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L-Arginine (L-Arg), the precursor of nitric oxide (NO), plays an important role in muscle function. Fast-
twitch glycolytic fibres are more susceptible to age-related atrophy than slow-twitch oxidative fibres.
The effect of L-Arg/NO on protein metabolism of fast- and slow-twitch muscle fibres was evaluated in
chickens. In Exp. 1, 48 chicks at 1 day old were divided into 4 groups of 12 birds and subjected to 4
treatments: basal diet without supplementation or supplemented with 1% L-Arg, and water supple-
mented with or without L-nitro-arginine methyl ester (L-NAME, 18.5 mM). In Exp. 2, 48 chicks were
divided into 4 groups of 12 birds fed with the basal diet and subjected to the following treatments: tap
water (control), tap water supplemented with L-NAME (18.5 mM), or molsidomine (MS, 0.1 mM), or
18.5 mM L-NAME þ 0.1 mM MS (NAMS). The regulatory effect of L-Arg/NO was further investigated
in vitro with myoblasts obtained from chicken embryo pectoralis major (PM) and biceps femoris (BF).
In vivo, dietary L-Arg supplementation increased breast (þ14.94%, P < 0.05) and thigh muscle mass
(þ23.40%, P < 0.05); whereas, MS treatment had no detectable influence. However, L-NAME treatment
blocked the beneficial influence of L-Arg on muscle development. L-Arg decreased (P < 0.05) protein
synthesis rate, phosphorylated mTOR and ribosomal protein S6 kinase beta-1 (p70S6K) levels in breast
muscle, which was recovered by L-NAME treatment. In vitro, L-Arg or sodium nitroprusside (SNP)
reduced protein synthesis rate, suppressed phosphorylated mTOR/p70S6K and decreased atrogin-1 and
muscle RING finger 1 (MuRF1) in myoblasts from PM muscle (P < 0.05). L-NAME abolished the inhibitory
effect of L-Arg on protein synthesis and the mTOR/p70S6K pathway. However, myoblasts from BF muscle
showed the weak influence. Moreover, blocking the mTOR/p70S6K pathway with rapamycin suppressed
protein synthesis of the 2 types of myoblasts; whereas, the protein expression of atrogin-1 and MuRF1
levels were restricted only in myoblasts from PM muscle. In conclusion, L-Arg/NO/mTOR/p70S6K
pathway enhances protein accumulation and muscle development in fast-twitch glycolytic muscle in
chickens. L-Arg/NO regulates protein turnover in a muscle fibre specific way, which highlights the po-
tential clinical application in fast-twitch glycolytic muscle fibres.
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1. Introduction

L-Arginine (L-Arg) is an essential amino acid for young mam-
mals (Wu et al., 2000) and chickens (Yu et al., 2018). L-Arg has
beneficial effects on the regulation of nutrient metabolism,
enhancing lean tissue deposition in humans (McNeal et al., 2016).
L-Arg also enhances protein synthesis in the skeletal muscle of
piglets (Frank et al., 2007; Yao et al., 2008) and ameliorates muscle
dysfunction inmdxmice (Barton et al.,2010). It is well-known that
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
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Table 1
Ingredients and nutrition levels of basal diet (DM basis, %).

Item Content

Ingredients
Corn 47.36
Brown rice 8.00
Wheat flour 10.00
Corn gluten meal (60% CP) 4.00
Soybean meal (45% CP) 12.00
Peanut meal (46% CP) 7.00
Fermented cotton seed meal 2.00
Oil 1.50
Meat and bone meal 5.50
Limestone 0.30
Sodium chloride (98.5%) 0.25
Choline chloride (60%) 0.05
L-Lysine sulfate (70%) 0.90
Methionine hydroxyl analogue (liquid, 88%) 0.35
L-Threonine (98.5%) 0.23
Valine 0.10
Sodium humate 0.15
Complex enzymes 0.10
Xylanase 0.05
Phytase 0.03
Mineral and vitamin premix1 0.13
Total 100

Nutrition levels2

ME, kcal/kg 2,728
CP 21.67
EE 4.60
DM 87.86
Ash 5.49
Ca 0.80
TP 0.53
Asp 1.13
Thr 0.58
Ser 0.70
Glu 2.60
Gly 0.52
Ala 0.66
Cys 0.07
Val 0.52
Met 0.22
Ile 0.47
Leu 1.13
Tyr 0.37
Phe 0.71
Lys 1.01
His 0.36
Arg 0.80

EE ¼ ethanol extract; TP ¼ total phosphorus.
1 The mineral and vitamin premix provide the follow quantities per kilogram of

diet: Fe, 100 mg; Cu, 8 mg; Mn, 120 mg; Zn, 100 mg; I, 0.7 mg; Se, 0.3 mg; vitamin A,
8,000 IU; vitamin D3, 1,000 IU; vitamin E, 20 IU; vitamin K, 0.5 mg; vitamin B1, 2 mg;
vitamin B12, 0.01 mg; iboflavin, 8 mg; pantothenic acid, 10 mg; niacin, 35 mg;
pyridoxine, 3.5 mg; biotin, 0.18 mg; folic acid, 0.55 mg.

2 ME is calculated value and the others are measured values.
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part of the advantageous effect of L-Arg is related to enhanced
blood circulation in skeletal muscles (Kalliokoski et al., 2006).

Recently, it is suggested that L-Arg is associated with the regu-
lation of muscle development by directly stimulating muscle pro-
tein synthesis (Wang et al., 2018). L-Arg is associated with the
regulation of muscle development via the mechanistic target of
rapamycin (mTOR) pathway in C2C12 cells (Wang et al., 2018). As a
serine/threonine protein kinase, mTOR couples energy and nutrient
abundance to the execution of cell growth and division. The acti-
vation of mTOR complex 1 (mTORC1) is responsible for the
increased protein synthesis and skeletal muscle growth (Baar and
Esser, 1999; Rommel et al., 2001; Hornberger and Chien, 2010;
Shimizu et al., 2011). L-Arg protects muscle cells from wasting
in vitro in an mTORC1-dependent manner (Ham et al., 2014). Nitric
oxide (NO) is produced from L-Arg by nitric oxide synthase (NOS),
and NOS has 3 isoforms: neuronal NOS (nNOS), endothelial NOS
(eNOS), and inducible NOS (iNOS). In the skeletal muscle of mam-
mals, nNOS is the major NOS isoform (Brenman et al., 1995).
However, in chickens, iNOS is the primary NOS isoform (Lee et al.,
1994; Lin et al., 1996; Kim et al., 1999). NO is an important gaso-
transmitter that participates in specific signal transduction path-
ways in cell communication (Moncada et al., 1991; Nathan, 1992;
Hemish et al., 2003). In skeletal muscle, NO is crucial for skeletal
muscle regrowth after an immobilization period, potentially via the
mTOR signaling pathway (Aguiar et al., 2017). In L6 myocytes, L-
nitro-arginine methyl ester (L-NAME), a nitric oxide synthase in-
hibitor, reduces the phosphorylated Akt and p70S6K levels, sug-
gesting that NO is involved in the activation of PI3K/Akt/mTOR
signaling pathway (Miniaci et al., 2015). In C2C12 cells, it is
observed that L-Arg activates mTOR (Thr 2446)/p70S6K signaling
pathway in NO-dependent manner (Wang et al., 2018).

Muscle RING finger 1 (MuRF1) and muscle atrophy F-box
(MAFbx)/atrogin-1 are 2 muscle-specific E3 ubiquitin ligases that
involving in skeletal muscle atrophy (Bodine and Baehr, 2015). L-
Arg is involved in the regulation of protein hydrolysis by sup-
pressing atrogin-1 and MuRF1 mRNA levels in C2C12 cells
(Herningtyas et al., 2008). In vivo, L-Arg reverses the resistance
exercise induced upregulation of atrogin-1 and MuRF-1 mRNA
levels (Morais et al., 2018). NO is suggested to be involved in the
regulation of L-Arg on protein degradation, and the NO donor
treatment attenuates the suspension induced disuse muscle atro-
phy and decreases atrogin-1 protein level in hind limbs of mice
(Anderson et al., 2017). However, during catabolic conditions, L-Arg
protects myocytes from wasting in a NO-independent manner
(Ham et al., 2014). Thus, the effect of L-Arg/NO on protein catabo-
lism remains to be fully elucidated.

Fast-twitch glycolytic fibres are more susceptible to age-related
atrophy than slow-twitch oxidative fibres (Larsson et al., 2010;
Braga et al., 2016). Broiler chickens are genetically selected to
possess a fast growth rate and muscle development. In chickens,
the pectoralis major (PM) muscle primarily comprises fast-twitch
glycolytic fibres, but the biceps femoris (BF) muscle mainly con-
tains slow-twitch oxidative fibers, making the chicken an inter-
esting animal model. In broilers, L-Arg is suggested to be necessary
for improved muscle development (Fernandes et al., 2009) and
leads to an overall body growth and increased lean (Castro et al.,
2019). In ovo feeding of L-Arg improves breast muscle growth,
which may be associated with enhanced protein deposition (Yu
et al., 2018). NO is proved to be a critical determinant of myo-
genesis in the early phase of embryonic development of chickens
(Cazzato et al., 2014). Hence, we hypothesized that L-Arg/NO
regulated muscle protein metabolism in a different way within fast
growing muscles.

Therefore, the aim of the present study was to evaluate the L-
Arg/NO pathway on the protein metabolism of skeletal muscle
69
within an in vivo chicken model and an in vitro cultured chicken
embryo myoblast model. Protein synthesis rate, the activation of
mTOR/p70S6K pathway, and the expression of MuRF1 and atrogin-
1 weremeasured in 2muscle fibres: the fast-twitch glycolytic fibres
and slow-twitch oxidative fibres.

2. Materials and methods

2.1. Animal experiments

A total of 96 male broilers (Arbor Acres) at 1 day old were
obtained from a local breeder farm (Dabao hatchery, Tai'an,
China). The brooding temperature was maintained at 35 �C (65%
relative humidity) for the first 2 d and then gradually reduced to
30 �C by d 8 (Zhao et al., 2012). The nutrient contents of the feed
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ingredients and nutrient levels of the basal diet are provided in
Table 1. All study procedures were approved by the Animal Care
and Use Committee of Shandong Agricultural University and were
in accordance with the Guidelines for Experimental Animals,
established by the Ministry of Science and Technology (Beijing,
China).

Two experiments were conducted from d 1 to 8 postehatch
(Fig. 1). In Exp. 1, 48 chicks were divided into 4 groups of 12
birds and subjected to 4 treatments: basal diet and water without
supplementation (control), basal diet supplemented with 1% L-
Arg and water, basal diet and water supplemented with L-nitro-
arginine methyl ester (L-NAME, an inhibitor of NOS; Sigma, Saint
Louis, USA) at 18.5 mM, and basal diet supplemented with 1% L-
Arg and water supplemented with L-NAME at 18.5 mM. In Exp. 2,
48 chicks were divided into 4 groups of 12 birds. The experimental
chicks were fed with the basal diet and subjected to the following
treatments: tap water (control), or tap water supplemented with
0.1 mMmolsidomine (MS, a donor of NO; Sigma, Saint Louis, USA),
or 18.5mM L-NAME, or 0.1 mMMSþ 18.5 mM L-NAME (NAMS). At
Fig. 1. The Gantt chart of animal experiment. (A) In Exp. 1, chicks from d 1 to 8 postehatc
plemented with 1% L-Arg þ tap water; T3, basal diet þ tap water supplemented with L-NAM
with 1% L-Arg þ tap water supplemented with L-NAME at 18.5 mM. (B) In Exp. 2, to further in
NO) was used, and chicks from d 1 to 8 postehatch were fed with the basal diet and subjecte
0.1 mM (T2), tap water supplemented with L-NAME at 18.5 mM (T3), and tap water supplem
were randomly selected for sampling. L-Arg ¼ L-arginine; L-NAME ¼ L-nitro-arginine meth
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the end of the experiment, 6 birds from each group were
randomly selected for sampling.

2.2. Primary cell culture

The specific pathogen free (SPF) chicken embryos were obtained
(Jinan SAIS Poultry CO., Ltd, Jinan, China). The method to culture
cells was performed as previously described (Wang et al., 2019).
Briefly, myoblasts were obtained respectively from the PM and BF
muscles of d 14 and 12 embryo, seeded in 6 well plates at a density
of 1� 106 cells/mL and cultured in SILAC DMEM FlexMedia (DMEM
without D-glucose, L-glutamine, L-arginine and L-lysine; Gibco,
Grand Island, USA) supplemented with D-glucose (4.5 g/L, Sigma,
Saint Louis, USA), L-glutamine (4 mM, Sigma, Saint Louis, USA), L-
arginine (397.6 mM, Sigma, Saint Louis, USA), L-lysine (799.3 mM,
Sigma, Saint Louis, USA), 15% foetal bovine serum and 1% penicillin-
streptomycin (Solarbio, Beijing, China) in a humidified atmosphere
at 37 �C with 5% CO2. Cells were then subjected to the treatments
specified in the protocols for the experiments described below.
h were subjected to 1 of 4 treatments: T1, basal diet þ tap water; T2, basal diet sup-
E (an inhibitor of nitric oxide synthase) at 18.5 mM; and T4, basal diet supplemented
vestigate the role of NO in regulating protein metabolism, molsidomine (MS, a donor of
d to 1 of the 4 treatments: T1, tap water (control), tap water supplemented with MS at
ented with MS at 0.1 mM and L-NAME at 18.5 mM (T4). At 8 d, 6 birds from each group
yl ester; NO ¼ nitric oxide.
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2.3. Cell viability assay

Cell viability was detected by CCK-8 Cell Counting Kit (Vazyme,
Nanjing, China). Briefly, cells were cultured in 96-well plate in a
humidified incubator (37 �C, 5% CO2). After L-Arg and L-NAME
treatments, 90 mL DMEM with 10 mL CCK-8 solution was added to
each well of the plate for 2 h. Absorbance was measured at 450 nm
with a microplate reader (Elx808, Bio-Tek, Winooski, VT).

2.4. L-Arg, L-NAME, sodium nitroprusside (SNP), and rapamycin
treatments

2.4.1. L-Arg treatment
Myoblasts cultured were treated in SILAC DMEM Flex Media

(Gibco, Grand Island, USA) supplemented with D-glucose (4.5 g/L),
L-glutamine (4mM), L-arginine (397.6 mM) and L-lysine (799.3 mM).
Extra L-arginine supplementation at a dose of 400 mM was used to
treat myoblasts for 12 h according to the results of cell viability and
protein synthesis rate (Fig. S1; Fig. S2).

2.4.2. L-NAME treatment
Myoblasts were treated with 400 mM L-Arg, 1 mM L-NAME

(Sigma, Saint Louis, USA), and L-Arg supplementation (400 mM)
plus L-NAME (1 mM) according to the pre-trial result (Fig. S1).

2.4.3. SNP treatment
Myoblasts were treated with SNP (sodium nitroprusside, 10 mM;

a NO donor; Sigma, Saint Louis, USA) for 12 h. The doses of L-Arg, L-
NAME, and SNP were selected based on previous studies (Long
et al., 2006; Wang et al., 2018).

2.4.4. Rapamycin treatment
Myoblasts were treated with rapamycin (Solarbio, Beijing,

China), an inhibitor of mTOR, which was dissolved in dimethyl
sulfoxide (DMSO) at 25 mg/mL. The 0.5 and 1 mM concentrations of
rapamycin were used for 6 h. After treatment, cells were collected
and used for protein expression measurement.

2.5. Protein synthesis rate measurement

Protein synthesis rates were measured with a nonradioactive
method. In animal experiments, puromycin (10 mg/kg body mass,
Solarbio, Beijing, China) was administered by intraperitoneal in-
jection to measure protein-synthesis rate in the skeletal muscle of
chickens for 1 h before sample collected. For the in vitro treatments,
puromycin (10 mM; Sigma, Saint Louis, USA) was added to cell
culture media for 30 min, after which the total protein was
extracted and used to measure protein synthesis rates. Newly
synthesized polypeptides were labelled with puromycin at low
concentrations and then detectedwith an anti-puromycin antibody
to reflect the rate of protein synthesis (Schmidt et al., 2009;
Goodman et al., 2010; Wang et al., 2019).

2.6. NO2
� concentration and NOS activity assays

NO2
� concentrations in cells and the culture media were

measured with a commercial kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). NO is very chemically active and
easily converted into NO2

� and then NO3
�. In this reaction system,

the concentration of NO2
� was measured after conversion of NO3

�

into NO2
� by nitrate reductase. The absorbance of the supernatant

was determined at 550 nm using a spectrophotometer (Beijing
Pgeneral, Beijing, China).

Intracellular NOS activities, including those of total NOS enzymes
(TNOS) and iNOS, were determined using a commercial kit (Nanjing
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Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's instructions. In the reaction system, NOS catalyzes L-
arginine to produce NO, which reacts with nucleophilic substances
to form nonferrous compounds. The experiment was also performed
in the absence of calcium and the presence of a calcium chelator to
determine the calcium-independent NOS activity, which was
assumed to represent iNOS activity. The absorbance at 530 nm was
determined using a UV-2450 spectrophotometer.

2.7. Measurement of cGMP

Chicken cyclic guanosine monophosphate (cGMP) in myoblasts
from chicken embryo PM and BF muscle was detected via an ELISA
Kit (Enzyme-linked Biotechnology Co., Ltd, Shanghai, China), and
measured at 450 nm using a spectrophotometer (Elx808, Bio-Tek,
Winooski, VT).

2.8. Protein preparation and Western blotting

Cells were washed with PBS and then lysed with the lysis buffer.
The supernatants were obtained and used for immunoblot analysis.
The protein concentration was detected using a BCA Protein Assay
Kit (Beyotime, Nanjing, China). Total protein (18 mg) was separated
by SDS-PAGE and was transferred to PVDF membranes (Millipore,
Billerica, Germany). Themembranewas then blockedwith blocking
buffer (Beyotime, Nanjing, China) at room temperature for 1 h
before being incubated with the following primary antibodies, anti-
phospho-mTOR (Ser-2448) (#2971, anti-rabbit, Cell Signaling
Technology, Boston, USA), anti-mTOR (#2983, anti-rabbit, Cell
Signaling Technology, Boston, USA), anti-phospho-p70S6K (Thr-
389) (#9234, anti-rabbit, Cell Signaling Technology, Boston, USA),
anti-p70S6K (#2708, anti-rabbit, Cell Signaling Technology, Boston,
USA), anti-puromycin (EQ0001, anti-mouse, Kerafast, Boston, USA),
and anti-tubulin (AT819, anti-mouse, Beyotime, Nanjing, China)
overnight at 4 �C. After being washed, the proteins were probed
with horseradish peroxidase-linked anti-rabbit or anti-mouse
secondary antibodies (Beyotime, Nanjing, China). The membranes
were subsequently exposed to enhanced chemiluminescence plus
Western blot detection reagents (Beyotime, Nanjing, China). The
films were then scanned, and the intensities of specific bands were
quantified using ImageJ 1.43 software (National Institutes of Health,
Bethesda, USA) and normalized to those of tubulin in the same
sample (Wang et al., 2017, 2019).

2.9. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

Total RNA of myoblasts from chicken embryo PM and BF muscle
after treatments was isolated with Trizol (Invitrogen, Carlsbad,
USA). The transcriptor first-strand cDNA synthesis kit (Roche, Basel,
Switzerland) was used for cDNA synthesis of mRNA, followed by
the amplification by qPCR with FastStart Universal SYBR Green
Master (Rox) (Roche, Basel, Switzerland). A standard curve was
plotted to calculate the efficiency of the real-time PCR primers. The
mRNA level of b-actin was measured as an internal control, and the
relative expression of target genes was analyzed by the 2�DDCT

method. Primers used for qRT-PCR were designed by the NCBI
Primer BLAST program and DNAMAN software. The primer se-
quences were listed in Table 2.

2.10. Immunofluorescence staining and muscle fiber diameter
measurement

Cells were cultured on coverslips under identical conditions
and treatments as described above. The cells were fixed with 4%



Table 2
The primer sequences used for quantitative reverse transcription polymerase chain
reaction (qRT-PCR).

Gene Accession no. Primer sequence (50 to 30)

iNOS NM_204961 F: GTGGTATGCTCTGCCTGCTGTTG
R: GTCTCGCACTCCAATCTCTGTTCC

nNOS XM_004934480.1 F: CTCGGATGCACGGAAGTCCT
R: CGTGAACCCAGCCCAAACAC

eNOS JQ434761.1 F: GGATGTGCTGCACGGTCTGC
R: AGGACGTGCTGCGGACACAG

b-actin NM_205518 F: TGCGTGACATCAAGGAGAAG
R: TGCCAGGGTACATTGTGGTA

iNOS ¼ inducible nitric oxide synthase; nNOS ¼ neuronal nitric oxide synthase;
eNOS ¼ endothelial nitric oxide synthase.
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(wt/vol) paraformaldehyde for 30 min at room temperature, and
permeabilized with cold methanol for 20 min. After washed with
wash buffer (Beyotime, Nanjing, China) for 3 times, cells were
blocked for 1 h at room temperature, and then incubated with
primary antibodies anti-Dystrophin (1:500, Abcam, Cambridge,
UK) at 4 �C overnight. Secondary antibody with Alexa Fluor 555
(1:500, Beyotime, Nanjing, China) was incubated for 3 h at 4 �C
after washed for 3 times. Cell nucleuses were stained with DAPI
solution (Beyotime, Nanjing, China). Images were taken using a
confocal laser scanning microscope TCS SPE (Leica, Weztlar, Ger-
many). Cells were also observed in bright field at a low magnifi-
cation (10�, 20�) with a light microscope (NIKON, Tokyo
Metropolis, Japan), and measured the diameter of muscle fiber
with the software NIS-elements D.

2.11. Statistical analysis

The data were analysed with a one-way ANOVA model to esti-
mate the main effects of treatment (SAS version 8.1; SAS Institute
Inc., NC, USA). When the main effect of the treatment was signifi-
cant, the differences between means were compared using Tukey's
multiple comparisons test. P < 0.05 was considered statistically
significant.

3. Results

3.1. Effects of L-Arg and L-NAME on muscle development, NO2
�

levels and NOS activity

Compared to the control, dietary L-Arg supplementation had
no significant influence (P > 0.05) on BW gain and breast muscle
weight, whereas increased the thigh muscle mass (P < 0.05,
Fig. 2A to C). L-NAME treatment had no detectable influence
(P > 0.05) on BW gain and breast and thigh muscle masses.
Compared to L-Arg treatment, L-NAME suppressed BW gain and
breast and thigh muscle masses (P < 0.05).

Compared with control birds, L-Arg increased but L-NAME
decreased plasma NO2

� concentration (P < 0.05, Fig. 2D). The iNOS
and TNOS activities were not changed by any treatments (P > 0.05,
Fig. 2E). In breast muscle, L-Arg increased whereas L-NAME sup-
pressed NO2

� levels (P < 0.05, Fig. 2F), compared with control. The
iNOS activity was not changed by any treatments whereas TNOS
was elevated by L-Arg treatment compared to control and L-NAME
treatments (P < 0.01, Fig. 2G). In thigh muscle, NO2

� level was
higher in L-Arg group than that in control (P < 0.01), L-Arg þ L-
NAME (P < 0.05), and L-NAME treatments (P < 0.01, Fig. 2H). The
iNOS and TNOS activities were not influenced by any treatments
(P > 0.05, Fig. 2I).
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3.2. Effects of L-Arg and L-NAME on protein synthesis and mTOR/
p70S6K pathway

In breast muscle, compared with control, the protein synthesis
rate was decreased by L-Arg (P < 0.05) but increased by L-NAME
treatment (P < 0.01, Fig. 3A). In the present of L-NAME, the inhib-
itory effect of L-Arg on protein synthesis rate was eliminated and
increased to a higher level than that of control (P < 0.01, Fig. 3A). L-
Arg decreased phosphorylated mTOR (p-mTOR), total mTOR and
phosphorylated p70S6K (p-p70S6K), but did not change total
p70S6K, p-mTOR/mTOR ratio, and p-p70S6K/p70S6K ratio
compared to the control (P < 0.05, Fig. 3B, C). L-NAME increased p-
mTOR (P < 0.05), mTOR (P < 0.05), p-p70S6K (P < 0.01), and
reversed the inhibitory effect of L-Arg on p-mTOR (P < 0.05), mTOR
(P < 0.05), and p-p70S6K (P < 0.01, Fig. 3B, C).

In thigh muscle, the protein synthesis rate was not changed by L-
NAME or L-Arg treatment (P > 0.05, Fig. 3D). The total mTOR protein
level was reduced by L-NAME treatment (P < 0.05, Fig. 3E), whereas
the protein synthesis rate, p-mTOR, p-p70S6K, p70S6K and ratios of
p-mTOR/mTOR and p-p70S6K/p70S6Kwere not changed by either L-
Arg or L-NAME treatments (P > 0.05, Fig. 3D to F).

3.3. Effects of L-NAME and MS on muscle development, NO2
� levels,

and NOS activity

Compared to control, L-NAME decreased BW gain (P < 0.05,
Fig. 4A), whereas MS had no significant influence on BW gain
(P > 0.05). In contrast, the reduced BW gain by L-NAME was
recovered in the presence of MS (P < 0.05, Fig. 4A). Compared to
control, neither L-NAME nor MS treatment had an influence on
breast and thigh muscle mass (P > 0.05, Fig. 4B, C). However, MS
chicks had higher breast muscle mass than that of L-NAME chicks
(P < 0.05, Fig. 4B).

Plasma concentration of NO2
� was increased by MS (P < 0.01)

but decreased by L-NAME (P < 0.05), compared to control (Fig. 4D).
Plasma activities of iNOS and TNOS were not changed by either L-
NAME or MS treatment (P > 0.05, Fig. 4E). In breast and thigh
muscle tissues, compared to control, the NO2

� level was not changed
by MS treatment (P > 0.05), but was decreased by L-NAME treat-
ment (P < 0.01, Fig. 4F, H). In breast muscle, iNOS activity was
increased by L-NAME (P < 0.05), whereas TNOS was not influenced
(P > 0.05) by any treatments (Fig. 4G). In contrast, iNOS activity was
decreased by L-NAME in thigh muscle compared to control
(P < 0.05, Fig. 4I).

3.4. Effects of L-NAME and MS on protein synthesis and mTOR/
p70S6K pathway

In breast muscle, L-NAME treatment increased but MS and NAMS
treatments suppressed the protein synthesis rate (P < 0.05),
compared to control (Fig. 5A). The levels of p-mTOR, mTOR, p-
p70S6K, and p70S6K were increased by L-NAME (P < 0.05) and
decreased by MS or NAMS treatment, compared to control (P < 0.05,
Fig. 5B, C). The p-mTOR/mTOR ratio and p-p70S6K/p70S6K ratio
were not significantly changed by all the treatments (P> 0.05, Fig. 5B,
C). In thigh muscle, however, the protein synthesis rate, p-mTOR,
mTOR, p-p70S6K, and p70S6K were decreased by L-NAME (P < 0.05)
but were not influenced by other treatments, compared to the
control (P > 0.05, Fig. 5D to F). Compared with L-NAME treatment,
MS increased (P < 0.05) p-mTOR, mTOR, p-p70S6K, and p70S6K
levels, whereas NAMS elevated p-mTOR and p70S6K levels (P < 0.05,
Fig. 5E, F). The p-mTOR/mTOR ratio and p-p70S6K/p70S6K ratio
were not influenced by all treatments (P > 0.05, Fig. 5E, F).



Fig. 2. Effects of L-arginine (L-Arg, 1%) and L-nitro-arginine methyl ester (L-NAME, 18.5 mM) treatments on the muscle development, nitrite (NO2
�) concentration, activities of

inducible nitric oxide synthase (iNOS), and total NOS (TNOS) in plasma and breast and thigh muscles of broilers. (A) Body weight gain; (B) breast muscle weight; (C) thigh muscle
weight; (D) plasma NO2

�; (E) plasma iNOS and TNOS activities; (F) NO2
� concentration in breast muscle; (G) iNOS and TNOS activities in breast muscle; (H) NO2

� concentration in
thigh muscle; (I) iNOS and TNOS activities in thigh muscle. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05, **P < 0.01.
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3.5. Effects of L-Arg and L-NAME on myoblast diameter, and protein
content

In myoblasts from chicken embryo PMmuscle, L-Arg increased
(P < 0.05), whereas L-NAME decreased (P < 0.05) the diameter of
muscle fibres (Fig. 6A to C). In contrast, L-Arg treatment increased
(P < 0.05) the protein content of myoblasts, whereas L-NAME had
no detectable influence (P > 0.05, Fig. 6D). In myoblasts from
chicken embryo BF muscle, the diameter of myoblasts was not
influenced by L-Arg (P > 0.05). Adversely, the diameter of myo-
blasts was decreased by L-NAME (P < 0.05), which was restored in
the presence of L-Arg (P < 0.05, Fig. 6E to G). L-Arg had no sig-
nificant effect on protein content (P > 0.05), whereas L-NAME
treatment significantly increased the protein content (P < 0.05,
Fig. 6H).
73
3.6. Effects of L-Arg, L-NAME, and SNP treatments on myoblasts
from pectoralis major muscle

Compared with the control, L-Arg (400 mM) increased NO2
�

level in myoblasts from chicken embryo PM muscle and cell cul-
ture medium, and the activity of TNOS (P < 0.05, Fig. 7A, B). L-Arg
decreased protein synthesis rate, p-mTOR, mTOR, p-p70S6K,
p70S6K, atrogin-1, and MuRF1 levels compared to control
(P < 0.05, Fig. 7C to G). SNP treatment significantly increased the
NO2

� concentration in myoblasts and cultural media (P < 0.01,
Fig. 8A). The activity of iNOS and cGMP levels were decreased (P <
0.05) but TNOS activity was not influenced (P > 0.05) by SNP
treatment (Fig. 8B, C). Compared to control, the protein synthesis
rate, protein expression levels of p-mTOR, mTOR, p-p70S6K,
p70S6K were all decreased by SNP treatment (P < 0.05, Fig. 8D to



Fig. 3. Effects of L-arginine (L-Arg, 1%) and L-nitro-arginine methyl ester (L-NAME, 18.5 mM) treatments on protein synthesis rate and phosphorylation of mTOR and protein S6
kinase beta-1 (p70S6K) in the breast and thigh muscles of broilers. (A) The protein synthesis rate in breast muscle; (B) the protein levels of total and phosphorylated mTOR in breast
muscle; (C) the total and phosphorylated p70S6K in breast muscle; (D) the protein synthesis rate in thigh muscle; (E) the protein levels of total and phosphorylated mTOR in thigh
muscle; (F) the total and phosphorylated p70S6K in thigh muscle. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05, **P < 0.01.
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F). The p-mTOR/mTOR ratio and p-p70S6K/p70S6K ratio were not
influenced by SNP treatment (P > 0.05, Fig. 8E, F). The protein
levels of atrogin-1 and MuRF1 were suppressed by SNP treatment
as well (P < 0.05, Fig. 8G, H).

L-NAME, however, decreased (P < 0.01) NO2
� level in myo-

blasts which was increased (P ¼ 0.074) by L-Arg, but not in the
culture medium (P > 0.05, Fig. 9A). The iNOS activity was not
changed by all the treatments (P > 0.05), whereas TNOS activity
was increased (P < 0.05) by L-Arg but decreased (P < 0.05) by L-
NAME treatment (Fig. 9B). Compared to control, L-Arg and L-
Arg þ L-NAME tended to decrease the cGMP level (Fig. 9C). The
protein synthesis rate, p-mTOR, mTOR, p-p70S6K and p70S6K
levels were suppressed by L-Arg treatment (P < 0.01, Fig. 9D to F)
when compared to the control, and were not influenced by L-
NAME or L-Arg þ L-NAME treatment (P > 0.05). The p-mTOR/
mTOR ratio and p-p70S6K/p70S6K ratio were not influenced by all
the treatments (P > 0.05, Fig. 9E, F). Similarly, compared to control,
the protein levels of atrogin-1 and MuRF1 were suppressed by
L-Arg (P < 0.01), whereas were not influenced by L-NAME or
L-Arg þ L-NAME treatment (P > 0.05, Fig. 9G, H).
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3.7. Effects of L-Arg, L-NAME, and SNP treatments on myoblasts
from biceps femoris muscle

Compared with myoblasts from PM muscle, the NO2
� level and

the activity of TNOS were lower (P < 0.05) in myoblasts from BF
muscle (Fig. S3). ThemRNA expression of iNOSwas higher than that
of nNOS and eNOS (P < 0.05, Fig. S4) in myoblasts from PM and BF
muscle. In the myoblast from BF muscle, L-Arg (400 mM) increased
the activity of iNOS (P < 0.05, Fig. 7I), whereas the NO2

� concen-
tration inmyoblasts and cultural media, and TNOS activity were not
influenced (P > 0.05, Fig. 7H, I). The phosphorylated and total mTOR
levels were decreased (P < 0.05, Fig. 7K), whereas, the protein
synthesis rate, p-p70S6K, p70S6K, atrogin-1, MuRF1 levels, and p-
mTOR/mTOR ratio and p-p70S6K/p70S6K ratio were not influenced
by L-Arg (P > 0.05, Fig. 7J, L to N).

The iNOS activity was increased (P < 0.05) by L-Arg, whereas
decreased (P< 0.05) by L-NAME treatment (Fig.10B). The NO2

� level
in myoblasts and cell culture medium, and the TNOS activity were
not changed by all the treatments (P > 0.05, Fig. 10A, B). Compared
to control, the cGMP level was not altered by all treatments



Fig. 4. Effects of molsidomine (MS, 0.1 mM) or L-nitro-arginine methyl ester (L-NAME, 18.5 mM) on the muscle development, nitrite (NO2
�) concentration, and activities of

inducible nitric oxide synthase (iNOS) and total NOS (TNOS) in plasma and breast and thigh muscles of broilers. (A) Body weight gain; (B) breast muscle weight; (C) thigh muscle
weight; (D) plasma NO2

� concentrations; (E) plasma activities of iNOS and TNOS; (F) NO2
� concentrations in breast muscle; (G) activities of iNOS and TNOS in breast muscle; (H)

NO2
� concentrations in thigh muscle; (I) activities of iNOS and TNOS in thigh muscle. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05.
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(Fig. 10C). L-Arg showed the tendency to decrease p70S6K level
(P ¼ 0.073, Fig. 10F), and L-NAME tended (P ¼ 0.095) to decrease
protein synthesis rate (Fig. 10D).

SNP treatment increased the NO2
� concentration in cell cul-

ture medium (P < 0.01) whereas decreased in myoblasts
(P < 0.05, Fig. 8I). The activities of iNOS and TNOS, and cGMP
concentration were not influenced by SNP treatment (P > 0.05,
Fig. 8J, K). SNP treatment showed a trend to decrease (P ¼ 0.091)
the protein synthesis rate of myoblasts (Fig. 8L). The protein
expression levels of p-mTOR, mTOR, p-p70S6K, p70S6K, and the
ratios of p-mTOR/mTOR, and p-p70S6K/p70S6K were not
changed by SNP treatment (P > 0.05, Fig. 8M, N), whereas
atrogin-1 (P ¼ 0.081, Fig. 8O) and MuRF1 (P ¼ 0.082, Fig. 8P)
levels tended to be decreased by SNP.
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3.8. Effects of rapamycin on the expression of atrogin-1 and MuRF1
in myoblasts

In the myoblast from chicken embryo PM muscle, compared to
control, rapamycin increased the NO2

� concentration in myoblasts
at 0.5 mM (P < 0.05, Fig. 11A), and increased the activity of TNOS
(P < 0.05, Fig. 11B). Rapamycin increased the mRNA expression of
iNOS ofmyoblasts from PM and BFmuscle in a dose-dependent way
(P < 0.05, Fig.11C, K); whereas, it had no detectable influence on the
expression of nNOS. In contrast, eNOS expression was decreased by
0.5 mM rapamycin in myoblasts from PMmuscle (P < 0.05, Fig. 11C).
Rapamycin decreased the protein synthesis rate (P < 0.05, Fig. 11D),
reduced p-mTOR, mTOR, p-p70S6K, and p70S6K levels (P < 0.01,
Fig. 11E, F); however, the p-mTOR/mTOR ratio and p-p70S6K/



Fig. 5. Effects of molsidomine (MS, 0.1 mM) and L-nitro-arginine methyl ester (L-NAME, 18.5 mM) treatments on protein synthesis rate and phosphorylation of mTOR and protein
S6 kinase beta-1 (p70S6K) in breast and thigh muscles of broilers. (A) Protein synthesis rate in breast muscle; (B) total and phosphorylated mTOR in breast muscle; (C) total and
phosphorylated p70S6K in breast muscle; (D) protein synthesis rate in thigh muscle; (E) total and phosphorylated mTOR in thigh muscle; (F) total and phosphorylated p70S6K in
thigh muscle. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05, **P < 0.01.
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p70S6K ratio were not changed by rapamycin treatment. Compared
to control, atrogin-1 was decreased by rapamycin (P < 0.05,
Fig. 11G), whereas MuRF1 level was reduced by rapamycin only at
1 mM (P < 0.05, Fig. 11H).

In the myoblast from chicken embryo BF muscle, the NO2
�

concentration in myoblasts was increased at 0.5 mM (P < 0.05,
Fig. 11I) by rapamycin treatment. The activity of TNOS was also
increased (P < 0.05, Fig. 11J). The protein synthesis rate, protein
expression levels of p-mTOR, p-mTOR/mTOR, p-p70S6K, and
p70S6K were reduced (P < 0.05, Fig. 11L to N), whereas mTOR, p-
p70S6K/p70S6K, atrogin-1 and MuRF-1 levels were not changed by
rapamycin (P > 0.05, Fig. 11M to P).

4. Discussion

The present study indicated that L-Arg has a beneficial effect
on the development of skeletal muscle. In myoblasts from
chicken embryo PM muscle, L-Arg/NO and SNP inhibited protein
synthesis rates simultaneously with the suppression of protein
hydrolysis by hindering the mTOR/p70S6K and atrogin-1/MuRF-1
pathways, resulting in enhanced muscle fibre development. In
contrast, myoblasts from BF muscle were less sensitive to the L-
Arg/NO pathway. The result suggests that L-Arg/NO promotes
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skeletal muscle development by suppressing protein hydrolysis
via mTOR/p70S6K pathway in a tissue dependent way (Fig. 12).

L-Arg tended to increase BW gain (þ5.3%) and breast muscle
mass (þ14.9%), whereas significantly increased thigh muscle mass
(þ22.9%) compared to the control, indicating that L-Arg supple-
mentation is beneficial for the development of skeletal muscles.
This result is in agreement with the previous finding that dietary
supplementation with L-Arg leads to an overall body growth and
increased growth of breast muscle in broiler chickens (Yu et al.,
2018; Castro et al., 2019; Subramaniyan et al., 2019). Similarly, L-
arginine supplementation increased the gastrocnemius to body
mass ratio of rats (Stefani et al., 2018) and enhanced swine lean-
tissue growth (Tan et al., 2009). Hence, the result indicates that L-
Arg has a beneficial effect on skeletal muscle development in both
mammals and chickens. As there are interactions between L-Arg
and other amino acids such as lysine and methionine
(Chamruspollert et al., 2002; Zampiga et al., 2018), and L-Arg may
act as a donor of NO, the in vivo effect of L-Arg on muscle protein
deposition needs to be investigated further.

It is well known that L-Arg is the precursor of NO, which is an
important gasotransmitter that participates in cell communica-
tion (Moncada et al., 1991; Nathan, 1992; Bredt, 1999; Hemish
et al., 2003) and skeletal muscle function (Aguiar et al., 2017).



Fig. 6. Effects of L-arginine (L-Arg, 400 mM) and L-nitro-arginine methyl ester (L-NAME, 1 mM) treatments on protein content and fiber diameter of myoblasts from chicken embryo
pectoralis major (PM) and biceps femoris (BF) muscles. Myoblasts from PM: (A) Bright field of muscle fiber; (B) muscle fiber diameter (n ¼ 20); (C) Dys immunofluorescence (10�,
bar ¼ 50 mm); (D) protein content (n ¼ 6). Myoblasts from BF: (E) bright field of muscle fiber; (F) muscle fiber diameter (n ¼ 20); (G) Dys immunofluorescence (10� magnification,
bar ¼ 50 mm); (H) protein content (n ¼ 6). The data were presented as the mean ± SD; *P < 0.05; **P < 0.01.
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Fig. 7. Effects of L-arginine (L-Arg, 400 mM) on protein synthesis rate, phosphorylation of mTOR and protein S6 kinase beta-1 (p70S6K), and the protein levels of atrogin-1 and
muscle RING finger 1 (MuRF1) in myoblasts from chicken embryo pectoralis major (PM) and biceps femoris (BF) muscles. Myoblasts from PM: (A) nitrite (NO2

�) concentrations; (B)
inducible nitric oxide synthase (iNOS) and total nitric oxide synthase (TNOS) activities; (C) protein synthesis rate; (D) total and phosphorylated mTOR; (E) total and phosphorylated
p70S6K; (F) atrogin-1; (G) MuRF1. Myoblasts from BF: (H) NO2

� concentrations; (I) iNOS and TNOS activities; (J) protein synthesis rate; (K) total and phosphorylated mTOR; (L) total
and phosphorylated p70S6K; (M) atrogin-1; (N) MuRF1. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05; **P < 0.01.
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Hence, we investigated the involvement of NO in the regulating
effect of L-Arg. L-NAME supplementation abolished the favour-
able effect of L-Arg on BW gain and skeletal muscle mass, sug-
gesting NO is associated with the regulating effect of L-Arg. This
result was in accordance with the reduced NO2

� concentration in
plasma and skeletal muscle tissue and suppressed TNOS activity
in breast muscle in chickens under L-NAME treatment. We
further tested the hypothesis via the dietary supplementation of
MS, a NO donor that has been used in humans (Chander and
Chopra, 2005). MS treatment, however, had no influence on the
NO level and activities of iNOS and TNOS in both breast and thigh
muscles. Though, it elevated the plasma NO concentration. This
result was consistent with the unobvious effect of MS on body
weight gain and the breast and thigh muscle weights. As the NO
levels in breast and thigh muscles were not altered by the MS
treatment, the effect of NO on muscle development cannot be
excluded. Adversely, the arrested BW gain by L-NAME was
partially recovered and meanwhile the decreased NO2

� concen-
trations in plasma, breast, and thigh muscle tissue by L-NAME
were restored. In the in vivo model of the present study, however,
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the involvement of NO was not evaluated by using NO scavenger
such as cPTIO, which will be further studied in the future.
Collectively, the result suggests that NO contributes at least
partially to the beneficial effect of L-Arg on skeletal muscle
development.

Skeletal muscles are composed of several types of muscle fibres,
exhibiting oxidative or glycolytic metabolism. It is more susceptible
to age-related atrophy of fast-twitch glycolytic fibres when
compared with slow-twitch oxidative fibres in mammals (Larsson
et al., 2010; Braga et al., 2016). In chickens, the PM muscle pri-
marily comprises of fast-twitch glycolytic fibers, whereas the BF
muscle mainly contains slow-twitch oxidative fibers (Barbut and
Shai, 2002). Hence, we further investigated the regulation of L-
Arg on protein synthesis of the PM and BF muscles. By using a
nonradioactive method, the protein synthesis rate was detected via
measuring newly synthesized proteins labelled by puromycin
(Schmidt et al., 2009; Goodman et al., 2010; Wang et al., 2018). The
decreased protein synthesis rate by L-Arg in breast muscle indi-
cated the negative regulation of L-Arg on in vivo protein synthesis.
This speculation was supported by the result that L-NAME rescued



Fig. 8. Effects of sodium nitroprusside (SNP, 10 mM) treatment on protein synthesis rate, phosphorylation of mTOR and protein S6 kinase beta-1 (p70S6K), and the protein levels of
atrogin-1 and muscle RING finger 1 (MuRF1) in myoblasts from chicken embryo pectoralis major (PM) and biceps femoris (BF) muscles. Myoblasts from PM: (A) nitrite (NO2

�)
concentrations; (B) inducible nitric oxide synthase (iNOS) and total nitric oxide synthase (TNOS) activities; (C) cyclic guanosine monophosphate (cGMP) level; (D) protein synthesis
rate; (E) total and phosphorylated mTOR; (F) total and phosphorylated p70S6K; (G) atrogin-1; (H) MuRF1. Myoblasts from BF: (I) NO2

� concentrations; (J) iNOS and TNOS activities;
(K) cGMP level; (L) protein synthesis rate; (M) total and phosphorylated mTOR; (N) total and phosphorylated p70S6K; (O) atrogin-1; (P) MuRF1. The data were presented as the
mean ± SD (n ¼ 6); *P < 0.05; **P < 0.01.
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the restrained protein synthesis rate by L-Arg. This observationwas
contrary to the reports in mammals. L-Arg enhances protein syn-
thesis in skeletal muscle of piglets (Frank et al., 2007; Yao et al.,
2008). However, this result was further solidified by the observa-
tion that MS treatment suppressed the protein synthesis rate in
breast muscle. Adversely, L-NAME cannot restore the suppressive
effect of MS, when the NO2

� concentration in breast musclewas not
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significantly changed by L-NAME. Furthermore, the inhibited pro-
tein synthesis rate by L-Arg or MS observed in the breast muscle
was not detected in the thigh muscle, indicating that the regulating
effect of L-Arg/NO is different in the breast from that in thigh
muscle. Collectively, the result suggested that L-Arg suppressed
protein synthesis of skeletal muscle in a NO-dependent and tissue
specific way.



Fig. 9. Effects of L-arginine (L-Arg, 400 mM) and L-nitro-arginine methyl ester (L-NAME, 1 mM) treatments on nitrite (NO2
�) concentration, activities of inducible nitric oxide

synthase (iNOS) and total nitric oxide synthase (TNOS), protein synthesis rate, phosphorylation of mTOR and protein S6 kinase beta-1 (p70S6K), and protein levels of atrogin-1 and
muscle RING finger 1 (MuRF1) in myoblasts from chicken embryo pectoralis major muscle. (A) NO2

� concentrations; (B) iNOS and TNOS activities; (C) cyclic guanosine mono-
phosphate (cGMP) level; (D) protein synthesis rate; (E) total and phosphorylated mTOR; (F) total and phosphorylated p70S6K; (G) atrogin-1; (H) MuRF1. The data were presented as
the mean ± SD (n ¼ 6); *P < 0.05, **P < 0.01.
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In mammals, the activation of mTORC1 is responsible for the
increased protein synthesis and skeletal muscle growth (Baar and
Esser, 1999; Rommel et al., 2001; Hornberger and Chien, 2010;
Shimizu et al., 2011). In chickens, mTOR is associated with appetite
control in hypothalamus (Liu et al., 2015), and the protein synthesis
in intestinal function (Liu et al., 2016, 2018) and skeletal muscle
(Wang et al., 2019). Hence, we further measured the activation of
mTOR/p70S6K pathway. The suppressed phosphorylation levels of
mTOR and p70S6K were observed in the breast muscle of chicks
with L-Arg treatment, suggesting the arrested mTOR pathway. In
80
the presence of L-NAME, the suppressed mTOR/p70S6K was totally
abolished. In contrast, MS decreased the levels of phosphorylated
mTOR and p70S6K in breast muscle, and the suppression effect was
not altered by the presence of L-NAME. Hence, the result suggested
that NO should be responsible for the block of mTOR/p70S6K
pathway in breast muscle.

In order to test the hypothesis, we further verified the
observation in cultured myoblasts in vitro. In myoblasts obtained
from PM muscle, L-Arg treatment increased intracellular NO2

�

level simultaneously with the suppressed protein synthesis rate



Fig. 10. Effects of L-arginine (L-Arg, 400 mM) and L-nitro-arginine methyl ester (L-NAME, 1 mM) treatments on nitrite (NO2
�) concentration, activities of inducible nitric oxide

synthase (iNOS) and total nitric oxide synthase (TNOS), protein synthesis rate, phosphorylation of mTOR and protein S6 kinase beta-1 (p70S6K), and protein levels of atrogin-1 and
muscle RING finger 1 (MuRF1) in myoblasts from chicken embryo biceps femoris muscle. (A) NO2

� concentrations; (B) iNOS and TNOS activities; (C) cyclic guanosine mono-
phosphate (cGMP) level; (D) protein synthesis rate; (E) total and phosphorylated mTOR; (F) total and phosphorylated p70S6K; (G) atrogin-1; (H) MuRF1. The data were presented as
the mean ± SD (n ¼ 6); *P < 0.05.
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and phosphorylated mTOR and p70S6K, indicating that L-Arg
restrained protein synthesis with the involvement of mTOR/
p70S6K pathway. In the presence of L-NAME, however, the
reduced intra- and inter-cellular NO2

� concentrations and TNOS
activity indicated that L-NAME decreased the production of NO.
This result was consistent with the in vivo experiments, where
TNOS but not iNOS activity changed consistently with NO2

�,
indicating that TNOS is responsible for the formation of NO in
breast muscle. The suppressed protein synthesis rate and
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phosphorylated-mTOR and p70S6K levels by L-Arg treatment
were reversed by L-NAME, indicating that NO hinders the protein
synthesis with the involvement of mTOR/p70S6K pathway. SNP, a
NO donor, increased NO2

� level but suppressed the activity of
iNOS, suggesting the feedback effect of NO on iNOS activity. The
decreased protein synthesis rate and reduced phosphorylated
mTOR and p70S6K levels by SNP indicated that NO should be
responsible for the restrained protein synthesis and hindered the
mTOR/p70S6K pathway. The interaction of NO with heme-



Fig. 11. Effects of rapamycin treatment on protein synthesis rate, phosphorylation of mTOR and protein S6 kinase beta-1 (p70S6K), protein levels of atrogin-1 and muscle RING
finger 1 (MuRF1) in myoblasts from chicken embryo pectoralis major (PM) and biceps femoris (BF) muscle. Myoblasts from PM: (A) nitrite (NO2

�) concentrations; (B) inducible
nitric oxide synthase (iNOS) and total nitric oxide synthase (TNOS) activities in myoblasts; (C) the relative mRNA expression of iNOS, nNOS, and eNOS; (D) the protein synthesis rate;
(E) the total and phosphorylated mTOR; (F) the total and phosphorylated p70S6K; (G) atrogin-1; (H) MuRF1. Myoblasts from BF: (I) NO2

� concentrations; (J) iNOS and TNOS
activities in myoblasts; (K) the relative mRNA expression of iNOS, nNOS, and eNOS; (L) the protein synthesis rate; (M) the total and phosphorylated mTOR; (N) the total and
phosphorylated p70S6K; (O) atrogin-1; (P) MuRF1. The data were presented as the mean ± SD (n ¼ 6); *P < 0.05; **P < 0.01.
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containing proteins is exemplified in the binding to guanylate
cyclase, which activates the enzyme and thereby raises cGMP
levels (Stamler and Meissner, 2001; Godfrey and Schwarte, 2010).
In this study, cGMP level was reduced in the presence of L-Arg
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and SNP, indicating the suppressed cascade of NO/cGMP pathway.
The underlying mechanism remains to be further elucidated. In
the presence of rapamycin, the suppressed protein synthesis and
blocked mTOR/p70S6K activation also indicated that the mTOR/



Fig. 12. Schematic illustration of regulatory effect of L-Arg/NO on protein turnover. L-Arg/NO suppresses protein synthesis via mTOR/p70S6K pathway in a muscle fibre-dependent
manner in chickens. (A) In myoblasts from chicken embryo pectoralis major muscle (fast-twitch glycolytic fibres), L-Arg/NO increases protein deposition by inhibiting protein
synthesis via mTOR/p70S6K and suppressing protein hydrolysis via atrogin-1/MuRF-1 pathways. (B) In myoblasts from chicken embryo biceps femoris muscle (slow-twitch
oxidative fibers), the effect of L-Arg/NO shows a weak effect. Solid arrowhead: strong positive effect; dotted arrowhead: weak positive effect; solid T-line, strong negative effect;
dotted T-line, weak negative effect. L-arginine ¼ L-Arg; NO ¼ nitric oxide; NOS ¼ nitric oxide synthase; p70S6K ¼ protein S6 kinase beta-1; MuRF1 ¼ muscle RING finger 1.
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p70S6K pathway is involved in the regulation of L-Arg/NO system
on the regulation of protein synthesis of fast-twitch glycolytic
fibres.

In thigh muscle, the NO level was increased by L-Arg but not MS
treatment, and the iNOS activity was not influenced by either L-Arg
or MS. However, in the in vitro cultured myoblasts from BF muscle,
L-Arg increased iNOS activity and showed no detectable effect on
NO2

� levels. Whereas, SNP reduced the intracellular NO but did not
alter iNOS and TNOS activities. Moreover, SNP increased the NO
level in the culture medium but differently changed the NO level in
myoblasts from PM and BF. The result indicated the discrepancies
between the in vivo and in vitro systems and between different
muscle types. In contrast to the breast muscle, in vivo L-Arg or MS
treatments had no obvious influence on the protein synthesis rate
of thigh muscle, indicating that thigh muscle is less sensitive to L-
Arg/NO treatment compared to breast muscle. Moreover, L-NAME
treatment suppressed the protein synthesis rate in thigh muscle,
which was restored by the presence of MS or L-Arg. In the in vitro
cultured myoblasts from BF muscle, L-Arg had no detectable in-
fluence but SNP tended to suppress the protein synthesis rate. This
observation, however, disagreed with the result in C2C12 cells, in
which L-Arg promotes protein synthesis in a NO-dependent
manner (Wang et al., 2019). The activation of mTOR/p70S6K
pathway was further determined and the result indicated that L-
Arg and MS had no significant influence on the phosphorylation of
mTOR and p70S6K in the thighmuscle of broilers, whereas L-NAME
decreased the phosphorylation of mTOR. The result indicated that
L-Arg/NO cannot activate mTOR/p70S6K pathway in thigh muscle.
In the in vitro cultured myoblasts obtained from embryonic BF
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muscle, the phosphorylated mTOR level was differently influenced
by L-Arg and SNP; whereas, the phosphorylation level of p70S6K
was not altered by either L-Arg or SNP, suggesting that the mTOR/
p70S6K pathway is not activated. Collectively, the result implies
that the L-Arg/NO system in BF is not involved in the regulation of
protein synthesis via mTOR/p70S6K pathway. NO and related
molecules are associated with the regulation of skeletal muscle
functions such as force production, blood flow, and myocyte dif-
ferentiation, respiration, and glucose homeostasis (Stamler and
Meissner, 2001). In mammals, nNOS-1/NO system of skeletal
muscles exerts its biological role especially in fast-oxidative myo-
fibers, because these myofibers express more NOS-1 than fast-
glycolytic or slow-oxidative ones (Planitzer et al., 2001). In this
study, the result showed the difference in the fast-twitch glycolytic
fibres (PM) and slow-twitch oxidative fibers (BF). Hence, the role of
NOS in the breast and thighmuscle needs to be investigated further.
Collectively, the present result suggests that L-Arg/NO regulates
protein synthesis in a tissue-specific way, playing a role on the
protein synthesis of fast-twitch glycolytic fibres and having little
influence on the protein synthesis in the slow-twitch oxidative
fibres.

As the in vivo experiment indicated the beneficial effect of L-
Arg/NO on muscle development, we further investigated the effect
of L-Arg on proteolysis in myoblasts. Atrogin-1 and MuRF1, as 2
critical ubiquitin-protein ligases (E3s), are critical regulators of
proteolysis, leading to muscle atrophy (Bodine et al., 2001). The
myogenic transcription factors such as elongation initiation factor 3
(eIF3-f), myogenic differentiation antigen (MyoD), and myogenin
are targets of atrogin-1 (Foletta et al., 2011). In C2C12 cells, the
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upregulated expression of MuRF1 is associated with the
glucocorticoid-induced suppression of protein synthesis (Wang
et al., 2016). In myoblasts from PM muscle, atrogin-1 and MuRF1
were downregulated by L-Arg or SNP treatments, and the repres-
sing effect of L-Arg, but not SNP, was abolished by L-NAME. The
result indicates that L-Arg inhibits protein degradation via arresting
MuRF1 and atrogin-1 expression in a NO-dependent way. In myo-
blasts from BF muscle, however, high levels of L-Arg and SNP ten-
ded to inhibit the protein levels of atrogin-1 andMuRF1, suggesting
that L-Arg/NO is a minor regulator in the protein degradation of
myoblasts from thigh muscle. This result was in line with the
observation that L-Arg increased the protein content and diameter
of myotubes from myoblasts of PM. It was previously reported that
the branched-chain amino acids and arginine could suppress
MaFbx/atrogin-1 mRNA expression via mTOR pathway
(Herningtyas et al., 2008). Our results are in agreement with the
previous study, which demonstrated that blocking the mTOR
pathway with rapamycin resulted in restrained atrogin-1 and
MuRF1 protein levels. It is interesting to note that rapamycin
increased NO level at a dose of 0.5 mM in the 2 types of myoblasts, in
line with the increased iNOS expression level. As a key signalling
molecule, NO plays an important role in the maintenance of both
skeletal muscle integrity and proper signalling mechanisms during
adaptation to mechanical and metabolic stimulation (Kobayashi
et al., 2019). Hence, if NO is involved in rapamycin-induced inac-
tivation of mTOR/p70S6K pathway remains to be elucidated
further. Collectively, the result indicates that L-Arg/NO induces the
arrested protein synthesis simultaneously with the suppressed
proteolysis to more serious extents, resulting in reduced protein
turnover and increased protein accumulation. As this effect was not
detected in the slow-twitch oxidative fibres, this suggests the
beneficial effect of L-Arg/NO is muscle-fibre specific.

5. Conclusion

The result demonstrates that L-Arg/NO enhances protein accu-
mulation andmuscle development by suppressing protein turnover
in a muscle fibre specific way, suppressing protein synthesis
simultaneously with proteolysis to a more serious extent in the
fast-twitch glycolytic fibres but not in the slow-twitch oxidative
fibres. The result suggests that the L-Arg/NO/mTOR/p70S6K
pathway is involved in the protein metabolism of fast-twitch
glycolytic muscle. The result highlights the potential clinical
application of L-Arg or NO in the treatment of muscle wasting in
fast-twitch glycolytic muscle fibres.
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