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Abstract—the aim of this study was to investigate whether feeding sows with different dietary protein levels
throughout gestation and lactation may affect properties of skeletal muscle and meat quality of their offspring at
finishing stage. Sixteen primiparous purebred Meishan sows were assigned randomly into low (LP) and high
protein (HP) groups. The HP sows were fed on diets containing 12% and 14% crude protein (CP), while LP sows
were fed on diets containing 6% and 7% CP during gestation and lactation, respectively. Piglets were fed on
same standard diets after weaning. Male offspring pigs were sacrificed at finishing stage, the longissimus dorsi
(LD) and psoas major (PM) muscles were sampled to determine the morphological features, meat quality traits,
as well as myosin heavy chain (MyHC) type composition. The body weight and LD and PM muscle weight did
not differ  between two groups. Meat quality traits, including pH24 h, shear force, water holding capacity, cooking
loss, drip loss and meat color, were not affected regardless of muscle type. Nevertheless, HP pigs demonstrated
higher myofiber cross-sectional area (CSA) yet decreased myofiber number with higher percentage of type I
fibers in LD detected with myosin ATPase staining. Moreover, decreased MyHC II protein expression was
observed in both LD and PM of the HP pigs, coinciding with decreased MyHC IIb mRNA in LD, and MyHC IIb
and IIx mRNA in PM. These results suggest that maternal dietary protein level may program the postnatal
functional differentiation of myofibers of skeletal muscles in the pig without affecting meat quality traits.

Index Terms—maternal dietary protein level, porcine skeletal muscle, meat quality

I.  INTRODUCTION

Maternal malnutrition is reported to program offspring health in human and growth performance in animals. Previous
studies have shown that maternal nutrition restriction during gestation increased type IIb proportion and intermuscular
fat in adult offspring of lamb (Daniel, Brameld, Craigon, Scollan, and Buttery, 2007; Zhu, Ford, Means, Hess,
Nathanielsz, and Du, 2006). Conversely, extra feed supplemented during midgestation led to fewer muscle fibers and a
smaller percentage of type IIB fibers, causing changes on some meat quality traits in adult pigs (Cerisuelo, Baucells,
Gasa, Coma, Carrion, and Chapinal, et al., 2009). Protein-energy malnutrition is the most prevalent form of maternal
nutritional disorder. During the past decade, many experimental studies have shown that maternal protein restriction
leads to a low birth weight and development of type 2 diabetes in the offspring (Bayol et al.,  2009; Chen et al.,  2009;
Garcia-Souza et al., 2008; Martin-Gronert et al., 2008; Schoknecht et al., 1993). Compared with the brain and heart,
skeletal muscle has a lower priority in nutrition partitioning, rendering it particularly vulnerable to maternal
malnutrition. However, effect of maternal dietary protein level throughout gestation and lactation on offspring muscle
development has not been documented in pigs. The aim of this study was to investigate whether and how maternal
dietary protein level throughout gestation and lactation would affect postnatal muscle growth and myofiber
characteristics in finishing stage using Chinese Meishan (MS) pigs as model.

II.  MATERIALS AND METHODS

A.  Animals and sampling
This study was carried out in a MS breeding feedlot at Jiangsu Polytechnic College of Agriculture and Forestry,

Jurong, Jiangsu Province, P. R. China. Sixteen primiparous purebred MS sows (body weight (BW): 36.1 ± 1.8 kg) were
assigned randomly into low (LP) and high protein (HP) groups. The HP sows were fed on diets containing 12% and
14% CP, while LP sows were fed on diets containing 6% and 7% CP during gestation and lactation, respectively. The
dietary treatment started 2 months before artificial insemination at the first observation of estrus. After parturition,
newborn piglets were allowed free access to their mother and fed with a creep diet from 2 weeks of age. Piglets were
weaned at 35 days of age and fed on standard grower and finisher diets thereafter. Male pigs were sacrificed at 8
months of age when they reached the market body weight of 75 kg in average. Longissimus dorsi (LD) and psoas major



(PM) muscles were taken from the right half of the carcass within 20 min postmortem, snap-frozen in liquid nitrogen
and stored at -80˚C until further analysis.

B. Pig Performance and meat quality
Pigs were weighed before slaughter and the weight of LD and PM muscles were recorded after dissection. The cross-

sectional area of LD was measured at the last rib. At 24 h postmortem, pH (pH24 h) of LD and PM were measured using
a handheld pH meter (Cat. No. HI 9025, HANNA, Italy) equipped with a glass electrode inserted into the muscle. Meat
color was measured using a Minolta Chroma Meter CR300 (Minolta, Osaka, Japan) calibrated according to the
instructions of the manufacturer. Meat color determination was made in the transverse cut of the LD and PM muscle
using the Comission Internationale de l’Eclairage values (L*, lightness; a*, redness; and b*, yellowness). Drip loss was
measured over 24 h on approximately 80 g of LD muscle maintained at 4˚C. The water-holding capacity, shear force
and cooking loss were also measured and calculated.

C. Myofiber cross sectional area (CSA) and myofiber type composition
Myosin ATPase staining was applied to identify myofiber types and to measure myofiber size. A portion of frozen

LD muscle samples were used for serial sectioning (10 µm) in a cryostat at -20˚C. Sections were stained following a
method described previously (Li, Yuan, Yang, Ni, Xia, Barth et al., 2007), using 1% (NH4)2S instead of 1% Azure
Stain. This allowed clear classification of type I or II. The fiber type was determined as described by Moreno-Sanchez,
Diaz, Carabano, Rueda, and Rivero (2008). Type I fibers are stained dark black, whereas type II fibers are non-stained.

D. RNA isolation, cDNA synthesis and Real-time PCR
Total RNA was isolated from muscle using RNAzol (TianGene Biotech Co, Ltd., Beijing, China). Aliquots of 4 μg

RNA were subjected to electrophoresis through a 1.4% agarose-formaldehyde gel to verify their integrity. cDNA was
made by incubating a 25 μL mixture of 2 μg RNA, 21 μmol/L random hexamers (TaKaRa Biotechnology Co. Ltd.,
Dalian, China), 8 U RNase inhibitor (Promega, Madison, WI, USA), 100 U moloney murine leukemia virus reverse
transcriptase (M-MLV) (Promega), 0.8 mmol/L each dNTP (TaKaRa) in the accessory reverse transcription buffer. The
reaction was terminated by heating at 95˚C for 5 min and quickly cooling on ice. RT was performed in a DNA Engine®

Peltier Thermal Cycler PTC0200 (MJ, USA). Mock RT and No Template Controls were set to monitor the possible
contamination  of  genomic  and  environmental  DNA  both  at  the  stage  of  RT  and  RCR.  The  pooled  sample  made  by
mixing equal quantity of cDNA from all samples was used for optimizing the PCR condition and tailoring the standard
curve. Real-time PCR was performed in Mx3000P (Stratagene, USA). Forty cycles of amplification were performed,
consisting of 20 s at 95ºC, 20 s at 64˚C, 30 s at 72˚C, followed by a final 1 min extension at 72˚C.  18s  was  used  as
internal control to normalize the technical variations.

E. Tissue extraction and western blot analysis of MyHC II
Frozen muscle samples (ca. 200 mg) were homogenised in 2 mL of ice-cold lysis buffer (20 mmol/L Tris–HCl, pH

8.0, 137 mmol/L NaCl, 10% glycerol, 1% Nonidet P-40, 2 mmol/L EDTA, 1 mmol/L DTT, 10 mmol/L NaF, 1 mmol/L
PMSF, 1 μmol/L pepstatin A). The homogenate was then centrifuged at 10,000 rpm for 10 min at 4˚C to remove all
insoluble material. The supernatant was collected and the protein concentration was determined with a Bradford assay
kit purchased from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). 10 μg of protein extract was mixed
with loading buffer and denatured by boiling for 5 min before loaded on a 7.5% SDS-PAGE gel. After electrophoresis
proteins were transferred to nitrocellulose membranes and the latter were then blocked with 5% fat-free milk in Tween-
Tris-buffer saline (TTBS) for 30 min at room temperature. After repeated washing with TTBS, the membranes were
incubated with monoclonal antibodies against MyHC II ( A4.1025, Millipore, Temecula, CA, diluted 1:5000), followed
by corresponding horseradish peroxidase-conjugated secondary antibodies (ab6721-1, abcam, UK, diluted 1:4000).
Finally, the membrane was washed and the specific signals were detected by chemiluminescence using the LumiGlo
substrate (Super Signal West Pico Trial Kit, PIERCE, USA). Enhanced chemiluminescence (ECL) signals recorded on
x-ray film were scanned and analyzed with Kodak 1D Electrophoresis Documentation and Analysis System 120 (Kodak
Photo Film Co. Ltd., USA). The MyHC II content in tested samples was presented as the band density values of MyHC
II relative to that of GAPDH (KC-5G4, Kangchen, diluted 1:10000).

F. Statistical analysis
All data are presented as means ± SEM and were analyzed using Independent-Samples T Test with SPSS 13.0 for

Windows. The method of 2-ΔΔCt was used to analyze the real-time PCR data expressed as the fold change relative to the
control group. Differences were considered significant when P < 0.05.



III.  RESULTS AND DISCUSSION

In the present study, no significant differences in BW and muscle weight between two groups were observed at
finishing stage (Table 1). This is similar to the findings that increasing maternal nutrition during gestation did not affect
BW of the offspring at slaughter (Cerisuelo, et.al, 2009; Nissen, Danielsen, Jorgensen, and N. Oksbjerg, 2003). HP pigs
demonstrated lower total myofiber number with increased myofiber CSA in LD, which may explain why the area and
the weight of LD, as well as the body weight were not affected (Table 1).

          Table 1 body weight, muscle weight, muscle fiber characteristics in finishing pigs

Parameters LP HP p-value
  Body weight, kg 64.5 ± 2.5 67.9 ± 4.4 0.502
  Carcass weight, kg 42.7 ± 2.1 43.6 ± 3.1 0.810
  LD weight, g 1363 ± 107 1255 ± 88 0.465
  PM weight, g 296 ± 18 280 ± 38 0.674

LD area, cm2
18.50 ± 0.99 17.38 ± 0.82 0.410

Total number of muscle fibers, ×103
696.3 ± 17.3 501.0 ± 20.1 <0.001

Mean myofiber CSA, μm2

           Total 2734.1 ± 55.9 3521.4 ± 180.3 0.002
           TypeⅠ 2397.2 ± 143.2 3337.7 ± 198.1 0.001
           Type Ⅱ 2775.7 ± 62.2 3527.2 ± 219.8 0.003

Fiber type composition, %
           TypeⅠ 9.0 ± 0.8 17.4 ± 2.5 0.004
           Type Ⅱ 91.0 ± 0.8 82.6 ± 2.5 0.004

 In the present study, maternal high protein dietary significantly increased area of both type I and type II fibers and
decreased total number of muscle fibers (Table 1). A higher percentage of type I fibers (Table 1) with down-regulated
expression  of  MyHC  IIb  mRNA  were  observed  in  LD  of  HP  pigs  (Figure  1  A).  PM  showed  similar  changes  with
significant down-regulation of MyHC IIb and IIx mRNA expression (Figure 1 B). However, these changes in fiber type
composition were not associated with meat quality traits, regardless of muscle type. The effects of maternal nutrition on
offspring muscle growth and characteristics are inconsistent.  Some studies have shown that protein restriction on pigs
(Schoknecht, Pond, Mersmann, and Maurer, 1993) or dietary restriction on lamb (Daniel, et al., 2007) during gestation
did not cause significant alterations in offspring body weight or carcass quality. Increased feed intake in sows during
early to midgestation did not affect meat quality traits in the offspring either (Bee, 2004; Nissen et al., 2003; Dwyer,
Stickland, and J. M. Fletcher, 1994). However, a recent study showed that over-feeding during midgestation led to
fewer muscle fibers and a smaller percentage of type IIB fibers, associated with changes in some meat quality traits in
adult pig (Cerisuelo et al., 2009). Multiple factors may contribute to such divergence among different studies. Breed,
method of nutritional intervention, as well as the stage when the sample were taken for analysis. Meishan pig used in
the present study was small in size and traditionally raised on low-protein diet comparable to that used in the LP group.
Therefore, the pigs in LP group may be considered as control, whereas those in HP group may have received excess
quantity of protein. Our results are in good agreement with previous findings that maternal overfeeding did not affect
body weight or meat quality traits, but affected the characteristics of muscle fibers in a similar fashion reported by
Cerisuelo et al., 2009. Greater proportion of type IIb fibers is desired in terms of higher muscle mass (Ruusunen and
Puolanne, 2004), while higher percentage of type I fiber is in favour of better meat quality. Since the changes in fiber
type proportion detected in the present study are not associated with either muscle mass or meat quality traits, feeding
Meishan sows with HP diet, which is the standard for most commercial pig breeds, does not seem beneficial. It was
known that type I fibres in skeletal muscle are rich in mitochondria with higher oxidative capacity and greater insulin
sensitivity. Whether this II to I myofiber type shift in muscle may causes changes in glucose metabolism and insulin
sensitivity awaits further investigation.

IV.  CONCLUSION

Maternal dietary high protein during gestation and lactation in Meishan sows did not have beneficial effects on
muscle growth or meat quality in adult offspring. The major finding of the current study was that alterations in maternal
dietary protein level significantly modified the phenotype of myofibers in offspring, demonstrating a II to I myofiber
type shift in HP group.
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Figure 1 MyHC mRNA and protein expression in
LD and PM muscle  of  finishing  pigs.  A:  mRNA in
LD  muscle,  B:  mRNA  in  PM  muscle,  C:  protein
expression.  Values  are  means  ±  SEM,  n  =  9  or
7/group. Bars bearing different letters differ
significantly between roups, P < 0.05.


