5 1 T0

i opesoses

e

" A
e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





