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Citrulline and muscle protein homeostasis in three different models of hypercatabolism Effect of Citrulline on protein muscle metabolism

Supplementation of enteral nutrition (EN) by specific amino acids (AAs) has been proposed to prevent muscle protein loss in intensive care unit (ICU) patients. Citrulline (Cit), which has been shown to stimulate muscle protein synthesis in other situations, may be of interest in this setting. Our aim was to assess the effect of Cit in three catabolic models relevant to critical illness: endotoxemia (LPS), traumatic brain injury (TBI), and TBI with infectious complications (TBI-Ec), which are characterized by different alterations in protein homeostasis. Fifty-eight male Sprague-Dawley rats (200-220 g) were randomized to receive a standard diet ad libitum (CON, n = 9) or to undergo catabolic injuries on day 0 (D0, n = 49), and EN (Sondalis HP energy® 290 kcal/kg/d) from day 1 (D1) combined with Cit (2 g/kg/d) or isonitrogenous non-essential AAs (NEAA) until day 3 (D3). Endotoxemia was induced by IP injection of LPS from E. coli (3 mg/kg), TBI by hydraulic percussion, and infectious complications (TBI-Ec) by administration of luminescent E. coli on D1. Nitrogen balance (ΔN) and 3-methylhistidine (3-MHis) were measured daily. Muscle protein synthesis (MPS, measured by the SUnSET method) and mTORC1 activation (S6K-1 and 4E-BP1 phosphorylation) were measured on D3 2 hours after the arrest of enteral nutrition in soleus, extensor digitorum longus (EDL), gastrocnemius and tibialis muscles. ΔN was lower (p < 0.001) in all three models of injury compared with basal and CON from D1 to D3, and more negative in the LPS-CIT (p < 0.05) than in the LPS group. The 3-MHis/creatinine ratio was significantly increased on D1 in all groups compared with CON, and on D2 only in the LPS and TBI groups (p < 0.0001, LPS and TBI vs. CON). MPS was similar in all groups in soleus and tibialis but significantly higher in EDL in LPS-CIT [LPS-CIT: 4.5 ± 1.7 (mean ± SD) vs. CON: 2.3 ± 1.2; and vs. LPS-NEAA: 3.1 ± 2.3] and in gastrocnemius (LPS-CIT vs. CON; p = 0.05). S6K-1 phosphorylation in the EDL was also higher in LPS-CIT vs. CON (LPS-CIT: 0.94 ± 0.51 CON: 0.42 ± 0.28), but not in gastrocnemius. IL-6 plasma level was significantly higher in all the catabolic groups vs. CON (p < 0.005) with no difference between treatments (Cit or NEAA).

In conclusion, the TBI model showed only a rise in muscle proteolysis, whereas the LPS model displayed a rise in both protein synthesis and proteolysis. Secondly, our results show that the Cit effect varies according to the type of injury and to the muscle under study. The stimulation of MPS rate and the mTOR pathway in LPS-treated rats contrasts with degraded ΔN, suggesting that the Cit effect on protein metabolism in critically ill rats is limited at the whole-body level.

Introduction

In physiological conditions, the preservation of the muscle protein pool and thus of muscle mass is ensured by a balance between protein synthesis and breakdown. Muscle, which represents 40% of body mass, is the largest pool of body proteins, and thus of body amino acids (AAs) [START_REF] Golden | Protein turnover, synthesis and breakdown before and after recovery from protein-energy malnutrition[END_REF]. Intensive care unit (ICU) patients develop a hypercatabolic and inflammatory response [START_REF] Allison | What is the goal of nutrition in the intensive care unit?[END_REF], causing muscle protein breakdown to release AAs required for gluconeogenesis, immune cell function and proliferation of cells involved in wound healing and gut integrity. The disturbance of this homeostasis in injured patients produces net catabolism, causing a decrease in muscle mass, and if protracted, muscle wasting and loss of function [START_REF] Lynch | Therapeutic approaches for muscle wasting disorders[END_REF]. From a clinical point of view, this process adversely affects the recovery process, in particular for muscle functions. The loss of integrity of the intestinal barrier promotes bacterial translocation and a risk of infectious complications [START_REF] Fremont | Pros and cons of feeding the septic intensive care unit patient[END_REF]. Lastly, inflammation and dysimmunity are implicated in multiple organ failure [START_REF] Bandt | Cytokines et métabolisme[END_REF]. Combined muscle wasting and inflammation-induced hypermetabolism generate a vicious circle and form an independent predictor of morbidity and mortality.

Depending on the clinical situation (e.g. inadequate nutrient supply, severe inflammation, etc.), muscle wasting may result from a relative or absolute decrease in protein synthesis and/or increase in protein breakdown at the whole-body level [START_REF] Rittig | Amino acid supplementation is anabolic during the acute phase of endotoxin-induced inflammation: A human randomized crossover trial[END_REF]. Assessment of the effects of new nutritional strategies in models differing in how they adapt to injury should thus henceforth be considered an essential prerequisite for considering any human application.

In the past decades, research into new nutritional strategies has pointed to a possible efficacy of high doses of specific nutrients (i.e. pharmaconutrients), and particularly of some AAs, in limiting muscle wasting. Although these have proved their usefulness in specific clinical situations (e.g. perioperative care), their use in ICU is controversial after disappointing results [START_REF] Ginguay | Indications and contraindications for infusing specific amino acids (leucine, glutamine, arginine, citrulline, and taurine) in critical illness[END_REF] and concern about possible deleterious effects [START_REF] Suchner | Immuno-modulatory actions of arginine in critically ill[END_REF] [START_REF] Heyland | A randomized trial of glutamine and antioxidants in critically ill patients[END_REF]. Studies on glutamine (Gln) [START_REF] Ginguay | Indications and contraindications for infusing specific amino acids (leucine, glutamine, arginine, citrulline, and taurine) in critical illness[END_REF] [10] [START_REF] Soeters | Meta-analysis is not enough: The critical role of pathophysiology in determining optimal care in clinical nutrition[END_REF] highlight the diversity of metabolic situations occurring in ICU patients and the need to clearly define the indications and contraindications of pharmaconutrients in specific ICU subpopulations.

In this setting, citrulline (Cit) could offer an interesting alternative [START_REF] Breuillard | Citrulline and nitrogen homeostasis: an overview[END_REF]. This AA has been shown to stimulate protein synthesis in rodents [START_REF] Osowska | Citrulline modulates muscle protein metabolism in old malnourished rats[END_REF] [14] [START_REF] Jourdan | Citrulline stimulates muscle protein synthesis in the post-absorptive state in healthy people fed a low-protein diet -A pilot study[END_REF], and this effect has been confirmed in healthy adult male volunteers given a low protein diet for three days [START_REF] Plénier | Effects of leucine and citrulline versus non-essential amino acids on muscle protein synthesis in fasted rat: a common activation pathway?[END_REF]. This property of Cit may be related, at least in part, to a direct action on the mammalian muscle target of rapamycin complex 1 (mTORC1) [START_REF] Breuillard | Citrulline and nitrogen homeostasis: an overview[END_REF], a key transduction pathway in the activation of protein synthesis [START_REF] Gordon | Nutrient-Induced Stimulation of Protein Synthesis in Mouse Skeletal Muscle Is Limited by the mTORC1 Repressor REDD11-3[END_REF]. While Cit is effective on muscle protein synthesis, its effects on muscle proteolysis are unknown. Cit pools are deeply depleted in ICU patients (see [START_REF] Cynober | Potential interests of citrulline in critically ill patients[END_REF] for a recent review), in particular in septicemia situation [18]. Indeed, in septic patients there are metabolic alterations that might contribute to reduce arginine availability like a slower rate of arginine production or an increased arginine clearance. As arginine is one of theprecursors of Cit [START_REF] Cynober | Potential interests of citrulline in critically ill patients[END_REF], the decreased availability of the former might explains the decreased synthesis of the latter. Furthermore, Grimaldi et al. [19], in a study on 21 ICU patients resuscitated after cardiac arrest of, showed marked intestinal injury, with dramatically decreased plasma Cit, and increased endotoxemia.

In addition, there is a correlation between hypocitrullinemia and hypo-argininemia. Hypo-argininemia causes a decrease of NO concentration that leads to vascular and immune complications [START_REF] Villalpando | In vivo arginine production and intravascular nitric oxide synthesis in hypotensive sepsis[END_REF].

Data on the effects of Cit in hypercatabolic situations are few, although Cit supplementation could blunt proteolysis by acting on both the inflammatory process and the muscle:

-Cit exerts trophic effects on the gut [START_REF] Wijnands | Citrulline a more suitable substrate than arginine to restore no production and the microcirculation during endotoxemia[END_REF] and could therefore be potentially protective against bacterial translocation. Wijnands et al. [START_REF] Wijnands | Citrulline a more suitable substrate than arginine to restore no production and the microcirculation during endotoxemia[END_REF], in a model of sepsis (LPS infusion in mice), showed an improvement of intestinal microcirculation in animals supplemented with Cit, while Batista et al. [START_REF] Batista | Pretreatment with citrulline improves gut barrier after intestinal obstruction in mice[END_REF] showed that Cit preserved the integrity of the intestinal barrier, and the pro-inflammatory/antiinflammatory cytokine balance.

-Cit exerts direct regulatory effects on the inflammatory response of macrophages [START_REF] Osowska | Citrulline increases arginine pools and restores nitrogen balance after massive intestinal resection[END_REF] [24] [START_REF] Breuillard | In vitro anti-inflammatory effects of citrulline on peritoneal macrophages in Zucker diabetic fatty rats[END_REF].

Cit administration may therefore be a useful therapeutic strategy in major disturbances of muscle protein turnover such as hypercatabolic situations (trauma, sepsis, severe inflammation, etc.).

Our aim was to investigate the effects of Cit on muscle homeostasis in three well-characterized models of hypercatabolism: lipopolysaccharide (LPS)-induced endotoxemia [START_REF] Pernet | Dose dependency of the effect of ornithine alpha-ketoglutarate on tissue glutamine concentrations and hypercatabolic response in endotoxaemic rats[END_REF], traumatic brain injury (TBI) [START_REF] Charrueau | Metabolic response and nutritional support in traumatic brain injury: evidence for resistance to renutrition[END_REF] and TBI with E. coli superinfection (TBI-Ec) [START_REF] Moinard | In vivo bioluminescent imaging of a new model of infectious complications in head-injury rats[END_REF]; these models may differ in the adaptation of protein metabolism to stress, with increased proteolysis, decreased protein synthesis or both.

Materials and Methods

• Animals

Animal care and experimentation complied with the French regulation on the protection of animals used for experimental and scientific purposes. This program was approved by the Ile-de-France regional ethics committee for animal experimentation (No. 14-008-Bis). The program manager (LC) and several other co-investigators are authorized by the Ministry of Agriculture and Forestry to perform experiments (OK, SLP and JPDB) and surgery (CV) on rodents.

Fifty-eight male Sprague-Dawley rats (8 weeks old, 200-220 g; Charles River Laboratories, L'Arbresle, France) were placed in a temperature-controlled room (21 ± 1 °C), in a 12 h light-dark cycle (light from 20.00 to 8.00). During the 7-day acclimatization period (D-14 to D-7), the rats were fed a standard chow diet (17.93% protein, 3.15% fat, 12.2% water, 3.94% fiber, 4.6% vitamins and 5.7% minerals; M20, Dietex France, Argenteuil, France) ad libitum and had free access to drinking water.

• Enteral nutrition (EN)

EN in rodents via gastrostomy is a well-validated method in our laboratory [START_REF] Moinard | An oligomeric diet limits the response to injury in traumatic brain-injured rats[END_REF]. Animals that were to be enterally fed (see below) were fasted from 5 pm on D-8 and underwent gastrostomy on D-7 (Figure 1). To prevent perioperative pain, the animals received a subcutaneous injection of buprenorphine (Buprecare®; 0.06 mg/kg body weight; Axiences SAS, Pantin, France) 30 min before surgery. After anesthesia by continuous isoflurane inhalation (2% O2, 2 L/min), a laparotomy was performed and a tygon tube (Fisher Bioblock Scientific, Illkirch, France) was placed in the stomach. A six-day recovery period has been previously validated for optimal postoperative recovery before the start of EN, rats being fed standard chow diet until D-1; catheter patency was meanwhile ensured by water infusion (0.4 mL/h).

After the catabolic injuries on D0, rats were fasted for 24 h as is usual in a clinical setting because of post-injury ileus [START_REF] Kreymann | ESPEN Guidelines on Enteral Nutrition: Intensive care[END_REF]. EN was started on D1 for 48 h (D3). The rats received a standard polymeric high protein enteral diet (290 kcal/kg/day; Sondalis® HP energy, Nestlé Health Science, Noisiel, France ; see annex 1 for composition) delivered continuously with a syringe pump (model 70-2208 or 55-1199; Harvard Apparatus, Les Ulis, France) at a continual rate of 2.2 ml/ hour.

• Models of catabolism Endotoxemia (LPS) was induced under isoflurane inhalation by intra-peritoneal (IP) injection of LPS from E. coli (strain: 0127: B8; Sigma Aldrich, Saint-Quentin-Fallavier, France), at a dose of 3 mg/kg (LPS solution at 1.5 mg/ml) [START_REF] Pernet | Dose dependency of the effect of ornithine alpha-ketoglutarate on tissue glutamine concentrations and hypercatabolic response in endotoxaemic rats[END_REF].

Traumatic brain injury (TBI) was induced by hydraulic percussion (1.6-1.8 bar for 20 ms) of the right temporoparietal cortex as described previously [START_REF] Pernet | Dose dependency of the effect of ornithine alpha-ketoglutarate on tissue glutamine concentrations and hypercatabolic response in endotoxaemic rats[END_REF]. For the induction of TBI, the rats under isoflurane anesthesia were placed on a thermostatically controlled plate to keep their body temperature constant (37.5 ± 0.5 °C). This procedure was associated with a 20% fatality rate related to respiratory failure immediately after the hydraulic percussion. TBI is a well-validated model in the literature and in our laboratory [START_REF] Charrueau | Metabolic response and nutritional support in traumatic brain injury: evidence for resistance to renutrition[END_REF].

Traumatic brain injury with secondary superinfection (TBI-Ec) associated TBI (see above) on D0, and on D1 the administration of a bolus of live luminescent E. coli Xen-14 (1.3 10 9 bacteria/ml/rat; strain WS2572; Xenogen Corps., Alameda, CA) via the nutrition catheter [START_REF] Moinard | In vivo bioluminescent imaging of a new model of infectious complications in head-injury rats[END_REF].

• Study design

Enterally fed rats were randomized into six groups (n = 8 or 9 per group) according to the catabolic insult and the twice daily administration via the nutrition catheter of boluses of Cit (2 g/kg/day), or an isonitrogenous dose of non-essential amino acids (NEAAs) without pharmacological effect at the used doses: alanine (Ala), glycine (Gly), proline (Pro), serine (Ser) and asparagine (Asn), Sigma Aldrich: In addition an absolute control group (CON, n = 9) of healthy rats spontaneously fed a standard chow diet and water ad libitum was formed, which is much representative of health status of healthy people. This allows getting normal values for comparison with stressed rats, supplemented or not with Cit.

Throughout the experiments the rats were placed in metabolic cages for daily urine collection and body weight measurement. On D3, EN was stopped 2 h 40 min before euthanasia; 30 min before euthanasia the rats were anesthetized by isoflurane inhalation (2% O2, 2L /min) and received an IP injection of puromycin (10 mg/ml; Merck Millipore, Guyancourt, France) to evaluate muscle protein synthesis (MPS) by the SunSET (Surface Sensing of Translation) method [START_REF] Schmidt | SUnSET, a nonradioactive method to monitor protein synthesis[END_REF] [START_REF] Goodman | Novel insights into the regulation of skeletal muscle protein synthesis as revealed by a new nonradioactive in vivo technique[END_REF]. After 30 minutes, the rats were anesthetized and euthanatized by beheading. Blood was collected on EDTA for plasma AA determination. The liver, thymus and spleen were removed and weighed immediately. The soleus, extensor digitorum longus (EDL), gastrocnemius and tibialis muscles from both hindlimbs were collected, and samples were weighed, frozen in liquid nitrogen and stored at -80 °C until analysis. These four muscles were selected because they differ widely in their functions and fiber types [START_REF] Maltin | Fiber-type composition of nine rat muscles. I. Changes during the first year of life[END_REF], and have different metabolic responses to stress [START_REF] Hasselgren | Protein metabolism in different types of skeletal muscle during early and late sepsis in rats[END_REF]. We conducted a pilot study to target the most adequate moment to study the effect of Cit on our models. Thanks to the obtained results, we concluded that beyond the 3 days after the aggression, the animals were no longer in a hypercatabolic situation (data not shown).

• Severity of neurological trauma

This was assessed on D3 using the neurological examination grading scale (NEGS) as described previously [START_REF] Besson | Deleterious activation of poly(ADP-ribose)polymerase-1 in brain after in vivo oxidative stress[END_REF].

• Plasma and muscle AAs

Plasma samples for AA determination were separated by centrifugation at 4 °C, 15 min, 3000 g, and deproteinized with 30% sulfosalicylic acid (SSA) (200 µL of plasma + 20 µL of 30% SSA) and incubation for 10 min at 4 °C, followed by centrifugation for 5 min, 10000 g. The supernatant was collected and stored at -80 °C until analysis. 150 mg of the right hindlimb muscles were ground in ice in 10% TCA/0.5 mM EDTA/250 µM aminoethyl L-cysteine (10 v/w) with an Ultraturrax (IKA® Labortechnik, Staufen im Breisgau, Germany) and centrifuged at 4 °C, 3000 g. After 10 min incubation in ice, the samples were centrifuged at 4 °C, 1500 g, 10 min, and the supernatant was separated and frozen at -80 °C until analysis by ion-exchange chromatography using an AminoTac AA analyzer (JEOL, Croissysur-Seine, France) [START_REF] Neveux | Chapter 1: Measurement of amino acid concentrations in biological fluids and tissues using ion exchange chromatography[END_REF]. The pellet was then used for the determination of muscle protein content.

After delipidation by ether/ethanol (v/v) for 45 min and centrifugation at 4 °C, 10 min, 1500 g, the supernatant was discarded, and the proteins were dissolved in 1 N NaOH (1/33 v/w) at 40 °C overnight.

Samples were then stored at -20 °C until protein determination.

• Plasma IL-6

This was determined with an ELISA Kit (R&D Systems, Lille, France)

• Nitrogen homeostasis and protein metabolism

Assuming that non-urinary nitrogen losses were low and similar in all groups (all animals displaying normal digestive tolerance and no diarrhea was observed), nitrogen balance (ΔN, g N/24 h) was calculated as the difference between nitrogen intake and urinary nitrogen excretion. Urinary nitrogen was measured after diluting 1:40 in distilled water by pyrochemiluminescence (Antek, Houston, TX).

Myofibrillar catabolism (i.e. actin and myosin catabolism) [START_REF] Sjolin | Splanchnic and peripheral release of 3-methylhistidine in relation to its urinary excretion in human infection[END_REF] was evaluated on 24-hour urines, by measuring the urinary 3-Methylhistidine (3-MHis) to creatinine ratio. Urinary creatinine was measured using a COBAS 8000 analyzer (Roche, Meylan, France). For 3-MHis determination, urine samples were first hydrolyzed with 35% HCl (v/v) at 100 °C overnight. After centrifugation, the supernatants were filtered (Millex®, Millipore, Bedford, MA) and stored at -20 °C until analysis using the AminoTac AA analyzer.

Muscle protein synthesis (MPS) in soleus, EDL, gastrocnemius and tibialis muscles was evaluated by the SunSET method, and quantified by Western blot [START_REF] Schmidt | SUnSET, a nonradioactive method to monitor protein synthesis[END_REF] [32] using anti-puromycin antibodies (1:1000, clone 12D10; Millipore). For that purpose, an IP injection of puromycin was performed 30 min prior to euthanasia. Puromycin is an antibiotic whose structure mimics that of amino acyl tRNAs. It is inserted during the peptide elongation step of protein synthesis. Peptides that have incorporated puromycin are quantitated by Western blot. The intensity of the profile reflecting the rate of protein synthesis.

Activation of the mTORC1 signaling pathway was evaluated by the phosphorylation status of S6K-1 and 4E-BP1 assessed by Western blot using anti-phospho4E-BP1 (Ser65) (1: 500), anti-4E-BP1 (1: 1000), anti-phosphoS6K-1 (Thr389) (1: 1000), and anti-S6K1 (1: 500) antibodies (Cell Signalling; Saint-Quentinen-Yvelines, France). Briefly, frozen muscles were ground to powder in liquid nitrogen, weighed and homogenized in 10 volumes of ice-cold lysis buffer containing 40 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM EGTA, 0.5% Triton x-100, 1 mM sodium orthovanadate, 25 mM sodium glycerophosphate, 25 mM sodium fluoride, 10 μg/ml leupeptin and protease inhibitor cocktail (complete protease inhibitor cocktail, Roche). The samples were continuously homogenized (1 h at 4 °C) and then centrifuged at 18000 g for 30 min at 4 °C. Supernatants were aliquoted and stored at -80 °C. Sample protein concentrations were determined with a DC protein assay kit (Bio-Rad Laboratories, Marnes-la-Coquette, France). Equivalent amounts of protein (3 mg/ml) from each sample were dissolved in Laemmli buffer and separated by 4-15% SDS-PAGE (Mini-protean TGX TM precast protein gels, Bio-Rad Laboratories). Proteins were transferred to a nitrocellulose membrane. The transfer was verified by Ponceau red staining. The membrane was then blocked for 1 h with 5% powdered milk in TBST (Trisbuffered saline with 0.05% Tween 20). Nitrocellulose blots were then incubated overnight at 4 °C with appropriate primary antibody.

After washing, membranes were incubated for 1 h at room temperature in 5% milk-TBST with corresponding secondary antibody (horseradish peroxidase conjugated anti-mouse antibody, 1: 10,000, Jackson ImmunoResearch Laboratories Inc., Newmarket, UK; horseradish peroxidase conjugated anti-rabbit antibody, 1: 5,000, Dako, Les Ulis, France). Proteins were then visualized using enhanced chemiluminescence (ECL™Select, GE Healthcare, Paris, France) on an ImageQuant™ Las 4000 system (GE-Healthcare) using a CCD camera. Quantifications were performed using image analysis software (Image J), and the optical density (OD) signal of puromycin was reported relative to that of Ponceau red staining of each sample. For mTORC1 pathway, OD signals of pS6K-1 and p4E-BP1 were reported relative to that of the total form of the corresponding molecule.

• Monitoring of infectious complications

Bacterial proliferation was evaluated using the bioluminescent properties of the E. coli-Xen14 bacteria used for the bacterial challenge. In vivo bacterial proliferation was evaluated by bioluminescence analysis at 2 h and 4 h after bacteria administration using a cooled intensified charge-coupled device camera (Biospace; Photon Imager, Paris, France), and the results given as ph/s/cm 2 /sr of the regions of interest (ROI).

• Data analysis

This study required 78 rats; the total number of rats is based on the variability of the parameters studied as previously evaluated by our laboratory and the drop-out rate associated with the procedures implemented. 20 animals were excluded: 9 that died following TBI, and 11 that were discarded because of feeding pump problems.

Results are expressed as mean ± SD. Statistical analysis was performed after assessing normality of data distribution (kurtosis and skewness test). For body weight, ΔN, 3-MHis/creatinine ratio and bioluminescence intensity, we used two-way repeated-measurement ANOVA followed by a Bonferroni post-test. For other parameters, we used non-parametric Kruskal-Wallis and Mann-Whitney tests.

Statistical analysis was done using Graphpad Prism (version 5.0, Graphpad Software Inc., San Diego, CA, USA). Differences were considered significant at p < 0.05.

Results

Neurological status in TBI models

The neurological examination grading scale score was significantly (p < 0.0001) lower in all the TBI and TBI-Ec groups compared with the others (Table 1).

IL-6 plasma level:

IL-6 plasma level was significantly higher in all the catabolic groups vs. CON (p < 0.005) with no difference between treatments (Cit or NEAA) (Table 2).

Body weight variation between D0 and D3

Body weight at D0 was significantly lower in the EN groups than in CON (p < 0.05). It declined significantly in all EN groups at D1 compared to D0, and remained lower than CON at D2 and D3, similarly in all the catabolic groups (Figure 2). We did not observe any effect of Cit, whatever the type of injury.

Organ weights

Lower liver and thymus weights were observed whatever the catabolic model compared with CON (p < 0.0001) (Table 3). Liver weight was significantly lower in the presence of Cit vs. NEAA in all three hypercatabolic models. Concerning the thymus, there was no differences between Cit-and NEAAsupplemented rats in any of the catabolic groups. Endotoxemia alone led to spleen hypertrophy compared with the other catabolic groups (p < 0.0001), and there was no effect of Cit.

A decrease in all muscle weights was observed in all the catabolic groups vs. CON (p < 0.005) except for soleus from the TBI-CIT group (Table 3), with no difference according to the treatment (Cit vs.

NEAA).

Nitrogen balance

From D1 after the catabolic injuries (LPS or TBI), compared with CON, there was a strong significant decrease in ∆N, which was negative on D1 (p < 0.001; TBI and LPS vs. CON) (Figure 3), became positive on D2, but still remained significantly different from CON (p < 0.001). ∆N in the LPS-CIT group was significantly lower than in the LPS-NEAA group on D2 and D3 (p < 0.05).

3-MHis/creatinine ratio

The 3-MHis/creatinine ratio was significantly higher on D1 in all catabolic groups compared with CON (Figure 4). On D2, it remained elevated in rats undergoing LPS or TBI whatever the Cit or NEAA supplement (p < 0.0001, LPS and TBI models vs. CON), while in rats with TBI-Ec given CIT, 3-MHis/creatinine was no longer significantly different from CON. Finally, this ratio returned to normal at D3 in all groups.

Muscle protein contents

In gastrocnemius muscle, protein content was significantly higher after TBI whatever the supplement compared with CON (TBI-NEAA vs. CON, p = 0.03; TBI-CIT vs. CON, p = 0.05) and in TBI-Ec-CIT vs. CON (p = 0.002). For the other muscles, no changes in protein content were observed in any of the three models vs. CON (data not shown) (Table 4).

Plasma AA concentrations (Table 5):

In the three groups of catabolic rats supplemented with NEAA, plasma concentration of arginine (Arg) was significantly lower compared with CON (p < 0.006). Plasma concentration of Cit and ornithine (Orn) were significantly lower in the TBI-Ec model vs. CON (p = 0.007). Plasma concentration of Orn was also significantly lower in the TBI model vs. CON (p = 0.004). Concerning branched-chain amino acids (BCAAs), the three groups of catabolic rats had higher concentrations of valine (Val), leucine (Leu) and isoleucine (Ile) than the other groups (p < 0.001). Phenylalanine-to-tyrosine ratio (Phe/Tyr) (p < 0.04), proline (Pro) (p < 0.001), glutamate (Glu) (p < 0.0001), serine (Ser) (p < 0.05), asparagine (Asn) (p < 0.05) and alanine (Ala) (p < 0.05) concentrations were higher in all the catabolic groups compared with CON. As expected supplemental AAs were increased in their corresponding groups.

In Cit-treated groups, the plasma concentrations of Cit, Arg and Orn were increased compared with CON and NEAA-treated groups. Pro, Ser, Asn, Glu and Ala concentrations were higher in the three NEAA-treated hypercatabolic groups compared with Cit (p < 0.0001), but there was no difference for Pro or Glu between Cit and CON. We did not note any changes for the other AAs (data not shown).

Muscle AA concentrations (Table 6)

In the three catabolic groups supplemented with NEAA, Ser, Asn and Pro concentrations were higher vs. CON (p < 0.05) in soleus, EDL, tibialis and gastrocnemius muscles. Cit concentration was decreased in the four muscles in all three models vs. CON (p < 0.007). Arg concentration was decreased in soleus, tibialis and gastrocnemius muscles in all three hypercatabolic models vs. CON (p < 0.03).

Cit treatment increased Arg, Orn and Cit in all three catabolic groups in the four muscles under study.

Conversely Pro, Ser, Asn and Ala concentrations were lower in all three Cit-treated hypercatabolic models compared with NEAA (p < 0.05). We did not note any changes for the other AAs (data not shown).

Muscle protein synthesis rate

The protein synthesis rate was significantly increased in LPS-CIT compared with CON in EDL muscle (p = 0.01) (Figure 5 A), and in gastrocnemius muscle (p = 0.048) (Figure 5 B).

mTORC1 pathway: phosphorylation level of pS6K-1 and p4E-BP1

Since MPS was modified by Cit only in EDL and gastrocnemius, the mTOR pathway was studied only in these two muscles. In the EDL, we observed a significant increase in the phosphorylation state of S6K-1 in the LPS-CIT group vs. CON (LPS-CIT: 0.9 ± 0.5 and CON: 0.4 ± 0.3, mean ± SD, p = 0.036) (Figure 6 A). No difference was observed for the phosphorylation state of 4E-BP1 (Figure 6 B).

In the gastrocnemius, we observed no significant change in the phosphorylation state of either S6K-1 or 4E-BP1 proteins in the different groups (data not shown).

Monitoring of the proliferation of E. coli Xen14

The luminescence signal peaked at 2 h after bacteria administration, and at 4 h tended to be lower (p = 0.054) in TBI-Ec-CIT than in TBI-Ec-NEAA (Figure 7).

Discussion

This study aimed (i) to investigate the impact on protein turnover of three different hypercatabolic situations likely to differ in the adaptation of protein metabolism to stress: increased proteolysis, decreased protein synthesis, or both, and (ii) to evaluate the possible effects of Cit supplementation on muscle wasting in these three situations, taking into account the metabolism of Cit in ICU patients [START_REF] Cynober | Potential interests of citrulline in critically ill patients[END_REF] and its effects on muscle protein metabolism in other clinical situations (see [START_REF] Breuillard | Citrulline and nitrogen homeostasis: an overview[END_REF] for a recent review).

Effect of type of injury on protein metabolism

The three catabolic injuries that we studied represent different pathophysiologic responses:

-Administration of a single non-lethal dose of LPS is expected to induce a short-lived metabolic response owing to its short half-life, and in the case of repeated administration, the development of resistance to LPS [38] [39]. An alternative is the administration of live bacteria, or the cecal ligation and puncture model, which may reproduce a long-lasting clinical sepsis model, but it is associated with high mortality rate, while bacteremia and the subsequent metabolic response are very heterogeneous [START_REF] Buras | Animal models of sepsis: setting the stage[END_REF].

-TBI induces tissue lesions and thus a long-lasting catabolic response and healing period, which in theory requires more time than LPS [START_REF] Moinard | Characterization of the alteration of nutritional state in brain injury induced by fluid percussion in rats[END_REF].

-TBI is often associated with septic complications and anorexia, which can affect the immune system [START_REF] Charrueau | Metabolic response and nutritional support in traumatic brain injury: evidence for resistance to renutrition[END_REF]. It is one of the most frequent complications among TBI patients in the ICU. TBI-associated alterations in intestinal barrier function increase the risk of bacterial translocation [START_REF] Plantefève | Translocation bactérienne : mythe ou réalité ?[END_REF], sometimes leading to septicemia and a worsening of the catabolic response to stress [START_REF] Charrueau | Metabolic response and nutritional support in traumatic brain injury: evidence for resistance to renutrition[END_REF], and so poorer prognosis.

In our study, this state is represented by our third model: TBI-Ec.

As stated above, our hypercatabolic models are characterized by anorexia. This constitutes a major confounding factor in some studies published in the field [e.g. 43]. For this reason, and in keeping with the clinical setting, our traumatized rats were fed enterally. We used a high protein diet as recommended for catabolic ICU patients [START_REF] Lefrant | Guidelines for nutrition support in critically ill patient[END_REF]. Of note, before starting our experiments a six-day time lapse was estimated [START_REF] Moinard | Characterization of the alteration of nutritional state in brain injury induced by fluid percussion in rats[END_REF] to allow for full recovery after gastrostomy. Apparently, based on our body weight results, six days are not enough for recovery after gastrostomy in rodents.

Assuming that the NEAA supplement has no particular properties, the three models of stress are characterized by inflammation, as shown by increased plasma IL-6 (even if IL-6 may have an antiinflammatory action in certain circumstances), and net protein loss with negative ∆N and increased plasma PHE/TYR ratio, two markers of whole body protein homeostasis, and increased urinary 3-MHis/creatinine ratio, a marker of myofibrillar catabolism [START_REF] Askanazi | Muscle and plasma amino acids following injury. Influence of intercurrent infection[END_REF] [START_REF] Weijs | Proteins and amino acids are fundamental to optimal nutrition support in critically ill patients[END_REF]. A previous study by us [START_REF] Moinard | Characterization of the alteration of nutritional state in brain injury induced by fluid percussion in rats[END_REF] indicates, in the same model of TBI, a significant increase in 3-MHis/creatinine ratio with a peak on D2 and degraded ∆N during the first days after TBI. Pernet et al. [START_REF] Pernet | Dose dependency of the effect of ornithine alpha-ketoglutarate on tissue glutamine concentrations and hypercatabolic response in endotoxaemic rats[END_REF] also observed a significant D1-D3 cumulative increase in 3-MHis/creatinine ratio and a negative ∆N in LPS-treated rats. Here we report similar results: negative ∆N on D1 associated with an increase in the urinary 3-MHis/creatinine ratio (which peaked on D1-D2 for all three hypercatabolic models). However, our results show that 2 days after injury whatever the group, rats presented a positive ∆N, and urinary 3-MHis/creatinine ratio returned to normal. These results are somewhat surprising, especially for the TBI model, for which the metabolic disturbances had been characterized previously in detail, and which presented a longlasting, much more marked catabolic state [START_REF] Moinard | Characterization of the alteration of nutritional state in brain injury induced by fluid percussion in rats[END_REF]. On the other hand, Charrueau et al [START_REF] Ch | Evaluation of a new concept of immune-enhancing diet in a model of head-injured rat with infectious complications: A proof of concept study[END_REF], have reported the same result for the 3-MHis/creatinine ratio. This difference can probably be explained by the improvements we made to the procedure of anesthesia and in the management of animal pain. To comply with the new directives on animal well-being, the anesthesia with chloral hydrate used in previous protocols, now prohibited, was replaced by isoflurane, and the animals received analgesics twice a day for 48 h after TBI. These changes in the protocol certainly make the model less aggressive, and it is known that pain intensifies protein hypercatabolism [START_REF] Kehlet | Anaesthesia, surgery, and challenges in postoperative recovery[END_REF].

Also, the studies conducted up to now using the TBI model differed from ours in the nutrition strategy in terms of chow diet [START_REF] Moinard | Characterization of the alteration of nutritional state in brain injury induced by fluid percussion in rats[END_REF] vs. NE, or the fasting period after injury [START_REF] Charrueau | Metabolic response and nutritional support in traumatic brain injury: evidence for resistance to renutrition[END_REF] [29] [START_REF] Hamani | Effect of an immuneenhancing diet on lymphocyte in head-injured rats: what is the role of arginine?[END_REF]. They started the nutrition 4 h after TBI with a low flow, to reach the maximum flow at D1. In addition, ∆N or 3-Mhis/creatinine ratio were not measured in some key papers [START_REF] Moinard | An oligomeric diet limits the response to injury in traumatic brain-injured rats[END_REF]. Our data, however, highlight differences in profiles between the three models: the LPS and TBI models presented a more marked myofibrillar catabolism on D2 than did TBI-Ec. Finally, there were discrepancies between ∆N variations and tissue weight variations. However, we did not measure tissue fat and body fat mass which are likely decreased following trauma. Also, a hypercatabolic situation may be characterized by a decrease in plasma Cit [START_REF] Ware | Low plasma citrulline levels are associated with acute respiratory distress syndrome in patients with severe sepsis[END_REF] and Arg [START_REF] Flakoll | Protein and glucose metabolism during isolated closedhead injury[END_REF] concentrations: this was not observed in our models, a finding similar to that of Louin et al. [START_REF] Louin | Plasma concentrations of arginine and related amino acids following traumatic brain injury: Proline as a promising biomarker of brain damage severity[END_REF]. The pathway from Arg/Cit to nitric oxide is extremely versatile, with variable adaptation according to severity of the injury and whether it is septic or not [START_REF] Cynober | Potential interests of citrulline in critically ill patients[END_REF] [START_REF] Deutz | The 2007 ESPEN Sir David Cuthbertson Lecture: amino acids between and within organs. The glutamate-glutamine-citrulline-arginine pathway[END_REF]. Of note, we did not observe any Cit effect on inflammation, assessed by IL-6 plasma levels. This contrasts with results of Batista et al. [START_REF] Wijnands | Citrulline a more suitable substrate than arginine to restore no production and the microcirculation during endotoxemia[END_REF], who showed a Cit effect on interferon γ. The effect of Cit on inflammation may be related to its effect on gut trophicity [START_REF] Wijnands | Citrulline a more suitable substrate than arginine to restore no production and the microcirculation during endotoxemia[END_REF] [22], and we did not observe any significant Cit effect on bacterial translocation (p = 0.054). More surprising was the increase in the plasma and muscle Pro levels: experimental studies conducted up to now in both in vivo models (trauma [START_REF] Louin | Plasma concentrations of arginine and related amino acids following traumatic brain injury: Proline as a promising biomarker of brain damage severity[END_REF], sepsis [START_REF] Cerra | Proline metabolism in sepsis, cirrhosis and general surgery. The peripheral energy deficit[END_REF]) and clinical ones, have reported low plasma Pro levels after injury. The plasma AA concentrations reflect the difference between rates of appearance and disappearance [START_REF] Cynober | Plasma amino acid levels with a note on membrane transport: characteristics, regulation, and metabolic significance[END_REF]. A higher rate of AA appearance in plasma can reflect an imbalance between proteolysis and protein synthesis: for our three models we observed increased proteolysis. Once the AAs are released by the muscle, they are directed to the liver for protein synthesis or gluconeogenesis [START_REF] Weijs | Proteins and amino acids are fundamental to optimal nutrition support in critically ill patients[END_REF], but we did not evaluate the protein synthesis rate in liver and gluconeogenesis in our study. Another factor that can influence the rate of appearance is increased de novo synthesis in the muscle.

Effect of Cit on protein metabolism in the three models of catabolism

A rise in plasma and muscle concentrations of Arg and Orn was noted after Cit supplementation. In keeping with previous observations by us [START_REF] Batista | Pretreatment with citrulline improves gut barrier after intestinal obstruction in mice[END_REF] and others [START_REF] Meaney | Comparison of Watermelon and Carbohydrate Beverage on Exercise-Induced Alterations in Systemic Inflammation, Immune Dysfunction, and Plasma Antioxidant Capacity[END_REF], this is related to Cit metabolism into Arg in the kidney [START_REF] Moinard | Dose-ranging effects of citrulline administration on plasma amino acids and hormonal patterns in healthy subjects: the Citrudose pharmacokinetic study[END_REF]. Plasma and muscle Glu and Pro levels, which were higher in the three models (supplemented with NEAA), returned to normal values under Cit treatment. Cit, Arg, Orn, Pro and Glu form a complex metabolic network [START_REF] Wakabayashi | Chapter 9: The glutamate crossway[END_REF], and our findings need further study using stable isotopes.

Concerning the effect of Cit on muscle protein synthesis, we observed a significant increase in this rate in the EDL and gastrocnemius muscles in the LPS model only. It is known [START_REF] Holecek | Glutamine deficiency in extracellular fluid exerts adverse effects on protein and amino acid metabolism in skeletal muscle of healthy, laparotomized, and septic rats[END_REF] that the soleus slowtwitch muscle (type I fibers) is in general more resistant to the hypercatabolic condition than fasttwitch muscle (type II fibers: EDL and gastrocnemius). It is known that Cit, associated with malate (a Krebs cycle intermediate), may increase muscle performance during exercise, by its ability to raise nitric oxide level, leading to a vasodilatory response and so higher blood flow in muscles [START_REF] Sureda | Effects of L-citrulline oral supplementation on polymorphonuclear neutrophils oxidative burst and nitric oxide production after exercise[END_REF].

We investigated the mTORC1 pathway, and as expected, the phosphorylation state of S6K-1 was significantly increased vs. CON, but only for the EDL muscle. While EDL and gastrocnemius are both fast-twitch muscles, the gastrocnemius contains more type IIb than type IIa fibers [START_REF] Polla | Respiratory muscle fibres: specialisation and plasticity[END_REF]. The action of Cit can therefore be different according to the type of fiber: a study by Faure et al., [START_REF] Faure | Citrulline enhances myofibrillar constituents expression of skeletal muscle and induces a switch in muscle energy metabolism in malnourished aged rats[END_REF] demonstrated in an aged dietary restriction rat model that Cit supplementation can switch the muscular energy metabolism to aerobia or anaerobia by increasing the expression of myofibrillar proteins in tibialis muscle. On the other hand, it could suggest that the action of Cit may take other pathways.

Cit action on MPS did not translate in improvement in N balance (even worse in LPS model). This difference of behavior is because muscle is only a part of whole body turnover. This selective effect of Cit on muscle has been observed in experimental models [START_REF] Osowska | Citrulline modulates muscle protein metabolism in old malnourished rats[END_REF] and in humans [START_REF] Jourdan | Citrulline stimulates muscle protein synthesis in the post-absorptive state in healthy people fed a low-protein diet -A pilot study[END_REF].

In conclusion, our study shows that LPS and TBI models are more catabolic than TBI with infectious complications. The TBI model showed only a rise in muscle proteolysis, whereas the LPS model displayed a rise in both protein synthesis and proteolysis. Secondly, our results show that the Cit effect varies according to the type of injury and to the muscle under study. Muscle proteolysis was decreased on D2 only in the TBI-Ec model. The stimulation of MPS rate and the mTOR pathway in LPS-treated rats contrasts with degraded ΔN, suggesting that the Cit effect on protein metabolism in critically ill rats is limited at the whole-body level. This limited action of Cit in unlikely related to the fact that we used a high protein diet because i) a sufficient protein amount is likely required in order that Cit exerts its pharmacological action, and ii) the Cit-untreated stressed rats did not normalize their protein status despite the provision of the high protein diet. The values (mean ± SD) are expressed in µmol/g of muscle.

Analysis by non-parametric tests: Kruskal-Wallis and Mann-Whitney.

Values bearing different letters in a row are significantly different at p < 0.05. The optical density of phosphorylated form of S6K-1 and 4E-BP1 reported relative to that of the total form of the corresponding protein.

Statistical analysis by non-parametric tests: Kruskal-Wallis + Mann-Whitney.

* p = 0.036. Results are given as ph/s/cm 2 /sr in regions of interest with their mean ± SD.

Analysis by a two-way repeated measurement ANOVA followed by Bonferroni post-test. 35 
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  LPS-NEAA (n = 8) with LPS, given NEAA -LPS-CIT (n = 8) with LPS, given Cit -TBI-NEAA (n = 8) with TBI, given NEAA -TBI-CIT (n = 8) with TBI, given Cit -TBI-Ec-NEAA (n = 8) with TBI and E. coli gavage, given NEAA -TBI-Ec-CIT (n = 9) with TBI and E. coli gavage, given Cit.

  Examination Grading Scale, TBI = Traumatic Brain Injury, LPS = Lipopolysaccharides, TBI-Ec = Traumatic Brain Injury with superinfection by E. coli Xen14. Analysis by non-parametric Kruskal-Wallis test. Values (mean ± SD) bearing different letters are significantly different at p < 0.0001. CON, n = 9; LPS, n = 16 ; TBI, n= 16 ; TBI+ Ec, n = 17. a 280 ± 68 b 253 ± 38 b 240 ± 28 b 298 ± 111b 215 ± 60 b 328 ± 213b Data are expressed in pg/ml Analysis by non-parametric tests: Kruskal-Wallis + Mann-Whitney. Values (mean ± SD) bearing different letters are significantly different at p < 0.05. Gastrocnemius 1420 ± 134a 1041 ± 111b 933 ± 324 b 1111 ± 104 b 1177 ± 93 b 1111 ± 76b 1044 ± 107b Analysis by non-parametric tests: Kruskal-Wallis + Mann-Whitney. Liver, thymus, and spleen weight are expressed in g, that of muscles in mg. Values (mean ± SD) bearing different letters in a row are significantly different at p < 0.001. CON, n = 9; LPS-NEAA, n = 8, LPS-CIT, n = 8; TBI-NEAA, n = 8; TBI-CIT, n = 8; TBI-Ec-NEAA, n = 8; TBI-Ec-CIT, n = 9.

  Gastrocnemius protein content is expressed in % of proteins/ 100 g muscle. Statistics used non-parametric tests: Kruskal-Wallis + Mann-Whitney. Values (mean ± SD) bearing different letters in a row are significantly different at p < 0.05. CON, n = 9; LPS-NEAA, n = 8, LPS-CIT, n = 8; TBI-NEAA, n = 8; TBI-CIT, n = 8; TBI-Ec-NEAA, n = 8; TBI-Ec-CIT, n = 9.

CON, n = 9 ;

 9 LPS-NEAA, n = 8, LPS-CIT, n = 8; TBI-NEAA, n = 8; TBI-CIT, n = 8; TBI-Ec-NEAA, n = 8; TBI-Ec-CIT, n = 9.

Figure 6 .

 6 Figure 6. Phosphorylation state of S6K (A) and 4E-BP1 (B) in the EDL muscle.

Figure 7 .

 7 Figure 7. Bacterial luminescence 2 h (A) and 4 h (B) after E. coli Xen 14 administration and computerized values.Levels of computerized luminescence vary from low (red) to high (purple) (a). Bioluminescence intensity 2 h and 4 h after E. coli Xen14 administration in rats with traumatic brain injury and infectious complications (TBI-Xen 14) rats.
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 4 : p = 0.054.
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Table 1 . Neurological examination grading scale score for three catabolic models.

 1 

		CON	LPS	TBI	TBI-Ec
	NEGS	8.7 ± 0.		

Table 4 . Protein content in the gastrocnemius muscle

 4 

	CON	LPS	LPS + CIT	TBI	TBI + CIT	TBI-Ec + NEAA	TBI-Ec + CIT
	Gastrocnemius 13.4 ± 0.6b 13.7 ± 0.7b 13.2 ± 0.8b 14.7 ± 0.6a 14.2 ± 0.7 a 14.7 ± 0.9b 15.4 ± 0.9a
	The muscles were removed on D3.						

Table 6 . Selected muscle AA concentrations (µmol/g).

 6 

		CON	LPS-NEAA	LPS-CIT	TBI-NEAA	TBI-CIT	TBI-Ec-NEAA	TBI-Ec-CIT
	Soleus							
	Cit	0.22 ± 0.04b	0.13 ± 0.02 c	1.46 ± 0.23 a	0.15 ± 0.03 c	2.23 ± 0.37 a	0.14 ± 0.01 c	2. 00 ± 0.16a
	Arg	0.13 ± 0.02 b	0.08 ± 0.02 c	0.39 ± 0.14 a	0.09 ± 0.02 c	0.74 ± 0.19 a	0.09 ± 0.03 c	0.49 ± 0.14 a
	Orn	0.02 ± 0.01 b	0.02 ± 0.01 b	0.06 ± 0.02 a	0.02 ± 0.01 b	0.10 ± 0.04 a	0.02 ± 0.01 b	0.09 ± 0.03 a
	Pro	0.12 ± 0.04 b	0.34 ± 0.08 a	0.11 ± 0.03 b	0.40 ± 0.07 a	0.12 ± 0.02 b	0.41 ± 0.09 a	0.10 ± 0.03 b
	Ala	1.13 ± 0.28 a	0.88 ± 0.15 a	0.52 ± 0.07 b	0.87 ± 0.25 a	0.53 ± 0.15 b	0.86 ± 0.10 a	0.44 ± 0.16 c
	Ser	0.46 ± 0.10 b	1.00 ± 0.15 a	0.38 ± 0.10 b	0.99 ± 0.17 a	0.27 ± 0.07 c	0.97 ± 0.16 a	0.26 ± 0.04 c
	Asn	0.16 ± 0.04 a	0.34 ± 0.07 b	0.09 ± 0.01 a	0.39 ± 0.08 b	0.10 ± 0.01 a	0.37 ± 0.07 b	0.10 ± 0.02 a
	EDL							
	Cit	0.20 ± 0.04 b	0.14 ± 0.04 c	1.86 ± 0.40a	0.12 ± 0.03 c	2.00 ± 0.32 a	0.16 ± 0.04 c	1.93 ± 0.33a
	Arg	0.13 ± 0.03 b	0.04 ± 0.01 b	0.33 ± 0.12 a	0.04 ± 0.01 b	0.58 ± 0.31 a	0.05 ± 0.02 b	0.28 ± 0.10 a
	Orn	0.02 ± 0.01 b	0.02 ± 0.01 b	0.10 ± 0.03 a	0.02 ± 0.01 b	0.12 ± 0.04 a	0.03 ± 0.01 b	0.10 ± 0.04 a
	Pro	0.15 ± 0.04 b	0.54 ± 0.07 a	0.15 ± 0.03 b	0.52 ± 0.10 a	0.15 ± 0.03 b	0.51 ± 0.09 a	0.13 ± 0.04 b
	Ala	1.00 ± 0.19 a	1.16 ± 0.28 a	0.58 ± 0.14 b	0.92 ± 0.21 a	0.50 ± 0.07 b	0.94 ± 0.12 a	0.53 ± 0.12 b
	Ser	0.40 ± 0.07 b	1.06 ± 0.24 a	0.23 ± 0.07 c	0.89 ± 0.14 a	0.18 ± 0.04 c	0.92 ± 0.08 a	0.17 ± 0.03 c
	Asn	0.11 ± 0.03 b	0.37 ± 0.05 a	0.04 ± 0.01 c	0.33 ± 0.08 a	0.04 ± 0.01 c	0.33 ± 0.05 a	0.03 ± 0.01 c
	Tibialis							
	Cit	1.13 ± 0.33 b	0.81 ± 0.35 c	6.72 ± 1.31 a	0.96 ± 0.29 c	7.75 ± 0.98ab	0.72 ± 0.34 c	6.79 ± 2.72 a
	Arg	0.73 ± 0.18 b	0.15 ± 0.07 c	0.93 ± 0.23 a	0.18 ± 0.08 c	3.89 ± 2.14 a	0.16 ± 0.08 c	1.40 ± 0.76 a
	Orn	0.13 ± 0.03 b	0.08 ± 0.04 b	0.27 ± 0.11 a	0.10 ± 0.03 b	0.60 ± 0.31 a	0.08 ± 0.04 b	0.43 ± 0.23 a
	Pro	0.56 ± 0.11 b	1.82 ± 0.47 a	0.44 ± 0.07 b	1.79 ± 0.18 a	0.54 ± 0.11 b	1.70 ± 0.71 a	0.39 ± 0.18 b
	Ala	4.31 ± 0.42 a	4.22 ± 0.62 a	2.19 ± 0.46 b	3.88 ± 0.47 a	1.95 ± 0.20 b	3.57 ± 1.59 a	1.66 ± 0.67 b
	Ser	1.26 ± 0.15 b	3.28 ± 0.60 a	0.65 ± 0.17 c	3.01 ± 0.36 a	0.55 ± 0.05 c	2.73 ± 1.18 a	0.40 ± 0.16 c
	Asn	0.27 ± 0.05 b	1.12 ± 0.31 a	0.11 ± 0.03 c	1.03 ± 0.24 a	0.08 ± 0.01 c	0.93 ± 0.41 a	0.06 ± 0.03 c
	astrocnemius							
	Cit	0.96 ± 0.37 b	0.65 ± 0.37 c	16.13 ± 5.01 a	0.88 ± 0.58 c	20.27 ± 3.49 a	0.79 ± 0.64 c	19.97± 2.17 a
	Arg	1.11 ± 0.25 b	0.35 ± 0.12 c	2.18 ± 0.50 a	0.38 ± 0.11 c	4.94 ± 2.02 a	0.44 ±0.20 c	2.71 ± 0.78 a
	Orn	0.34 ± 0.14 b	0.36 ± 0.27 b	0.67 ± 0.24 a	0.18 ± 0.09b	0.91 ± 0.38 a	0.20 ± 0.03 b	0.87 ± 0.18 a
	Pro	1.67 ± 0.36 b	4.43 ± 0.84 a	1.17 ± 0.10 b	4.77 ± 0.83 a	1.39 ± 0.25 b	4.65 ± 0.78 a	1.14 ± 0.24 b
	Ala	11.47 ± 2.54 a	10.26 ± 2.02 a	4.01 ± 0.86 b	9.95 ± 2.85 a	4.34 ± 1.87 b	9.05 ± 2.26 a	4.64 ± 0.56 b
	Ser	3.37 ± 0.71 b	8.41 ± 2.52 a	1.60 ± 0.59 c	8.11 ± 1.78 a	1.30 ± 0.58 c	6.69 ±1.36 a	1.27 ± 0.20 c
	Asn	0.57 ± 0.12 b	2.25 ± 0.92 a	0.20 ±0.06 c	2.29 ± 0.86 a	0.26 ± 0.12 c	1.96 ± 0.53 a	0.24 ± 0.06 c
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Amino acid: AA ETHICS -RESEARCH INVOLVING ANIMALS Animal care complied with French regulations for the protection of animals used for experimental and other scientific purposes (D 2001-486) and with applicable European Community regulations (Official Journal of the European Community, L538 12:18:1986). Our team is officially authorized to perform experimentation in rodents, and the study protocol was approved by the Regional ethics committee of Ile-de-France and is registered under No. All the rats were maintained in metabolic cages from D-7 to euthanasia (D3). Gastrostomy was performed at D-7. At D0, 16 rats received LPS injection and 33 rats underwent TBI; 17 TBI rats also received a bolus of E. coli Xen14 at D1. At D1, EN was started in these groups. The control group (CON, n = 9) was composed of healthy rats fed a standard chow diet and water ad libitum throughout the experiments. D3 was the euthanasia day. Analysis by a two-way repeated-measurement ANOVA followed by a Bonferroni post-test. Analysis by a two-way repeated-measurement ANOVA followed by a Bonferroni post-test. The values are means ± SD. Analysis by a two-way repeated-measurement ANOVA followed by a Bonferroni post-test. D1: ### p < 0.0001; * p < 0.005 and $$$ p < 0.0001 all models vs. CON. D2: ### and *** p < 0.0001 LPS and TBI vs. CON.