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Characterization of the Skeletal Muscle Proteome in Undernourished Old Rats
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Aging is associated with a progressive loss of skeletal muscle mass and function termed sarcopenia. Various metabolic alterations that occur with aging also increase the risk of undernutrition, which can worsen age-related sarcopenia. However, the impact of undernutrition on aged skeletal muscle remains largely under-researched. To build a deeper understanding of the cellular and molecular mechanisms underlying age-related sarcopenia, we characterized the undernutritioninduced changes in the skeletal muscle proteome in old rats. For this study, 20-month-old male rats were fed 50% or 100% of their spontaneous intake for 12 weeks, and proteomic analysis was performed on both slow-and fast-twitch muscles. Proteomic profiling of undernourished aged skeletal muscle revealed that undernutrition has profound effects on muscle proteome independently of its effect on muscle mass. Undernutrition-induced changes in muscle proteome appear to be muscle-type-specific: slow-twitch muscle showed a broad pattern of differential expression in proteins important for energy metabolism, whereas fast-twitch muscle mainly showed changes in protein turnover between undernourished and control rats. This first proteomic analysis of undernourished aged skeletal muscle provides new molecular-level insight to explain phenotypic changes in undernourished aged muscle. We anticipate this work as a starting point to define new biomarkers associated with undernutrition-induced muscle loss in the elderly.

Introduction

Undernutrition is an imbalanced nutritional state resulting from a negative ratio between dietary intake and nutrient needs. This imbalance may be related to inadequate intake of dietary energy and/or protein, an increase in energy expenditure and/or protein loss, or both [START_REF] Cederholm | Diagnostic criteria for malnutrition-An espen consensus statement[END_REF]. Prolonged undernutrition leads to altered cellular metabolism and impaired body composition and function, which worsen disease prognosis [START_REF] Elia | Defining, recognizing, and reporting malnutrition[END_REF]. In particular, undernutrition induces a loss of body tissues, especially a loss of skeletal muscle mass, which makes it one of the main risk factors for the onset of sarcopenia. Sarcopenia is defined as an independent disease entity related to a loss of muscle mass, quality, and strength [START_REF] Cao | Sarcopenia is recognized as an independent condition by an international classification of disease, tenth revision, clinical modification (icd-10-cm) code[END_REF][START_REF] Cruz-Jentoft | Sarcopenia: Revised european consensus on definition and diagnosis[END_REF]. Indeed, preserving skeletal muscle is not only crucial for maintaining mobility, but also for its many roles in metabolism and homeostasis. Low skeletal muscle mass has been shown to adversely affect health outcomes and lead to increased risk for mortality [START_REF] Argilés | Skeletal muscle regulates metabolism via interorgan crosstalk: Roles in health and disease[END_REF].

Aging increases the body's needs for nutrients, especially protein intake. Older people show higher splanchnic extraction of amino acids [START_REF] Boirie | Splanchnic and whole-body leucine kinetics in young and elderly men[END_REF][START_REF] Jourdan | Splanchnic sequestration of amino acids in aged rats: In vivo and ex vivo experiments using a model of isolated perfused liver[END_REF] and lower anabolic response to protein diet [START_REF] Dardevet | Muscle wasting and resistance of muscle anabolism: The "anabolic threshold concept" for adapted nutritional strategies during sarcopenia[END_REF], whereas various aging-related impairments lead to lower food intake such as poor dentition, physical and mental disabilities, multiple medications, and even social and financial challenges [START_REF] Guyonnet | Screening for malnutrition in older people[END_REF]. Undernutrition is therefore common in the elderly where its prevalence varies from 4% to 10% at home and from 15% to 30% in care homes, and even reaches 30% to 70% in hospitals, depending on the diagnostic criteria used [START_REF] Roberts | The challenge of managing undernutrition in older people with frailty[END_REF]. Most of all, aging impairs the ability to adapt to undernutrition, leading to severe loss of body weight and muscle [START_REF] Barrows | The effect of reduced dietary intake on enzymatic activities and life span of rats[END_REF][START_REF] Chambon-Savanovitch | Severe dietary restriction initiated in aged rats: Evidence for poor adaptation in terms of protein metabolism and intestinal functions[END_REF][START_REF] Felgines | Protein metabolism in rats during long-term dietary restriction: Influence of aging[END_REF][START_REF] Walrand | Aging: A barrier to renutrition? Nutritional and immunologic evidence in rats[END_REF]. Old rats show defective adaptation to long-term 50% dietary restriction initiated at an advanced age, resulting in dramatic body weight loss and deregulation of protein metabolism in terms of nitrogen balance and protein content, especially at the skeletal muscle level [START_REF] Chambon-Savanovitch | Severe dietary restriction initiated in aged rats: Evidence for poor adaptation in terms of protein metabolism and intestinal functions[END_REF]. Undernutrition in elderly patients consequently exacerbates their state of frailty and dependence, thus greatly increasing the risk for morbidity and mortality [START_REF] Sullivan | Protein-energy undernutrition and the risk of mortality within one year of hospital discharge: A follow-up study[END_REF]. This issue will become increasingly critical given the worldwide pattern of population aging. According to United Nations statistics on demographics and aging, the proportion of persons aged 65 or over in the world is projected to grow from 9% in 2019 to nearly 16% in 2050 [START_REF]World population prospects 2019: Highlights; Department of Economic and Social Affairs[END_REF]. Specific studies are needed to better understand the undernutrition-induced alterations in skeletal muscle in order to identify new therapeutic targets and prevent sarcopenia in the elderly population.

Few studies have investigated the impact of undernutrition on aged skeletal muscle, and the mechanisms responsible for muscle wasting in this context remain unclear. Previous work has highlighted a reduction in protein turnover and mitochondrial oxidative capacities in fast-twitch plantaris muscle [START_REF] Salles | Bee pollen improves muscle protein and energy metabolism in malnourished old rats through interfering with the mtor signaling pathway and mitochondrial activity[END_REF][START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF]. Aged undernourished rats show blunted rates of muscle protein synthesis together with increased indexes of muscle proteolysis [START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF]. Moreover, the energy deficit resulting from undernutrition was associated with a decrease in mitochondrial density and function in plantaris muscle [START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF][START_REF] Zangarelli | Synergistic effects of caloric restriction with maintained protein intake on skeletal muscle performance in 21-month-old rats: A mitochondria-mediated pathway[END_REF]. Due to their fiber type composition, skeletal muscles vary in their functional and metabolic properties and in their response to atrophying conditions [START_REF] Sartori | Mechanisms of muscle atrophy and hypertrophy: Implications in health and disease[END_REF]. However, undernutrition-related muscle alterations have never been investigated in aged slow-twitch muscles.

Nowadays, the progresses in protein separation and analysis techniques as well as in bioinformatics allow for the identification of thousands of proteins in a short time. Since the development of so-called "soft" ionization sources, MALDI and electrospray, mass spectrometry has grown considerably in the field of biology [START_REF] Patterson | Proteomics: The first decade and beyond[END_REF]. In this regard, the application of proteomics to study muscle atrophy have provided new insight into the muscle proteome remodeling under various catabolic conditions such as unloading [START_REF] Wang | Proteomic analysis of mouse soleus muscles affected by hindlimb unloading and reloading[END_REF], cancer cachexia [START_REF] Massart | Marked increased production of acute phase reactants by skeletal muscle during cancer cachexia[END_REF], and aging [START_REF] Ubaida-Mohien | Discovery proteomics in aging human skeletal muscle finds change in spliceosome, immunity, proteostasis and mitochondria[END_REF]. However, none of them investigated the muscle proteomic changes associated with undernutrition. Here, we used a shotgun proteomic approach to characterize the cellular and molecular mechanisms responsible for muscle alterations in undernourished old rats. Our proteomic workflow included a fractionation step to improve the detection of low-abundance proteins, and we performed a comparison between the proteome of fast-twitch and slow-twitch muscles to reveal muscle type-specific changes. This proteomic profiling of undernourished aged skeletal muscle revealed that undernutrition has profound effects on muscle proteome, independently of its effect on muscle mass. Undernutrition-induced changes in muscle proteome appear to be muscle-type-specific: slow-twitch muscle showed a broad pattern of differential expression in proteins important for energy metabolism, whereas fast-twitch muscle mainly showed changes in protein turnover between undernourished and control rats. This study ultimately identified new potential muscle biomarkers of undernutrition in the elderly.

Results

Undernutrition Affects Muscle Mass and Function in Old Rats

At the beginning of the experiment, there were no significant differences in body weight and body composition between the undernourished (UND) and control (CTRL) rats. At the end of the 12 weeks, we observed a decrease in body weight in response to undernutrition (-42% vs. CTRL, P < 0.001; Figure 1A) associated with a decrease in lean mass (-27% vs. CTRL, P < 0.001; Figure 1B) and a severe decrease in fat mass (-92% vs. CTRL, P < 0.001; Figure 1C). Nutritional status was also evaluated and revealed a slight decrease in serum albumin (-5%, P < 0.05) and total protein levels (-8%, P < 0.05) in UND compared to CTRL animals (Figure 1D), thus confirming undernutrition in the old rats. 
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A large number of proteins were found to be significantly regulated in only one muscle (Figure 7A). In order to better visualize these proteins, we plotted their Log 2 (UND/CTRL) values for PL muscle versus SOL muscle (Figure 7B). The number of muscle-specificallyregulated proteins ranged from 40 in the PL to 81 in the SOL muscle (cutoff < 1.3-fold), indicating that each muscle type exhibited a specific response to UND. As highlighted in Figure 7B, 11 of these proteins were at least 2-fold differentially expressed specifically in the PL muscle (Table 2) against 14 proteins in the SOL muscle (Table 3). In line with this observation, three proteins exclusively identified in PL muscle were at least 2-fold differentially expressed in response to UND (Figure 7A and Table 2). In parallel, 38 proteins exclusively identified in the SOL muscle were affected by UND (Figure 7A), of which 12 with at least 2-FC (Table 3). These fast-and slow-twitch proteins might therefore be responsible for the different responses of aged muscle to undernutrition. which 12 with at least 2-FC (Table 3). These fast-and slow-twitch proteins might therefore be responsible for the different responses of aged muscle to undernutrition. Among the proteins specifically regulated in the fast-twitch PL muscle (Table 2), serpin family H member 1 (SERPINH1) and indolethylamine N-methyltransferase (INMT) have already been associated with muscle wasting conditions. Indeed, studies have reported a decrease in levels of SERPINH1, also known as HSP47, in response to hindlimb suspension and aging [START_REF] Kanazawa | Effects of aging on basement membrane of the soleus muscle during recovery following disuse atrophy in rats[END_REF][START_REF] Oguro | The molecular chaperone hsp47 rapidly senses gravitational changes in myoblasts[END_REF]. As SERPINH1 is a collagen specific molecular chaperone, its decrease suggests that undernutrition impedes maintenance of the extracellular matrix in skeletal muscle [START_REF] Nagata | Hsp47: A collagen-specific molecular chaperone[END_REF]. In contrast, gene expression of INMT has been found to be upregulated in response to hindlimb suspension and spaceflight [START_REF] Allen | Effects of spaceflight on murine skeletal muscle gene expression[END_REF]. 3). These fast-and slow-twitch proteins might therefore be responsible for the different responses of aged muscle to undernutrition. Among the proteins specifically regulated in the fast-twitch PL muscle (Table 2), serpin family H member 1 (SERPINH1) and indolethylamine N-methyltransferase (INMT) have already been associated with muscle wasting conditions. Indeed, studies have reported a decrease in levels of SERPINH1, also known as HSP47, in response to hindlimb suspension and aging [START_REF] Kanazawa | Effects of aging on basement membrane of the soleus muscle during recovery following disuse atrophy in rats[END_REF][START_REF] Oguro | The molecular chaperone hsp47 rapidly senses gravitational changes in myoblasts[END_REF]. As SERPINH1 is a collagen specific molecular chaperone, its decrease suggests that undernutrition impedes maintenance of the extracellular matrix in skeletal muscle [START_REF] Nagata | Hsp47: A collagen-specific molecular chaperone[END_REF]. In contrast, gene expression of INMT has been found to be upregulated in response to hindlimb suspension and spaceflight [START_REF] Allen | Effects of spaceflight on murine skeletal muscle gene expression[END_REF]. Among the proteins specifically regulated in the fast-twitch PL muscle (Table 2), serpin family H member 1 (SERPINH1) and indolethylamine N-methyltransferase (INMT) have already been associated with muscle wasting conditions. Indeed, studies have reported a decrease in levels of SERPINH1, also known as HSP47, in response to hindlimb suspension and aging [START_REF] Kanazawa | Effects of aging on basement membrane of the soleus muscle during recovery following disuse atrophy in rats[END_REF][START_REF] Oguro | The molecular chaperone hsp47 rapidly senses gravitational changes in myoblasts[END_REF]. As SERPINH1 is a collagen specific molecular chaperone, its decrease suggests that undernutrition impedes maintenance of the extracellular matrix in skeletal muscle [START_REF] Nagata | Hsp47: A collagen-specific molecular chaperone[END_REF]. In contrast, gene expression of INMT has been found to be upregulated in response to hindlimb suspension and spaceflight [START_REF] Allen | Effects of spaceflight on murine skeletal muscle gene expression[END_REF].

Among the proteins specifically regulated in the slow-twitch SOL muscle (Table 3), several of the UND-increased proteins such as RRAS2 and STBD1 have already been associated with muscle hypertrophy. Indeed, activation of the canonical Ras/MAPK signaling has been shown to increase the activity of mTORC1, a crucial regulator of skeletal muscle hypertrophy [START_REF] Slack | Ras signaling in aging and metabolic regulation[END_REF]. Moreover, STBD1 is upregulated in muscle hypertrophy models induced by myostatin inhibition [START_REF] Barbé | Comparative proteomic and transcriptomic analysis of follistatin-induced skeletal muscle hypertrophy[END_REF][START_REF] Steelman | Transcriptional profiling of myostatin-knockout mice implicates wnt signaling in postnatal skeletal muscle growth and hypertrophy[END_REF]. Although STBD1 has been linked to glycogen transport to lysosomes, its deletion does not affect glycogen content in skeletal muscle, suggesting an unknown function for this protein [START_REF] Sun | Starch binding domain-containing protein 1 plays a dominant role in glycogen transport to lysosomes in liver[END_REF]. 
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Discussion

Preserving skeletal muscle is not only crucial for maintaining mobility, but also for the many roles it plays in metabolism and homeostasis. Low muscle mass has been shown to adversely affect health outcomes and leads to increased risk for morbidity and mortality. Sarcopenia and undernutrition are both conditions that commonly occur in older populations, where they lead to weight loss with implications for muscle mass and strength and physical function [START_REF] Sieber | Malnutrition and sarcopenia[END_REF]. Rapid worldwide population aging makes muscle health an increasingly real public health challenge. However, despite the co-existence of undernutrition and sarcopenia in older people, few studies have investigated the cellular and molecular mechanisms responsible for muscle wasting in undernourished old populations.

Previous research reported that 50% dietary restriction for 12 weeks was associated with a significant decrease in both fat mass and lean mass from old rats [START_REF] Salles | Bee pollen improves muscle protein and energy metabolism in malnourished old rats through interfering with the mtor signaling pathway and mitochondrial activity[END_REF][START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF]. The UND protocol used here in old rats therefore logically affected the mass of several tissues including skeletal muscle. We found that UND had effects on the glycolytic PL muscle but had no significant effect on the oxidative SOL muscle. These findings are corroborated by previous data, demonstrating that UND does not affect muscle mass and protein synthesis in aged SOL muscle [START_REF] Salles | Bee pollen improves muscle protein and energy metabolism in malnourished old rats through interfering with the mtor signaling pathway and mitochondrial activity[END_REF][START_REF] Walrand | Effect of fast dietary proteins on muscle protein synthesis rate and muscle strength in ad libitum-fed and energy-restricted old rats[END_REF] and does not affect muscle mass and fiber CSA in adult SOL muscle [START_REF] Hirabayashi | Reduced metabolic capacity in fast and slow skeletal muscle via oxidative stress and the energy-sensing of ampk/sirt1 in malnutrition[END_REF]. Whether undernutrition affects the muscle fiber type composition remains undescribed. In addition, the mechanisms driving the differential effects of UND on these two muscle types are unclear. Interestingly, glycolytic fast-twitch muscle fibers show broader effects of aging than oxidative slow-twitch muscle fibers [START_REF] Boirie | Splanchnic and whole-body leucine kinetics in young and elderly men[END_REF]. Moreover, it has been proposed that the preferential use of glucose as substrates might be rate-limiting for muscle protein synthesis in glycolytic muscles, making them more sensitive to UND [START_REF] Cruz-Jentoft | Sarcopenia: Revised european consensus on definition and diagnosis[END_REF]. In contrast, lipolysis-derived muscle FA might supply sufficient energy to ensure protein synthesis in oxidative muscles [START_REF] Jourdan | Splanchnic sequestration of amino acids in aged rats: In vivo and ex vivo experiments using a model of isolated perfused liver[END_REF]. However, the differences in UND-induced alterations in fast and slow muscles remain largely unknown. To address this gap, we characterized changes occurring in skeletal muscle proteome from undernourished old rats and performed a shotgun analysis on both fast-twitch PL and slow-twitch SOL muscles. Our results demonstrate that, unlike muscle mass, UND affected the SOL muscle proteome more than the PL muscle proteome. Despite a similar number of identified proteins (SOL/PL ratio = 1.18), more proteins were found to be differentially expressed (SOL/PL ratio = 2.74) in the SOL muscle.

Undernutrition is often associated with muscle dysfunction and weakness in humans, and this was replicated here as a significant decrease in absolute muscle force in UND old rats. Muscle contraction is reliant on contractile proteins (i.e., myofibrillar proteins) and ATP supply, chiefly through mitochondrial oxidative function. Here, we did not find any change in myofibrillar protein content. However, our proteomic data revealed a reduced abundance in a large number of mitochondrial proteins, suggesting an alteration in ATP production. Grip strength test remains the measure of choice for assessing muscle strength in rodents, but it is influenced by many factors other than pure motor function [START_REF] Maurissen | Factors affecting grip strength testing[END_REF]. Moreover, muscle function cannot be reduced to muscle strength, and in healthy older people, muscle power declines earlier and faster than muscle mass and strength [START_REF] Reid | Longitudinal decline of lower extremity muscle power in healthy and mobility-limited older adults: Influence of muscle mass, strength, composition, neuromuscular activation and single fiber contractile properties[END_REF]. Nevertheless, the decrease in muscle mass and grip strength observed here in response to UND suggests an alteration in global muscle function in these old rats.

Mitochondria are crucial for energy production, and the mitochondria organelle integrates several metabolic pathways. Our analysis showed a lower abundance of most of the mitochondrial proteins in response to UND, as highlighted by the reduced levels of several key enzymes in the Krebs cycle, β-oxidation, and OXPHOS complexes in both PL and SOL muscles. In line with this analysis, previous reports have shown altered mitochondrial function in the skeletal muscle of malnourished rats [START_REF] Salles | Bee pollen improves muscle protein and energy metabolism in malnourished old rats through interfering with the mtor signaling pathway and mitochondrial activity[END_REF][START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF][START_REF] Hirabayashi | Reduced metabolic capacity in fast and slow skeletal muscle via oxidative stress and the energy-sensing of ampk/sirt1 in malnutrition[END_REF][START_REF] Madapallimattam | Effect of hypoenergetic feeding on muscle oxidative phosphorylation and mitochondrial complex i-iv activities in rats[END_REF]. Our results indicate that alteration in mitochondrial function during UND is further complicated by the decrease in mitochondrial content. Moreover, the lower levels of β-oxidation enzymes were observed in SOL muscle while skeletal muscle mass was not significantly altered, which suggests that lipid oxidation may not provide sufficient energy to sustain protein synthesis in oxidative muscles. However, we also demonstrated that SOL muscle undergoes other proteomic changes that are likely to afford it better resistance to UND. Finally, the general decrease in the protein abundance of metabolic enzymes suggests a decrease in metabolic rate that likely contributes to energy saving. Here, UND led to a lower abundance of certain translation regulators in the SOL muscle, which is coherent with the fact that protein synthesis is a high-energy-consuming process [START_REF] Rolfe | Cellular energy utilization and molecular origin of standard metabolic rate in mammals[END_REF]. Moreover, the pro-transcriptional regulations observed here might effectively reflect a compensatory response to a drop in translational regulation. In contrast, in the PL muscle, we observed regulations that would be expected to promote protein synthesis via transcription processes and translation processes, which does not fit with the muscle loss observed in response to UND. Moreover, previous research found a decrease in protein synthesis in PL muscle from undernourished old rats [START_REF] Salles | Bee pollen improves muscle protein and energy metabolism in malnourished old rats through interfering with the mtor signaling pathway and mitochondrial activity[END_REF][START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF]. Although the abundance of a protein does not directly reflect its corresponding activity, these regulations could constitute or reflect important adaptations designed to limit the reduction in protein synthesis. Whether they represent mechanisms contributing to muscle sparing remains to be determined.

Muscle wasting may be the result of a decrease in protein synthesis and an increase in muscle protein breakdown, which in turn reflects the activation of two major pathways, the UPS pathway and the ALS pathway [START_REF] Schiaffino | Mechanisms regulating skeletal muscle growth and atrophy[END_REF]. Our proteomic data revealed a number of regulations in proteolytic regulators at the level of both UPS and ALS. Most importantly, these regulations were perfectly in line with the changes in muscle mass and protein content observed in both PL and SOL muscles in response to UND. The changes observed in PL muscle are pro-proteolysis, with a higher abundance of proteins that activate UPS and ALS. These results are consistent with the increased MURF1 mRNA levels previously shown in PL muscle from UND rats [START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF]. Interestingly, cons-proteolysis regulations were observed in the SOL muscle. Taken together, these results suggest that UND-related muscle wasting is caused by increased protein degradation in the fast-twitch PL muscle while the decrease in proteolytic markers could slow the muscle loss in slow-twitch SOL muscle. The proteomic signature of aged UND muscle highlighted specific changes related to muscle type susceptibility. The workflow used here enabled us to identify new potential mediators of muscle wasting in fast-twitch muscle such as SERPINH1 or INMT. In contrast, the specific regulations observed in SOL muscle such as changes in levels of RRAS2, STBD1, and STAT3 could mediate the lower susceptibility of slow-twitch muscle to UND-induced muscle atrophy.

Many proteomic studies have investigated muscle aging in rodents and human skeletal muscle in order to characterize the molecular mechanisms of aging and identify biomarkers that could be targets for the prevention and treatment of sarcopenia [START_REF] Ubaida-Mohien | Discovery proteomics in aging human skeletal muscle finds change in spliceosome, immunity, proteostasis and mitochondria[END_REF][START_REF] Piec | Differential proteome analysis of aging in rat skeletal muscle[END_REF][START_REF] Gelfi | The human muscle proteome in aging[END_REF][START_REF] Kim | Quantitative proteomics analysis for the identification of differential protein expression in calf muscles between young and old sd rats using mass spectrometry[END_REF]. Surprisingly, none assessed age-prevalent undernutrition. This study describes the first proteomic study of undernourished aged skeletal muscle to investigate the mechanisms by which undernutrition affects skeletal muscle in an old population. Our proteomic analysis identified a huge number of proteins whose expression was dysregulated in undernourished old skeletal muscle. We analyzed both the SOL muscle, which is mainly composed of slow-twitch fibers, and the PL muscle, which is mainly composed of fast-twitch fibers, to reveal muscle type-specific changes. Our data demonstrate that UND has profound effects on muscle proteome, independently of its effect on muscle mass. Changes observed in the abundance of metabolic enzymes appear to be consistent with a hypometabolic state, likely to support energy saving. Most importantly, proteomic changes in response to UND, and particularly protein turnover, appear to be specific to muscle type. Finally, we identified several proteins that likely drive the effect of UND in aged skeletal muscle. Future studies should examine whether and to what extent such targets could serve as potential new biomarkers of undernourished aged skeletal muscle and/or novel targets for therapeutic intervention.

Materials and Methods

Animals and Undernutrition Protocol

All animal and experimental procedures were performed in accordance with the Clermont-Ferrand University (France) IRB guidelines, and the study was approved by the local ethics committee (permission number10635-2017071711566890v2). Eighteen twentymonth-old male WISTAR rats were purchased from Janvier-Labs (Le Genest-St-Isle, France). All rats were from the same batch and bred under the same conditions throughout their lives. They were single-housed under controlled conditions of light (12 h/12 h light/dark cycle) and temperature (22 ± 2 • C). During the acclimatization period, the rats had access to standard chow pellets and water ad libitum, and their spontaneous intakes (21 g food/day) were assessed. At the start of the experiment, the undernourished animals (UND, n = 9) were fed 50% of their spontaneous intake for 12 weeks to induce undernutrition, while control animals (CTRL, n = 9) were fed ad libitum all throughout the experiment, as previously validated [START_REF] Salles | Fast digestive, leucine-rich, soluble milk proteins improve muscle protein anabolism, and mitochondrial function in undernourished old rats[END_REF].

Whole Body Composition and Grip Strength Analysis

At the start and end of the experiment, the animals were placed in an EchoMRI-100 analyzer (Echo Medical Systems LLC, Houston, TX, USA) to determine fat and lean body mass (g). Mean and maximal muscle force were determined by a grip test of forelimb muscles. Grip strength was assessed using a commercially-available force gauge (Bioseb, Vitrolles, France) by the same investigator. The apparatus consisted of a metal bar connected to a force transducer. The rats were gently allowed to grasp the bar with their forepaws, then pulled back steadily until the bar was released down. Three successive measures were performed at 10 min intervals. Results are presented as the mean recorded force value.

Biological Sample Collection

At the end of the protocol, 16-h-fasted rats were weighed and anesthetized with isoflurane. Blood was collected from the abdominal aorta, then the animals were euthanized by cervical dislocation. Blood was allowed to clot for 15 min at room temperature, and serum was collected after centrifugation at 2000× g for 10 min at 4 • C. Tibialis anterior (TA), Quadriceps (QD), Soleus (SOL), and Plantaris (PL) muscles were then harvested, weighed, and immediately snap-frozen in liquid nitrogen. Gastrocnemius (GC) muscles were harvested, weighed, and promptly frozen in isopentane chilled by liquid nitrogen (-160 • C) for histological analyses. Biological samples were stored at -80 • C until processed.

Nutritional Status Analyses

Serum levels of albumin and protein were measured on a Konelab 20 biochemical analyzer (Thermo-Electron Corporation, Waltham, MA, USA).

Histological Analyses

Two serial transverse 10-µm-thick sections were obtained from each GC muscle at -18 • C using a cryostat and mounted on glass slides. Cross-sections were labelled with anti-laminin-α1 (1:20; #L9393, MerckMillipore, Molsheim, France) to outline the fibers and resolved with a secondary antibody conjugated to Alexa-Fluor 488 (Invitrogen, Cergy-Pontoise, France). Images were captured using a high-resolution digital camera coupled to an Axio Vert.A1 inverted microscope (Zeiss, Okerkochen, Germany) at a resolution of 0.645 µm/pixel. Four fields, each containing at least 200 fibers, were analyzed per muscle. Fiber cross sectional area (CSA) was determined for each fiber using ImageJ 1.47v image processing software (National Institutes of Health, Bethesda, MD, USA).

Muscle Protein Extraction

For the proteomic analysis, we used the PL and SOL muscles from six animals (those presenting the body mass and skeletal muscle mass the closest to the mean) per group. These muscles were homogenized (50 mg/mL) in ice-cold buffer containing 40 mM Tris (pH 7.0), 2 mM EDTA, and 10% protease inhibitor cocktail (#4693124001, MerckMillipore) using an Ultra-Turrax homogenizer (IKALabortechnik, Staufen, Germany). The sarcoplasmic protein-enriched extracts (SPE) were collected after centrifugation at 10,000× g for 10 min at 4 • C. The remaining pellets were resuspended in a buffer containing 50 mM Tris (pH 7.0) and 8 M urea, and incubated for 1 h on ice. The myofibrillar protein-enriched extracts (MPE) were then collected after centrifugation at 5000× g for 5 min at 4 • C. Protein concentrations of SPE and MPE were assessed using the BiCinchoninic acid (BCA) assay method (Pierce™ BCA Protein Assay Kit, ThermoFisher Scientific, Courtaboeuf, France) and the Bradford method (Protein Assay Dye Reagent Concentrate, Bio-Rad Laboratories, Hercules, CA, USA), respectively, according to the manufacturer's instructions.

Nano-LC-MS/MS Analysis

Proteins (22.5 µg) from both the SPE and MPE fractions were concentrated into the 1D electrophoresis stacking gel (12% acrylamide), as described in [START_REF] Theron | Label-free quantitative protein profiling of vastus lateralis muscle during human aging[END_REF][START_REF] Gueugneau | Increased serpina3n release into circulation during glucocorticoid-mediated muscle atrophy[END_REF]. Briefly, gels were stained in Coomassie brilliant blue G-250 solution, and excised lanes were reduced with dithiothreitol (DTT) and alkylated with iodoacetamide (IAA). Proteins were then digested by trypsin (ratio 1:50), and peptide mixtures were analyzed by online nanoflow liquid chromatography using an Ultimate 3000 system coupled to a HFX mass spectrometer (ThermoFisher Scientific) with a nanoelectrospray ion source. Each peptide fraction (n = 48, two fractions per muscle and six animals per group) was injected once into the LC-MS/MS instrument. In other words, we performed LC-MS/MS mass spectrometry analysis in simplicate on six biological replicates per group. The MS/MS spectra search was performed using Mascot (v2.5.1) and Peaks (v10) against the Uniprot Rattus norvegicus database (2019/07, 29,944 sequences). The following parameters were considered for the search: precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.05 Da, a maximum of two missed cleavage sites of trypsin, carbamidomethylation (C), oxidation (M), and deamidation (NQ) set as variable modifications. The minimal peptide length was 5-7 amino acids. Protein identification was validated when at least two peptides originating from one protein showed a significant Mascot score with a false discovery rate (FDR) ≤1%. Label-free protein quantification was performed using Progenesis QI (Nonlinear Dynamics, Waters, Milford, MA). All unique validated peptides of an identified protein were included, and the total cumulative abundance was calculated by summing the abundances of all peptides allocated to the respective protein. The mass-spectrometry proteomics data were deposited to the ProteomeXchange Consortium via the PRIDE [START_REF] Perez-Riverol | The pride database and related tools and resources in 2019: Improving support for quantification data[END_REF] partner repository with the dataset identifier PXD032044. Statistical analysis was performed using the "between subject design" option and P-values were calculated by a repeated-measures analysis of variance using the normalized abundances across all runs. The significate threshold was set at P < 0.05 and a 1.3-FC cut-off was applied. To complete the analysis, the proteomic results for SPE and MPE were gathered. In the case of duplication between both fractions, the amplitude of the changes is reported for the fraction where the protein was the most expected based on Progenesis QI confidence score and the known protein localization. Note that directional changes were concordant between the two fractions for >75% of the proteins detected in both fractions, and reported as differentially abundant between UND and CTRL rats.

Gene Ontology Analysis

Functional annotation was performed according to the Gene Ontology (GO) Biological Processes (BP) using the ProteINSIDE web service (http://www.proteinside.org accessed on 20 April 2021) [START_REF] Kaspric | Proteinside to easily investigate proteomics data from ruminants: Application to mine proteome of adipose and muscle tissues in bovine foetuses[END_REF]. The analysis was performed in Rattus norvegicus, and both muscles were considered independently. Benjamini-Hochberg (BH) adjusted P-values were used to establish lists of significantly-enriched pathways in each dataset compared to the whole genome. The GO_BP overview was carried out using only specifications associated with an adjusted P-value < 0.001 with a minimum of annotated proteins ≥2. Finally, annotations were completed manually based on UniProt (https://www.uniprot.org/ accessed on 20 April 2021), NCBI (https://www.ncbi.nlm.nih.gov/ accessed on 20 April 2021), and DAVID (https://david.ncifcrf.gov/ accessed on 20 April 2021) databases.

Western Blots

Equal amounts of proteins were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were probed with the following primary antibodies: anti-ACADM (1:500; #GTX100488, Genetex, Irvine, CA, USA), anti-SERPINF1 (1:2000; #AF1149, R&D Systems, Minneapolis, MN, USA), and anti-Cytochrome C (1:500; #4272, Cell Signaling Technologies, Leiden, The Netherlands), then incubated with a horseradish peroxidasecoupled secondary antibody and developed using an enhanced chemiluminescence (ECL) western blotting substrate (ThermoFisher Scientific). Luminescence was visualized using a Fusion FX imaging system (Vilber Lourmat, Collegien, France) and quantified using ImageJ 1.47v image processing software. All results were normalized to total protein Ponceau staining.

Statistical Analysis

For statistical analysis not related to the proteomic datasets, results were expressed relative to CTRL condition and are presented as means ± standard error of the mean (SEM). An unpaired Student's t-test was used to assess statistical differences amongst means. Statistical analysis of mean grip strength was performed using one-way ANOVA followed by Tukey post hoc tests. The significance threshold was set at P < 0.05. All statistical analyses were performed using GraphPad Prism 6 software (San Diego, CA, USA).
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 1 Figure 1. Body composition and nutritional markers in undernourished old rats. (A) Body weight, (B) EchoMRI-measured lean mass, (C) EchoMRI-measured fat mass, and (D) serum levels of nutritional markers from UND and CTRL old rats (n = 8-9/group). Results are expressed as means ± SEM. Unpaired student's t-test were performed to test the effect of undernutrition (*, P < 0.05; **, P < 0.01 and ***, P < 0.001 vs. CTRL).
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 2 Figure 2. Muscle mass and function in undernourished old rats. (A) PL, (B) SOL, (C) GC muscle mass, (D) Representative images and (E) measurements of GC muscle fiber CSA (scale bar = 50 µm), and (F) forelimb mean grip strength in UND and CTRL old rats (n = 7-9/group). Results are expressed as means ± SEM. Unpaired student's t-test was performed to test the effect of undernutrition (*, P < 0.05 and ** P < 0.01 vs. CTRL). Statistical analysis of mean grip strength used one-way ANOVA ( ## , P < 0.01) and Tukey post hoc tests (UND effect: ** P < 0.01).
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 1933 Figure 3. Undernutrition affects muscle proteome independently of its effect on muscle mass. (A) Total number of non-redundant proteins identified with at least two single peptides and (B) significantly regulated proteins between UND and CTRL PL and SOL muscles (P < 0.05 and 1.3-FC cutoff; n = 6/group). Volcano plots of the distribution of the 1635 and 1938 non-redundant proteins identified in (C) PL and (D) SOL muscles, respectively. Y-axis plots -Log10 (P-value) with a horizontal line at the significance threshold at P = 0.05. X-axis plots Log2 (UND/CTRL) with vertical black cut-off lines at +1.3-FC and -1.3-FC and vertical grey lines corresponding to +2.8-FC and -2.8-FC. Significantly downregulated and upregulated proteins are highlighted in green and red, respec-Figure 3. Undernutrition affects muscle proteome independently of its effect on muscle mass. (A) Total number of non-redundant proteins identified with at least two single peptides and (B) significantly
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 4 Figure 4. Functional annotation according to Biological Process enrichment analysis on the proteins dysregulated in PL and SOL muscles from undernourished rats. (A) Pie chart representing GO frequency within the dataset (i.e., 67 dysregulated proteins in PL muscle and 187 dysregulated proteins in SOL muscle (P < 0.05 and 1.3-FC cut-off; n = 6/group). Number of proteins dysregulated for each GO is reported directly on the graphs. The most over-represented GO_terms (B) "Energy metabolism" and (C) "Proteostasis" are scatterplotted, with blue/yellow enriched BP mainly found in SOL/PL muscle.
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 5 Figure 5. Regulation of metabolism-related proteins in muscle from undernourished old rats. Histograms of differential protein expression in the PL (yellow bars) and SOL (blue bars) muscles between UND and CTRL old rats (P < 0.05 and 1.3-FC cut-off; n = 6/group).
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 6 Figure 6. Regulation of proteostasis-related proteins in muscle from undernourished old rats. Histograms of differential protein expression in PL (yellow bars) and SOL (blue bars) muscle between UND and CTRL old rats (P < 0.05 and 1.3-FC cut-off; n = 6/group). UPS, ubiquitin-proteasome system; ALP, autophagy-lysosomal pathway.
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Figure 7 .

 7 Figure 7. Comparison of proteomic changes in PL and SOL muscles from UND old rats. (A) Venn diagram comparing the number of identified and dysregulated proteins in the PL and SOL muscles from UND rats. (B) Scatterplot of Log2 (ratio UND/CTRL) for proteins identified in both PL and SOL muscles, but significantly regulated only in either the PL muscle (yellow dots) or SOL muscle (blue dots). The grey area indicates the 1.3-FC cut-off. Big dots highlight proteins specifically regulated at beyond +2-FC and -2-FC.
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Figure 8 .

 8 Figure 8. Western blot verification of selected muscle proteins commonly regulated by UND in both the PL and SOL muscles. (A,E) Representative western blot images and densitometric analysis of (B,F) β-oxidation enzyme ACADM, (C,G) oxidative phosphorylation enzyme CYTC, and (D,H) glycoprotein SERPINF1 levels in PL and SOL muscles from UND vs. CTRL rats (n = 6/group). Results are expressed as means ± SEM. Unpaired student's t-test was performed to test the effect of undernutrition (*, P < 0.05; **, P < 0.01).
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