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Abstract

Purpose We tested the hypothesis that maternal low-
protein (LP) diet during gestation and lactation can pro-
gram myostatin (MSTN) signaling and protein synthesis in
skeletal muscle of offspring at weaning stage (35 days).
Methods Fourteen Meishan sows were fed either LP or
standard-protein diets throughout gestation and lactation,
male offspring piglets were killed at weaning stage and
longissimus dorsi (LD) muscles were taken. The cross-
sectional areas (CSA) of LD muscles were measured by
hematoxylin and eosin staining. The levels of free amino
acids in plasma were measured by amino acid auto-ana-
lyzer. Proteins and mRNA were determined by Western
blot and RT-qPCR, respectively.

Results Body weight, LD muscle weight and the myofi-
ber CSA were significantly decreased (P < 0.05) in LP
piglets; meanwhile, the concentration of branched-chain
amino acids was also significantly decreased (P < 0.001).
MSTN protein content tended to be higher (P = 0.098) in
LP piglets, while the expression of MSTN receptors, acti-
vin type II receptor-beta and transforming growth factor
type-beta type I receptor kinase, was significantly up-reg-
ulated (P < 0.05). Furthermore, p38 mitogen-activated
protein kinase, the downstream signaling factor of MSTN,
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was also enhanced significantly (P < 0.05). In addition,
key factors of translation initiation, phosphorylated
eukaryotic initiation factor 4E and the 70 kDa ribosomal
protein S6 kinase, were significantly decreased (P < 0.05)
in LP piglets.

Conclusions Our results suggest that maternal LP diet
during gestation and lactation affects MSTN signaling and
protein synthesis in skeletal muscle of offspring at weaning
stage.

Keywords Low-protein diet - Myostatin - Protein
synthesis - Skeletal muscle - Meishan pigs

Introduction

In recent years, a large body of experimental evidence from
animals has demonstrated the programming effects of
maternal nutrition during gestation and lactation on off-
spring growth and development [1-4]. Skeletal muscle is
one of the most susceptible organs to prenatal and neonatal
malnutrition. Maternal high-protein or low-protein (LP)
diet during gestation affected the body composition and the
cellularity of the skeletal muscle in newborn and weanling
piglets [5, 6]. Furthermore, maternal LP diet elicited pro-
nounced changes on the expression of regulatory and
metabolic genes in the skeletal muscle [7-9].

Myostatin (MSTN), a member of the transforming
growth factor type B (TGF-B) super-family, normally acts
as a negative regulator of skeletal muscle development and
growth. MSTN and TGF-B share the same signaling
pathway mediated by activin receptors (ActR). MSTN
binds initially to the two activin type II receptors, mainly
ActRIIB and, to a lesser extent, ActRIIA, and then to a
TGF-P type I receptor kinase (ALKS). The activated ALKS
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phosphorylates the intracellular mediators of signaling,
Smad?2 and/or Smad3, to inhibit muscle differentiation and
growth [10]. Additionally, MSTN also signals through the
mitogen-activated protein kinase (MAPK) pathway
[11, 12]. The binding of MSTN to ActRIIB activates c-Jun
N-terminal kinase (JNK) signaling pathway in both pro-
liferating and differentiating C,Cy, cells [12]. Moreover,
MSTN can activate the p38 MAPK, which is independent
of Smad signaling, through the TGF-B-activated kinase 1
(TAK1) in C,Cy, cells to inhibit the proliferation of
myoblasts [11].

Recent studies have shown that MSTN is responsive to
the nutritional status. Muscle MSTN can be programmed
by neonatal underfeeding [13] or can serve as a key
mediator of inadequate prenatal nutrition [14] in rats.
Feeding LP diet to sows throughout gestation and lactation
produced offspring pigs with altered skeletal muscle
MSTN expression distinctively at weaning and finishing
stages [15]. However, it remains unclear whether altera-
tions in MSTN expression may influence the MSTN sig-
naling and thereby cause MSTN-regulated metabolic
changes in skeletal muscle of offspring piglets.

It has been reported that MSTN regulates skeletal
muscle protein metabolism possibly through protein kinase
B (PKB)/mammalian target of rapamycin (mTOR) signal-
ing pathway in mice [16]. The inhibition of the MSTN
downstream signaling Smad2/3 was reported to cause
muscle hypertrophy which was partially dependent on
mTOR signaling in adult mice [17]. mTOR signaling is
well known to mediate the effects of maternal amino acids
deficiency on protein metabolism in various fetal and pla-
cental tissues [18, 19]. The branched-chain amino acids
(BCAA), especially leucine, are shown to be key regulators
of skeletal muscle protein synthesis [20, 21]. Leucine
increases skeletal muscle protein synthesis in neonatal
piglets by enhancing the mammalian target of rapamycin
complex 1 (mTORC1) activation and stimulating mTOR-
dependent translation initiation [22-24]. The mTOR pro-
tein induces the phosphorylation of eukaryotic initiation
factor 4E binding protein 1 (4E-BP1), which releases
eukaryotic initiation factor 4E (eIF4E) to promote the
initiation of translation. In addition, mTOR phosphorylates
and activates S6 kinase (S6K, formerly known as p70S6K)
which phosphorylates and activates ribosomal protein S6 to
facilitate the recruitment and translation of specific
mRNAs [25]. Leucine supplementation in a LP diet
increases the phosphorylation of S6K and 4E-BP1 in
weaning piglets, resulting in enhanced skeletal muscle
protein synthesis [26]. However, it remains unknown
whether maternal LP diet during pregnancy and lactation
affects muscle protein synthesis through translation initia-
tion pathway in weaning piglets.
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Therefore, the present study was aimed to investigate,
first, whether maternal LP diet affects MSTN signaling in
skeletal muscle of offspring piglets; second, whether
maternal LP diet affects serum amino acids concentration
in offspring piglets; and third, whether maternal LP diet
affects offspring muscle protein synthesis through transla-
tion initiation pathway.

Materials and methods
Animals and samples

The animal experiment was carried out in the National
Meishan Pig Preservation and Breeding Farm at Jiangsu
Polytechnic College of Agriculture and Forestry, Jurong,
Jiangsu Province, P.R. China. Fourteen primiparous pure-
bred Meishan gilts, with the body weight of 36.1 + 1.8 kg
in average, were assigned randomly into standard-protein
(SP) and LP groups. It is reported that sows are very effi-
cient at protein energy utilization and can tolerate very low
dietary protein level without affecting fetal growth and
development. DuPriest et al. [27] found that dietary protein
level higher than 3 % did not induce growth restriction but
lower than 0.5 % failed to support pregnancy. However,
the extent of protein deficiency the sows can tolerate is
dependent on the timing and the duration of dietary inter-
vention, as well as the breed and physiological state of the
sow. In the study of DuPriest et al., Yucatan microswine
was used and the dietary treatments were applied during
the last fourth of gestation plus 2 weeks of postnatal life. In
this study, we used primiparous purebred Meishan sows,
and the dietary treatments were applied from conception to
weaning. Based on the consideration that Meishan pigs,
being raised, over the last 30 years, with commercial diets
composed following NRC standards, were traditionally
raised on LP diets containing approximately half of the
protein in the modern commercial diets, we fed the sows in
SP group with diets containing 12 and 14 % crude protein,
while those in LP group with diets containing 6 and 7 %
crude protein to mimic the protein levels in traditional diets
during gestation and lactation, respectively (Table 1). The
dietary treatment started before artificial insemination at
the first observation of estrus. Sows were fed twice daily
(0800 and 1400 hours) with the rations of 1.8 and 2.6 kg/
day during gestation and lactation, respectively. Litter size
was adjusted to 7-8 pigs per litter at 24 h post-parturition
in the same group. Newborn piglets were allowed free
access to their mothers, and 14 male pigs (one per litter,
seven per group) were killed at weaning stage (35 days).
Longissimus dorsi (LD) muscles (removing visible fat and
connective tissues) were taken from the right half of the
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Table 1 Composition and nutrient content of the experimental diet

Sow gestation Sow lactation

period period
Sp LP Sp LP
Ingredient (%)
Corn 58 52.8 61
55.8
Rapeseed meal
Soybean meal 12 17
Bran 15 11 12 15
Rice bran
Husk
Bone meal 1 0.5 1 0.5
Fish meal
Corn sugar 10 27 5 22
CaHPO, 0.7 0.7
Fibre* 1 1
Multivitamin
Attapulgite 3 1
Premix” 4 4 4 4
Calculated composition
Digestible energy (MJ/kg) 13.1 13.1 13.1 13
Crude protein (%) 12.1 6.1 14 6.9
Crude fiber (%) 2.7 2.3 2.8 2.6
Ca (%) 1.2 1.2 1.2 1.2
P (%) 0.4 0.4 0.4 0.4

2 The fiber concentrate ARBOCEL® was purchased from JRS
(Germany)

° The premix contains (per kilogram): vitamin A: 240,000 IU; vita-
min D3: 60,000 IU; vitamin E: 720 IU; vitamin K3: 30 mg; vitamin
B1: 30 mg; vitamin B2: 120 mg; vitamin B6: 60 mg; vitamin B12:
360 mg; niacin: 600 mg; pantothenic acid: 300 mg; folic acid: 6 mg;
manganese sulfate: 1.0 g; zinc oxide: 2.5 g; iron sulfate: 4 g; copper
sulfate: 4 g; sodium selenite: 6 mg; calcium: 150 g; phosphorus:
15 g; sodium chloride: 40 g

carcass within 20-min postmortem, snap-frozen in liquid
nitrogen and stored at —80 °C until further analysis.

The experiment was undertaken following the guide-
lines of Animal Ethics Committee of Nanjing Agricultural
University.

Growth performances

Pigs were weighed before slaughter at the age of 35 days.
The weight of LD muscle was also recorded after dissection.

Classic hematoxylin and eosin (H & E) staining was
employed to measure the cross-sectional area (CSA) of myof-
ibers in LD muscle of weaning piglets. Briefly, muscle blocks
were excised perpendicularly to the direction of the myofibers,
and serial tissue sections of 10 pum were cut using a cryostat, air-
dried at room temperature for 15 min and followed by H & E
staining. The serial sections were viewed on a light microscope

(Olympus, Tokyo, Japan), and five areas were selected ran-
domly for each animal for the measurement of myofibers CSA
within one complete muscle bundle (fasciculus).

Branch amino acids (BCAAs) concentration
in the plasma

Blood was collected into heparinized tubes, and then cen-
trifuged at 3,000xg, 4 °C, for 10 min to isolate plasma.
One milliliter plasma was used to measure the concentra-
tion of free amino acids. The protein in the plasma was
removed and neutralized by using 1 mL 1.5 mol/L HCIO,
and 0.5 mL 2 mol/L K,COs5. The concentration of amino
acids was analyzed by HPLC, as described previously [28].

RNA isolation and qPCR

Total RNA was isolated from LD muscle using Trizol
Reagent (TTANGEN Biotech Co, Ltd., China) according to
manufacturer’s instructions. Concentration and quality of
the extracted RNA were measured using a NanoDrop ND-
1000 spectrophotometer. The iScriptTM cDNA synthesis kit
(Promega, Madison, WI, USA) was used to synthesize
cDNA from 2 pg of total RNA from each sample according
to manufacturer’s instructions. Two microliters of diluted
cDNA (1:20) was used in each real-time PCR. All primers
(Table 2) were synthesized by Invitrogen (Invitrogen Life
Technologies, Carlsbad, CA, USA). Real-time PCR was
performed with Mx3000P (Agilent Technologies, CA,
USA). In a pilot experiment, we detected the expression of
three endogenous reference genes, 18S, GAPDH and pepti-
dylprolylisomerase A (PPIA). Among these three genes, 18S
was not affected by the maternal dietary protein level and
was thus chosen as a reference gene in this study. The
specificity of amplification was determined by melting curve
analysis and agarose gel electrophoresis. The PCR products
were sequenced to validate the identity of the amplicons.

Tissue protein extraction and Western blot analysis

Total protein was extracted from frozen LD muscle using
basic lysis buffer (150 mmol/L NaCl, 10 mmol/L. Tris—
HCIl, 5 mmol/L EDTA, 1 % Triton X-100, 0.1 % SDS).
The protease inhibitor cocktail (Roche Applied Science)
was added according to the manufacturer’s instruction. The
protein concentration was measured by Pierce BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). Western blot
analysis for MSTN, Smad2, phosphorylated Smad2,
Smad3, phosphorylated Smad3, Smad4, JNK, phosphory-
lated JNK, extracellular signal-regulated kinase (ERK),
phosphorylated ERK, p38 MAPK, phosphorylated p38
MAPK, p70S6K1, phosphorylated p70S6K1, eIF4E,
phosphorylated eIFAE were carried out according to a

@ Springer



974

Eur J Nutr (2015) 54:971-979

Table 2 Primers used in the Gene (ID) Genbank No.

Primers (from 5’ to 3') Products (bp)

present study
ActRIIB
NM_001005350
ALKS5
NM_001038639.1
18S
AY265350

F: TGCCTTTTGAGGAGGAGATTG 240
R: AGTCCGAGGTAGTGCCGTTG
F: ACCCTACAGTCATTCACCATCG 222
R: ATTTTCCTCGCCAAACCTCT
F: CCCACGGAATCGAGAAAGAG 122

R: TTGACGGAAGGGCACCA

Table 3 The antibodies used in the present study

Antibody Introduction and company Purpose

MSTN AB3239, Millipore, USA Analysis of MSTN

Smad2 BS1425, Bioworld Technology, USA Analysis of Smad2
Phosphorylated Smad2 BS4172, Bioworld Technology, USA Analysis of phosphorylated Smad2
Smad3 BS1426, Bioworld Technology, USA Analysis of Smad3
Phosphorylated Smad3 BS4273, Bioworld Technology, USA Analysis of phosphorylated Smad3
Smad4 BS2050, Bioworld Technology, USA Analysis of Smad4

INK #9252, Cell Signaling Technology, USA Analysis of JNK

Phosphorylated JNK (Thr183/Tyr185)
ERK1/2

Phosphorylated ERK1/2(T202/Y204)
P38 MAPK

Phosphorylated p38 MAPK

P70s6k1

Phosphorylated p70S6K1

elF4E

Phosphorylated eIF4E

GAPDH

#9251, Cell Signaling Technology, USA

BS5517, Bioworld Technology, USA
BS5016, Bioworld Technology, USA

#9212, Cell Signaling Technology, USA
#9211, Cell Signaling Technology, USA

BS1280, Bioworld Technology, USA
BS4767, Bioworld Technology, USA
BS3432, Bioworld Technology, USA
BS5015, Bioworld Technology, USA
KC-5G4, Kangcheng, China

Analysis of phosphorylated JINK
Analysis of ERK1/2

Analysis of phosphorylated ERK1/2
Analysis of p38 MAPK

Analysis of phosphorylated p38 MAPK
Analysis of p70S6K1

Analysis of phosphorylated p70S6K1
Analysis of elF4E

Analysis of phosphorylated elFAE
Analysis of GAPDH

previous publication [29]. The content of MSTN protein
was normalized with GAPDH and presented as the fold
change relative to SP. The antibodies used in this study
were shown in Table 3.

Statistical analysis

All data are presented as mean = SEM and were analyzed
using independent samples T test with SPSS 13.0 for
Windows. The method of 272" was used to analyze the
real-time PCR data, which are expressed as the fold change
relative to the SP group. Differences were considered sig-
nificant when P < 0.05.

Results

Growth performance and myofiber CSA

Body weight and LD muscle weight were both significantly
lower in LP piglets than in SP piglets (Fig. 1a, b), and the
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ratio of LD muscle weight to body weight was significantly
decreased (P < 0.001) in LP piglets (Fig. 1c). Further-
more, maternal LP diet significantly decreased (P < 0.05)
the myofiber CSA in LD muscles (Fig. 1d).

The plasma concentration of BCAAs

Maternal LP diet during gestation and lactation signifi-
cantly decreased plasma concentration of BCAAs. Among
15 amino acids detected in the plasma, eight amino acids
(leucine, isoleucine, valine, proline, methionine, glycine,
serine, and alanine) were significantly lower (P < 0.05) in
LP piglets when compared with SP piglets (Table 4). All
the three BCAAs (leucine, isoleucine and valine) were
significantly lower (P < 0.001) in the LP offspring piglets.

MSTN signaling
MSTN protein content tended to be up-regulated (P = 0.098)

in LD muscle of LP piglets (Fig. 2a). In addition, the expres-
sion of MSTN type Il receptor ActRIIB (Fig. 2b) and its type I
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Fig. 1 Effect of maternal LP
diet during gestation and
lactation on body weight (a),
LD muscle weight (b), the ratio
of LD muscle weight and body
weight (c¢) and myofiber CSA in
LD muscles (d) of offspring
piglets at weaning stage. Scale
bar 40 pm. SP maternal
standard-protein diet. LP
maternal low-protein diet. The
values shown represent the
mean = SEM, n = 7;

*P < 0.05 compared with the

SP group; ***P < 0.001
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Table 4 Plasma-free amino acid concentration in pigs at weaning

receptor ALKS (Fig. 2c) were both significantly increased

stage (P <0.05) in LP piglets. The downstream Smad pathway

Amino acid SP(n=7) LP(n=7) p value signals, including phosphorylated Smad2, phosphorylated

(umol/L) Smad3 and total Smad4, were not different between LP and SP

oloucine 6178 + 535 1631+ 324 0008 piglets (Fig. 2d, e). The phosphorylated p38 MAPK was sig-

Louci 164.27 N 4‘13 116.79 N 6‘54 0'000 nificantly higher (P < 0.05) in LP piglets, yet no significant
ellléne . '2 ’ 5 4' ’ ’ difference was detected for the phosphorylations of JNK and

Valine 34325 £9.57 - 29455 £3579 0000 pp petween LP and SP piglets (Fig. 2f, g).

Lysine 144.32 + 10.01 106.47 £ 19.73  0.140

Proline 361.61 £ 46.42 17043 + 32.61 0.004 Muscle protein synthesis

Arginine 78.65 £+ 17.66 70.24 £ 16.02 0.730

Methionine' 8568 £ 148 79724 1.05  0.005 The expression of p70S6K showed a tendency of decrease

Phenylalanine 2431 £1.93 2552£047 0507 (P = 0.06) in LP piglets (Fig. 3a). In addition, maternal LP

Threonine 248.14 & 4455 170.27 £53.79 0.293 diet significantly (P < 0.05) down-regulated the phos-

Histidine 66.16 £+ 5.97 48.75 £ 5.64  0.054 phorylation of eIF4E (Fig. 3b).

Glycine 468.67 + 13.62  400.89 £+ 21.23  0.033

Serine 110.75 + 3.47 88.25 + 697  0.019 Discussion

Alanine 439.17 + 3433 359.30 £ 15.38 0.037

Aspartate/. i 4791 £ 7.49 35.51 £3.32 0.123 . . .
spartate aSparagl.ne In the present study, maternal LP diet during gestation and

Glutamate/glutamine  312.24 £ 19.16  323.51 £ 17.50  0.690

lactation reduced body weight, LD muscle weight and
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Fig. 2 Effect of maternal LP diet during gestation and lactation on
MSTN protein expression (a), MSTN receptor ActRIIB (b) and
ALKS5 (¢) mRNA expression and the phosphorylation of MSTN
downstream signaling Smads (D&E) and MAPK (F&G) in LD

Fig. 3 Effect of maternal LP

diet during gestation and
lactation on the phosphorylation
of p70S6K (a) and eIF4E (b) in
LD muscle of weaning piglets.

muscle of offspring piglets at weaning stage. SP maternal standard-
protein diet. LP maternal low-protein diet. The values shown
represent the mean £ SEM, n = 7; *P < 0.05 compared with the
SP group

SP maternal standard-protein
diet. LP maternal low-protein
diet. The values shown
represent the mean + SEM,
n =17; ¥*P < 0.05 compared
with the SP group
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myofiber CSA in the weaning piglets, which was consistent
with previous observations in German Landrace pigs sub-
jected to maternal protein restriction [5, 30]. The pheno-
typic changes in muscle characteristics are often associated
with metabolic alterations. For instance, maternal protein
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restriction during pregnancy altered glucose metabolism in
skeletal muscle of rat offspring [31]. Maternal high-pro-
tein/low-carbohydrate diet during lactation retarded off-
spring skeletal muscle growth in mice [32]. Rat offspring
derived from protein restricted dams demonstrated
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disturbed gene expression in growth-related pathways in
skeletal muscles [6]. In this study, maternal LP diet
increased the expression of MSTN in the skeletal muscle of
weaning piglets, which supports a previous report that
maternal undernutrition during gestation resulted in the
aberrant regulation of MSTN in the skeletal muscle of rat
offspring [33]. It is noted that the expression of some house
keeping genes is affected be by maternal low-protein diet,
in a sex-, organ- and age-dependent manner [34]. There-
fore, although the present study focused only on one sex
(male), one organ (skeletal muscle) and one age (weaning
stage, 35 days), cautions have been taken to select a suit-
able endogenous reference gene which is not affected by
the experimental factor, the maternal dietary protein level.

In the present study, the up-regulation of MSTN
expression in the skeletal muscle of LP offspring was
associated with increased expression of MSTN receptors,
ActRIIB and ALKS. The post-receptor signaling involves
ALK-Smad signaling pathway [17, 35] and MAPK path-
ways including p38 [11], ERK1/2 [36] and JNK [12]. In the
present study, no significant alterations were detected in the
phosphorylation of Smad signaling molecules, or the
phosphorylation of ERK1/2 or JNK. However, the phos-
phorylation of p38 MAPK was found to be significantly
increased in the skeletal muscle of LP piglets, suggesting
that MSTN-induced muscle growth retardation in this study
is mediated predominantly by p38 MAPK pathway.

Amino acids are known to play important roles in
skeletal muscle protein synthesis. We detected significant
decrease in the plasma concentration of free amino acids in
the offspring piglets born to sows fed LP diet throughout
pregnancy and lactation. Among 15 amino acids detected
in the plasma, eight amino acids (leucine, isoleucine,
valine, proline, methionine, glycine, serine and alanine)
were found to be significantly decreased. It is noted that all
the three BCAAs (leucine, isoleucine and valine) were
significantly lower in the LP offspring piglets. Similar
observations were reported in sheep that nutritional
restriction markedly reduced fetal plasma concentrations of
BCAAs [37].

It is well known that amino acids, especially BCAAs,
participate in the regulation of skeletal muscle protein
synthesis through mTOR/S6K signaling pathway [38, 39].
Infusion of physiological levels of leucine significantly
enhanced protein synthesis in the skeletal muscle of neo-
natal piglets [40]. Interestingly, mMTOR/S6K signaling also
mediates the effect of MSTN on skeletal muscle protein
metabolism [17]. Genetic loss of MSTN leads to enhanced
muscle expression and elevated activity of mTOR/S6K
signaling components [16]. Therefore, mTOR/S6K sig-
naling might be a common pathway to mediate the effects
of MSTN and BCAAs on offspring muscle protein
metabolism in the present study.

The pathway of eukaryotic translation initiation is known
to be the downstream effector of mTOR signaling [41-43].
p70S6K and 4E-BP1 activity are regarded to be the markers
for the activation of translation initiation pathway [44]. In
this study, we failed to detect the phosphorylated 4E-BP1,
due to poor specificity and affinity of the antibody. Never-
theless, the phosphorylated eIF4E, the partner of 4E-BP1, as
well as phosphorylated p70S6K, a key factor in protein
synthesis, were significantly reduced in the skeletal muscle
of LP offspring piglets, suggesting a down-regulation of the
global protein synthesis rate in skeletal muscle.

Taken together, we provide evidences that maternal LP
diet throughout gestation and lactation causes retardation in
muscle hypertrophy and protein synthesis, which appears
to be mediated, at least partly, by the activation of MSTN
signaling and the inhibition of BCAAs-activated mTOR
pathway. The disrupted eukaryotic translation initiation
pathway seems to serve as a common downstream effector
and to contribute to the phenotypic alterations in the
skeletal muscle of LP piglets at weaning stage. These
findings may shed new light on the understanding of
molecular mechanism underlying the fetal and neonatal
nutritional programming of skeletal muscle growth.
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