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This study aimed to explore the mechanism underlying arginine-promoted myogenesis of myoblasts.
C2C12 cells were cultured with a medium containing 0.1, 0.4, 0.8, or 1.2 mmol/L arginine, respectively.
Cell proliferation, viability, differentiation indexes, cytoplasmic Ca2þ concentration, and relative mRNA
expression levels of myogenic regulatory factors (MRF) and key Ca2þ channels were measured in the
absence or presence of 2 chemical inhibitors, dantrolene (DAN, 10 mmol/L) and nisoldipine (NIS, 10 mmol/
L), respectively. Results demonstrated that arginine promoted myogenic differentiation and myotube
formation. Compared with the control (0.4 mmol/L arginine), 1.2 mmol/L arginine upregulated the
relative mRNA expression levels of myogenin (MyoG) and Myomaker at d 2 during myogenic induction
(P < 0.05). Cytoplasmic Ca2þ concentrations were significantly elevated by arginine supplementation at
d 2 and 4 (P < 0.05). Relative mRNA expression levels of Ca2þ channels including the type 1 ryanodine
receptor (RyR1) and voltage-gated Ca2þ channel (Cav1.1)were upregulated by 1.2 mmol/L arginine during
2-d myogenic induction (P < 0.01). However, arginine-promoted myogenic potential of myoblasts was
remarkably compromised by DAN and NIS, respectively (P < 0.05). These findings evidenced that the
supplementation of arginine promoted myogenic differentiation and myotube formation through
increasing cytoplasmic Ca2þ concentration from both extracellular and sarcoplasmic reticulum Ca2þ.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The skeletal muscle, as the largest tissue in the body, not only
performs body movements through voluntary contractions, but
also provides meat in livestock production. Therefore, it is of great
significance for humans and animals to keep skeletal muscle
normal in terms of development, functions and metabolic
homeostasis.

Myogenesis is a fundamental physiological process involved in
muscle development and regeneration (Bentzinger et al., 2012;
iation of Animal Science and
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Tajbakhsh, 2009). Myogenic regulatory factors (MRF), such as
myoblast determination protein (MyoD), myogenic factor 5 (Myf5),
myogenin (MyoG) and myogenic regulatory factor 4 (MRF4),
orchestrate myogenic differentiation in the muscle lineage at
multiple points, controlling the determination and differentiation
of skeletal muscle cells during embryogenesis and postnatal myo-
genesis (Buckingham and Rigby, 2014).

L-Arginine, serving as a conditionally essential amino acid for
adults, but an essential amino acid for birds, carnivores and young
mammals, has been evidenced to exert beneficial effects on skeletal
muscle development in vivo. For example, arginine supplementa-
tion has been shown to promote early muscle development (de
Jonge et al., 2002; Fernandes et al., 2009), increase muscle mass
(Oksbjerg et al., 2019; Tan et al., 2009) and promote muscle repair
and improve exercise performance across species (Lomonosova
et al., 2014). Generally, ergogenic effects of arginine are associ-
ated with the vasodilator effects of nitric oxide (Viribay et al., 2020).
In particular, arginine has been shown to promote myoblast fusion
accompanied with enhanced nitric oxide synthesis (Long et al.,
2006). Further, arginine exerted a critical role in vitro, promoting
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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myogenic differentiation of satellite cells, meanwhile the Akirin2
and the 50adenosylmonophosphate-activated protein kinase
(AMPK) signaling pathway involved in it (Chen et al., 2018). On the
other hand, it has also been shown that arginine administration in
ovo promoted myoblast differentiation but lower cell viability and
reduced the number of myoblasts, and resultantly decreased
muscle mass of hatched broilers (Li et al., 2016). Therefore, the ef-
fect of arginine on myogenesis and the mechanism by which
arginine mediates myogenesis and muscle development need to be
explored.

Calcium (Ca2þ), as one of the secondary messengers, exerts
critical roles in cell proliferation (Lichtman et al., 1983), differenti-
ation (Holliday et al., 1991) and apoptosis (Distelhorst and Dubyak,
1998). Cytoplasmic Ca2þ dynamics correlates with myogenic po-
tential, in which the store-operated Ca2þ entry (SOCE) plays a
critical role (Naro et al., 2003). Ryanodine receptors (RyR)-
controlled Ca2þ release dominates the histogenesis of mammalian
skeletal muscle (Pisaniello et al., 2003). RyR1 is an essential protein
for excitation-contraction coupling (ECC) in skeletal muscle
(Takeshima et al., 1989; Zorzato et al., 1990). During muscle
contraction, ECC causes membrane depolarization, then voltage-
gated Ca2þ channel (Cav1.1), a voltage sensor on the membrane,
imposes conformational changes on RyR1. Consequently, the acti-
vation of RyR stimulates Ca2þ release from the sarcoplasmic retic-
ulum (SR) to the cytoplasm (Stern et al., 1997). The absence of RyR1
or Cav1.1 will lead to partially severe histological changes in limb
skeletal muscle both at the beginning and, more so, the end of
secondary myogenesis (Filipova et al., 2018). Although cytoplasmic
Ca2þ appears to be coupled with a variety of functions performed
by arginine (Liu and Shaw, 1997; Weinhaus et al., 1997), its role in
arginine-induced myogenic differentiation remains unknown.

In this study, we evaluated the effect of arginine on myogenesis
and cytoplasmic Ca2þ dynamics in mouse C2C12 myoblasts, and
provided a novel understanding on the involvement of cytoplasmic
Ca2þ dynamics in arginine-promoted myogenesis.
2. Materials and methods

2.1. Chemicals

L-Arginine was obtained from Sigma (St. Louis, MO, USA). Fetal
bovine serum (FBS) was purchased from Gibco (Carlsbad, CA, USA).
Dulbecco's modified Eagle medium (DMEM) and horse serum (HS)
were purchased from Hyclone (Logan, UT, USA). Dantrolene (DAN)
and nisoldipine (NIS) were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Primary antibodies against MyoD1
(#13812) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (#2118) were purchased from Cell Signaling Technology
(Beverly, MA, USA). The primary antibody against Myosin (M4276)
was purchased from SigmaeAldrich (Burlington, MA, USA).
2.2. Cell culture, myogenic differentiation and treatments

Mouse myoblast C2C12 cell line was obtained from Peking
Union Medical College Hospital (Beijing, China). Proliferative
myoblasts were cultured in DMEM/high glucose supplemented
with 10% FBS in a humidified incubator (Hong Kong, China) main-
taining 5% CO2 at 37 �C. For myogenic differentiation, myoblasts
with 80% to 90% confluence were induced by DMEM/high glucose
supplemented with 2% HS.

To determine the effects of L-arginine on cell proliferation and
myotube formation, custom-made arginine-free DMEM (D9800-13,
United States Biological, Swampscott, MA, USA) was applied to
culture cells by adding various doses of L-arginine to the medium
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according to the experimental design. Concentrations of amino
acids in the custom-made DMEM are shown in Appendix Table 1.

Postprandial plasma arginine concentration varies between 200
and 300 mmol/L and 100 to 200 mmol/L after fasting for 12 h in pig
models (Qiu et al., 2016). In this study, we employed 0.1 mmol/L
arginine as deficient status, 0.4 mmol/L arginine equivalent to the
dose of the typical concentration in the commercial DMEM me-
dium as the control dose, and 1.2 mmol/L arginine, amounting to 4-
to 5-times of the postprandial level of plasma arginine, as an
enhanced dose.

2.3. Cell proliferation and viability assay

After 3,000 C2C12 cells per well were seeded in 96-well culture
microplates, cells with a confluence of 40% to 50% were treated
with serial doses of L-arginine (0.4, 0.8, or 1.2 mmol/L) contained in
growth medium for 24 h. A Cell-Light EdU Cell Proliferation
Detection Kit (C10310, RiboBio, Guangzhou, China) was applied to
analyze cell proliferation following the manufacturer's protocol.
The percentage of proliferative cells was determined by quantifi-
cation of EdU-positive cells under an Olympus fluorescence mi-
croscope (IX71, Tokyo, Japan). To detect cell viability, CCK reagent
(Cell Counting Kit, ZP328, Beijing Zoman Biotechnology Co., Ltd,
Beijing, China) was added into each well and the 96-well micro-
plate was put into the incubator to react for 1 h. Subsequently, the
optical density (OD) value was determined by the Microplate
Reader at 450 nm.

2.4. Immunofluorescence

To determine the effect of L-arginine supplementation on
myogenic differentiation, C2C12 myoblasts at 80% to 90% conflu-
ence were switched to the differentiation medium (DM), contain-
ing 0.1 (deficient arginine), 0.4 (the control treatment) or 1.2 (high
dose) mmol/L arginine in custom-made DMEM and 2% HS for 4 d.
10 mmol/L DAN (an inhibitor of Ca2þ efflux from SR) or 10 mmol/L
NIS (an inhibitor of extracellular Ca2þ influx) was added into the
DM at the beginning of induction for 4 d to determine the role of
Ca2þ concentration in arginine-mediated myogenic differentiation.

After myogenic induction, cells were fixed with 4% para-
formaldehyde for 30 min at room temperature, permeated with
0.2% Triton X-100 in PBS for 10 min, blocked in 5% bovine serum
albumin in TBST for 1 h and incubated with anti-Myosin (1:300
dilution) overnight at 4 �C. After incubation with secondary anti-
body conjugated to Alexa Fluor 594 (ZSGB-BIO, ZF-0513, 1:100
dilution) for 1 h at room temperature, cells were incubated with
DAPI (1 mg/mL stock, 1:1,000 dilution in PBS) for 10 min. Cell
images were taken using an Olympus fluorescence microscope.
The myotube area was calculated as the percentage of myosin-
positive area. The differentiation index was calculated as the per-
centage of nuclei in myosin-positive cells to the total number of
nuclei, and fusion index was the proportion of the number of
nuclei in myosin-positive myotubes to the total number of nuclei,
inwhich structures that contain at least 2 nuclei were considered a
myotube according to previous study (Millay et al., 2013). All in-
dexes were analyzed by ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.5. Quantitative real-time PCR analysis

Total RNA was isolated using a HiPure Universal RNA Kit (R4111,
Magen, Guangzhou, China) following the manufacturer's in-
structions. Total RNA isolated from cells was reverse-transcribed
into cDNA using the PrimeScript RT reagent (RR047A, TaKaRa Bio
Inc, Japan) according to the manufacturer's guidelines. SybrGreen-
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based quantitative PCR was performed in triplicate with quantita-
tive real-time PCR master mix (RR390A, TaKaRa) in an analytikjena
qTOWER 2.2 real-time PCR system (Analytik Jena, Jena, Germany).
GAPDH was used as housekeeping gene and relative gene expres-
sion level was calculated by 2-DDCt method (Livak and Schmittgen,
2001). The primers used for quantifying selected genes are listed
in Table 1.
2.6. Western blot analysis

Total cell protein lysates were extracted with RIPA (Radio
Immunoprecipitation Assay) lysis buffer which contained protease
inhibitor (HX1863, Beijing Huaxing Bochuang Gene Technology Co.,
Ltd, Beijing, China) and protein phosphatase inhibitor cocktail
(HX1864, Beijing Huaxing Bochuang Gene Technology Co., Ltd).
Approximately 60 to 100 mg of total cell lysates were loaded per
well, and GAPDH was run as a loading control. Protein samples
were resolved on 10% SDS-PAGE gels and transferred to PVDF
membranes (Millipore, USA). Membranes were blocked in tris-
buffered saline containing 5% (wt/vol) nonfat dry fat at room
temperature for 1 h and then incubated against corresponding
primary antibodies at 4 �C overnight. After washing 3 times with
TBST solution for 10 min, the membranes were incubated with
DyLight 800-labeled secondary antibody (#5151, Cell Signaling
Technology, Beverly, MA, USA) at room temperature for 1 h. The
signal was detected using Odyssey Clx (LiCor Biosciences, Lincoln,
NE, USA). Band density was quantified by ImageJ software.
2.7. Cytoplasmic Ca2þ concentration

The relative cytoplasmic Ca2þ concentration was determined by
flow cytometry (Sun et al., 2017). Briefly, cells were collected and
suspended in 200 mL of cell suspension medium according to
106 cell/tube, then incubated in 5 mg/mL Fluo-3 acetoxymethyl
(AM) ester for 30 min of incubation at 37 �C in the dark. Then, cells
were harvested in 200 mL of medium suspension for fluorescence
measurement. Calcium-bound Fluo-3 AM has an emission
maximum of 525 nm that was quantified after excitation with a
488 nm laser and collection with a 530/30 nm by flow cytometry
and software (BD FACS Calibur, Franklin Lakes, NJ, USA). Gated
events (20,000) were collected for each sample. Debris and dead
cells were excluded by forward scatter and side scatter. Mean
fluorescence intensity of the cells was calculated.
Table 1
Primer sequences used in real-time quantitative PCR analysis.

Gene Primer sequence, 50-30

Forward Reverse

MyoG AAGTGAATGAGGCCTTCGAG AGATTGTGGG
Myomarker ATCGCTACCAAGAGGCGTT CACAGCACAGA
RyR1 CCGCACCATCCTTTCATCTG CTCGTCCTCAT
IP3R1 TGGCAGAGATGATCAGGGAAA GCTCGTTCTGT
Orai2 AACCTCAACTCCATCAGCGA GACCACGAAG
Cracr2b AAGGGCTTCATCACTCGTCA AAACTTCCCCA
Cav1.1 ATGAGACTGGTCAAGCTGCT GTTCCGGTTTA
Atp2b1 TGCTGGAACTGATGTGGCTA TCGTCCCCACA
Atp2a2 CATGCACCGATGGGATTTCCT CGCTAAAGTTA
Stim1 TCAGGGAGTGGAACCAACTC GGTAAGAGGA
MyoD1 GACCTGCGCTTTTTTGAGGACC TGTAATCCATC
Myf5 AGACGCCTGAAGAAGGTCAA GCAGCACATGC
GAPDH GTGTTCCTACCCCCAATGTG CTTGCTCAGTG

MyoG ¼ myogenin, RyR1 ¼ ryanodine receptor 1, IP3R1 ¼ inositol 1,4,5-trisphosp
Cracr2b ¼ calcium release activated channel regulator 2b, Cav1.1 ¼ voltage-gated Ca2þ c
sarcoplasmic/endoplasmic reticulum Ca2þ transporting 2, Stim1 ¼ stromal interaction m
GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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2.8. Statistical analysis

For comparison between the control and arginine treatment
group, statistical differences were determined by the unpaired
Student's t-test. Meanwhile, statistical differences in other com-
parisons were determined by one-way ANOVA and differences
between the means were evaluated using Duncan's honestly sig-
nificant difference tests (SAS version 9.2 software). Data were
presented as means ± SEM. A value of P < 0.05 was considered
significant.
3. Results

3.1. Cell proliferation and viability

The inclusion of arginine at 0.4 (CON), 0.8 or 1.2 mmol/L in the
growthmedium did not affect the proliferation of C2C12myoblasts,
demonstrated by the percentage of EdU-positive cells (Appendix
Fig. 1A and B). Similarly, cell viability was not affected by arginine
supplementation (Appendix Fig. 1C).
3.2. Myogenic differentiation

The number of multinucleated myotubes, differentiation index
and fusion index of C2C12 myoblasts were increased by arginine
supplementation in a dose-dependent manner after cells were
cultured in DM for 4 d (P < 0.05) (Fig. 1AeD). In detail, C2C12
myoblasts treated with 0.1 mmol/L arginine formed fewer multi-
nucleated myotubes compared with the control, whereas C2C12
myoblasts treated with 1.2 mmol/L arginine resulted in obviously
more multinucleated myotubes (Fig. 1A). Accordingly, myotube
area, differentiation index and fusion index were also increased
upon 1.2 mmol/L arginine treatment compared with the control
(P < 0.05), whereas 0.1 mmol/L arginine exerted opposite effects
(P < 0.05) (Fig. 1BeD).

Compared with the control, relative mRNA expression levels of
MyoG and Myomaker were significantly increased in 1.2 mmol/L
arginine treatment (P < 0.05), whereas relative mRNA expression
level of Myomaker was decreased in arginine deficient treatment
(0.1 mmol/L arginine) (P < 0.05) (Fig. 2A). Furthermore, relative
mRNA expression level of Myomaker was significantly promoted by
arginine supplementation in a dose-dependent manner at d 2 after
cells were treated with DM (P < 0.05).
Product size, bp Accession number

CGTCTGTAGG 307 NM_031189.2
CAAACCAGG 107 NM_025376.3

CTTCGCTCT 145 XM_036152819.1
TCCCCTTCAG 96 XM_030255199.1
ATGAGACCCA 240 XM_006504431.5
GGCCTAGAC 150 XM_036152881.1
TCTGCGTCC 189 XM_006529106.4
TAACTGCTT 91 XM_011243549.4
GTGTCTGTGCT 87 NM_001110140.3
AGGCAGGTGT 176 XM_006507536.4
ATGCCATCAGA 523 XM_021168791.1
ATTTGATACATC 308 XM_006513319.3
TCCTTGCTG 349 XM_036165840.1

hate receptor 1, Orai2 ¼ ORAI calcium release-activated calcium modulator 2,
hannel, Atp2b1 ¼ ATPase plasma membrane Ca2þ transporting 1, Atp2a2 ¼ ATPase
olecule 1, MyoD1 ¼ myoblast determination protein 1, Myf5 ¼ myogenic factor 5,



Fig. 1. Effects of arginine supplementation on myotube area, differentiation index and fusion index in C2C12 myoblasts. C2C12 cells were cultured in differentiation medium
containing various doses of arginine (0.1, 0.4 [CON] and 1.2 mmol/L] for 4 d before immunostaining (A). Myotube area (B), differentiation index (C) and fusion index (D) are
calculated as described in methods. Values are expressed as means ± SEM (n ¼ 4). Different letters on bars indicate a significant difference (P < 0.05). Scale bars, 100 mm. CON,
control; 0.1 mmol/L, 0.1 mmol/L arginine; 1.2 mmol/L, 1.2 mmol/L arginine.

Fig. 2. Effects of arginine supplementation on myogenic differentiation of C2C12 myoblasts. The 80% to 90% confluent C2C12 cells were cultured in differentiation medium
containing 0.1, 0.4 (CON), and 1.2 mmol/L arginine for 2 (A) or 4 d (BeC). (A) Relative mRNA expression levels of MyoG and Myomaker normalized to GAPDH mRNA, measured by
real-time quantitative PCR in triplicate. (B, C) Protein expression levels of MyoD1 and Myosin were measured by Western blot analysis. Equal loading was monitored with anti-
GAPDH antibody. Values are means ± SEM (n ¼ 3). Different letters on bars indicate a significant difference (P < 0.05). CON, control; 0.1 mmol/L, 0.1 mmol/L arginine;
1.2 mmol/L, 1.2 mmol/L arginine.
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Relatively to arginine deficient treatment (0.1 mmol/L arginine),
protein expression level of myogenic differentiation 1 (MyoD1) was
significantly upregulated by the high dose of arginine treatments
(0.4 and 1.2 mmol/L arginine) after cells were cultured in DM for
4 d (P < 0.05) (Fig. 2B). Moreover, Myosin protein expression was
increased by arginine treatment in a dose-dependent manner at d 4
after cells were treated with DM (P < 0.05) (Fig. 2C). These results
demonstrated that the enhanced supplementation of arginine
(1.2 mmol/L) promoted myogenic differentiation of myoblasts.
3.3. Cytoplasmic Ca2þ concentration

Cytoplasmic Ca2þ concentration was analyzed to test the role of
Ca2þ signaling in arginine-promoted myogenic differentiation and
myotube formation. It was noteworthy that cytoplasmic Ca2þ

concentration was significantly increased by the inclusion of
arginine in the culture medium in a dose-dependent manner after
cells were cultured in DM for 2 or 4 d (P < 0.05). Notably, the in-
clusion of 0.1 mmol/L arginine in medium significantly decreased
cytoplasmic Ca2þ concentration compared with the control
(P < 0.05) (Fig. 3A and B).

In particular, 1.2 mmol/L arginine supplementation significantly
increased the relative mRNA expression levels of Ca2þ channels
compared with the control, except that ATPase plasma membrane
Ca2þ transporting 1 (Atp2b1) was decreased at d 2 after cells were
treated with the differentiation medium. In detail, relative mRNA
expression of RyR1 was upregulated dramatically (P < 0.01) after
cells were cultured in DM for 2 d. Meanwhile, relative mRNA
expression levels of inositol 1,4,5-trisphosphate receptor 1 (IP3R1),
ORAI calcium release-activated calciummodulator 2 (Orai2), Cav1.1,
ATPase sarcoplasmic/endoplasmic reticulum Ca2þ transporting 2
(Atp2a2) and stromal interaction molecule 1 (Stim1) were upregu-
lated as well (P < 0.05) (Fig. 3C). In addition, relative mRNA
expression levels of IP3R1, Orai2, calcium release activated channel
regulator 2b (Cracr2b), Cav1.1 and Atp2b1 were increased signifi-
cantly after cells were cultured in DM for 4 d (P < 0.05) (Fig. 3D).
Therefore, we focused on the role of cytoplasmic Ca2þ dynamics in
Fig. 3. Effects of arginine supplementation on cytoplasmic Ca2þ concentration of C2C12 my
containing 0.1, 0.4 and 1.2 mmol/L arginine, respectively, for 2 (A, C) or 4 d (B, D). (A, B) Cytop
Cracr2b, Cav1.1, Atp2b1, Atp2a2 and Stim1 normalized to GAPDH mRNA, measured by real-tim
indicate a significant difference (P < 0.05). *P < 0.05. **P < 0.01. CON, control; 0.1 mmol/L
IP3R1 ¼ inositol 1,4,5-trisphosphate receptor 1, Orai2 ¼ ORAI calcium release-activated
Cav1.1 ¼ voltage-gated Ca2þ channel, Atp2b1 ¼ ATPase plasma membrane Ca2þ transpo
Stim1 ¼ stromal interaction molecule 1, GAPDH ¼ glyceraldehyde-3-phosphate dehydrogen
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myogenic differentiation of myoblasts by employing the inclusion
of 1.2 mmol/L arginine in the culture medium, named as arginine
treatment, in the subsequent study in vitro.

3.4. DAN blocked arginine-promoted myogenic differentiation

As shown in Fig. 4A and B, enhanced myogenic differentiation
induced by arginine treatment was markedly abolished with the
presence of DAN in the medium at d 4 after cells were treated with
DM, demonstrated by immunofluorescence and myotube area
(P < 0.01) (Fig. 4A and B). Accordingly, a significant reduction in
relative mRNA expression levels of MyoD1 (P < 0.05), Myf5
(P < 0.01) and Myomaker (P < 0.01) was also observed in cells
treated with arginine and DAN at d 2 after cells were treated with
DM relative to arginine treatment (Fig. 4C). Meanwhile, arginine-
increased mRNA expression levels of RyR1 and IP3R1, as well as
Atp2a2 were annulled by the presence of DAN (P < 0.01) (Fig. 4D).

3.5. NIS blocked arginine-induced myogenic differentiation

To further confirm the role of elevated Ca2þ concentration in
arginine-promoted myogenic differentiation, we chemically
blocked Cav1.1, a key plasma membrane Ca2þ channel in myo-
cytes, to inhibit the inflow of Ca2þ to cells. As a result, arginine-
enhanced myogenic differentiation was markedly reduced with
the presence of NIS at d 4 after cells were treated with DM,
demonstrated by myotube formation and myotube area (P < 0.01)
(Fig. 5A and B). Consistently, relative mRNA expression levels of
MyoD1 (P < 0.05) and MyoG (P < 0.05) were decreased signifi-
cantly in cells treated with the combination of arginine and NIS
after cells were cultured in DM for 2 d relative to arginine treat-
ment (Fig. 5C). Meanwhile, relative mRNA expression level of
Cav1.1 was decreased in cells treated with the combination of
arginine and NIS compared with that in cells treated with arginine
alone (P < 0.01). Similarly, arginine-increased relative mRNA ex-
pressions of RyR1 (P < 0.05) and Stim1 (P < 0.01) were also abol-
ished with the presence of NIS (Fig. 5D).
oblasts. The 80% to 90% confluent C2C12 cells were cultured in differentiation medium
lasmic Ca2þ concentration. (C, D) Relative mRNA expression levels of RyR1, IP3R1, Orai2,
e quantitative PCR in triplicate. Values are means ± SEM (n ¼ 3). Different letters in bars
, 0.1 mmol/L arginine; 1.2 mmol/L, 1.2 mmol/L arginine. RyR1 ¼ ryanodine receptor 1,
calcium modulator 2, Cracr2b ¼ calcium release activated channel regulator 2b,

rting 1, Atp2a2 ¼ ATPase sarcoplasmic/endoplasmic reticulum Ca2þ transporting 2,
ase.



Fig. 4. DAN blocked arginine-promoted myogenic differentiation of C2C12 myoblasts. C2C12 cells at 80% to 90% confluence were cultured in differentiation medium and treated
with 1.2 mmol/L arginine in the absence or presence of DAN (10 mmol/L) for 4 (A, B) or 2 d (C, D). (A) Immunostaining of C2C12 myotubes using antibody against myosin. (B)
Myotube area was calculated as described in methods. (C, D) Relative mRNA expression levels of MyoD1, Myf5, Myomaker, RyR1, IP3R1 and Atp2a2 normalized to GAPDH mRNA,
measured by real-time quantitative PCR in triplicate. Values are means ± SEM (n ¼ 3). *P < 0.05. **P < 0.01. Scale bars, 100 mm. CON, control; Arg, 1.2 mmol/L arginine; DAN, 10 mmol/
L dantrolene. MyoD1 ¼ myoblast determination protein 1, Myf5 ¼ myogenic factor 5, RyR1 ¼ ryanodine receptor 1, IP3R1 ¼ inositol 1,4,5-trisphosphate receptor 1, Atp2a2 ¼ ATPase
sarcoplasmic/endoplasmic reticulum Ca2þ transporting 2, GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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4. Discussion

Skeletal muscle serves multiple functions in bodies, such as
performing contractile function, maintaining body balance and
regulating glucose homeostasis (Meng et al., 2013). Myogenesis,
underpinning muscle development and regeneration, mainly occurs
in the early development of the fetus and neonate as well as in
damaged muscle of postnatal individuals (Parker et al., 2003). Pre-
vious study has demonstrated that arginine improved myogenic
differentiation, myotubes formation and ameliorated muscle func-
tion, accompanied by arginine-stimulated NO production and AMPK
activation in vivo and in vitro (Chen et al., 2018; Li et al., 2016; Long
et al., 2006). Previous study has also shown that arginine stimulated
protein synthesis via the activation of the mammalian target of
rapamycin (mTOR) signaling pathway in myoblastic C2C12 cells
(Wang et al., 2018). However, the mechanism by which arginine
promotes myogenic differentiation remains unclear. In this study,
we demonstrated that arginine promotes myogenic differentiation
and myotube formation through the elevation of cytoplasmic Ca2þ

concentration. It is worthwhile investigating the relationship
between arginine-promoted myogenic differentiation and the
arginine-activated mTOR signaling pathway in future studies.
1120
Myf5 induces myoblast proliferation, whereas MyoD regulates
the transcription of MyoG, and in turn activates the transcription of
myogenic specific genes in cascade, which are required for
myoblast terminal differentiation (Ishibashi et al., 2005; Tapscott,
2005; Yun and Wold, 1996). Myomaker, a muscle-specific plasma
membrane protein, expressed specifically on the cell surface of
myoblasts, is required for myoblasts fusion and the formation of
multinucleated myofibrils (Millay et al., 2013). To evaluate the in-
fluence of arginine supplementation on myogenic differentiation
proceeding, we measured the expression levels of MRF, Myomaker,
and myosin at d 2 and d 4, and found that 1.2 mmol/L arginine
treatment was associated with increased mRNA expression levels
of MyoG and Myomaker and upregulated protein level of Myosin,
accompanied with the enhanced myotube formation at d 4.
Therefore, we deduced that arginine accelerates myogenic differ-
entiation and promotes myotube formation, which was consistent
with the previous study (Long et al., 2006).

During all stages of muscle development, Ca2þ signaling plays
an important role in both lower vertebrates (Xenopus) (Ferrari
et al., 1996) and mammals (mice and humans) (Filipova et al.,
2018). Several signaling pathways, such as Ca2þ/calmodulin-
dependent protein kinase phosphatase and MAPK signaling



Fig. 5. NIS blocked arginine-promoted myogenic differentiation of C2C12 myoblasts. C2C12 cells at 80%-90% confluence were cultured in differentiation medium and treated with
1.2 mmol/L arginine in the absence or presence of NIS (10 mmol/L) for 4 (A, B) or 2 d (C, D). (A) Immunostaining of C2C12 myotubes using antibody against myosin. (B) Myotube area
is calculated as described in methods. (C, D) Relative mRNA expression levels of MyoD1, MyoG, Cav1.1, RyR1 and Stim1 normalized to GAPDH mRNA, measured by real-time
quantitative PCR in triplicate. Values are means ± SEM (n ¼ 3). *P < 0.05. **P < 0.01. Scale bars, 100 mm. CON, control; Arg, 1.2 mmol/L arginine; NIS, 10 mmol/L nisoldipine.
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pathways, have been involved in cytoplasmic Ca2þ-mediated
myogenic differentiation and muscle development (Friday et al.,
2000; Nasipak et al., 2015; Qiu et al., 2018, 2020; Sun et al., 2017).
In this study, we focused on the role of cytoplasmic Ca2þ dynamics
in arginine-promoted myogenic differentiation and myotube for-
mation. Results indicated that arginine supplementation signifi-
cantly increased cytoplasmic Ca2þ concentration at d 2 or d 4. DAN
and NIS have been extensively used to decrease cytoplasmic Ca2þ

levels. It is commonly accepted that DAN is extensively used to
inhibit the release of Ca2þ from SR (Pereira et al., 2019; Upadhya
et al., 2003) and NIS is a specific blocker of L-type Ca2þ channels
whose main form in skeletal muscle is Cav1.1, which functions by
inhibiting extracellular Ca2þ influx (Amende et al., 1992; Viola et al.,
2007). Notably, in this study, the presence of DAN and NIS indi-
vidually in culture medium completely eliminated arginine-
increased mRNA expression levels of MRFs and Ca2þ channels.
Therefore, Ca2þ from SR and extracellular influx contributed to the
elevation of cytoplasmic Ca2þ, which brought out arginine-
promoted myogenic differentiation. In particular, mRNA expres-
sion levels of Ca2þ channels located in cell membrane and SR
membrane alike were synergistically increased by arginine sup-
plementation during myogenesis. Therefore, we can reasonably
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speculate that elevated cytoplasmic Ca2þ by arginine supplemen-
tation comes from both the SR and the extracellular Ca2þ. Of course,
this requires confirmation in future studies.

Both Ca2þ channels on the cell membrane and organelle Ca2þ

pumps are in charge of Ca2þ efflux and absorption to maintain the
huge Ca2þ concentration gradient among extracellular environ-
ment, cytoplasm and organelle (Bootman, 2012). In the present
study, Ca2þ channels, such as RyR1, IP3R1, Atp2a2, Stim1, Orai2,
Cracr2b, Atp2b1 and Cav1.1, were synergistically regulated by
arginine supplementation. It has been demonstrated that RyR1-
mediated Ca2þ signaling plays important roles in muscle diseases
(Bellinger et al., 2009), muscle development in humans and rodents
(Filipova et al., 2018), and meat quality in pigs (Fujii et al., 1991). In
this study, mRNA expression level of RyR1 was dramatically upre-
gulated by arginine supplementation. Arginine-promoted
myogenic differentiation and RyR1 mRNA expression level were
abolished in the presence of DAN or NIS, accompanied by the
decrease in mRNA expression levels of SR Ca2þ channels and
cytoplasmic membrane Ca2þ channels, respectively, which further
showed that increased RyR1 expression level plays a key role in
arginine-promoted myogenesis and myotube formation. It is
curious that arginine-increased RyR1 mRNA expression was
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decreased by the presence of NIS. We supposed it might be a syn-
ergetic response of NIS inhibiting extracellular Ca2þ influx, which
needs to be confirmed in future study.

IP3R also act as SRCa2þ channels and IP3R-mediated Ca2þ release
from SR to cytoplasm produces a slow Ca2þ signal (Galione and
Ruas, 2005). SERCA, an integral SR protein, allows for pumping
free Ca2þ into SR lumen (Bootman, 2012). Along with increased
mRNA expression level of RyR1, the stimulated mRNA expression
level of IP3R1 and Atp2a2 (also named SERCA2) further documented
the positive impact of arginine supplementation on cytoplasmic
Ca2þ level as a result of both enhanced Ca2þ release from SR into the
sarcoplasm and pumping back into SR lumen. Furthermore, activa-
tion of RyR and IP3R may also promote Ca2þ influx in an indirect
manner (Humeau et al., 2018). Briefly, SR Ca2þ deletion triggers the
multimerization of Stim, which acts like SR Ca2þ-sensor (Liou et al.,
2005), and the translocation of Stim to SR-plasma membrane
junctions activates ORAI channels, resulting in extracellular Ca2þ

influx (Parekh and Putney, 2005; Shaw et al., 2013). This process is
the so-called SOCE, which also involves Ca2þ release activated Ca2þ

(CRAC). In the present study, of particular interest was the enhanced
expression levels of Stim1, Orai2, and Cracr2b upon arginine sup-
plementation. Accordingly, we could presume that SOCE was also
involved in the arginine-induced elevation of cytoplasmic Ca2þ

level, although the multimerization and redistribution of Stim1
need to be further clarified. Additionally, Ca2þ channels in cell
membrane, such as voltage-gated Ca2þ channels Cav1.1, was also
activated by arginine supplementation. Taken together, these results
demonstrated that arginine elevated cytoplasmic Ca2þ concentra-
tion through the integrated remodeling of various Ca2þ channel
levels and the effects are complex and dynamic.

5. Conclusions

In conclusion, arginine supplementation could accelerate
myogenic differentiation andmyotube formationwithout influence
on cell viability and proliferation. Our study provided novel evi-
dence that arginine elevated cytoplasmic Ca2þ concentration
through the synergetic action of various upregulated Ca2þ chan-
nels, which was demonstrated by relative transcriptional expres-
sion, even though further study on protein expression levels is
warranted. These findings provide a new mechanism for under-
standing the beneficial role of arginine in promoting muscle
development.

Author contributions

Lu Gong: Conceptualization, Investigation, Formal analysis, Data
Curation, Writing - Original Draft; Xin Zhang: Conceptualization,
Investigation, Data Curation; Kai Qiu: Resources, Data Curation;
Linjuan He: Investigation; Yubo Wang: Investigation; Jingdong
Yin: Conceptualization, Data Curation, Supervision, Writing -
Original Draft, Writing - Review & Editing, Funding acquisition.

Conflict of interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.

Acknowledgements

This work was financially supported by the National Key R&D
Program of China (Grant No. 2018YFD0500402), Major Project of
1122
National Natural Science Foundation of China (Grant No.31790412,
31672431) and project funded by China Postdoctoral Science
Foundation (Grant No. 2019M660880).

Appendix

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aninu.2021.05.010.

References

Amende I, Bentivegna LA, Zeind AJ, Wenzlaff P, Grossman W, Morgan JP. Intracel-
lular calcium and ventricular function. Effects of nisoldipine on global ischemia
in the isovolumic, coronary-perfused heart. J Clin Invest 1992;89(6):2060e5.

Bellinger AM, Reiken S, Carlson C, Mongillo M, Liu X, Rothman L, et al. Hyper-
nitrosylated ryanodine receptor calcium release channels are leaky in dystro-
phic muscle. Nat Med 2009;15(3):325e30.

Bentzinger CF, Wang YX, Rudnicki MA. Building muscle: molecular regulation of
myogenesis. Cold Spring Harb Perspect Biol 2012;4(2):a008342.

Bootman MD. Calcium signaling. Cold Spring Harb Perspect Biol 2012;4(7):a11171.
Buckingham M, Rigby PW. Gene regulatory networks and transcriptional mecha-

nisms that control myogenesis. Dev Cell 2014;28(3):225e38.
Chen X, Guo Y, Jia G, Zhao H, Liu G, Huang Z. Arginine promotes slow myosin heavy

chain expression via akirin2 and the AMP-activated protein kinase signaling
pathway in porcine skeletal muscle satellite cells. J Agric Food Chem
2018;66(18):4734e40.

de Jonge WJ, Hallemeesch MM, Kwikkers KL, Ruijter JM, de Gier-de VC, van
Roon MA, et al. Overexpression of arginase I in enterocytes of transgenic mice
elicits a selective arginine deficiency and affects skin, muscle, and lymphoid
development. Am J Clin Nutr 2002;76(1):128e40.

Distelhorst CW, Dubyak G. Role of calcium in glucocorticosteroid-induced apoptosis
of thymocytes and lymphoma cells: resurrection of old theories by new find-
ings. Blood 1998;91(3):731e4.

Fernandes JI, Murakami AE, Martins EN, Sakamoto MI, Garcia ER. Effect of arginine
on the development of the pectoralis muscle and the diameter and the protein:
deoxyribonucleic acid rate of its skeletal myofibers in broilers. Poultry Sci
2009;88(7):1399e406.

Ferrari MB, Rohrbough J, Spitzer NC. Spontaneous calcium transients regulate
myofibrillogenesis in embryonic Xenopus myocytes. Dev Biol 1996;178(2):
484e97.

Filipova D, Henry M, Rotshteyn T, Brunn A, Carstov M, Deckert M, et al. Distinct
transcriptomic changes in E14.5 mouse skeletal muscle lacking RYR1 or Cav1.1
converge at E18.5. PloS One 2018;13(3):e194428.

Friday BB, Horsley V, Pavlath GK. Calcineurin activity is required for the initiation of
skeletal muscle differentiation. J Cell Biol 2000;149(3):657e66.

Fujii J, Otsu K, Zorzato F, de Leon S, Khanna VK, Weiler JE, et al. Identification of a
mutation in porcine ryanodine receptor associated with malignant hyperther-
mia. Science 1991;253(5018):448e51.

Galione A, Ruas M. NAADP receptors. Cell Calcium 2005;38(3e4):273e80.
Holliday J, Adams RJ, Sejnowski TJ, Spitzer NC. Calcium-induced release of calcium

regulates differentiation of cultured spinal neurons. Neuron 1991;7(5):787e96.
Humeau J, Bravo-San PJ, Vitale I, Nunez L, Villalobos C, Kroemer G, et al. Calcium

signaling and cell cycle: progression or death. Cell Calcium 2018;70:3e15.
Ishibashi J, Perry RL, Asakura A, Rudnicki MA. MyoD induces myogenic differenti-

ation through cooperation of its NH2- and COOH-terminal regions. J Cell Biol
2005;171(3):471e82.

Li Y, Wang Y, Willems E, Willemsen H, Franssens L, Buyse J, et al. In ovo L-arginine
supplementation stimulates myoblast differentiation but negatively affects
muscle development of broiler chicken after hatching. J Anim Physiol Anim
Nutr 2016;100(1):167e77.

Lichtman AH, Segel GB, Lichtman MA. The role of calcium in lymphocyte prolifer-
ation. (An interpretive review). Blood 1983;61(3):413e22.

Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JJ, et al. STIM is a Ca2þ sensor
essential for Ca2þ-store-depletion-triggered Ca2þ influx. Curr Biol 2005;15(13):
1235e41.

Liu PS, Shaw YH. Arginine-modulated receptor-activated calcium influx via a NO/
Cyclic GMP pathway in human SK-n-SH neuroblastoma cells. J Neurochem
1997;68(1):376e82.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001;25(4):
402e8.

Lomonosova YN, Shenkman BS, Kalamkarov GR, Kostrominova TY, Nemirovskaya TL.
L-arginine supplementation protects exercise performance and structural
integrity of muscle fibers after a single bout of eccentric exercise in rats. PloS One
2014;9(4):e94448.

Long JH, Lira VA, Soltow QA, Betters JL, Sellman JE, Criswell DS. Arginine supple-
mentation induces myoblast fusion via augmentation of nitric oxide produc-
tion. J Muscle Res Cell Motil 2006;27(8):577e84.

Meng ZX, Li S, Wang L, Ko HJ, Lee Y, Jung DY, et al. Baf60c drives glycolytic meta-
bolism in the muscle and improves systemic glucose homeostasis through
Deptor-mediated Akt activation. Nat Med 2013;19(5):640e5.

https://doi.org/10.1016/j.aninu.2021.05.010
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref1
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref1
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref1
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref1
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref2
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref2
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref2
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref2
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref3
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref3
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref4
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref5
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref5
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref5
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref6
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref6
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref6
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref6
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref6
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref7
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref7
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref7
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref7
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref7
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref8
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref8
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref8
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref8
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref9
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref9
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref9
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref9
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref9
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref10
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref10
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref10
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref10
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref11
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref11
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref11
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref12
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref12
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref12
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref13
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref13
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref13
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref13
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref14
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref14
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref14
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref15
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref15
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref15
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref16
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref16
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref16
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref17
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref17
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref17
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref17
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref18
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref18
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref18
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref18
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref18
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref19
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref19
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref19
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref20
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref21
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref21
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref21
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref21
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref22
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref22
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref22
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref22
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref23
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref23
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref23
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref23
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref24
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref24
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref24
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref24
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref25
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref25
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref25
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref25


L. Gong, X. Zhang, K. Qiu et al. Animal Nutrition 7 (2021) 1115e1123
Millay DP, O'Rourke JR, Sutherland LB, Bezprozvannaya S, Shelton JM, Bassel-
Duby R, et al. Myomaker is a membrane activator of myoblast fusion and
muscle formation. Nature 2013;499(7458):301e5.

Naro F, De Arcangelis V, Coletti D, Molinaro M, Zani B, Vassanelli S, et al. Increase in
cytosolic Ca2þ induced by elevation of extracellular Ca2þ in skeletal myogenic
cells. Am J Physiol Cell Physiol 2003;284(4):C969e76.

Nasipak BT, Padilla-Benavides T, Green KM, Leszyk JD, Mao W, Konda S, et al.
Opposing calcium-dependent signalling pathways control skeletal muscle dif-
ferentiation by regulating a chromatin remodelling enzyme. Nat Commun
2015;6:7441.

Oksbjerg N, Krogh U, Jensen JA, Moller HS, Ramaekers P, Rasmussen MK, et al.
Supplementation of sows with L-Arginine during gestating and lactation affects
muscle traits of offspring related with postnatal growth and meat quality: from
conception to consumption. Meat Sci 2019;152:58e64.

Parekh AB, Putney JJ. Store-operated calcium channels. Physiol Rev 2005;85(2):
757e810.

Parker MH, Seale P, Rudnicki MA. Looking back to the embryo: defining tran-
scriptional networks in adult myogenesis. Nat Rev Genet 2003;4(7):497e507.

Pereira C, Ximenes CF, Merlo E, Sciortino AS, Monteiro JS, Moreira A, et al. Car-
diotoxicity of environmental contaminant tributyltin involves myocyte oxida-
tive stress and abnormal Ca2þ handling. Environ Pollut 2019;247:371e82.

Pisaniello A, Serra C, Rossi D, Vivarelli E, Sorrentino V, Molinaro M, et al. The block
of ryanodine receptors selectively inhibits fetal myoblast differentiation. J Cell
Sci 2003;116(Pt 8):1589e97.

Qiu K, Qin CF, Luo M, Zhang X, Sun WJ, Jiao N, et al. Protein restriction with amino
acid-balanced diets shrinks circulating pool size of amino acid by decreasing
expression of specific transporters in the small intestine. PloS One 2016;11(9):
e162475.

Qiu K, Xu D, Wang L, Zhang X, Jiao N, Gong L, et al. Association analysis of
single-cell RNA sequencing and proteomics reveals a vital role of Ca2þ

signaling in the determination of skeletal muscle development potential.
Cells 2020;9(4):1045.

Qiu K, Zhang X, Wang L, Jiao N, Xu D, Yin J. Protein expression landscape defines the
differentiation potential specificity of adipogenic and myogenic precursors in
the skeletal muscle. J Proteome Res 2018;17(11):3853e65.

Shaw PJ, Qu B, Hoth M, Feske S. Molecular regulation of CRAC channels and their
role in lymphocyte function. Cell Mol Life Sci 2013;70(15):2637e56.
1123
Stern MD, Pizarro G, Rios E. Local control model of excitation-contraction coupling
in skeletal muscle. J Gen Physiol 1997;110(4):415e40.

Sun W, He T, Qin C, Qiu K, Zhang X, Luo Y, et al. A potential regulatory network
underlying distinct fate commitment of myogenic and adipogenic cells in
skeletal muscle. Sci Rep 2017;7:44133.

Tajbakhsh S. Skeletal muscle stem cells in developmental versus regenerative
myogenesis. J Intern Med 2009;266(4):372e89.

Takeshima H, Nishimura S, Matsumoto T, Ishida H, Kangawa K, Minamino N, et al.
Primary structure and expression from complementary DNA of skeletal muscle
ryanodine receptor. Nature 1989;339(6224):439e45.

Tan B, Yin Y, Liu Z, Li X, Xu H, Kong X, et al. Dietary L-arginine supplementation
increases muscle gain and reduces body fat mass in growing-finishing pigs.
Amino Acids 2009;37(1):169e75.

Tapscott SJ. The circuitry of a master switch: MyoD and the regulation of skeletal
muscle gene transcription. Development 2005;132(12):2685e95.

Upadhya GA, Topp SA, Hotchkiss RS, Anagli J, Strasberg SM. Effect of cold preser-
vation on intracellular calcium concentration and calpain activity in rat sinu-
soidal endothelial cells. Hepatology 2003;37(2):313e23.

Viola HM, Arthur PG, Hool LC. Transient exposure to hydrogen peroxide causes an
increase in mitochondria-derived superoxide as a result of sustained alteration
in L-type Ca2þ channel function in the absence of apoptosis in ventricular
myocytes. Circ Res 2007;100(7):1036e44.

Viribay A, Burgos J, Fernandez-Landa J, Seco-Calvo J, Mielgo-Ayuso J. Effects of
arginine supplementation on athletic performance based on energy meta-
bolism: a systematic review and meta-analysis. Nutrients 2020;12(5):1300.

Wang R, Jiao H, Zhao J, Wang X, Lin H. L-arginine enhances protein synthesis by
phosphorylating mTOR (Thr 2446) in a nitric oxide-dependent manner in
C2C12 cells. Oxid Med Cell Longev 2018;2018:7569127.

Weinhaus AJ, Poronnik P, Tuch BE, Cook DI. Mechanisms of arginine-induced in-
crease in cytosolic calcium concentration in the beta-cell line NIT-1. Dia-
betologia 1997;40(4):374e82.

Yun K, Wold B. Skeletal muscle determination and differentiation: story of a core
regulatory network and its context. Curr Opin Cell Biol 1996;8(6):877e89.

Zorzato F, Fujii J, Otsu K, Phillips M, Green NM, Lai FA, et al. Molecular cloning of
cDNA encoding human and rabbit forms of the Ca2þ release channel (ryanodine
receptor) of skeletal muscle sarcoplasmic reticulum. J Biol Chem 1990;265(4):
2244e56.

http://refhub.elsevier.com/S2405-6545(21)00154-2/sref26
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref26
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref26
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref26
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref27
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref28
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref28
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref28
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref28
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref29
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref29
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref29
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref29
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref29
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref30
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref30
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref30
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref31
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref31
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref31
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref32
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref32
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref32
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref32
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref32
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref33
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref33
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref33
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref33
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref34
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref34
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref34
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref34
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref35
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref35
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref35
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref35
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref36
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref36
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref36
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref36
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref37
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref37
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref37
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref38
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref38
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref38
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref39
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref39
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref39
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref40
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref40
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref40
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref41
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref41
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref41
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref41
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref42
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref42
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref42
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref42
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref43
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref43
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref43
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref44
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref44
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref44
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref44
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref45
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref46
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref46
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref46
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref47
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref47
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref47
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref48
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref48
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref48
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref48
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref49
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref49
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref49
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50
http://refhub.elsevier.com/S2405-6545(21)00154-2/sref50

	Arginine promotes myogenic differentiation and myotube formation through the elevation of cytoplasmic calcium concentration
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Cell culture, myogenic differentiation and treatments
	2.3. Cell proliferation and viability assay
	2.4. Immunofluorescence
	2.5. Quantitative real-time PCR analysis
	2.6. Western blot analysis
	2.7. Cytoplasmic Ca2+ concentration
	2.8. Statistical analysis

	3. Results
	3.1. Cell proliferation and viability
	3.2. Myogenic differentiation
	3.3. Cytoplasmic Ca2+ concentration
	3.4. DAN blocked arginine-promoted myogenic differentiation
	3.5. NIS blocked arginine-induced myogenic differentiation

	4. Discussion
	5. Conclusions
	Author contributions
	Conflict of interest
	Acknowledgements
	Appendix
	References


