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Abstract: Signaling through the mammalian target of rapamycin (mTOR) in response to
leucine modulates many cellular and developmental processes. However, in the context of
satellite cell proliferation and differentiation, the role of leucine and mTORCL1 is less known.
This study investigates the role of leucine in the process of proliferation and differentiation
of primary preterm rat satellite cells, and the relationship with mammalian target of rapamycin
complex 1 (mTORC1) activation. Dissociation of primary satellite cells occurred with type |
collagenase and trypsin, and purification, via different speed adherence methods. Satellite
cells with positive expression of Desmin were treated with leucine and rapamycin. We
observed that leucine promoted proliferation and differentiation of primary satellite cells and
increased the phosphorylation of mTOR. Rapamycin inhibited proliferation and differentiation,
as well as decreased the phosphorylation level of mTOR. Furthermore, leucine increased the
expression of MyoD and myogenin while the protein level of MyoD decreased due to
rapamycin. However, myogenin expressed no affect by rapamycin. In conclusion, leucine
may up-regulate the activation of mTORCL1 to promote proliferation and differentiation of
primary preterm rat satellite cells. We have shown that leucine promoted the differentiation of
myotubes in part through the mTORC1-MyoD signal pathway.
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1. Introduction

Limited energy reserves are common in preterm infants at birth. In order to prevent a catabolic state,
adequate provision of calories and protein is needed to match intrauterine accretion rate soon after birth.
The use of aggressive amino acids intake is associated with increased protein accretion and decreased
extrauterine growth restriction (EUGR). EUGR can have an impact on an infant’s later
neurodevelopment, growth outcomes and metabolic disorders [1-3].

Higher protein intake (>3.0 g/kg/day but <4.0 g/kg/day) from formula accelerates weight gain [4].
Based on increased nitrogen accretion rates, this most likely suggests an increase in lean body mass. We
have proven that high-protein intervention significantly alters the body composition of low birth weight
rat offspring, with an increased percentage of lean mass and decreased percentage of fat mass [5]. The
mechanism related to high-protein intervention deserves further study.

Leucine is one of the essential amino acids recommended in preterm formula at the highest level,
about 252-362 mg/100 Kcal [6]. Indeed, leucine is the most effective single amino acid to activate
protein synthesis in skeletal muscle [7]. There is now strong evidence that leucine enhances mammalian
target of rapamycin complex 1 (mTORC1) signaling, as well as represses proteasomal degradation to
increase skeletal muscle protein synthesis [8,9].

Mammalian target of rapamycin (mTOR) is an atypical serine/threonine protein kinase that functions
as a master regulator of cell growth, proliferation, and various types of cellular differentiation [10]. There
exist two distinct multi protein complexes, namely mTORC1 and mammalian target of rapamycin
complex 2 (MTORC?2), that mediate rapamycin-sensitive and rapamycin-insensitive signaling of mTOR
respectively [11]. Raptor-associated mMTORCL1 assembles a signaling network that receives signals arising
from growth factors, nutrients, and cellular energy metabolism. One of the best-characterized
downstream targets of mMTORCL is ribosomal protein S6 kinase, polypeptide 1 (S6K1), the ribosomal S6
kinase that regulates protein synthesis at the translational initiation level [12]. Leucine is well-known
regulator of the protein kinase mTOR when it is part of the mTORC1 complex [13]. Furthermore, several
studies have focused on the role of mMTORCL1 in the regulation of protein synthesis in muscle in response
to amino acids [14].

Skeletal muscle is the largest component of lean body mass in humans. It is essential for lifelong
metabolic health [15,16]. In the process of muscle generation, satellite cells are the major muscle
stem cells, which are located in the periphery of muscle fibers between the lamina and the plasma
membrane [17]. The process of generating muscle-myogenesis-involves several steps including
proliferation, migration, and fusion of satellite cells either with an existing fiber or with other satellite
cells to form a new muscle fiber [18,19]. A family of muscle-specific transcription factors called
myogenic regulatory factors (MRFs) mainly regulates this process. The MRF subfamily consists of
myf5, MyoD, myogenin and MRF4, express in sequence during differentiation [19]. Among the four
MRFs, MyaoD is the best-characterized one and has been demonstrated to promote the withdrawal of
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myoblasts from cell cycle and the induction of myoblast differentiation [20]. Moreover, deficiency of
MyoD in primary satellite cells of mice leads to a defect of differentiation [21,22]. Myogenin mediates
the differentiation process of myotube formation and the contractile protein synthesis [23]. Indeed,
myogenin has a unique function in the transition from a determined myoblast to a fully differentiated
myotube [24].

It has been reported that reduction of MyoD induced by rapamycin treatment inhibits myogenic
differentiation in C2C12 cells [25,26]. To date, there are no studies in primary preterm rat satellite cells.
Furthermore, there is little exploration about the effects of leucine and mTORCL1 on satellite cell
proliferation and differentiation. This study investigates the role of leucine in the process of the
proliferation and differentiation of primary preterm rat satellite cells, and their relationship with
mTORC1 signal pathways.

2. Experimental Section
2.1. Animals

Specific pathogen-free Sprague Dawley rats weighted 220-250 g at 3 months of age. The rats were
from the Animal Experiment Center of First Affiliated Hospital of Sun Yat-sen University and placed at
room temperature (25 °C) with a 12-h-light/12-h-dark cycle. We arranged male rats to mate with female
rats at a ratio of 1:1.

The day of sperm cell detection in female rats is day 1 of gestation. These preterm rats were born by
caesarean section on day 18 of gestation. The Ethics Committee of the First Affiliated Hospital of Sun
Yat-sen University approved the experiment.

2.2. Reagents

We obtained Antibodies against mTOR (#2983) and mTOR Phospho-Ser2448 (#5536) from Cell
Signaling Technology. Abcam provided Antibodies against S6K1 (ab32359) and S6K1 Phospho-thr389
(ab2571). Antibodies against MyoD (#554130) and Myogenin (#556358) came from BD Biosciences.
Anti-desmin polyclonal antibody was purchased from Thermo Fisher Scientific; and HRP-conjugated
anti-mouse and anti-rabbit 1gG antibodies were supplied by EarthOx and Abmart, respectively. We
purchased DMEM/Nutrient Mixture F-12 Ham (D9785) and Leucine from Sigma-Aldrich, as well as
Type | Collagenase and Trypsin. Fetal bovine serum (FBS) was purchased from Gibco Life Technologies.
Dojindo Molecular Technologies provided Cell Counting Kit-8 (CCK-8). The Rapamycin and Basic
Fibroblast Growth Factor (b-FGF) were from BBI Solutions.

2.3. Primary Culture of Preterm Rat Satellite Cells

Primary satellite cells came from limb muscle of preterm newborn rats. We incubated finely chopped
muscle in 0.1% type | collagenase solution. After 30 min of digestion, cells were centrifuged (10 min,
180 g) and the supernatant removed. We then added 0.25% trypsin solution. After 15 min of incubation,
we added Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM/F12ham) with 20% FBS
to terminate digestion. In succession, cells passed through a 70-uM cell strainer, a 40-uM cell strainer,
and centrifuged again (10 min, 180 g). The pellet was then suspended with growth medium which was
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supplemented with DMEM/F12ham, 20% FBS, 10%HS and 5ng/ml bFGF. We plated suspended cells
on collagen-coated dishes. Then pre-plating was complete on petri dishes. Two hours later, we
transferred the supernatant containing nonadherent cells into new collagen-coated dishes. We changed
the medium two days later, then subsequently changed each day. The cells were treated with trypsin
upon reach of approximately 50%-60% confluence. One hour of pre-plating on Petri dishes was
completed before plating the cells on collagen-coated dishes. These two steps of pre-plating reached
purity beyond 90% of satellite cells.

2.4. Differentiation Culture

To initiate differentiation, cells were cultured when reaching approximately 80% confluence in
DMEM/F12ham devoid in leucine with 2% horse serum for 3 days, with different concentrations of
leucine. We changed the medium each day. We observed and photographed myotubes under an inverted
fluorescence microscope.

2.5. Immunocytochemical

To determine the percentage of cells expressing a specific muscle cell marker, we stained the cells
with the desmin antibody. Cells cultured on collagen-coated glass coverslips were fixed in 4%
paraformaldehyde for 10 min at room temperature and then permeabilized with phosphate buffered
saline (PBS) containing 0.1% Triton X-100 for 15 min. After blocking with 1% BSA solution for
30 min, the cells were incubated in the diluted primary antibody against desmin (1:200), overnight, in a
humidified chamber at 4 °C. After three washings with PBS, biotinylated goat anti rabbit secondary
antibogy 1gG was added. We allowed it to incubate for 30 min at room temperature. Then, after again
washing with PBS three times, we added streptavidin/peroxidase immunohistochemical reagent to soak
for 20 min at room temperature. To visualize immunoreactivity, coverslips were incubated in
3,3’-diaminobenzidine (DAB) peroxidase substrate for 20 to 30 s, and then washed in double distilled
H20, counterstained, and dehydrated. We used an optical microscope to take images.

2.6. Cell Proliferation Rate Assay

Cell suspensions (100 uL) were seeded on 96-well plates (1000 cells/well) and incubated for 24 h at
37 °C in 5% CO2. Subsequently, cells were starved for serum in DMEM/F12ham free-serum for 4 h.
Following starvation, we cultured cells in DMEM/F12ham devoid of leucine without serum for another
4h with different concentrations of leucine. Later, each well received 10-uL. CCK-8 solution, and the
cells were incubated for an additional 3 h. The colorimetric was measured at 450 nm with a microplate
reader to obtain an optical density (OD) value.

2.7. Western Blot

After all treatments, primary satellite cells were washed with PBS, and then lysed in a lysis buffer
that contained a protease inhibitor, phenylmethyl sulfonyl fluoride. We measured protein concentrations
by using the bicinchoninic acid method, according to the manufacturer’s instructions. We separated
equal amounts (30-ug) of protein from each sample by SDS/PAGE and then transferred in to a
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polyvinylidene difluoride membrane. After incubated in blocking buffer for one hour at room
temperature, the membranes were incubated overnight at four degrees celsius with primary antibodies
against mTOR (1:1000), mTOR Phospho-Ser2448 (1:1000), S6K1 (1:2000), S6K1 Phospho-thr389
(1:500), MyoD (1:500), Myogenin (1:2000) and GAPDH (1:10000), followed by incubation with
appropriate horseradish peroxidase-linked secondary anti-bodies. Signals became obvious after using
enhanced chemiluminescence and then quantitated using Image J. The ratio of the expression of target
proteins was determined after normalizing the individual GADPH levels. We repeated each experiment
three times.

2.8. Statistical Analysis

All data were expressed as the means + SD. We used ANOVA to assess statistical differences between
mean values, followed by the least significant difference t test to determine statistical significances. All
statistical analyses were performed using SPSS 13.0. Significance is defined at the 0.05 level.

3. Results
3.1. Culture and Identification of Primary Preterm Rat Satellite Cells

Primary preterm rat satellite cells, freshly isolated and purified were round, small, and refracted under
phase contrast microscope. After 24 h, some satellite cells began to adhere to the wall and extend
gradually, with a short spindle shape and high refractive index (Figure 1A). Satellite cells were fully
adherent and extended by 48 h (Figure 1B). After 72 h, satellite cells were proliferating obviously, and
arranged in parallel (Figure 1C). As shown in Figure 1D, the extent of proliferation of the cells was
obvious. When the cells reached 50%-60% confluences, they should be trypsinized to subculture.
The passage cell began to adhere to the wall within 1 h after plating, with morphology similar to
primary cells.

Immunocytochemistry analysis showed that cytoplasm of primary satellite cells were stained in
brown-yellow color, indicating that desmin expressed in the cytoplasm of the cells (Figure 2A).
Fibroblasts immunochemistry stained with antibody to desmin showed negative reaction (Figure 2B).

3.2. Leucine Promotes Primary Satellite Cells Proliferation Through mTORC1 Pathway

Proliferation assay in primary preterm rat satellite cells was complete by treating cells with leucine
of different concentrations. CCK-8 assays indicated that leucine enhanced primary satellite cell
proliferation was in a dose-dependent manner, while rapamycin inhibited cell proliferation
(Figure 3A). The results of western blot showed that leucine activated phosphorylation of mTOR and
S6K1 also reacted in a dose-dependent manner in proliferating cell, and the proliferation promotion
stopped after mTOR pathway blockage by rapamycin (Figure 3B,C).
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Figure 1. Micrographs of primary preterm rat satellite cells. (A) 24 h after isolation;
(B) 48 h after isolation (arrows: typical skeletal satellite cell, with short spindle shape and
high refractive index); (C) 72 h after isolation (x200); (D) Cell proliferation analysis. Cells
were seeded on 96-well plates, and cells proliferation was assessed using Cell
Counting Kit-8 (CCK-8) assay every 24 h. Data are shown as the mean + SD of three
independent experiments.

Figure 2. Immunocytochemistry staining of primary preterm rat satellite cells.
(A) Primary satellite cells immunochemistry stained by desmin antibody; (B) Fibroblasts
immunochemistry stained by desmin antibody as negative control (x400).
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Figure 3. Leucine promotes primary satellite cell proliferation through the mammalian target
of rapamycin complex 1 (mTORC1) pathway. (A) Proliferation activity of primary satellite
cells was enhanced by leucine in a dose-dependent manner. When indicated by “+”, cells
were treated with 50 nM rapamycin. ** p < 0.01 vs. control (0 mM leucine). ## p < 0.001
vs. 2.0 mM leucine. Data are shown as the mean = SD of six independent experiments; (B)
The expression levels of mTOR, phospho-mTOR and GAPDH. Primary satellite cells
starved for serum in DMEMY/F12ham free-serum for 4 h. After starvation, cells were cultured
in DMEM/F12ham devoid of leucine, without serum for another hour, with different
concentrations of leucine, followed by Western analysis. The values were adjusted to total
mMTOR intensity and then normalized to expression from the control group (0 mM leucine);
(C) The expression levels of S6K1, phospho-S6K1 and GAPDH. Cells were treated the same
as decribed in (B); The values were adjusted to total S6K1 intensity and then normalized to
expression from the control group (0 mM leucine); (B,C) data are shown as the mean £ SD
of three independent experiments and representative images are shown. * p < 0.05,
** n < 0.01 vs. control (0 mM leucine). *p < 0.05, # P < 0.01 vs. 2.0 mM leucine.
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3.3. Leucine Promotes Differentiation of Primary Preterm Rat Satellite Cells

To initiate differentiation, primary satellite cells reached approximately 80% confluence were
cultured in differentiation medium for 3 days. When cultured in the differentiation medium containing
0.5mM leucine, cell proliferation rates slowed down, and cells fused together to form myotubes. After
induced by differentiation medium for 3 days, cells fused extensively to form thick myotubes
(Figure 4C), most of which showed “rhythmic contraction” phenomenon. However, in the absence of
leucine differentiation medium, cell differentiation was poor and only short myotubes were seen (Figure
4A). Furthermore, in differentiation medium containing 0.1 mM leucine, cell differentiation remains
poor, only long, thin myotubes form without obvious “rhythmic contraction” phenomenon (Figure 4B).
While increasing leucine concentration to 2.0 mM, cell differentiation improved. Both rough and pull
net-like myotubes formed with obvious “rhythmic contraction” phenomenon (Figure 4D). However,
with addition of 50 mM rapamycin, cell differentiation was inhibited and “rhythmic contraction”
phenomenon is not seen (Figure 4E).

Figure 4. Views of myotube raised in differentiation concentration of leucine under phase
contrast microscope. Primary preterm rat satellite cells reaching approximately 80%
confluence are cultured in differentiation medium, with different concentrations of leucine
for, three days, and then were observed under phase contrast microscope. (A) 0 mM leucine;
(B) 0.1 mM leucine; (C) 0.5 mM leucine; (D) 2.0 mM leucine; (E) 2.0 mM leucine + 50 nM
Rapamycin. (x200).

3.4. Involvement of mTORCL in Leucine-Stimulated Differentiation of Primary Satellite Cells

In the differentiation progress of primary preterm rat satellite cells, the expression of MyoD decreased
while myogenin increased gradually (Figure 5A). Leucine activated phosphorylation of mMTOR in a dose-
dependent manner in differentiating cells (Figure 5B). In order to test whether or not leucine plays a
functional role in differentiating primary satellite cells, the cells were subject to different concentrations
of leucine and rapamycin for 8 h and 3 days respectively, then tested by western blot. The results showed
that leucine promoted the protein expression of MyoD in the early differentiation and rapamycin
decreased the expression of MyoD (Figure 5C). Furthermore, leucine increased the level of myogenin
in the late differentiation of myotubes. However, the protein level of myogenin was not affected by
rapamycin treatment (Figure 5D).
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Figure 5. Involvement of mTORCL in leucine-stimulated differentiation of primary satellite
cells. (A) Primary preterm rat satellite cells reaching approximately 80% confluence, were
induced to differentiate by differentiation medium. Cells lyse every 24 h and the lysates
subjected to Western analysis. MyoD and myogenin densitometry values were adjusted to
GAPDH intensity, and then normalized to the control group (d0). * p < 0.05, ** p < 0.01 vs.
control; (B) Confluent primary satellite cells cultured in differentiation medium with varying
concentrations of leucine for 1 h. When indicated by “+”, cells received 50 nM rapamycin.
We used western blot assay to detect the expression of mTOR and phospho-mTOR.
Phospho-mTOR densitometry values were adjusted to total mTOR intensity, and then
normalized to expression from the control group (0 mM leucine); (C) Confluent primary
satellite cells were cultured in differentiation medium with different concentrations of
leucine for 8 h, followed by western blot analysis. MyoD densitometry values were adjusted
to GAPDH intensity and then normalized to expression from the control group (0 mM
leucine); (D) Confluent primary satellite cells were cultured in differentiation medium with
different concentrations of leucine for 3 days, followed by Western analysis. Myogenin
densitometry values were adjusted to GAPDH intensity and then normalized to expression
from the control group (0 mM leucine). * p < 0.05, ** p < 0.01, *** p < 0.01 vs. control
(0 mM leucine). #p < 0.05, # p < 0.01 vs. 2.0 mM leucine. All data are shown as the
mean + SD of three independent experiments and representative images are shown.
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4. Discussion

In this study, we aimed to investigate the role of leucine in the process of the proliferation and
differentiation of primary preterm rat satellite cells, and the relationship with mTORCL1 signal pathway.
To the best of our knowledge, our study successfully established a primary preterm rat satellite cell
culture system in vitro which was not been previously reported. We showed that leucine might
up-regulate the activation of mTORCL1 to promote proliferation and differentiation of primary preterm
rat satellite cells. We also demonstrated that leucine promoted the differentiation of myotube in part
through mTORC1-myoD signal pathway.

The gestation period of a rat is generally 21 to 22 days. In the lung disease research, preterm rats were
born by caesarean section on day 19 or 20 of gestation [27,28]. Our study selected the day 18 of gestation
to deliver preterm rat as the preterm animal.

The method of primary satellite cell isolation mainly includes mechanical shearing and enzymatic
digestion, releasing the cell from the muscle cell membrane and basement membrane [29]. We obtained
primary preterm rat satellite cells by digestion with type | collagenase and trypsin, and purification via
pre-plating, which could allow reaching purity around 90%-95% of satellite cells. Desmin is one of the
myogenic marker proteins expressed in the early differentiation of muscle satellite cells. These proteins
are missing in non-myogenic cells. Owe to its significance and characteristics, desmin is a specific
marker for skeletal muscle cells [29]. Primary muscle satellite cells have an essential biological
characteristic in that it can differentiate into myotubes under special conditions, which is an important
indicator to identify muscle satellite cells in morphology. Our study demonstrated that primary preterm
rat satellite cells could fuse with each other and form myotubes under the differentiation medium
containing 2% horse serum.

Leucine, one of the indispensable branched-chain amino acids, is an important regulator of muscle
mass through the control of protein synthesis [30]. Recently, Averous, et al. found that leucine limitation
prevents the differentiation of both mouse-derived C2C12 myoblasts and primary satellite cells [31].
Chen et al. demonstrated that leucine could promote proliferation of C2C12 myoblasts [32]. These
findings suggest that leucine plays more biological functional roles beyond the fundamental role as a
substrate for protein synthesis in skeletal muscle tissue. Here, we prove that leucine could promote
proliferation of primary preterm rat satellite cells in a concentration dependent manner.

We know that mTOR and its downstream target S6K1 play an important role in the regulation of cell
proliferation [33,34]. Varma et al. demonstrated that rapamycin leads to a decline in the HepG2 cell
proliferation through the inhibition of mMTOR [35]. In this study of primary preterm rat satellite cells, we
found that leucine up-regulate the phosphorylation level of mMTOR and S6K1 in a concentration dependent
manner. Rapamycin down-regulated the phosphorylation level of mTOR and S6K1, and inhibited cell
proliferation. Our observation illustrated that leucine may activate mTORC1 signaling pathways to
promote proliferation of primary preterm rat satellite cells.

In the regulation of satellite cell differentiation, the role of leucine is still unclear. Our study designed
differentiation medium containing different concentrations of leucine to induce the myotube formation
of primary preterm rat satellite cells. We found that leucine had a differentiation-promoting effect on the
formation of myotubes, and both MyoD and myogenin induced by leucine. These two lines of evidence
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indicate that leucine-induced up-regulation of MyoD and myogenin may contribute to leucine-induced
differentiation promotion of primary preterm rat satellite cells.

Evidence now exists that mTOR is a master regulator of skeletal myogenesis, controlling multiple
stages of the myofiber formation process [36]. However, the relationship between mTOR and MyoD is
controversial. Indeed, studies show that rapamycin inhibited the differentiation of rat L6 myoblasts and
mouse C2C12 cells [25,37]. However, neither S6K1 nor 4E-BP1 is the relevant effector for the myogenic
signaling of mTOR [25]. These findings suggest existence of other downstream effectors of mTORC1
signaling pathways regulating myogenesis. Moreover, Sun et al. demonstrated that rapamycin treatment
led to down-regulation of MyoD protein levels in C2C12 cells, which identify an mTOR-MyoD pathway
that controls myocyte fusion during myoblast differentiation [26]. However, Averous et al. showed that
rapamycin did not affect MyoD expression while leucine limitation decreased MyoD protein levels in
C2C12 cells. Hence, they presumed that mTORC1 complex activity is not involved in the regulation of
MyoD in response to leucine starvation [31]. We found that, in the early differentiation stage of primary
preterm rat satellite cells, both the phosphorylation level of mTOR and the expression of MyoD induced
by leucine and rapamycin treatment caused a decline of MyoD protein levels. It is conceivable that
leucine increases the phosphorylation of mTOR and subsequently up-regulates the protein level of
MyoD, which governs myocyte fusion in the myogenesis process. Our results suggested that a leucine-
mTORC1-MyoD signaling pathway plays an important regulatory role during differentiation of primary
preterm rat satellite cells, which is consistent with the finding of Sun et al. [26].

In the later differentiation stage of primary preterm rat satellite cells, leucine also up regulated the
protein level of myogenin, but rapamycin did not decrease its expression. We can conclude that mTOR
is not involved in the regulation of myogenin in response to leucine. Therefore, the mechanism that
leucine regulates in myogenesis is not limited to the mTOR signal pathway. It remains necessary to
identify the signaling pathway and the molecular mechanism involved in the regulation of myogenesis
by leucine.

5. Conclusions

We show that leucine might up-regulate the activation of mMTORC1 to promote proliferation and
differentiation of primary preterm rat satellite cells. We also demonstrate that during the process of
myotube formation, leucine promotes differentiation in part through mTORC1-MyoD signal pathway.
However, mTOR was not involved in the regulation of myogenin. Further research needs to illustrate
the mechanism involved in the regulation of myogenesis by leucine.

Acknowledgments

This study was funded by Guangdong Province Science and Technology Planning Project, China
(NO. 2012B061700069). We are grateful to Shu-Hui Zheng and Yang-Shui Peng, from the translational
medicine laboratory of the First Affiliated Hospital, Sun Yat-sen University for technical assistance.



Nutrients 2015, 7 3398

Author Contributions

Mu-Xue Yu conceived and designed the experiment. Jie-Min Dai performed the experiment.
Jie-Min Dai and Mu-Xue Yu wrote the manuscript and analyzed the data. Zhen-Yu Shen and Chu-Yi Guo
contributed to manuscript modification. Si-Qi Zhuang and Xiao-Shan Qiu helped in conducting of the
study. Mu-Xue Yu and Jie-Min Dai contributed equally to the manuscript. All authors reviewed and
approved the contents of the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Simmer, K.; Rakshasbhuvankar, A.; Deshpande, G. Standardised parenteral nutrition. Nutrients
2013, 5, 1058-1070.

2. Clark, R.H.; Thomas, P.; Peabody, J. Extrauterine growth restriction remains a serious problem in
prematurely born neonates. Pediatrics 2003, 111, 986-990.

3. Ehrenkranz, R.A.; Dusick, A.M.; Vohr, B.R.; Wright, L.L.; Wrage, L.A.; Poole, W.K. Growth in
the neonatal intensive care unit influences neurodevelopmental and growth outcomes of extremely
low birth weight infants. Pediatrics 2006, 117, 1253-1261.

4. Fenton, T.R.; Premji, S.S.; Al-Wassia, H.; Sauve, R.S. Higher versus lower protein intake in
formula-fed low birth weight infants. Cochrane Database Syst. Rev. 2014, 4, D3959.

5. Yu,M.X,; Shen, Z.Y.; Qiu, X.S.; Mo, Q.P. High-protein diets alters body composition and improves
insulin resistance in a rat model of low birth weight. J. Investig. Med. 2012, 60, 1174-1179.

6. Kilein, C.J. Nutrient requirements for preterm infant formulas. J. Nutr. 2002, 132, 1395S-1577S.

7. Suryawan, A.; Davis, T.A. Regulation of protein synthesis by amino acids in muscle of neonates.
Front Biosci. 2011, 16, 1445-1460.

8.  Drummond, M.J.; Dreyer, H.C.; Fry, C.S.; Glynn, E.L.; Rasmussen, B.B. Nutritional and contractile
regulation of human skeletal muscle protein synthesis and mTORC1 signaling. J. Appl. Physiol.
2009, 106, 1374-1384.

9. Nagasawa, T.; Kido, T.; Yoshizawa, F.; Ito, Y.; Nishizawa, N. Rapid suppression of protein
degradation in skeletal muscle after oral feeding of leucine in rats. J. Nutr. Biochem. 2002, 13,
121-127.

10. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149,
274-293.

11. Sarbassov, D.D.; Ali, S.M.; Sabatini, D.M. Growing roles for the mTOR pathway. Curr. Opin. Cell
Biol. 2005, 17, 596-603.

12. Ma, X.M.; Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev.
Mol. Cell Biol. 2009, 10, 307-318.

13. Sancak, Y.; Sabatini, D.M. Rag proteins regulate amino-acid-induced mTORC1 signalling.
Biochem. Soc. Trans. 2009, 37, 289-290.



Nutrients 2015, 7 3399

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kimball, S.R.; Jefferson, L.S. Signaling pathways and molecular mechanisms through which
branched-chain amino acids mediate translational control of protein synthesis. J. Nutr. 2006, 136,
227S-231S.

Janssen, I.; Heymsfield, S.B.; Wang, Z.M.; Ross, R. Skeletal muscle mass and distribution in 468
men and women aged 18-88 yr. J. Appl. Physiol. 2000, 89, 81-88.

Brown, L.D. Endocrine regulation of fetal skeletal muscle growth: Impact on future metabolic
health. J. Endocrinol. 2014, 221, R13-R29.

Relaix, F.; Zammit, P.S. Satellite cells are essential for skeletal muscle regeneration: The cell on
the edge returns centre stage. Development 2012, 139, 2845-2856.

Le Grand, F.; Rudnicki, M.A. Skeletal muscle satellite cells and adult myogenesis. Curr. Opin. Cell
Biol. 2007, 19, 628-633.

Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building muscle: molecular regulation of
myogenesis. Cold Spring Harb. Perspect. Biol. 2012, doi:10.1101/cshperspect.a008342.

Ishibashi, J.; Perry, R.L.; Asakura, A.; Rudnicki, M.A. MyoD induces myogenic differentiation
through cooperation of its NH2- and COOH-terminal regions. J. Cell Biol. 2005, 171, 471-482.
Yablonka-Reuveni, Z.; Rudnicki, M.A.; Rivera, A.J.; Primig, M.; Anderson, J.E.; Natanson, P. The
transition from proliferation to differentiation is delayed in satellite cells from mice lacking MyoD.
Dev. Biol. 1999, 210, 440-455.

Cornelison, D.D.; Olwin, B.B.; Rudnicki, M.A.; Wold, B.J. MyoD(—/-) satellite cells in single-fiber
culture are differentiation defective and MRF4 deficient. Dev. Biol. 2000, 224, 122-137.

Cao, Y.; Kumar, R.M.; Penn, B.H.; Berkes, C.A.; Kooperberg, C.; Boyer, L.A.; Young, R.A;;
Tapscott, S.J. Global and gene-specific analyses show distinct roles for Myod and Myog at a
common set of promoters. Embo J. 2006, 25, 502-511.

Myer, A.; Olson, E.N.; Klein, W.H. MyoD cannot compensate for the absence of myogenin during
skeletal muscle differentiation in murine embryonic stem cells. Dev. Biol. 2001, 229,
340-350.

Erbay, E.; Chen, J. The mammalian target of rapamycin regulates C2C12 myogenesis via a kinase-
independent mechanism. J. Biol. Chem. 2001, 276, 36079-36082.

Sun, Y.; Ge, Y.; Drnevich, J.; Zhao, Y.; Band, M.; Chen, J. Mammalian target of rapamycin
regulates miRNA-1 and follistatin in skeletal myogenesis. J. Cell Biol. 2010, 189, 1157-1169.
Chen, C.M.; Wang, L.F.; Cheng, K.T.; Hsu, H.H.; Gau, B.; Su, B. Effects of Anoectochilus
formosanus Hayata extract and glucocorticoid on lung maturation in preterm rats. Phytomedicine
2004, 11, 509-515.

Zhu, H.; Chang, L.; Li, W.; Liu, H. Effect of amygdalin on the proliferation of hyperoxia-exposed
type Il alveolar epithelial cells isolated from premature rat. J. Huazhong Univ. Sci. Technol. Med. Sci.
2004, 24, 223-225.

Liu, Y.; Chen, S.; Li, W.; Du, H.; Zhu, W. Isolation and characterization of primary skeletal muscle
satellite cells from rats. Toxicol. Mech. Methods 2012, 22, 721-725.

Anthony, J.C.; Anthony, T.G.; Kimball, S.R.; Jefferson, L.S. Signaling pathways involved in
translational control of protein synthesis in skeletal muscle by leucine. J. Nutr. 2001, 131,
856S-860S.



Nutrients 2015, 7 3400

31.

32.

33.

34.

35.

36.

37.

Averous, J.; Gabillard, J.C.; Seiliez, I.; Dardevet, D. Leucine limitation regulates myf5 and myoD
expression and inhibits myoblast differentiation. Exp. Cell Res. 2012, 318, 217-227.

Chen, X.; Huang, Z.; Chen, D.; Yang, T.; Liu, G. MicroRNA-27a is induced by leucine and
contributes to leucine-induced proliferation promotion in C2C12 cells. Int. J. Mol Sci. 2013, 14,
14076-14084.

Jastrzebski, K.; Hannan, K.M.; Tchoubrieva, E.B.; Hannan, R.D.; Pearson, R.B. Coordinate
regulation of ribosome biogenesis and function by the ribosomal protein S6 kinase, a key mediator
of mTOR function. Growth Fact. 2007, 25, 209-226.

Gibbons, J.J.; Abraham, R.T.; Yu, K. Mammalian target of rapamycin: discovery of rapamycin
reveals a signaling pathway important for normal and cancer cell growth. Semin. Oncol. 2009, 36,
S3-S17.

Varma, S.; Khandelwal, R.L. Effects of rapamycin on cell proliferation and phosphorylation of
MTOR and p70(S6K) in HepG2 and HepG2 cells overexpressing constitutively active Akt/PKB.
Biochim. Biophys. Acta 2007, 1770, 71-78.

Ge, Y.; Chen, J. Mammalian target of rapamycin (mTOR) signaling network in skeletal myogenesis.
J. Biol. Chem. 2012, 287, 43928-43935.

Coolican, S.A.; Samuel, D.S.; Ewton, D.Z.; McWade, F.J.; Florini, J.R. The mitogenic and
myogenic actions of insulin-like growth factors utilize distinct signaling pathways. J. Biol. Chem.
1997, 272, 6653-6662.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	ISSN 2072-6643
	1. Introduction
	2. Experimental Section
	2.1. Animals
	2.2. Reagents
	2.3. Primary Culture of Preterm Rat Satellite Cells
	2.4. Differentiation Culture
	2.5. Immunocytochemical
	2.6. Cell Proliferation Rate Assay
	2.7. Western Blot
	2.8. Statistical Analysis

	3. Results
	3.1. Culture and Identification of Primary Preterm Rat Satellite Cells
	3.2. Leucine Promotes Primary Satellite Cells Proliferation Through mTORC1 Pathway
	3.3. Leucine Promotes Differentiation of Primary Preterm Rat Satellite Cells
	3.4. Involvement of mTORC1 in Leucine-Stimulated Differentiation of Primary Satellite Cells

	4. Discussion
	5. Conclusions
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	References

