N

N

Effect of citrulline on muscle protein turnover in an in
vitro model of muscle catabolism
Orjeta Kuci, Eliane Archambault, Agnes Dodacki, Esther Nubret, Jean-Pascal
de Bandt, Luc Cynober

» To cite this version:

Orjeta Kuci, Eliane Archambault, Agnes Dodacki, Esther Nubret, Jean-Pascal de Bandt, et al.. Effect
of citrulline on muscle protein turnover in an in vitro model of muscle catabolism. Nutrition, 2020,
71, pp.110597. 10.1016/j.nut.2019.110597 . hal-03488863

HAL Id: hal-03488863
https://hal.science/hal-03488863v1
Submitted on 21 Jul 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03488863v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0899900719301819
Manuscript_0d403d8471¢598bc0b624d333918377b

w

(2]

O OO

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Effect of citrulline on muscle protein turnover in an in vitro model of muscle
catabolism

Kuci 0.1, Archambault E.}, Dodacki A.2, Nubret E.}, De Bandt J.-P.» 3 and Cynober L.%3,

ILaboratoire de Biologie de la Nutrition, EA 4466 PRETRAM, Université Paris Descartes, Sorbonne Paris Cité, 2 Variabilité de
Réponse aux Psychotropes, UMR-s 1144, Université Paris Descartes, Sorbonne Paris Cité, 3Service de Biochimie, Hopital
Cochin, HUPC, AP-HP, PARIS, France

Corresponding author: Prof L. Cynober

Laboratoire de Biologie de la Nutrition EA 4466, Faculté de Pharmacie,
4 avenue de I'Observatoire,

75270 Paris Cedex 06, France.

Phone: +33 153 7399 47 Fax: +33 153 73 99 52

e-mail address: luc.cynober@parisdescartes.fr

1

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.sciencedirect.com/science/article/pii/S0899900719301819
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0899900719301819

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Revised Version 30/07/19

Abstract

Muscle net catabolism, as seen after severe trauma or sepsis or in post-operative situations, is
mediated by hormones, such as cortisol, and pro-inflammatory cytokines, such as tumor necrosis
factor alpha (TNF-a). Specific amino acids (AAs) may be able to limit this muscle mass loss. Citrulline
(Cit) stimulates muscle protein synthesis in various situations, but there are few data on
hypercatabolic situations, and its effects on protein breakdown are unknown. Our aim was to assess

the effect of Cit on protein turnover in an in vitro model of muscle hypercatabolism.

Myotubes derived from C2C12 myoblasts were treated with 150 nM dexamethasone (DEX), 10 ng/ml
TNF-a, or 0.006% ethanol (as control, CON) for 24 h. Myotubes were then incubated with or without 5
mM Cit for 6 h. Muscle protein synthesis rate (PSR) was evaluated by the surface sensing of translation
(SUNSET) method and by L-[3,5-3H]tyrosine (Tyr) incorporation. Muscle protein breakdown rate (PBR)
was evaluated from Tyr release into culture medium. Cit action was analyzed by non-parametric

Kruskal-Wallis and Mann-Whitney tests.

Cit treatment significantly increased PSR compared with the DEX group or TNF-a group (SUNnSET
method; DEX+CIT vs. DEX, p = 0.03 and TNF-a+CIT vs. TNF-a, p = 0.05), and significantly decreased PBR

in the CON and DEX groups (CON+CIT vs. CON p = 0.05 and DEX + Cit vs. DEX, p = 0.05).

Cit treatment regulated muscle protein turnover in an in vitro model of muscle net catabolism. It

would be of interest to explore the underlying mechanisms.

Key words: Protein turnover; Glucocorticoids; Cytokines; Muscle hypercatabolism; Citrulline.
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Introduction

Muscle wasting occurs in net catabolic situations such as heavy surgery, trauma and sepsis [1, 2]. It is a
consequence of increased glucose metabolism in the metabolic response to injury: since glycogen
stores are very limited, and our bodies are unable to convert lipids into carbohydrates, most of the
glucose required for energy supply comes from amino acids (AAs) [3], which in turn come from
proteins, especially muscle proteins. In a healthy state, maintenance of muscle mass depends on a
dynamic balance between anabolic and catabolic reactions. Conversely, in stress situations, there is an
imbalance, with a relative or absolute reduction in protein synthesis and/or increase in protein
breakdown [4]. The mobilization of muscle AAs is mainly driven by catabolic hormones (e.g. cortisol)
[5] and mediators such as tumor necrosis factor alpha (TNF-a), interleukin-1, or interleukin-6 [6].
Severe prolonged net catabolism is a factor of morbidity and mortality among injured patients, and an
appropriate nutritional support for these patients may be essential to limit the protein losses leading
to muscle wasting and loss of muscle function. However, the effects of standard enteral or parenteral
nutrition are limited by what is termed “resistance to renutrition” [7, 8]. Attention has accordingly
focused on targeted nutritional strategies using specific nutrients such as leucine (Leu), which has
been shown to regulate protein synthesis [9]. However, results on the use of Leu in intensive care unit
(ICU) patients are disappointing [10]. More recently, another AA, citrulline (Cit) was shown to
modulate nitrogen homeostasis (see [9, 11] for recent reviews) and protein synthesis. Osowska et al.
[12], in a model of short bowel syndrome, demonstrated that Cit supplementation of enteral feeding
was associated with an 80% increase in muscle protein synthesis rate and a 20% net muscle protein
gain relative to rats fed a standard diet. These results have since been confirmed in various
experimental models, and appear to be dependent on the mTOR (mammalian/mechanistic target of
rapamycin) signaling pathway [13, 14]. Furthermore, supplementation with Cit stimulated muscle

protein synthesis in young adults fed a hypoproteic diet [15]. There are few data on the effects of Cit

in net catabolic situations: besides the already mentioned study on short bowel syndrome [12], only
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three studies have yet been published: Wijnands et al. [16], in a model of endotoxemia in mice,
showed improved intestinal microcirculation in animals supplemented with Cit; Batista et al. [17]
showed that Cit preserved the integrity of the intestinal barrier, and also decreased the production of
pro-inflammatory cytokines, such as IFNy, and maintained that of anti-inflammatory cytokines such as
IL-10; finally, in vitro in isolated myotubes, Ham et al. [18] showed that Cit maintained myotube
protein synthesis in catabolic conditions induced by hydrogen peroxide or LPS. Whereas in vivo and in
vitro studies yield evidence that Cit stimulates protein synthesis, no study has evaluated the effect of
Cit on muscle protein breakdown. In addition, a large majority of the studies on protein synthesis were
performed in vivo, which does not tell us whether the action is direct (i.e. Cit-mediated) or indirect
(e.g. through Cit conversion into arginine) [19]. Finally, the one in vitro study [18] did not consider

hormones and mediators, which directly control muscle turnover.

The literature data being scant, the aim of our study was to evaluate the effect of Cit on the balance
between protein synthesis and breakdown in hypercatabolic situations by an in vitro approach.
Myotubes derived from C2C12 myoblasts were treated with glucocorticoids (GCs, e.g. dexamethasone,
DEX) or TNF-a. GCs play a major role in muscle wasting by decreasing protein synthesis while
increasing protein breakdown [20]. The net catabolic effect of GCs results mainly from two
mechanisms. First, they inhibit the transport of AAs into muscle cells, which could limit the synthesis
by reduction in substrate availability. Second, they exert an inhibitory effect on key effectors (e.g. Akt)
of the initiation of protein translation. In addition, the catabolic effect of GCs results from the
activation of the major proteolytic systems such as the ubiquitin/proteasome system (MuRF1 and
Atrogin-1) [21]. TNF-a is a pro-inflammatory cytokine stimulating muscle catabolism, inducing a

contractile dysfunction in muscle cells [22], and potentiating cortisol/corticosterone action [23].
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Materials and Methods

Materials: C2C12 (CRL-1172), high glucose-DMEM (Dulbecco's modified Eagle medium); 0.6 g/| L-Gln,
4.5 g/l p-glucose, 1 mM sodium pyruvate, and 1.5 g/I bicarbonate were purchased from LGC
Standards-ATCC (Molsheim, France). Fetal calf serum, antibiotics, horse serum, cytosine arabinoside,
dexamethasone, TNF-a, bovine serum albumin and L-tyrosine were from Sigma-Aldrich (Saint-
Quentin-Fallavier, France). Citrulline was a gift from Citrage (Créteil, France). Trypsin-EDTA solution
was from Fisher Bioreagent™ (lllkirch, France). Matrigel and PBS were purchased from Dominique
Dutscher (Paris, France). Puromycin and anti-puromycin antibody (clone 12D10) were purchased from
Merck Millipore (Yvelines, France). Lysis buffer was purchased from Roche (Meylan, France). DC
protein assay kit and mini-protean TGX™ precast protein gels were from Bio-Rad Laboratories
(Marnes-la-Coquette, France). Horseradish peroxidase-conjugated anti-mouse antibody was from
Jackson ImmunoResearch Laboratories Inc. (Newmarket, Suffolk, UK), and L-[3,5-3H]tyrosine (40-60

Ci/mmol), was from PerkinElmer Life Sciences (Boston, MA, USA).

Culture cells

The protocol used was that of Menconi et al. [24], and C2C12 mouse cells were used between P2 and
P5. The model of using C2C12-derived myotubes as a model of catabolism by exposure to DEX or TNF

is well established; see for example Kimura et al. [25] and Mirza et al. [26].

Multiplication: After thawing, 310,000 myoblasts were incubated in a T25 culture flask in 7 ml of
multiplication medium [high glucose-DMEM supplemented with 10% fetal calf serum (FCS) and 1%
antibiotics (10,000 U.ml™ of penicillin and 10 mg/ml of streptomycin)] for 4 days at 37 °C with a

humidified atmosphere and 5% CO,.

Differentiation: At 85% confluence, myoblasts were collected after trypsin treatment (0.25% trypsin-
0.53 mM ethylenediaminetetraacetic acid), and 350,000 myoblasts were seeded in six-well plates

coated with Matrigel in 3 ml of multiplication medium for 24 h. The culture medium was then
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removed and replaced by 3 ml of differentiation medium [high glucose-DMEM supplemented with 2%
horse serum (HS) and 1% antibiotics]. The culture medium was changed every day during which time
the change in shape of the C2C12 was observed under optic microscopy. After 7 days, the culture
medium was changed and supplemented with 10 uM cytosine arabinoside (CA) for 3 days. CA enabled
removal of the undifferentiated myoblasts [24]. Catabolism in myotubes was induced by adding 150
nM dexamethasone (DEX) [24] or 10 ng/ml TNF-a [27] to the medium for 24 h [28] or 48 h [24] as
shown in Figure 1. Control myotubes (CON group) were studied in parallel, and cells were incubated

with 0.006% ethanol (vehicle).

For the study of Cit effects, cells were further incubated with/without 5 mM Cit for 6 h, as indicated

below and in Figure 1.

Protein breakdown rate (PBR)

PBR was assessed by the measurement of Tyr [29] release into cell medium: After 24 h of incubation
with either DEX, TNF-a, or 0.006% ethanol, the medium was replaced, and the myotubes further
incubated for 6 h with or without 5 mM Cit (Figure 1A). After 6 h, the culture medium was collected
for the determination of tyrosine concentration. For this purpose, 1.5 ml of medium was
deproteinized with 150 pl of sulfosalicylic acid (SSA 30%) and left for 10 minutes in ice, followed by 5
min centrifugation at 10,000 rpm at 4 °C. The supernatant was collected and kept at -80 °C until
analysis by ion-exchange chromatography with post-column ninhydrin-based detection using a JLC-

500/V AminoTac™ apparatus (Jeol, Tokyo, Japan).

Protein synthesis rate (PSR)

PSR was evaluated using two different approaches: surface sensing of translation (SUnSET), described
[30, 31] as an alternative way to evaluate protein synthesis without using the radioactivity method,

and cell incorporation of L-[3,5-3H] Tyr [24].
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SUnSET: This method is based on the capacity of puromycin, a structural analogue of aminoacyl tRNA,
to be incorporated in newly synthesized proteins and be revealed by Western blot (WB). Each well was
incubated with 1 uM of puromycin 30 min before the end of the protocol (Figure 1A). The plates were
then placed in ice, and the wells rinsed once with 1 ml of cold PBS. Myotubes were lyzed with 120 pl
ice-cold lysis buffer containing 40 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 5 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid, 25 mM sodium glycerophosphate, 25 mM
sodium fluoride, 1 mM sodium orthovanadate, 10 pug/ml leupeptin, 1X concentrated anti-protease
solution, and 0.5% Triton X-100. The samples were left at 4 °C for 15 minutes and centrifuged at 4 °C,
14,000 rpm for 20 min. Supernatants were collected and stored at —80 °C. Protein concentrations in
the samples were determined with a DC protein assay kit, and the same amounts of proteins (5 ug)
from each sample were dissolved in Laemmli buffer and subjected to electrophoretic separation on 4-
15% SDS-PAGE acrylamide gels. Proteins were transferred to a nitrocellulose membrane. This step was
verified by Ponceau red staining. The membrane was then incubated for 1 h with 5% powdered milk in
Tris-buffered saline-0.05% Tween 20 (TBST). Nitrocellulose blots were then incubated overnight at 4 °C
with anti-puromycin primary antibody (1:1000). After washing, membranes were incubated for 1 h at
room temperature in 5% milk-TBST with horseradish peroxidase conjugated anti-mouse antibody
(1:10,000). The signal was measured on an ImageQuant™ Las 4000 system using a CCD camera (GE-
Healthcare, Vélizy-Villacoublay, France). Quantifications were performed using image analysis
software (Image J). The optical density (OD) signal of puromycin was determined relative to the

Ponceau red staining of the corresponding sample.

Cell incorporation of L-[3,5-3H]tyrosine: This measure was performed according to Menconi et al. [24].
Following their results, DEX significantly decreased the size of myotubes after 48 h of treatment, and
so at the end of cell differentiation, myotubes were incubated for 48 h with either 150 nM DEX, 10
ng/ml TNF-a, or 0.006% ethanol (Figure 1B). After 48 h of incubation, the medium was replaced and
the myotubes further incubated for 6 h with 5 mM Cit (Figure 1B). One hour before the end of the 6 h
incubation period, the medium was removed in order to add L-[3,53H]tyrosine (2 pCi/ml) and

7
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unlabeled L-tyrosine (2 mM) to the medium (Figure 1B). Thereafter, the cells were rinsed once with
1 ml ice-cold PBS followed by 5 min incubation with 1 ml 10% trichloroacetic acid (TCA). After washing
three times with 1 ml 10 % TCA, the myotubes were lyzed with 120 pl of ice-cold lysis buffer
containing 40 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 5 mM EGTA, 25 mM sodium
glycerophosphate, 25 mM sodium fluoride, 1 mM sodium orthovanadate, 10 pg/ml leupeptin, 1X
concentrated anti-protease solution, and 0.5% Triton X-100. The samples were left at 4 °C for 15
minutes and then centrifuged at 4 °C and 14,000 rpm for 20 min. Supernatants were collected in
specific plastic flasks filled with 3 ml Ultima Gold® liquid scintillation cocktail (Solvable™ PerkinElmer
Life Sciences, Boston, MA, USA). The radioactivity of each sample was counted on a scintillation

counter (Tricarb®, PerkinElmer Life Sciences). PSR was expressed in dpm/ug protein.

Statistical analysis

Results are expressed as mean + SEM. The action of Cit was analyzed by non-parametric tests: Kruskal-
Wallis followed by Mann-Whitney. Statistical analyses were performed using Graphpad Prism (version

5.0; Graphpad Software Inc., San Diego, CA, USA). Differences were considered significant at p < 0.05.
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Results

Protein breakdown rate

We did not observe any effect of TNF-a treatment on PBR, compared with CON. By contrast, Cit
treatment significantly decreased PBR, vs. the CON group and vs. DEX-treated cells even thought that

we did not observe any effect of DEX treatment on PBR, compared with CON (Figure 2).

Protein synthesis rate

Only the DEX treatment significantly decreased PSR compared with CON using both methods (Figure
3A and 3B). Cit treatment significantly increased PSR in the DEX-treated group using both methods
(Figure 3A and 3B). TNF-a had no significant action on PSR, whether or not the cells were treated with

Cit.
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Discussion

The disturbance of protein turnover in injured patients leads to net catabolism, which causes a
decrease in muscle mass, and if protracted, muscle wasting and loss of function [1]. DEX and TNF-a
play an essential role in muscle wasting: during stress, plasma GC concentration rises to 3.0 umol/I
[32] and stimulates protein breakdown and/or decreases protein synthesis in muscle, and this leads to
an increase in the rate of appearance of free AAs in the plasma [33]. Menconi et al. [24] confirmed the
in vitro effect of GC on protein breakdown, something we did not observe in our model. We used the
same range of DEX concentration as they did (Menconi et al. noted a peak effect at 100 nM of DEX,
and we used 150 nM of DEX), and the same incubation time for PBR evaluation, but we did not use the
same evaluation method. Using the HPLC method enabled us to evaluate only the release of Tyr into
the culture medium. This can adversely affect the sensitivity of the method: the radioactivity-based
method takes into account all cell compartments where free Tyr may occur. In our study, we did note
a GC effect on PSR: we report the GC effect, testing two different times of exposure (24 h and 48 h)
and using two different methods (SUNnSET and radioactivity-based method) because the SUNnSET
method is relatively new, and its reliability needs confirmation. The effect of GC on protein synthesis is
controversial: some studies have reported an effect of GC on protein synthesis [34], other not [24].
Concerning PSR evaluation, Menconi et al. [24] and our study differ in the DEX concentration: they
used a much higher DEX concentration than we did. The lack of effect of GCs in Menconi’s study [24]

may therefore be related to a cytotoxic effect induced by pharmacological levels of GCs.

Thus, taken as a whole, in our in vitro model, GC induces net catabolism by decreasing drastically PSR
without effect on PBR. This indicates that our model reflects situation such as surgical stress rather

than trauma, burn injury or sepsis [35].

A possible explanation of our results is that inhibition of PSR leads to an increase in intracellular free

amino acid content which in turn blunts protein breakdown [33].

10
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In general, muscle wasting appears in inflammatory conditions (sepsis, cancer, etc.). In these
situations, TNF-a concentration can be as high as 6 ng/ml [28]. Buck et al. [36] have reported muscle
wasting in a murine model of cachexia induced by chronically elevated serum TNF-a concentrations.
Reid and Li, in a review paper [37], have reported that the action of TNF-a can be related to NFkB
activation and to reactive oxygen species (ROS) production in the mitochondria of the cells. In our
model, we did not observe any effect of TNF-a on protein turnover. The effects of TNF-a reported in
the literature are generally from in vivo studies. It is likely that TNF-a effects are related to cross-talk
between myocytes and macrophages and/or muscle adipocytes, and also collaboration with other
mediators such as other cytokines or GCs. However, Li and Reid et al. [28], in an in vitro model of
transfected C2C12 myoblasts overexpressing |-kBa proteins (endogenous NFkB inhibitor), treated by
TNF-a, demonstrated that TNF-a induced protein breakdown by activating NFkB. Our method differed
from theirs in using cytosine arabinoside during the cell culture protocol, which enables removal of
undifferentiated myoblasts. The presence in the culture cells of both differentiated and

undifferentiated myoblasts may have an influence on the action of TNF-a.

Concerning the effects of Cit, only one earlier study is relevant to ours: Ham et al., [18] reported the
direct beneficial effect of Cit on protein synthesis on C2C12 using different catabolic stimuli
(starvation, inflammation and oxidative stress). After 48 h of starvation, PSR fell by 26%, and 1 h of Cit
treatment restored it to the CON level. These conditions differed from ours, and the concentration of
Cit was different (2.5 mM). Despite these differences, we obtained the same effect of Cit on protein
synthesis. This agreement with Ham's findings [18], and the fact that we obtained the same results
using our methods, is strong evidence that Cit improves myocyte protein synthesis in various net
catabolic conditions, and is an important finding. We also examined the effect of Cit on protein
breakdown, which Ham et al. [18] did not evaluate. Cit treatment decreased slightly (but significantly)
the PBR in the DEX group in C2C12 cells. Our study is the first to be interested in the effect of a
pharmaconutrient in these catabolic conditions (DEX or TNF-a). Ham et al. [18] recommend the use of
a dose of Cit above 1 mM, which we did with a dose of 5 mM in our study.

11
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Taken as a whole, our data point out that the action of citrulline on muscle protein turnover relates

primarily to an increase in protein synthesis with a marginal effect on muscle protein breakdown.

The action of Cit can be direct (i.e. through its own anti-oxidant properties [38]), or indirect (through
its metabolism into arginine (Arg) and/or further metabolism into nitric oxide [39]). Our in vitro
approach yields evidence that the action of Cit is direct, because it is known [40] that myocytes do not

contain argininosuccinate synthase and lyase, which are required to convert Cit into Arg [41].

Our study has two limitations: first, we did not study the effect of a combination of DEX and TNF-q,
knowing that the latter acts primarily to modulate the action of the former [23], and second, we did
not make any attempt to determine the underlying mechanism of Cit action. This point also deserves
further study. However, we believe that our results taken as a whole represent a significant advance in

the field.

In conclusion, our results indicate that Cit treatment leads to a regulation of muscle protein turnover,
acting both on PSR and PBR, in an in vitro model of muscle catabolism. It will now be of interest to

explore the underlying mechanisms of these effects.

12



284

285

286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

Revised Version 30/07/19

References

10.

11.

12.

13.

14.

15.

Golden MH, Waterlow JC, Picou D. Protein turnover, synthesis and breakdown before and after
recovery from protein-energy malnutrition. Clin Sci. 53: 473-477, 1977.

Lynch GS, Schertzer JD, Ryall JG. Therapeutic approaches for muscle wasting disorders.
Pharmacol Ther. 113: 461-87, 2007.

Cynober L. Amino acid metabolism. In: lennarz WJ, Lane MD eds. Encyclopedia of Biological
Chemistry, Waltham, MA: Academie Press. 1: 91-96, 2013.

Rittig N, Bach E, Thomsen HH, Johannsen M, Jgrgensen JO, Richelsen B, et al. Amino acid
supplementation is anabolic during the acute phase of endotoxin-induced inflammation: A human
randomized crossover trial. Clin Nutr. 35:322-330, 2016.

Warner B W, Hasselgren PO, Hummel R P, James J H, Pedersen P, Fischer JE. Effect of Catabolic
Hormone Infusion on Protein Turnover and Amino Acid Uptake in Skeletal Muscle. Am J Surg. 159:
295-300, 1990.

Zamir O, Hasselgren PO, James H, Higashiguchi T, Fischer JE. Effect of tumor necrosis factor or
interleukin-1 on muscle amino acid uptake and the role of glucocorticoids. Surg Gynecol Obstet.
177:27-32,1993.

Charrueau C, Belabed L, Besson V, Chaumeil J-C, Cynober L, Moinard C. Metabolic response and
nutritional support in traumatic brain injury: evidence for resistance to renutrition. J
Neurotrauma. 26: 1911- 1920, 2009.

Rennie MJ. Anabolic resistance in critically ill patients. Crit Care Med. 37: 398-399, 2009.
Cynober L, De Bandt JP, Moinard C. Leucine and Citrulline: Two Major Regulators of Protein
Turnover. In: Singer P (eds): Nutrition in Intensive Care Medicine: Beyond Physiology. World Rev
Nutr Diet. Basel: Karger. 105: 97-105, 2013.

Ginguay A, De Bandt JP, Cynober L. Indications and contraindications for infusing specific amino
acids (leucine, glutamine, arginine, citrulline, and taurine) in critical illness. Curr Opin Clin Nutr
Metab Care. 19: 161-169, 2016.

Kaore SN, Amane HS and Kaore NM. Citrulline: pharmacological perspectives and its role as an
emerging biomarker in future. Fund Clin Pharmacol. 27: 35-50, 2013.

Osowska S, Moinard C, Neveux N, Loi C, Cynober L. Citrulline increases arginine pools and restores
nitrogen balance after massive intestinal resection. Gut. 53: 1781-1786, 2004.

Le Plénier S, Walrand S, Noirt R, Cynober L, Moinard C. Effects of leucine and citrulline versus
non-essential amino acids on muscle protein synthesis in fasted rat: a common activation
pathway? Amino Acids. 43: 1171-1178, 2012.

Faure C, Morio B, Chafey Ph, Le Plénier S, Noirez Ph, Randrianarison-Huets V et al. Citrulline
enhances myofibrillar constituents expression of skeletal muscle and induces a switch in muscle
energy metabolism in malnourished aged rats. Proteomic. 13: 2191-2201, 2013.

Jourdan M, Nair KS, Carter RE, Schimke J, Ford GC, Marc J et al. Citrulline stimulates muscle
protein synthesis in the post-absorptive state in healthy people fed a low-protein diet - A pilot
study. Clin Nutr. 34:449-56, 2015

13



324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

Revised Version 30/07/19

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Wijnands KAP, Vink H, Briede JJ, Van Faassen EE, Lamers WH, Buurman WA et al. Citrulline a more
suitable substrate than arginine to restore nitric oxide production and the microcirculation during
endotoxemia. PLoS ONE 7: e37439, 2012.

Batista MA, Nicoli JR, Martins Fdos S, Machado JA, Arantes RM, Quirino IE et al. Pretreatment
with citrulline improves gut barrier after intestinal obstruction in mice. JPEN J Parenter Enteral
Nutr. 36: 69-76, 2012.

Ham D.J, Gleeson B, Chee A, Baum D.M, Caldow M.K, Lynch G.S and Koopman R. L-Citrulline
Protects Skeletal Muscle Cells from Cachectic Stimuli through an iNOS Dependent Mechanism.
PLoS ONE. 10: 1-17, 2015.

Deutz N. The 2007 ESPEN Sir David Cuthbertson Lecture: Amino acids between and within organs.
The glutamate-glutamine-citrulline-arginine pathway. Clin Nutr. 27: 321-327, 2008

Wang L, Luo GJ, Wang JJ, Hasselgren PO. Dexamethasone stimulates proteasome- and calcium-
dependent proteolysis in cultured L6 myotubes. Shock. 10: 298—-306, 1998.

Schakman O, Kalista S, Barbé C, Loumaye A, Thissen JP. Glucocorticoid-induced skeletal muscle
atrophy. Int J Biochem Cell Biol. 45: 2163-72, 2013.

Reid MB and Li YP. Cytokines and oxidative signalling in skeletal muscle. Acta Physiol Scand. 171:
225- 232, 2001.

Zamir O, Hasselgren PO, Higashiguchi T, Frederick J, Fischer J. Tumour necrosis factor (TNF) and
interleukin-1 (IL-1) induce muscle proteolysis through different mechanisms. Med Inflammation.
1:247-250, 1992.

Menconi M, Gonella P, Petkova V, Lecker S, Hesselgren PO. Dexamethasone and corticosterone
induce similar, but not identical, muscle wasting responses in cultured L6 and C2C12 myotubes. J
Cell Biochem. 353-364, 2008.

Kimura K, Cheng XW, Inoue A, Hu L, Koike T, Kuzuya M. B-Hydroxy-B-methylbutyrate facilitates
PI13K/Akt-dependent mammalian target of rapamycin and FoxO1/3a phosphorylations and
alleviates tumor necrosis factor a/interferon y-induced MuRF-1 expression in C2C12 cells. Nutr
Res. 34: 368-374, 2014.

Mirza KA, Luo M, Pereira S, Voss A, Das T, Tisdale MJ. In vitro assessment of the combined effect
of eicosapentaenoic acid, green tea extract and curcumin C3 on protein loss in C2C12 myotubes.
In Vitro Cell Dev Biol Anim. 52: 838-845, 2016.

Li YP, Schwartz RJ, Waddell ID, Holloway BR, Reid MB. Skeletal muscle myocytes undergo protein
loss and reactive oxygen-mediated NF-kappaB activation in response to tumor necrosis factor
alpha. FASEB J. 12: 871-880, 1998.

Li YP, Reid M. NF-kB mediates the protein loss induced by TNF-a in differentiated skeletal muscle
myotubes. Am J Physiol. 279: 1165-1170, 2000.

Neveux N, David P, Cynober L. Measurement of amino acid concentrations in biological fluids and
tissues using ion exchange chromatography. In: Cynober LA. Metabolic and therapeutic aspects of
amino acids in clinical nutrition. Boca Raton: CRC Press. 2004, 18-26.

Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a nonradioactive method to monitor protein
synthesis. Nature Methods. 6:275-277, 2009.

Mobley CB, Fox CD, Ferguson BS, Amin RH, Dalbo VJ, Baier S et al. L-leucine, beta-hydroxy-beta-
methylbutyric acid (HMB) and creatine monohydrate prevent myostatin-induced Akirin-1/Mighty
mMRNA down-regulation and myotube atrophy. J Int Soc Sports Nutr. 11: 38-47, 2014.

14



367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

388
389
390
391
392
393
394
395
396
397
398
399
400

401

Revised Version 30/07/19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Voisin L, Breuille D, Ruot B, Ralliere C, Rambourdin F, Dalle M et al. Cytokine modulation by PX
differently affects specific acute phase proteins during sepsis in rats. Am J Physiol. 275: 1412—
1419, 1998.

Cynober L. Plasma amino acid levels with a note on membrane transport: characteristics,
regulation, and metabolic significance. Nutrition. 18: 761-766, 2002.

Schakman O, Gilson H, Thissen JP. Mechanisms of glucocorticoid-induced myopathy. J Endocrinol.
197: 1-10, 2008.

Cynober L. Understanding the pathological mechanisms underlying protein breakdown for new
therapeutic strategies. Nutrition 1995;11:398 (editorial).

Buck M, Chojkier M. Muscle wasting and dedifferentiation induced by oxidative stress in a murine
model of cachexia is prevented by inhibitors of nitric oxide synthesis and antioxidants. EMBO J.
15:1753-1765, 1996.

Reid MB, Li Y-P. Tumor necrosis factor-a and muscle wasting: a cellular perspective. Respir Res. 2:
269-272, 2001.

Sinha B, Eigler A, Baumann K.H, Greten T.F, Moeller J, Enres S. Nitric oxide down regulates tumour
necrosis factor mRNA in RAW 264.7 cells. Res. Immunol. 149: 139-150, 1998.

Breuillard C, Bonhomme S, Couderc R, Cynober L, De Bandt JP. In vitro anti-inflammatory effects
of citrulline on peritoneal macrophages in Zucker diabetic fatty rats. Br J Nutr. 13: 1-5, 2014.
Wakabayashi Y. The glutamate crossway. In: Cynober LA. Metabolic and therapeutic aspects of
amino acids in clinical nutrition. Boca Raton: CRC Press. 2004, 135- 152.

Curis E, Nicolis I, Moinard C, Osowska S, Zerrouk N, Bénazeth S et al. Almost all about citrulline in

mammals. Amino Acids. 29: 177-205, 2005.

15



402
403

404

405

406

407

408

409

410

411

412

413

414
415
416
417
418

419

420
421
422
423
424

425

426
427

428

429

Revised Version 30/07/19

Legends of figures

Figure 1. Study design

C2C12 cells were at the myoblast state; we started by inducing the differentiation of myoblasts in myotubes (Figure 1A).
Myotubes were then treated with 150 nM of DEX or 10 ng/ ml of TNF-a or 0.006 % ethanol for 24 h, after which myotubes
were treated with 5 mM of Cit for 6 h (Figure 1A). The Tyr released into the medium was measured by HPLC (PBR evaluation).
For the SUNSET protocol, myotubes were treated with 1 uM of puromycin 30 min before the end of the 6 h protocol (PSR
evaluation) (Figure 1A). Concerning the evaluation of -[3,5-3H]Tyr (radioactivity protocol), myotubes were treated with 150
nM of DEX or 10 ng/ml of TNF-a or 0.006 % ethanol for 48 h (Figure 1B). Myotubes were then treated with 5mM of Cit, and
1 h before the end of the protocol with 2 uCi/ml labeled Tyr and 2 mM unlabeled Tyr (PSR evaluation). Each experiment was

repeated at least four times, and each experimental point was run in duplicate within each experiment.
Figure 2. Protein breakdown rate in C2C12 myotubes using HPLC method.

Values are given as mean + SEM.
Analysis was performed by non-parametric tests: Kruskal-Wallis followed by Mann-Whitney.

*Cit treatment significantly decreased PBR vs. CON and DEX groups at p < 0.05 (n = 7/group).

Figure 3. Protein synthesis rate (PSR) in C2C12 myotubes (A) using SUnSET method and (B) using radioactivity-based

method.

Values are given as mean + SEM.

Analysis was performed by non-parametric tests: Kruskal-Wallis followed by Mann-Whitney.

*DEX significantly decreased PSR vs. CON [(A): p =0.04; n =6 and (B); p =0.04; n=71].

*Cit treatment significantly raised PSR using the SunSET method [(A): DEX+CIT vs. DEX, p = 0.03 and TNF-a+CIT vs. TNF-a,
p =0.054; n=6)]. Using the radioactivity-based method, Cit treatment significantly raised PSR only in the DEX group [(B):

DEX+CIT vs. DEX, p = 0.01; n = 4].
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