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5 (P < 0.05). Furthermore, the protein expressions of myo-
genic differentiation factor 1, myogenin and fast-MyHC 
isoforms were reduced in HE foetuses (P < 0.05).
Conclusion  Our results suggest that moderately increased 
maternal dietary energy intake delays the differentiation 
and maturation in skeletal muscle of the foetus on day 90 
of gestation.

Keywords  Energy intake · Gestation · Longissimus · 
Foetus · Myogenesis · Pig

Introduction

Maternal nutrition during gestation is closely associated 
with offspring growth and development in humans and 
animals because it alters expression of the foetal genome 
and may have lifelong consequences [1–3]. Particularly, 
the consequences of maternal obesity and overnutrition in 
adult offspring gain more attention [4, 5]. This phenom-
enon, termed “foetal developmental programming”, has 
been seen a major risk factor for chronic diseases in adult-
hood [6], although the mechanisms involved remain poorly 
defined.

Human diets high in fat and energy density are associ-
ated with a rapid increase in the incidence of obesity in the 
both western world and certain developing countries [7]. 
Recent data from the National Health and Nutrition Exami-
nation Survey (NHANES; 2009–2010) show that about 
32 % of nonpregnant women aged 20–39 years in the USA 
are clinically obese [8]. Although epidemiological studies 
indicate that maternal obesity has long-term effect on later 
health resulting in offspring increased risk of obesity and 
metabolic diseases [9–11], the underlying mechanisms that 
are responsible for such a significant change are not well 

Abstract 
Objectives  This study aimed to evaluate the effects of 
moderately increased maternal dietary energy intake during 
gestation on foetal skeletal muscle development and metab-
olism with pig as a model.
Methods  Twelve primiparous purebred Large White sows 
(initial body weight 135.5 ± 1.6 kg) were allocated to one 
of two energy intake treatments: normal-energy-intake 
group (Con, 30.96  MJ DE/day) as recommended by the 
National Research Council (NRC; 2012) and high-energy-
intake group (HE, 34.15 MJ DE/day). The nutritional treat-
ments were introduced from mating to day 90 of gesta-
tion. On day 90 of gestation, foetuses were examined by 
morphological, biochemical and molecular analysis of the 
longissimus muscle. Umbilical vein serum hormones were 
measured.
Results  Sow body weight was increased in HE group 
compared with Con group (P  <  0.05), whereas foetal 
myofibre density was decreased (P  <  0.05). Meanwhile, 
protein concentration, creatine kinase and lactate dehy-
drogenase activities and umbilical vein serum triiodothy-
ronine (T3) concentration were decreased in HE foetuses 
(P < 0.05). Maternal HE diets decreased the mRNA abun-
dance of muscle growth-related genes, myosin heavy-chain 
(MYH/MyHC) genes (MYH2 and MYH1) and insulin-like 
growth factor 1 and insulin growth factor-binding protein 
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known. It is inevitable that there are some limitations for 
human data in dietary manipulation, the control of maternal 
pre-pregnancy status, and access to fresh tissue obtained 
at key time points of development [12]. Animal models of 
obesity and overnutrition such as sheep and rodents pro-
vide essential information into the underlying cellular and 
molecular mechanisms that contribute to this adverse influ-
ence [13–15]. However, the majority of animal studies have 
been carried out by exposing mothers to very high dietary 
intake. There is little information available in animal mod-
els challenged with a defined degree of increase in maternal 
energy intake. Here, we intended to evaluate whether mod-
erately increased maternal energy intake above require-
ments during gestation could produce significant effects on 
offspring.

Among all the target tissues affected by maternal diets, 
skeletal muscle has received a considerable scientific inter-
est, mainly because it composes about 40–50  % of body 
mass [16] and plays a key role in the regulation of glu-
cose homoeostasis. Muscle fibre number is known to be an 
important determinant of muscle mass [17]. In mammals, 
muscle fibres are formed prenatally, and subsequent skel-
etal muscle development depends largely on muscle fibre 
hypertrophy [18, 19]. Therefore, foetal stage is crucial for 
skeletal muscle development and could potentially perma-
nently influence postnatal skeletal muscle growth processes 
of the offspring, thereby producing long-lasting physiologi-
cal effects. However, the effects of moderately increased 
maternal energy supply during gestation on basic events 
of foetal skeletal myogenesis in animal models have been 
poorly documented.

Compared with sheep and rodents, the pig serves as an 
excellent experimental model for the study of human nutri-
tion because they are more similar to humans in physi-
ological, behavioural and genomic [20–22]. In addition, 
in pig foetal development, muscle fibre hyperplasia begins 
at approximately day 35 of gestation and is mainly com-
pleted by day 90 of gestation [23, 24], and myogenesis dur-
ing this stage is susceptible to environmental factors [5], so 
we chose the pig as the experimental animal. Our objective 
was to investigate the effect of moderately increased mater-
nal energy intake from day 1 to 90 of gestation on foetal 
skeletal muscle developmental characteristics and muscle 
fibre composition in pig fetuses.

Materials and methods

Animals, diets and sample collection

The experimental protocols used in the present study 
were approved by the Animal Care and Use Committee 
of Sichuan Agricultural University. Twelve primiparous 

purebred Large White sows, with the body weight of 
135.5  ±  1.6  kg in average, were artificially inseminated 
three times with the semen of purebred Large White boars 
at the third observation of oestrus. The day of the last 
insemination constituted the first day of gestation. Sows 
were randomly assigned at mating to one of two experi-
mental groups differing in daily digestible energy (DE) 
intake: fed 2.4 kg/d with a control diet containing 12.90 MJ 
of DE/kg to achieve a target energy intake of 30.96  MJ 
DE/day following the National Research Council (NRC; 
2012) recommendation for gestating sows (Con) and fed 
2.4  kg/d with a high-energy diet containing 14.23  MJ of 
DE/kg to achieve a target energy intake of 34.15 MJ DE/
day (HE). The HE diet was formulated to allow the sow 
to ingest 10  % more DE than the Con group. Sows were 
fed isoprotein corn–wheat bran–soya bean meal-based 
diets (Table 1). Although the additional dietary fibres were 
added to the Con diet to decrease energy concentration, the 
levels of crude fibre (CF) are still low, which is basically 
consistent with CF content in conventional diet of gestat-
ing sow. During the experimental period, sows were housed 
in individual feed stalls in a breeding facility. Sows were 
fed discretely twice daily at 0800 and 1400  h with 50  % 
of the daily ration each time and had free access to drink-
ing water. After a 12-h overnight fast on day 90 of gesta-
tion, pregnant sows were weighed and four sows per diet 
group were anaesthetized with an intramuscular injec-
tion of Zoletil (Zoletil 50, Virbac; 4 mg/kg body weight). 
The maternal abdomen was opened, and the reproductive 
tracts were removed immediately. Umbilical vein blood 
was collected from each foetus and coagulated for 30 min, 
then centrifuged at 3500 × g for 10 min to separate serum 
which was stored at −20 °C until analysis. The weight of 
each foetus was recorded. Three female foetuses and three 
male foetuses, with weight close to the average level, were 
selected from each sow for muscle sample collection. 
The longissimus muscles (LMs) were collected from the 
selected foetuses, snap-frozen in liquid nitrogen and stored 
at −80 °C until subsequent analysis. LM samples for his-
tological analysis were fixed in 4 % paraformaldehyde in a 
phosphate buffer. Since the difference between female and 
male foetuses was not significant on day 90 of gestation, 
data from female and male foetuses were pooled together 
for analysis.

Biochemical and enzyme analysis

Homogenates of LM tissue (approximately 0.5  g) were 
used to quantify DNA, protein and activities of CK, lac-
tate dehydrogenase (LDH), citrate synthase (CS) and 
isocitrate dehydrogenase (ICDH). The muscle homogen-
ates were diluted to an appropriate concentration for fur-
ther analysis. The DNA was determined fluorometrically 
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using Hoechst 33258 (Beyotime Biotechnology) with calf 
thymus DNA (Sigma-Aldrich) as a standard. The detailed 
procedures have been reported by Rehfeldt and Walther 
[25]. The protein concentration was measured according 
to a previously described method [26]. The activities of 
CK and LDH were determined by assay kits purchased 
from Nanjing Jiancheng Institute of Bioengineering and 
expressed as on a per-milligram protein basis. CS and 
ICDH activities were measured using colorimetric meth-
ods with spectrophotometer according to the instruc-
tions of the kits (GenMed Scientifics Inc.) and expressed 
as μmol of substrate transformed per minute per-gram 
protein.

Histology of skeletal muscles

LM samples were fixed in 4  % paraformaldehyde in a 
phosphate buffer, embedded in paraffin, sliced at a thick-
ness of 5  µm using a rotary microtome (RM2135, Leica) 
and stained with haematoxylin and eosin (H&E). At least 
ten different microscopic fields of each section and five 
sections per foetus were randomly chosen to determine the 
cross-sectional area and density of foetal muscle fibres. 
Muscle fibre density was defined as number of myofibers 
per mm2 of the LM cross-sectional area.

Serum hormone assays

Serum T3 and thyroxine (T4) were determined by radio-
immunoassay using commercially available standard kits 
(Nanjing Jiancheng Institute of Bioengineering). The mini-
mum detectable levels of T3 and T4 were 0.1 and 0.2 ng/
mL, respectively.

Total RNA extraction and real‑time PCR

Total RNA was extracted from frozen muscle tissues using 
RNAiso Plus reagent (TaKaRa). The concentration of 
RNA was estimated by UV/VIS spectrophotometer (A260/
A280, Beckman Coulter DU800; Beckman Coulter Inc.). 
The integrity of RNA was checked by electrophoresis on 
a 1 % agarose gel stained with ethidium bromide. Follow-
ing RNA isolation, total RNA was reverse transcribed into 
cDNA using the PrimeScript™ RT reagent kit (TaKaRa) 
according to the manufacturer’s recommendations. Real-
time quantitative PCR was carried out on the ABI Prism® 
7900HT Sequence Detection System (Applied Biosystems) 
using SYBR® Premix Ex Taq™ II (TaKaRa). The reactions 
were performed in a final volume of 10 ul containing 5 ul 
of SYBR® Premix Ex Taq™ II, 0.8 ul of the primer pair, 
0.2 ul of ROX Reference Dye, 1 ul of cDNA template and 
3 ul of dH2O. The thermal cycling parameters comprised an 
initial denaturation step at 95 °C for 30 s, 40 cycles of PCR 
at 95 °C for 5 s and 60 °C for 34 s, followed by a dissocia-
tion step at 95 °C for 15 s, 60 °C for 1 min and 95 °C for 
15 s. To confirm specific product amplification, melt curve 
analysis was conducted. All measurements were taken in 
triplicate. Primers for individual genes are designed using 
Primer Express 3.0 (Applied Biosystems) and are given in 
Table 2. The relative mRNA abundance of analysed genes 
was calculated using the method of 2−ΔΔCt as previously 
described [27]. For normalization, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was chosen as the refer-
ence gene since no variation in its expression was observed 
between treatments. The mRNA level of each target gene 
for Con group was set to 1.0.

Table 1   Ingredients and composition of the experimental diets (as-
fed basis)

a  Provided the following per kg diet: vitamin A, 1.2  mg; vitamin 
D3, 0.02 mg; vitamin E, 44 mg; vitamin K3, 0.5 mg; thiamin, 1 mg; 
riboflavin, 3.75 mg; pyridoxine, 1 mg; vitamin B12, 0.015 mg; niacin, 
10 mg; pantothenic acid, 12 mg; folic acid, 1.3 mg; biotin, 0.2 mg
b  Provided the following per kg diet: Fe, 80  mg; Cu, 10  mg; Zn, 
100 mg; Mn, 25 mg; Se, 0.15 mg; I, 0.14 mg

Item Con HE

Ingredient, %

 Maize 45.00 45.00

 Soya bean meal 13.60 13.60

 Wheat bran 27.80 27.80

 Soya bean oil 4.50 9.10

 Wheat bran fibre 2.54 –

 Soya bean fibre 1.10 –

 Maize fibre 0.96 –

 Salt 0.40 0.40

 L-Lys·HCl, 75 % 0.10 0.10

 L-Thr 0.10 0.10

 Limestone 1.23 1.23

 Monocalcium phosphate 1.99 1.99

 Choline chloride, 50 % 0.14 0.14

 Vitamin premixa 0.04 0.04

 Mineral premixb 0.50 0.50

 Total 100.00 100.00

Composition

 Digestible energy (MJ/kg) 12.90 14.23

 Crude protein (%) 13.92 13.49

 Crude fibre (%) 4.97 3.41

 Lys (%) 0.69 0.69

 Met + Cys (%) 0.35 0.35

 Thr (%) 0.46 0.46

 Ca (%) 0.96 0.96

 Available P (%) 0.48 0.48

 Total P (%) 0.79 0.79
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Immunoblotting analysis

Protein extracts were obtained by homogenizing mus-
cle tissues with a total protein extraction kit (Beyotime 

Biotechnology) according to the manufacturer’s guide. 
The protein content was measured using the bicinchoninic 
acid (BCA) protein assay kit (Pierce). Then, western blot 
analysis for MyoD, myogenin, slow MyHC and fast MyHC 

Table 2   Primer sequences of 
the target and reference genes

Pax7 paired box gene 7, MyoD1 myogenic differentiation factor 1, Myf5 myogenic factor 5, MRF4 mus-
cle regulatory factor 4, CKM creatine kinase, muscle, GHR growth hormone receptor, IGF1 insulin-like 
growth factor 1, IGF1R insulin-like growth factor 1 receptor, IGF2 insulin-like growth factor 2, IGFBP5 
insulin growth factor-binding protein 5, MYH myosin heavy chain, GAPDH glyceraldehyde-3-phosphate 
dehydrogenase

Gene Primer sequence (5′–3′) Product (bp) GenBank ID. or reference

Myostatin Forward: TTTGGCAGAGCATTGATGTGA 131 NM_214435.2

Reverse: TCCTGGTCCTGGGAAGGTTAC

Pax7 Forward: TGAAGGTCGGAGTGAACGGAT 74 NM_001206359.1

Reverse: CACTTTGCCAGAGTTAAAAGCA

MyoD1 Forward: TGCCCAAGGTGGAAATCCTG 266 NM_001002824.1

Reverse: GCTGTAATAGGTGCCGTCGT

Myogenin Forward: GAAAACTACCTGCCCGTCCA 184 NM_001012406.1

Reverse: CCACAGACACGGACTTCCTC

Myf5 Forward: GAGTTCGGGGACGAGTTTGA 156 NM_001278775.1

Reverse: TTTCCTCTTGCACGCTTTGC

MRF4 Forward: CGCCATCAACTACATCGAGAGGT 189 DQ139775.1

Reverse: ATCACGAGCCCCCTGGAAT

CKM Forward: CACCCCTTCATGTGGAACGA 122 NM_001129949.1

Reverse: TCGAACTTGGGATGCTTGCT

Desmin Forward: ATGAGCCAGGCCTACTCGTC 170 NM_001001535.1

Reverse: GACACCTGGTACACTCGGGA

GHR Forward: TGATTCTACCCCCAGTTCCAGTTC 187 NM_214254.2

Reverse: TCAGTCTTTTCATCAGGGTCATCA

IGF1 Forward: GCACATCACATCCTCTTCGC 121 XM_005664199.1

Reverse: GAACTGAAGAGCGTCCACCA

IGF1R Forward: GATTCAGGCCACCTCTCTCTCC 139 NM_214172.1

Reverse: CCCTCCTACTATCAACAGAACGGC

IGF2 Forward: TCAGGCTAGTCTCTCCTCGG 111 NM_213883.2

Reverse: CTTGGGGATAATTGGGGGCA

IGFBP5 Forward: GTGTACCTGCCCAACTGTGA 158 NM_214099.1

Reverse: AAGCTGTGGCACTGGAAGTC

MYH3 Forward: CCCGGCTTTGGTCTGATTT 74 Maak et al. [56]

Reverse: GGTGTCGGCTGAGAGTCA

MYH8 Forward: CGAGCCCTCCTGCTTTATCTC 98 Maak et al. [56]

Reverse: TGCCAGATGAAAATGCAGGTT

MYH7 Forward: GTTTGCCAACTATGCTGGGG 95 NM_213855.1

Reverse: TGTGCAGAGCTGACACAGTC

MYH2 Forward: CTCTGAGTTCAGCAGCCATGA 127 AB025260

Reverse: GATGTCTTGGCATCAAAGGGC

MYH4 Forward: GAGGTACATCTAGTGCCCTGC 83 AB021561

Reverse: GCAGCCTCCCCAAAAATAGC

MYH1 Forward: TTGACTGGGCTGCCATCAAT 111 AB025262

Reverse: GCCTCAATGCGCTCCTTTTC

GAPDH Forward: TGAAGGTCGGAGTGAACGGAT 74 NM_001206359.1

Reverse: CACTTTGCCAGAGTTAAAAGCA
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was carried out as previously described [28]. The relative 
expression of target protein was normalized using GAPDH 
as the internal protein, and then, the normalized values 
were used for the comparison of the expression of target 
protein between Con and HE group. Primary antibodies 
used in this study are shown in Table 3.

Statistical analysis

Data were analysed using the MIXED procedure of Sta-
tistical Analysis System (version 8.1, SAS Institute, Inc.) 
with treatment as the fixed effect and with sow as the ran-
dom effect. The least square means were separated using 
the PDIFF option with the Tukey adjustment. Results were 
presented as least square means with their standard errors. 
Statistical significance was considered as P < 0.05, and a 
tendency towards difference was considered as P < 0.10.

Results

Gestation performance

On day 90 of gestation, sows fed the HE diet were heavier 
than sows fed the Con diet (P < 0.01; Table 4). However, 
no significant differences were observed for litter size, foe-
tal weight and variation in foetal weight within a litter (as 
indicated by the coefficient of variation) between Con and 
HE groups (P > 0.05).

Histological properties, biochemical characteristics 
and metabolic enzyme activities

As shown in Table 5, the number of muscle fibres per mm2 
was decreased (P  <  0.05) in the foetal LM of HE group, 
whereas the muscle fibre cross-sectional area exhibited no 
significant differences (P  >  0.05). Protein concentration 
and the activities of CK (P  <  0.05) and LDH (P  <  0.01) 
were significantly reduced (P < 0.05) in LMs of HE foe-
tuses when compared with Con foetuses. Meanwhile, the 
activity of ICDH tended to be reduced (P = 0.083) in HE 
foetuses. No significant differences were observed for DNA 
concentration, DNA: protein ratio and CS activity between 
Con and HE groups (P > 0.05).

T3 and T4 concentrations in umbilical vein serum 
of foetuses

The differences of T3 and T4 concentrations in foetal 
umbilical vein serum between treatment groups on day 90 
of gestation are shown in Fig.  1. Significantly lower T3 
(P  <  0.05) concentrations were found in umbilical vein 

Table 3   The primary antibodies used in the present study

MyoD1 myogenic differentiation factor 1, MYH/MyHC myosin heavy 
chain

Primary antibody Introduction and 
company

Purpose

MyoD1 SC-304, Santa Cruz, 
USA

Analysis of MyoD1

Myogenin SC-576, Santa Cruz, 
USA

Analysis of myogenin

MYH7 Ab11083, Abcam, 
USA

Analysis of slow MyHC

MYH1/2 SC-53088, Santa Cruz, 
USA

Analysis of fast MyHC 
(type 2a/x)

Table 4   Sow BW, litter size, foetal weight and variation in foetal 
weight within a litter on day 90 of gestation

n = 4 for each group

Con maternal normal energy intake, HE maternal high energy intake, 
BW body weight, CV coefficient of variation, values determined from 
foetal weights within each litter

Item Con HE SEM P value

Sow BW (kg)

 At insemination 135.6 135.4 1.0 0.930

 At day 90 of gestation 188.3 201.6 3.8 0.005

Litter size 12.0 10.5 0.8 0.183

Foetal weight (g) 737.3 703.3 15.3 0.125

CV, % 13.60 12.21 0.79 0.243

Table 5   Muscle fibre density, muscle fibre cross-sectional area 
(MCSA), biochemical characteristics and metabolic enzyme activities 
in foetal longissimus dorsi muscle of Con and HE sows

n = 24 in each group

Con maternal normal energy intake, HE maternal high energy intake, 
CK creatine kinase, LDH lactate dehydrogenase, ICDH isocitrate 
dehydrogenase, CS citrate synthase

Item Con HE SEM P value

Muscle fibre density 3887 3343 191 0.048

MCSA (um2) 90.23 94.80 5.79 0.576

Protein (mg/g) 57.8 53.3 1.5 0.046

DNA (μg/g) 1971 1908 88 0.621

DNA/protein (μg/mg) 34.5 36.2 1.8 0.519

CK (U/mg protein) 3.86 3.56 0.10 0.048

LDH (U/mg protein) 1.62 1.40 0.04 0.001

ICDH (μmol/min/g protein) 103.85 92.62 4.28 0.083

CS (μmol/min/g protein) 14.88 13.32 0.78 0.151
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serum of HE foetuses compared with Con group. Further-
more, maternal HE diets tended to decrease (P = 0.09) the 
ratio of T3 to T4 in foetal umbilical vein serum. However, 
T4 concentration did not differ between Con and HE foe-
tuses (P > 0.05).

Muscle growth‑related genes expression

In Fig.  2a, the effects of maternal dietary treatment on 
the mRNA abundance of muscle growth-related genes are 
shown. The mRNA abundance of paired box gene (Pax7; 
P < 0.01), MyoD1 (P < 0.01), myogenin (P < 0.01), myo-
genic factor 5 (Myf5; P < 0.01), muscle regulatory factor 
4 (MRF4; P  <  0.05) and muscle creatine kinase (CKM; 
P  <  0.05) was decreased in LM of HE foetuses relative 
to Con foetuses. However, moderately increased maternal 
energy intake did not significantly affect the mRNA abun-
dance of myostatin and desmin in foetal LM (P  >  0.05). 
Since MyoD1 and myogenin are key regulators of myo-
genesis, we further analysed the protein expression of 
MyoD1 and myogenin (Fig. 2b). Western blotting indicated 
that MyoD1 (P  < 0.01) and myogenin (P  < 0.05) protein 
expression were both significantly decreased in HE foe-
tuses, consistent with their mRNA expression.

Gene expression of the IGFs system

As shown in Fig. 3, maternal dietary treatment had a signifi-
cant effect on the mRNA abundance of IGF-1 (P < 0.05) and 
IGFBP-5 (P < 0.05) in LM of foetuses, which were lower in 
HE group than in Con group. In addition, the mRNA abun-
dance of insulin-like growth factor 1 receptor (IGF-1R) also 
tended to be decreased (P = 0.06) in HE foetuses. Energy 
intake during gestation had no effect on growth hormone 
receptor (GHR) and IGF-2 mRNA expression (P > 0.05).

Myosin heavy‑chain (MyHC) isoform genes expression

In Fig.  4a, the effects of maternal dietary treatment on 
the mRNA abundance of MyHC isoforms in LMs of 

foetuses are shown. The mRNA abundance of MYH2 
(P  <  0.05) and MYH1 (P  <  0.01) was decreased in LM 
of HE foetuses relative to Con foetuses. No significant 
differences were observed for the mRNA abundance of 
MYH3, MYH8, MYH7 and MYH4 between Con and HE 
groups (P  >  0.05). Western blotting further indicated that 
the protein expression of fast-MyHC (MYH1/2) isoform 
was lower (P < 0.05) in HE foetuses than in Con foetuses 
(Fig. 4b). No significant difference was observed for pro-
tein expression of slow-MyHC (MYH7) isoform between 
Con and HE groups (P > 0.05).

Discussion

In the current trial, body weights of HE sows during ges-
tation were enhanced compared with Con sows, but foetal 
weights were not significantly affected by gestation treat-
ments, similar to other reports [29]. Muscle fibre num-
ber and muscle fibre cross-sectional area are known to be 
important determinants of postnatal muscle growth. Mus-
cle fibre hyperplasia is completed prenatally and can be 
affected by maternal treatments during gestation, thereby 
influencing early postnatal muscle growth. In the present 
research, muscle fibre cross-sectional area of the foetuses 
was not markedly influenced by the sow treatments, but 
increased energy intake during gestation led to a smaller 
number of muscle fibres per mm2 in the LM of HE foetuses 
compared with the foetuses of Con sows. These results 
are not consistent with the hypothesis that increasing the 
maternal nutrition during gestation has positive effects on 
muscle growth of the offspring. Some studies in pigs have 
shown that increased maternal feed allowance from day 
25 to 50 of gestation caused an increase in the number of 
secondary fibres of the offspring [24, 30]. However, other 
studies in pigs have shown no consistent effects, and even 
disadvantageous effects, on muscle fibre development [18, 
29, 31] and on growth performance [32, 33] when mater-
nal feed intake was increased during early gestation. In 
more recent studies, the improvement in maternal vitamin 
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D status beginning at day 43 before breeding through day 
90 of gestation increased total muscle fibre number in LD 
muscle of foetal pigs [34], whereas dietary l-arginine sup-
plementation to gilts during early gestation did not affect 
total muscle fibre number in foetal pigs [35]. Maternal 
treatment with porcine growth hormone in early gestation 
caused an increase in the number of muscle fibres only in 
low weight pigs [36, 37]. These findings indicate that the 
potential actions of increasing maternal nutrition in preg-
nant sows during gestation on skeletal muscle development 
of the offspring are highly controversial. Thus, there are 
contradictory results on how increased maternal nutrition 
during gestation affects myogenesis in the offspring. The 
time period and duration of treatment during gestation, the 
type and amount of nutrient changes involved in the treat-
ment, the litter size and the muscle tested have been sug-
gested as important factors resulting in variation between 
studies [18, 31].
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regulatory factor 4, CKM creatine kinase, muscle, GAPDH glyceral-
dehyde-3-phosphate dehydrogenase. *P  <  0.05 compared with Con 
group
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Fig. 3   GH-IGF system genes mRNA expression in foetal longis-
simus dorsi muscle of Con and HE sows. Values are least squares 
means ±  SEMs, n =  24. Con maternal normal energy intake, HE 
maternal high energy intake, GHR growth hormone receptor, IGF-
1 insulin-like growth factor 1, IGF-1R insulin-like growth factor 1 
receptor, IGF-2 insulin-like growth factor 2, IGFBP-5 insulin growth 
factor-binding protein 5. *P < 0.05 compared with Con group
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The phenotypic changes in muscle characteristics are 
often linked to metabolic and functional alterations. Avail-
able evidence suggests that maternal nutritional status 
could cause foetal skeletal muscle metabolic changes and 
alterations of myogenic gene expression [38, 39]. Thus, 
in the present study, to clarify the mechanisms leading 
to increased muscle fibre density, various traits of foetal 
growth and differentiation were determined.

During skeletal muscle development, muscle-specific 
proteins are expressed with progressing differentiation. 
The enzyme CK and LDH, as markers of muscle-specific 
differentiation, play a crucial role in energy metabolism 
[36, 40]. The present results suggested that increased sup-
ply of energy during gestation reduced protein concentra-
tion and the CK and LDH enzyme activities in the skeletal 
muscle of HE foetuses. Similarly, hormonal treatment of 
pregnant sows in early gestation with porcine somatotropin 
caused reduction in protein concentration and CK activity 
of 37-day-old foetuses [36]. The foetuses derived from HE 
sows with their lower muscle fibre density in LM on day 90 
of gestation combined with lower muscular protein concen-
tration and the CK and LDH enzyme activities suggest that 
the muscles of these foetuses may be less differentiated and 

mature than their counterparts from Con sows. The delay 
in muscle differentiation was also observed previously in 
75-day-old foetuses in response to dietary l-arginine sup-
plementation to sows from day 14 to 28 of gestation [41].

The delay in muscle differentiation and maturity men-
tioned above is underlined by the results on the expres-
sion of the MyHC isoforms. The myofibre types are in part 
characterized by the expression of various MYH genes 
[42]. MYH3, MYH8 and MYH7, which encode the embry-
onic, perinatal and slow MyHCs, are the predominant iso-
forms in prenatal mammalian muscles, which are gradu-
ally replaced by the postnatal MyHC isoforms, including 
fast 2a, 2x and 2b MyHC encoded by MYH2, MYH1 and 
MYH4, respectively [43, 44]. Studies in pigs have shown 
that postnatal fast-MyHC isoforms were expressed much 
earlier (day 35 of gestation) than were previously reported 
in small mammals [44]. In the present study, foetuses from 
HE sows exhibited lower mRNA expression of MYH2 and 
MYH1 and protein expression of fast 2a and 2 × isoforms. 
These results are similar to results obtained by Cerisuelo 
et  al. [31] who reported that increasing the maternal feed 
amount during midgestation (from day 45 to 85 of gesta-
tion) led to fewer estimated glycolytic fibres (type 2b) in 
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Fig. 4   Myosin heavy-chain (MyHC) isoform genes mRNA expres-
sion (a) and slow-MyHC and fast-MyHC protein expression (b) in 
foetal longissimus dorsi muscle of Con and HE sows. Values are least 

squares means ± SEMs, n = 24. Con maternal normal energy intake, 
HE maternal high energy intake, GAPDH glyceraldehyde-3-phos-
phate dehydrogenase. *P < 0.05 compared with Con group
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the longissimus thoracis muscle of progeny compared with 
the progeny of control sows, but maternal treatment did not 
affect the number of type I fibre. The decreased fast-MyHC 
isoform in HE foetuses was also linked to the reduced LDH 
activity in this study. Together with the data on muscle fibre 
density, muscular protein concentration and CK and LDH 
enzyme activities, the lower expression of the fast-MyHC 
isoforms in LM of HE foetuses indicates that increased 
maternal energy intake caused a delay in muscle differen-
tiation resulting in a lower degree of muscular maturity on 
day 90 of gestation.

Moreover, foetal skeletal muscle development is under 
the control of a wide variety of hormones and growth fac-
tors [45]. It is here shown that concentrations of T3 in 
umbilical veins serum of HE foetuses were decreased 
on day 90 of gestation compared with the Con foetuses. 
Because thyroid hormone, a major determinant of myofi-
bre composition, is known to be involved in regulating the 
transformation from embryonic or prenatal MyHC isoform 
to adult fast-MyHC isoforms [46, 47], a lower degree of 
muscular differentiation and maturation in HE foetuses 
could be related, at least partly, to the decreased level of 
umbilical vein serum T3.

Prenatal myogenesis is a well-organized and balanced 
process, which includes commitment of stem cells to the 
myogenic lineages, myoblast proliferation, cell cycle with-
drawal, differentiation and fusion of myoblast and finally 
the maturation of muscle fibres [48]. The complex process 
is regulated by a sequential series of transcription factors, 
including Pax7, a marker of myogenic precursor cells, and 
the family of myogenic regulatory factors (MRFs) which 
consists of MyoD1, Myf5, myogenin and MRF4 [49, 50]. 
The expression of MRFs is induced by Pax7, which leads 
to myogenic differentiation [5, 50]. It has been demon-
strated that MyoD1 is essential for the myoblast forma-
tion, while myogenin plays a dominant role in myoblast 
fusion and myotube formation [51]. The present results 
showed that the reduction in muscle fibre density in HE 
foetuses was accompanied by a lower expression of the 
myogenic regulatory factors MyoD1 and myogenin at both 
the mRNA and protein levels, suggesting that a moderately 
increased maternal energy intake during gestation down-
regulated the myogenesis. Because the muscle-specific 
CKM gene is transcriptionally induced when skeletal mus-
cle myoblasts differentiate into myocytes [52], the down-
regulation of myogenesis in HE foetuses was also reflected 
by a decreased mRNA expression. Previous studies have 
found that maternal obesity coupled with high-energy 
diets led to low-grade inflammation in foetal muscle tis-
sue, which attenuated myogenesis [5, 38]. In this study, 
whether such a high energy intake can induce inflamma-
tory responses in HE sows, which changes foetal skeletal 

muscle development by downregulating myogenesis, is not 
known, but the sows did gain lots of weight.

In addition, the IGFs system is involved in the regulation 
of skeletal muscle growth and metabolism [53]. The bio-
logical actions of most IGFs are mediated through the IGF-
1R and are modulated by the IGFBPs in local tissues [54]. 
IGFBP-5 is the major IGFBP secreted by skeletal muscle and 
has been shown to associate with myogenic differentiation 
[53, 55]. In this study, the downregulation of MRFs expres-
sion in LM of foetuses from HE sows was accompanied by 
simultaneous marked changes in both IGF-1 and IGFBP-5 at 
the mRNA levels, suggesting that extra energy supplementa-
tion to sows during gestation did not result in promoting foe-
tal muscle development and did not trigger the up-regulation 
of muscle growth-related genes on day 90 of gestation.

This study provides important new information describ-
ing the effects of a moderate increase in energy intake in 
pregnant sows on foetal skeletal muscle development and 
metabolism during gestation. Results show that a high 
energy supply during gestation delays the differentiation 
and maturation in skeletal muscle of the foetus on day 
90 of gestation in pigs. This finding may have important 
implications for meat animal production as well as human 
health. In addition, further studies are required to investi-
gate whether developmental delay in muscle differentia-
tion on day 90 of gestation will be compensated until birth 
and to how maternal HE diet affects the postnatal muscle 
growth of offspring.
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