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Abstract

Aim To investigate the effects of a neonatal low-protein
diet on the morphology of myotubes in culture and the
expression of key proteins that regulate myogenesis in
young and adult rats.

Methods Male Wistar rats (n = 18) were suckled by
mothers fed diets containing 17% protein (controls, C) or
8% protein (undernourished, UN). All rats were fed a
normal protein diet after weaning. Muscles were removed
from the legs of 42-, 60- and 90-day-old rats. Muscle cells
were cultured to assess cell number, morphology and the
expression of major proteins involved in myogenesis
(Pax7, cadherins, i1 integrin, IL-4Ro and myogenin) by
western blotting. IL-4 levels in culture supernatants were
measured by ELISA.

Results  Offspring from mothers fed a low-protein diet
showed a lower body weight gain. Cell number and myo-
tube expansion were reduced in cultured muscle cells from
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UN, but the expression of myogenic marker proteins was
unaltered.

Conclusions Dietary restriction during lactation had no
impact on the synthesis of myogenic marker proteins, and
myocyte differentiation occurred normally in the muscles
of offspring aged 42, 60 or 90 days. Nevertheless, the
number and morphology of the myotubes are altered.

Keywords Critical period of development -
Programming - Satellite cells - Neonatal undernutrition -
Skeletal muscle - Rats

Introduction

Maternal and neonatal undernutrition not only causes
prolonged growth retardation but also modifies the pro-
gramming of biochemical mechanisms related to endo-
crine-metabolic control [1]. Fetal programming is the
phenomenon whereby changes in the critical period of
development in response to the environment may have
permanent effects on the organs and tissues [2]. Perinatal
undernutrition-induced metabolic diseases in adult life
have been demonstrated in experimental models in rats [3,
4]. In humans, epidemiological studies have also revealed
an inverse relationship between birthweight and type 2
diabetes mellitus, hypertension, hyperlipidemia, obesity
and insulin resistance in adult life [5-7]. It has been
speculated that early influences on the growth and devel-
opment of skeletal muscle fibers may underlie this rela-
tionship [8].

Perinatal undernutrition on muscle-fiber development
and composition has been described in a variety of mam-
malian species [9]. Wilson et al. [10] showed a reduction in
secondary fibers in both soleus and lumbrical muscles and
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a deficit in the growth rate of the newborn rat, when the
maternal diet was restricted to 30% of the control animals.
Maternal low-protein exposure (9% casein) during mid- to
late pregnancy reduces the numbers of fibers formed within
the soleus and gastrocnemius muscles of young rats [9]. On
the other hand, Bayol et al. [11] found no effect of maternal
undernutrition on numbers of fibers in the semitendinosus
muscle at 21 days postpartum but an increased muscle-cell
proliferation and a trend toward increased satellite-cell
activity.

Satellite cells are responsible for the growth, repair and
maintenance of the skeletal muscle [8]. In response to
environmental activating signals derived from injury,
satellite cells undergo asymmetric cell divisions for the
purpose of self-renewal, giving rise to committed myo-
genic cells, myoblasts, thereby sustaining postnatal muscle
repair and growth [8]. Adhesion molecules, growth factors
and cytokines released by the neighboring cells can also
activate satellite cells [12]. The myogenic process is reg-
ulated by transcription factors, such as Pax3/Pax7, and
members of the family of the myogenic regulatory factors
(MRFs), including MRF4 (Myf6), Myf5, MyoD and
myogenin [12].

Myogenin and MyoD may have important functions in
later development, since they bind directly to the enhancers
and activate transcription of the creatine kinase and myosin
light chain [8]. Several gene products are crucial for the
fusion of mammalian myoblasts, including cell adhesion
molecules (N and M cadherins) and the 1 integrins [13]. It
was recently demonstrated that newly formed myotubes
also secrete IL-4, which interacts with the IL-4 a receptors
(IL-4Ro) present on surrounding myoblasts to promote
their fusion with existing myotubes, thereby increasing
myotube size [14].

Previous studies have reported the relationship between
maternal undernutrition and the expression of genes that
control muscle growth in offspring at weaning [11]. Little
is known about the long-term effects on the satellite-cell
activity in adult rats, and the mechanisms by which
maternal nutrition may influence muscle growth. In the
present study, we evaluated the effects of neonatal under-
nutrition on the morphology of myotubes in culture and the
expression of proteins that regulate myogenesis in rats aged
42, 60 and 90 days.

Materials and methods
Animals and diet
Pregnant female Wistar rats were purchased from Centre

d’élevage Dépré (Saint-Doulchard, France). Animals were
handled in accordance with the guidelines and regulations
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of the Ethics and Safety Committee of the Compiégne
University of Technology and housed under conditions of
controlled temperature (22 £ 1 °C), 12-h light—dark cycle.
The standard animal laboratory food and water were given
ad libitum. At the time of delivery, the litter size and pups’
birth weight were recorded. During the suckling period, the
offspring were kept in groups of six pups, randomly dis-
tributed into two nutritional groups according to their
mothers’ diet: a well-nourished group (control, C) fed by
mothers receiving a 17% protein (casein) diet and a low-
protein group (undernourished, UN), fed by mothers
receiving a 8% protein (casein) diet (Table 1). After
weaning (at the age of 22 days), only male offspring were
used (nine per group) and kept in the collective cage,
receiving standard animal laboratory food (Teklad Global
18% protein rodent diet; Harlen Teklad) until the 60-day-
old ad libitum. Subsequently, offspring were fed by a 14%
protein diet (Teklad Global 14% protein rodent diet; Harlen
Teklad) until the 90th day of life. Body weights were
recorded every 5 days (Mettler Toledo XS4001S, 0.1 g
readability, Inc, Columbus, OH) during lactation and at
42, 60 and 90 days. Body weight gain was calculated
as follows: percentage weight gain = [body weight (g) x
100/birthweight (g)] — 100 [11].

Offspring were anesthetized with Ketamin (45.2 mg/kg)/
Xylazin (6.8 mg/kg) by intramuscular injection at differ-
ent ages (42, 60 and 90 days, n = 6 per age). The muscles
from both legs were removed and immersed inice-cold 15 mL
phosphate-buffered saline (PBS) containing 0.15 g glucose

Table 1 Composition of the diets (control 17% and low protein 8%)

Ingredients Amount for 1 kg of diet

Low protein Control
Casein 793 g 1793 g
Vitamin mix* 10g 10g
Mineral mixture® 35¢g 35g
Cellulose 50¢g 50¢g
Choline bitartrate 25¢g 25¢g
DL-methionine 30g 30g
Soya oil 70 mL 70 mL
Corn starch 7502 G 650.2 g

? Vitamin mixture contained the following (mg/kg of diet): retinol,
12; cholecalciferol, 0.125; thiamine, 40; riboflavin, 30; pantothenic
acid, 140; pyridoxine, 20; inositol, 300; cyanocobalamin, 0.1; men-
adione, 80; nicotinic acid, 200; choline, 2,720; folic acid, 10;
p-aminobenzoic acid, 100; biotin, 0.6

® Minerals mixture contained the following (mg/kg of diet): CaHPO,,
17,200; KCI, 4,000; NaCl, 4,000; MgO, 420; MgSQO,, 2,000; Fe,O,,
120; FeSO47H,0, 200; trace elements, 400 (MnSO4-H,O, 98;
CuS04-5H,0, 20; ZnSO4-7H,0, 80; CoSO47H,0, 0.16; KI, 0.32;
sufficient starch to bring to 40 g [per kg of diet])
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and 1% antibiotic solution (Gibco, InVitrogen Cergy Pon-
toise, France). The animals were killed after the procedures.

Primary culture of rat skeletal muscle cells

All products for cell culture except Matrigel and DNAse
were from Gibco (InVitrogen, Cergy-Pontoise, France).
Primary culture of rat skeletal muscle cells was performed
as previously described [15]. Briefly, the soleus, gastroc-
nemius and quadriceps muscles were dissected, cut into
small pieces and digested with 2% type II collagenase,
0.25% trypsin and 0.1% DNAse (Sigma) for isolation of
myoblasts. Cells were placed into 80-cm® Pétri dishes
(Nunclon®) coated with 2 mL Matrigel® (BD Biosciences,
Le Pont de Claix, France) diluted 1:500 in DMEM. Cells
(1.6 x 10° cells/80-cm? dishes) were cultured in DMEM
containing 10% fetal bovine serum, 10% horse serum,
4mMol/L L-glutamine and 1% antibiotic solution. After
48 h of culture, a differentiation medium (DM) with 7%
horse serum, 4mMol/L L-glutamine and 1% antibiotic
solution was used and changed every 2 days for a total of
10 days.

Cell number and morphology of the myotubes
in culture

Cell number was colorimetrically evaluated by measuring
intracellular lactate dehydrogenase (LDH) activity. Cells in
culture for 10 days were lysed in serum-free DMEM and
transferred to a 96-well plate. The LDH concentration was
quantified with the CytoTox 96 Non-Radioactive Cyto-
toxicity Assay (Promega Corporation, Madison, WI, USA)
in accordance with the manufacturer’s instructions. The
absorbance (490 nm) of the red formazan produced by
LDH was measured in a microplate reader (Model 680,
Bio-Rad). The absorbance was proportional to the total
number of cells. LDH activity is given as the number of
cells, read off from a standard curve of absorbance plotted
against an increasing number of lysed cells.

The morphology of myotubes in culture for 10 days was
observed using a contrast microscope (Olympus CKX41,
Japan) coupled to a digital camera (Canon A620). Quali-
tative analysis was performed from 5 fields by dish at 100x
magnification.

Expression of myogenic marker proteins

Proteins were extracted with lysis buffer (50 mM HEPES,
150 mM NaCl, 10% glycerol, 1% Tritonx 100, 1 M NaF,
100 mM PMSF, 10 mg/mL aprotinin, 10 mM orthovana-
date). Aliquots of supernatants were used for the mea-
surement of total protein content, as described by Bradford
[16]. Protein lysates from muscle cells cultured for 0, 4, 7

and 10 days were mixed with Laemmli buffer and boiled
for 5 min. Equal amounts of proteins of each sample
(40 pg) were subjected to SDS—-PAGE (7.5% or 12% gels)
and transferred to nitrocellulose membranes (BioRad,
Marnes-la-Coquette, France). The nitrocellulose filters
were soaked in blocking solution (PBS containing 0.1%
Tween 20 and 5% non-fat dried milk) at room temperature
for 1 h and subsequently incubated overnight at 4 °C with
rabbit anti-Pax7 (Santa Cruz Biotechnology, Tebu-Bio,
Velizy, France), anti-pan-cadherin (Sigma, Saint-Quentin
Fallavier, France), anti-IL-4Ro (Santa Cruz Biotechnology,
Tebu-Bio, Vélizy, France) antibodies or a goat anti-fj1
integrin antibody (Santa Cruz Biotechnology, Tebu-Bio,
Vélizy, France). The membranes were then incubated with
horseradish peroxidase-linked goat anti-rabbit immuno-
globulin G or a peroxidase-linked donkey anti-goat
immunoglobulin G (Jackson ImmunoResearch, Interchim,
Montlugon, France) for 1 h at room temperature. Mem-
branes were incubated for 1 h at room temperature with
mouse monoclonal anti-myogenin antibody (BD Biosci-
ences, Le Pont de Claix, France), followed by a goat anti-
mouse IgG coupled to horseradish peroxidase (Jackson
ImmunoResearch, Interchim, France). Immunoreactivity
was detected by chemiluminescence (ECL and ECL
hyperfilm, GE Healthcare Europe, Saclay, France). The
molecular weights of the immunoreactive bands were
established by comparison with stained standards (BioRad,
Marnes-la-Coquette, France). Western blots for actin and
o-tubulin were used to check gel loading. The ratios of pro-
teins to actin or a-tubulin were determined, and band inten-
sities were quantified using KODAK 1D Image Analysis
Software (Scientific Image System, Rochester, NY, USA).

Concentration of IL-4 in the supernatants of muscle
cells in culture

Interleukin-4 (IL-4) released was measured by ELISA in
the supernatants from cells cultured for 10 days (DuoSet
ELISA Kit, R&D Systems, Minneapolis, MN, USA). The
IL-4 concentration was normalized to 10° cells using the
LDH dosage.

Statistical analysis

The data are presented as mean == SEM. For body weight
analysis, two-way repeated measures analysis of variance
ANOVA, followed by Bonferroni’s post hoc test, was used.
For LDH and IL-4 levels in the supernatants of cultured
cells and immunoblots quantitation groups were compared
using Student’s t-test. Results were considered statistically
significant for p < 0.05 (NS non-significant, *p < 0.05).
The GraphPad Prism 5 software (Graph Pad Software, Inc.,
San Diego, CA, USA) was used.
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Results

The birth weight of neonates did not differ when groups
were compared (C =59 £ 04 and UN = 5.8 &+ 0.3).
During lactation, offspring from mothers fed a low-protein
diet showed a lower body weight than controls at 10, 15
and 21 days. The pups from undernourished mothers con-
tinued to exhibit a lower body weight than the control
group throughout the experiment: 42 days (C = 208.6 +
4.3; UN = 1833 £4.3), 60 days (C = 308.7 £ 6.6;
UN = 246.1 £ 5.6) and 90 days (C = 3782+ 7.7,
UN = 313.1 + 4.3; Fig. 1).

Between days 4 and 7 in differentiation medium (DM),
both myoblasts from controls and undernourished rats
began to form myotubes into the standardized mode.
Examination of cultures under the phase contrast micro-
scope suggested that on the 10th day of culture, myotubes
from control rats are large and numerous, while the number
and the size of myotubes were low in undernourished rats
(Fig. 2a). LDH measurement showed a lower cell number
in the UN group when compared with cells from the
C group (C group 21.8 + 0.19 x 10°, UN group 18.9 +
0.2 x 10% Fig. 2b).

Myotubes from UN 90-day-old offspring were less
ramified than those from their controls (Fig. 3).

The expression of Pax7 protein in lysates of cells taken
from 42-, 60- and 90-day-old pups and cultured for 0 and
4 days was studied by western blotting. The expression
remained roughly constant in cells from offspring aged
between 42 and 90 days at all culture times (Fig. 4). There
was no difference in the Pax7 content of cells from UN and
C pups. Similarly, the cadherin (N and M) content of cells
cultured for 4 days was assayed using a pan-cadherin
antibody. The amounts in 42-, 60- and 90-day-old pups
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Fig. 1 Body weight of pups from mothers fed a low-protein diet
(undernutrition, casein 8%) or a control diet (casein:17%) during
growth. Analysis was performed every 5 days during lactation (n = 9
in each group) and at 42, 60 and 90 days (n = 3 in each group). The
values are presented as means + SEM. p < 0.05 compared with
control group using two-way ANOVA and Bonferroni’s post hoc test
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appeared to be similar. There was no difference in the
expression of cadherin in cells from UN and C pups
(Fig. 4).

The expression of the 1 integrin subunit in cells cul-
tured for 4 or 7 days did not vary with the age of the pups
providing the muscle samples. The content of the f1
integrin subunit in muscle cultures of UN and C offspring
was similar. Cells from 42-, 60- and 90-day-old pups cul-
tured for 7 days showed similar contents of IL-4Re, but
IL-4Ra was not detected in cells from 90-day-old off-
spring. The expression of IL-4Ra protein in cells from UN
and C offspring cultured for 7 days was the same.

Muscle cells cultured for 10 days all showed the same
content of myogenin protein, regardless of the age of the
offspring providing the muscle. There was also no differ-
ence in the expression of myogenin in cells cultured for
10 days from 60-day-old UN and C offspring.

The concentration of IL-4 in the supernatants of muscle
cells from 60-day-old offspring cultured for 10 days, nor-
malized using LDH activity, showed no significant differ-
ences between UN and C offspring.

Discussion

Perinatal undernutrition has been one of the most thor-
oughly studied programming factors acting in the genesis
of metabolic disease in adult life [17]. The mechanisms
for the induction of programming appear to include the
following: certain clones of cells may be altered by envi-
ronmental adversity during development; nutrient envi-
ronment may permanently alter gene expression; and early
nutrition may permanently reduce cell numbers in the
organs and tissues [18]. In our study, casein (a highly
phosphorylated protein) was chosen because it is an
important component of breast milk. Casein absorption
induces an increase in the concentrations of essential
(threonine, valine, methionine, isoleucine, leucine, phen-
ylalanine and lysine) and non-essential amino acids (his-
tidine and arginine) in the neonatal plasma [19]. Moreover,
it has been shown that dietary casein intake is the key
factor in the stimulation of ribosome aggregation in liver
that reflects the protein biological value [19]. Thus, casein
has been widely used in previous studies as an inducer of
perinatal undernutrition.

In the present study, we first examined the effects of a
low-protein diet during lactation on the body weight of the
offspring. We then studied the morphology of myotubes
and the expression of some key proteins known to regulate
myogenesis, from muscle-cell cultures of young and adult
offspring. The results indicate that offspring from mothers
fed a low-protein diet showed a lower body weight at adult
age (60 and 90 days) than their controls. Our results are in
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Fig. 2 Morphological
observation of muscle cells in
culture (a) and numbers of
muscle cells/well (0.33 cm?)
(b) after 10 days in culture
(60-day-old offspring). Mothers
were submitted to a control diet
(C1, C2, C3) or a low-protein
diet (UN1, UN2, UN3) during
lactation. a Cells were cultured
in a differentiation medium
(DM) and observed at 10 days.
Phase contrast objective 10x.
Bar 100 pm. b Data were
obtained from LDH activity of
adherent cells. Data are
expressed as mean + SEM

n = 18 in each group.

*p < 0.05 unpaired Student’s
t-test. C control group,

UN undernourished group

W
cellsiwell (x10%)
= @ 2 =

h
"

O Control
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agreement with earlier studies using the same experimental
model [11, 20, 21]. Nevertheless, 90-day-old rats were not
evaluated in those studies. Neonatal maternal protein
restriction (8% casein-restricted diet) causes changes in
milk composition and volume of the lactating rats, and it
may be related to less transfer of nutrients to the offspring
and to a long-lasting low body weight [22]. In addition, it

Groups

has been demonstrated that reduced body weight induced
by maternal undernutrition is related to the low number of
muscle fibers in offspring [8, 18]. Thus, it can be suggested
that changes in the numbers and/or types of fibers present
in skeletal muscle may contribute to the risk of developing
type 2 diabetes, and/or obesity in later life (developmental
origin of adult disease) [17]. However, little is known
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Fig. 3 Morphological analysis
of muscle cells in culture
(90-day-old offspring).
Mothers’ offspring were
submitted to a control diet
(C1, C2, C3) or a low-protein
diet (UN1, UN2, UN3) during
lactation. Cells were cultured in
a differentiation medium (DM)
and analyzed on the 10th day.
Phase contrast objective 10x.
Bar 100 pm

about the molecular mechanisms by which maternal
nutrition influences muscle growth.

In order to test the hypothesis that neonatal undernu-
trition can impair myogenesis, the capacity of muscles
from offspring of different ages (42, 60 and 90 days) to
produce myogenic markers of satellite cells, myoblasts and
myotubes in culture was assessed. Our data demonstrate
that muscle cells from 60-day-old UN offspring cultured
for 10 days grew more slowly than did muscle cells from C
offspring. There were fewer myotubes in samples from
60-day-old UN offspring, and the myotubes from 90-day-old
offspring expanded more slowly than those from their C
counterparts. It has been demonstrated that muscle-fiber
formation and postnatal growth are regulated by insulin-
like growth factor (IGF)-1 [23]. Systemic IGF-1 levels are
low in both mothers and fetuses following maternal
undernutrition, suggesting that impaired myogenesis could
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be the result of diminished levels of IGF-1 [24]. After birth,
IGF-1 has been shown to promote muscle-fiber hypertro-
phy by a combination of protein synthesis and activation of
satellite cells [25]. We therefore performed key protein-
expression analyses of satellite cells, myoblasts and myo-
tubes in the offspring.

Pax7 transcription factor and cadherins (especially N
and M cadherins) are involved in initial cell to cell rec-
ognition during myogenesis and play an important role as
regulators of muscle-cell specification and tissue formation
during development [12, 13]. Pax7 is expressed in quies-
cent satellite cells, serving as a marker for their localization
beneath the basal lamina [12]. M-cadherin accumulates
with f-catenin at the areas of contact between fusing
myoblasts and f-catenin colocalizes with actin in pre-fus-
ing myoblasts [13]. Satellite cells contain f-catenin that
remains present in them during activation and proliferation.
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Fig. 4 Immunoblots of Pax7
and M-N (pan) cadherins in
muscle cells—from 60-day-old
rats. Muscle cells from control
(C1, C2,C3) and
undernourished offspring

Pax7

Pan-cadherin

—

M

.

(UN1, UN2, UN3) were Actin ——— E— e — o ———
cultured for 4 days. The lysates
were separated by 7.5% SDS C1 2 C3 UN1 UN2 UN3
PAGE. Actin was used as
control for gel loading. The Pax7/actin Pan-cadherin/actin
amount of each factor relative
to that of actin is shown below.
NS non-significant 1,50 5 1,501 "

1,25 1 1,254

1,00 | NS 1,00 -

0,75 1 0,751

0,50 4 0,50 4

0,25 1 0,254

0,00 0,00

C UN C UN

In the present study, we found no difference in the
expression of Pax7 and cadherin proteins in cells from UN
and C offspring, regardless of the age of the donor off-
spring or the time in culture. The expression of those
proteins seems to remain roughly the same in offspring
aged between 42 and 90 days. Most satellite cells
expressing Pax7 up-regulate MyoD and enter into a pro-
liferative state [12, 26]. N and M cadherins play a role in
the initiation of myoblast fusion to form multinuclear
myotubes [27]. Our results show that the initial processes
of proliferation and differentiation in myogenesis were not
affected by neonatal undernutrition.

Skeletal muscle cells are known to produce a wide
variety of integrins. The 1 subunit is produced throughout
myogenesis, and different variants are present in myoblasts
and myotubes [28]. Pure populations of f1-null myoblasts
and satellite cells isolated from f1-null chimeric embryos
and chimeric newborn mice differentiate in vitro and fuse
to form multinucleated myotubes [29]. Other studies have
demonstrated that f1-deficient myoblasts adhere to each
other, but that their plasma membrane breakdown is
defective [30]. The amounts of the 1 integrin protein did
not seem to change with the age of the donor pups, and we
found no differences in its expression between cells from
UN and C pups. Many cell adhesion proteins, including the
integrins and cadherins, have been shown to be important
for myoblast fusion, but how exactly they regulate cell
fusion remains largely unknown. However, the focal
adhesion kinase (FAK) involved in integrin signaling
appears to be a mediator by which integrins regulate
myoblast fusion [31]. IL-4 is not required for fusion

between mononucleated myoblasts, but it is required for
myotube maturation. It may favor myogenic cell migration
and the integrin-modulated interaction of these myoblasts
with newly formed myotubes [14].

The newly formed myotubes recruit myoblasts for
fusion by secreting IL-4, leading to muscle growth. The
transcription factor NFATc2 controls myoblast fusion after
the formation of a myotube and is necessary for further cell
growth [14]. IL-4 has been identified as a molecular signal
that binds to the IL-4Ro subunit on myoblasts to promote
fusion and growth [14]. The IL-4R« subunit of the IL-4R is
present on both myoblasts and myotubes and is required for
muscle growth. IL-4 controls cell fusion by binding to the
IL-4R of myoblasts rather than myotubes, and signaling via
the IL-4R in myoblasts is required for cell fusion with
nascent myotubes [14]. We believe that the IL-4Ra protein
is absent from the muscles of pups aged over 60 days, and
this was true for both UN and C rats. Our results suggest
that this regulation no longer exists in adult rats (60-day-
old). Cells from 60-day-old UN and C rats in culture for
10 days secrete the same amount of IL-4 into the medium.
This suggests that myotube function is not altered in UN
rats, in spite of the difference observed in their expansion.

Lastly, we analyzed the production of the myogenic
regulatory factor myogenin, which is abundant in the
muscles of newborn pups. It resides in the nucleus and may
function as a sequence-specific DNA-binding factor that
interacts directly with muscle-specific genes during myo-
genesis [12]. The content of myogenin protein in 10-day
muscle-cell cultures was not influenced either by the age of
the donor rats or whether they were UN or C rats.

@ Springer



250

Eur J Nutr (2011) 50:243-250

Conclusion

In conclusion, casein restriction during lactation followed
by the restoration of a normal protein diet at weaning has
no impact on the synthesis of myogenic marker proteins,
and myocyte differentiation occurred normally in the
muscles of offspring aged 42, 60 and 90 days. Neverthe-
less, the number and morphology of myotubes are affected.

Acknowledgments The authors wish to thank CAPES-COFECUB
(grant 584/07) and the National Council for Science and Technology
(CNPq), Brazil, for their financial support.

Conflict of interest The authors declare that they have no conflict
of interest.

References

1. Waterland RA, Jirtle RL (2004) Early nutrition, epigenetic
changes at transposons and imprinted genes, and enhanced sus-
ceptibility to adult chronic diseases. Nutrition 20:63-68

2. Lucas A (2005) Long-term programming effects of early nutri-
tion—implications for the preterm infant. J Perinatol 25(Suppl
2):S2-S6

3. Kind KL, Simonetta G, Clifton PM, Robinson JS, Owens JA
(2002) Effect of maternal feed restriction on blood pressure in the
adult guinea pig. Exp Physiol 87:469-477

4. Ozanne SE, Hales CN (2002) Early programming of glucose-
insulin metabolism. Trends Endocrinol Metab 13:368-373

5. Hales CN, Barker DJ (1992) Type 2 (non-insulin-dependent)
diabetes mellitus: the thrifty phenotype hypothesis. Diabetologia
35:595-601

6. Ravelli GP, Stein ZA, Susser MW (1976) Obesity in young men
after famine exposure in utero and early infancy. N Engl ] Med
295:349-353

7. Sawaya AL, Martins PA, Grillo LP, Florencio TT (2004) Long-
term effects of early malnutrition on body weight regulation. Nutr
Rev 62:5127-S133

8. Brameld JM (2004) The influence of undernutrition on skeletal
muscle development. Br J Nutr 91:327-328

9. Mallinson JE, Sculley DV, Craigon J, Plant R, Langley-Evans
SC, Brameld JM (2007) Fetal exposure to a maternal low-protein
diet during mid-gestation results in muscle-specific effects on
fibre type composition in young rats. Br J Nutr 98:292-299

10. Wilson SJ, Ross JJ, Harris AJ (1988) A critical period for for-
mation of secondary myotubes defined by prenatal undernour-
ishment in rats. Development 102:815-821

11. Bayol S, Jones D, Goldspink G, Stickland NC (2004) The
influence of undernutrition during gestation on skeletal muscle
cellularity and on the expression of genes that control muscle
growth. Br J Nutr 91:331-339

12. Perdiguero E, Sousa-Victor P, Ballestar E, Munoz-Canoves P
(2009) Epigenetic regulation of myogenesis. Epigenetics
4:541-550

13. Wrobel E, Brzoska E, Moraczewski J (2007) M-cadherin and
beta-catenin participate in differentiation of rat satellite cells. Eur
J Cell Biol 86:99-109

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Horsley V, Jansen KM, Mills ST, Pavlath GK (2003) IL-4 acts as
a myoblast recruitment factor during mammalian muscle growth.
Cell 113:483-494

Hirabara SM, Silveira LR, Alberici LC, Leandro CV, Lamb-
ertucci RH, Polimeno GC, Cury Boaventura MF, Procopio J,
Vercesi AE, Curi R (2006) Acute effect of fatty acids on
metabolism and mitochondrial coupling in skeletal muscle. Bio-
chim Biophys Acta 1757:57-66

Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72:248-254
Barker DJ (2007) The origins of the developmental origins
theory. J Intern Med 261:412-417

Sayer AA, Cooper C (2005) Fetal programming of body com-
position and musculoskeletal development. Early Hum Dev
81:735-744

Galibois I, Parent G, Savoie L (1987) Effect of dietary proteins
on time-dependent changes in plasma amino acid levels and on
liver protein synthesis in rats. J Nutr 117:2027-2035
Pires-de-Melo IH, Wanderley Dos Reis F, Luz LS, Paz ST, Silva
HJ, Souza SL, Leandro CG (2009) Short- and long-term effects of
a neonatal low-protein diet in rats on the morphology of the
larynx. Nutrition 25:855-860

Wilson MR, Hughes SJ (1997) The effect of maternal protein
deficiency during pregnancy and lactation on glucose tolerance
and pancreatic islet function in adult rat offspring. J Endocrinol
154:177-185

Passos MC, da Fonte Ramos C, Dutra SC, Mouco T, de Moura
EG (2002) Long-term effects of malnutrition during lactation on
the thyroid function of offspring. Horm Metab Res 34:40-43
Powell-Braxton L, Hollingshead P, Warburton C, Dowd M, Pitts-
Meek S, Dalton D, Gillett N, Stewart TA (1993) IGF-I is required
for normal embryonic growth in mice. Genes Dev 7:2609-2617
Dwyer CM, Stickland NC, Fletcher JM (1994) The influence of
maternal nutrition on muscle fiber number development in the
porcine fetus and on subsequent postnatal growth. J Anim Sci
72:911-917

Barton-Davis ER, Shoturma DI, Sweeney HL (1999) Contribu-
tion of satellite cells to IGF-I induced hypertrophy of skeletal
muscle. Acta Physiol Scand 167:301-305

Zammit PS, Relaix F, Nagata Y, Ruiz AP, Collins CA, Partridge
TA, Beauchamp JR (2006) Pax7 and myogenic progression in
skeletal muscle satellite cells. J Cell Sci 119:1824-1832
Hollnagel A, Grund C, Franke WW, Arnold HH (2002) The cell
adhesion molecule M-cadherin is not essential for muscle
development and regeneration. Mol Cell Biol 22:4760—4770
Bozyczko D, Decker C, Muschler J, Horwitz AF (1989) Integrin
on developing and adult skeletal muscle. Exp Cell Res 183:72-91
Crawley S, Farrell EM, Wang W, Gu M, Huang HY, Huynh V,
Hodges BL, Cooper DN, Kaufman SJ (1997) The alpha7betal
integrin mediates adhesion and migration of skeletal myoblasts
on laminin. Exp Cell Res 235:274-286

Schwander M, Leu M, Stumm M, Dorchies OM, Ruegg UT,
Schittny J, Muller U (2003) Betal integrins regulate myoblast
fusion and sarcomere assembly. Dev Cell 4:673-685

Quach NL, Biressi S, Reichardt LF, Keller C, Rando TA (2009)
Focal adhesion kinase signaling regulates the expression of
caveolin 3 and betal integrin, genes essential for normal myo-
blast fusion. Mol Biol Cell 20:3422-3435



	Effect of a neonatal low-protein diet on the morphology of myotubes in culture and the expression of key proteins that regulate myogenesis in young and adult rats
	Abstract
	Aim
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals and diet
	Primary culture of rat skeletal muscle cells
	Cell number and morphology of the myotubes in culture
	Expression of myogenic marker proteins
	Concentration of IL-4 in the supernatants of muscle cells in culture
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


