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ABSTRACT

The aim of this study was to investigate the effects of intrauterine growth retardation (IUGR) on growth,
meat quality and muscle fiber composition in pigs. Sixteen piglets with normal birth weight (NBW, body
weight (BW) = 1.71 + 0.04 kg) and sixteen piglets of low body weight with [IUGR (BW = 0.93 + 0.03 kg)
at birth were procured. Blood samples were collected at 28, 66, and 160 days of age from both groups.
Longissimus dorsi muscle samples were collected from four selected pigs at 160 days of age. Body weight,
ADG and ADFI were decreased significantly by IUGR from birth to 160 days of age (P<0.05). At 28 and
160 days of age, the serum urea nitrogen levels of the IUGR pigs were significantly higher than the NBW
pigs (P<0.05). The serum insulin levels of the IUGR pigs were significantly lower (P<0.05) than the NBW
pigs at 28 and 66 days of age. The serum leptin level was significantly higher (P<0.05) in the IUGR pigs
at 28 days of age while it decreased significantly (P<0.05) at 160 days of age as compared to the NBW
pigs at the same age. Fatty acid composition of the longissimus dorsi muscle was not affected by IUGR
(P>0.05). Furthermore, b*, L*, and C* values, pressure loss, and the ratio of MyHC IIb to other isoforms
of the longissimus dorsi muscle were increased significantly by IUGR (P<0.05). Our results suggested
that IUGR resulted in low postnatal growth rates, increased ratio of MyHC IIb to other isoforms, lower
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water-holding capacity and meat color of slaughtering pigs.

INTRODUCTION

Litter size in mammals is an important maternal trait
affected by many factors including heritability,
ovulation rate, uterine capacity, embryonic/fetal survival,
maternal nutrition and uterine environment (Wu et al.,
2004, 2006). During the last decades, genetic selection tried
to increase litter size. However, birth weight decreased
with increasing litter size and proportion of pigs with low
birth weight within litter significantly increased (Quiniou
et al., 2002). Intrauterine growth retardation (IUGR) refers
to impaired growth and development of the mammalian
embryo/fetus or its organs during pregnancy (Wu et al.,
20006). Intrauterine growth retardation can be measured
as fetal or birth weight less than 2 standard deviations
of the mean body weight for gestational age (Wu et al.,
2006). The incidence of IUGR is approximately 3 to 7%
in humans (Quiniou et al., 2002) and approximately 15
to 20% in pig production (Wu et al., 2006). Intrauterine
growth retardation increases the risk of developing obesity,
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hypertension and type II diabetes in adults (Valsamakis et
al.,2006). It can lead to low piglet survival rates (Rehfeldt
and Kuhn, 2006) and weaning weights (Wolter et al.,
2002) which ultimately affects growth rate in subsequent
developmental stages, nutrient utilization rate, body
composition, meat quality, reproductive performance
and health (Widdowson, 1971; Wu et al., 2006), and thus
greatly affects pig production industry.

A reduction in the total number of muscle fibers was
found in IUGR pigs (Gondret et al., 2006) which limits
lean meat production and increases fat deposition in [IUGR
pigs after birth (Rehfeldt and Kuhn, 2006; Rehfeldt et al.,
2008). Furthermore, the reduction of muscle fiber numbers
promotes muscle fiber hypertrophy and lower the quality
of meat in IUGR pigs after slaughtering (Rehfeldt and
Kuhn, 2006; Gondret et al., 2005, 2006). Although the
number of muscle fibers does not change after birth and
the muscle fiber types are also not fixed during muscle
fiber formation and maturation (Lefaucheur et al., 1995).
Bauer et al. (2006) found that the ratio of myosin heavy
chain (MyHC) I to other isoforms of the flexor digitorum
superficialis muscle and gastrocnemius medialis muscle
significantly increased in neonatal IUGR piglets. It is
well known that maternal nutrient restriction during early
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to mid- pregnancy had increased the ratio of MyHC IIb
to other isoforms in the longissimus dorsi muscle in the
offspring by 17.6% as compared with offspring of ad
libitum fed ewes (Zhu et al., 2006). These changes in the
muscle fiber type composition directly affect meat quality
of the animals (Gondret et al., 2005, 2006; Ryu and Kim,
2005; Choe et al., 2008).

Therefore, the aims of this study were to investigate
1) the effects of IUGR on growth performance, serum
biochemistry and hormonal indicators of pigs at different
stages of growth after birth; and 2) the effects of IUGR on
muscle fiber composition and meat quality of longissimus
dorsi muscle in finishing pigs.

MATERIALS AND METHODS

Animals

All procedures were approved by the Institutional
Animal Care and Use Committee of Nanjing Agricultural
University, China. A total of 32 newborn piglets [Duroc
x (Landrace x Yorkshire)] from 16 sows with the same
litter size (10 piglets/litter) were selected for this study
at parturition. From each litter, one normal body weight
(NBW) piglet (BW = 1.71 + 0.04 kg) and one ITUGR
littermate (BW = 0.93 £ 0.03 kg) were chosen according
to previously published methods (Wang ez al., 2005, 2012;
Zhong et al., 2010). Both the NBW and IUGR piglets
were suckled naturally until weaning at 21 days of age.
After weaning, there were four replicates of both NBW
and IUGR piglets and each replicate had four piglets fed
common diet ad libitum daily (Table I). The common diets
met NRC (1998) requirements. The pigs were weighed
at birth, 21 and 160 days of age. The average daily gain
(ADG) and average daily feed intake (ADFI) of pigs were
recorded and feed conversion ratio (FCR) was calculated.

Samples collection

Blood samples were collected at 28, 66 and 160 days
of age, into 10 mL centrifuge tubes from anterior vena
cava and allowed to stand for 2 h at 4°C. Later, these blood
samples were centrifuged at 3,000 rpm for 15 min at 4°C
for serum collection. Serum samples from each replicate
were mixed together. All serum samples were stored at
-20°C in freezer for further analysis of biochemical and
hormonal indicators. At 160 days of age, four pigs with
nearly equal BW from each group were selected for
longissimus dorsi muscle samples. The pigs were held
under general anesthesia and sacrificed by intramuscular
injections of sodium pentobarbital (50 mg/kg BW), 2 h
after their last meal. A half of the muscle samples were
used to measure the meat quality at 4°C for 24 h, 1/4 of
the meat samples were stored at -20°C for the fatty acid

analysis and the remaining one-fourth of the meat samples
were stored in liquid nitrogen for the analysis of muscle
fiber type composition and its related molecular markers.

Serum biochemical and hormonal indicators

Total protein, urea nitrogen and glucose levels in
serum were measured using commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) by
following the manufacturer’s protocols. Serum insulin,
insulin-like growth factor 1 (IGF-1), growth hormone, and
leptin levels were determined using commercial ELISA
152 kits (USCN Life Science Corporation, Wuhan, China)
by following the manufacturer’s protocols. The protein
concentrations were measured using Lowry ef al. (1951)
method.

Table I.- Ingredients and nutrient content of the
common diets.

Days

21-28 29-66 67-120 121-160
Ingredients (%)
Corn 40.10 62.70 73.74  77.19
Soybean meal 10.00 14.52 22.69 19.35
Extruded soybean 25.00 13.65 0.00 0.00
Premix* 4.00 4.00 1.00 1.00
L-lysine HCI 050 0.15  0.08 0.08
Whey powder 2040 3.00 0.00 0.00
Dicalcium phosphate 0.00 1.28 1.25 1.10
Limestone 0.00  0.55 0.84 0.93
Salt 0.00 0.15 040 0.35
Total 100.00 100.00 100.00 100.00
Chemical composition** (%)
Gross energy (MJ/kg) 1835 17.59 1695 16.99

Digestible energy (MI/kg) 1514 1441 1390  13.85

Crude protein (%) 23.00 19.50 18.09 15.97
Total lysine (%) 1.59 1.06 0.92 0.81
Total calcium (%) 096 085 0.63 0.64
Total phosphorus (%) 0.63 058 0.54 0.51

Available phosphorus (%)  0.41 038 030 0.27

*Provided per kg of diet for pigs from 21-66 days of age: vitamin A,
8,000 1U; vitamin D,, 500 1U; vitamin E, 40 IU; vitamin K,, 2 mg;
vitamin B, 4 mg; vitamin B ,, 5 mg; vitamin B, 2.00 mg; vitamin B
1»» 0.0098 mg; niacin, 20 mg; pantothenic acid, 15 mg; folic acid, 1 mg;
biotin, 0.5 mg; choline chloride, 550 mg; copper, 150 mg; iron, 80 mg;
manganese, 30 mg; zinc, 100 mg; iodine, 0.4 mg; and selenium, 0.3 mg.
For pigs from 67-160 days of age: vitamin A, 5,500 IU; vitamin D,, 400
IU; vitamin E, 20 IU; vitamin K, 1.63 mg; vitamin B , 1.58 mg; vitamin
B,, 4.73 mg; vitamin B, 2.00 mg; vitamin B, ,, 0.0098 mg; niacin, 15.75
mg; pantothenic acid, 6.51 mg; folic acid, 0.65 mg; biotin, 0.47 mg;
choline chloride, 350 mg; iron, 80 mg; manganese, 20 mg; zinc, 50 mg;
iodine, 0.4 mg; and selenium, 0.3 mg. **All nutrient content, except for
the digestible energy, were analyzed.
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Table I1.- Primer sequences and PCR product lengths of the target genes.

Gene Product length (bp)  Primer sequence (5'- 3") Accession No.

MyHC I 115 Forward: AAGGGCTTGAACGAGGAGTAGA AB053226
Reverse: TTATTCTGCTTCCTCCAAAGGG

MyHC Ila 137 Forward: GCTGAGCGAGCTGAAATCC AB025260
Reverse: ACTGAGACACCAGAGCTTCT

MyHC IIx 166 Forward: AGAAGATCAACTGAGTGAACT AB025262
Reverse: AGAGCTGAGAAACTAACGTG

MyHC IIb 149 Forward: ATGAAGAGGAACCACATTA AB025261
Reverse: TTATTGCCTCAGTAGCTTG

PGC-1a 101 Forward: GCAGAAGAGCCGTCTCTACTTAAGA AB106108
Reverse: TTTGCATGGTTCTGGGTACTGA

GAPDH 149 Forward: GAAGGTCGGAGTGAACGGAT CV874334

Reverse: CATGGGTAGAATCATACTGGAACA

MyHC I, myosin heavy chain isoform I; MyHC Ila, myosin heavy chain isoform Ila; MyHC IIb, myosin heavy chain isoform IIb; MyHC IIx, myosin
heavy chain isoform I1Ix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Meat quality

Meat color, shear force, pressure loss and chemical
composition were analyzed after 24 h postmortem.
Color of longissimus dorsi muscle was determined using
a Minolta Chroma Meter CR-400 (Minolta Co., Ltd.,
Japan). Lightness (L*), redness (a*) and yellowness
(b*) of longissimus dorsi muscle were recorded and
these values were used to calculate the chroma (C*) and
hue angle (%), where C* = (a*? + b*?)”* and h = ATAN
(b* / a*) x 180 / m (Joo et al., 1999). Shear force values
were calculated according to the method as described by
Meek et al. (2000). Muscle tissues were trimmed into
approximately 1-mm-thick pieces for measurement of
pressure loss values. Briefly, a circular sampler was used
for cutting and collection of the samples, initial weight
(W,) was recorded. The muscle tissue samples were
wrapped with gauze, tightly encased in absorbent paper
and then placed in a YYW-2 strain controlled unconfined
compression apparatus (Nanjing Soil Instrument Co., Ltd.)
under 35 kg of pressure for 5 min. The muscle samples
were then removed from the absorbent paper and gauze
and final weight was denoted as W,. Pressure loss was
calculated by using the following formulae: pressure loss
(%)=(W,-W) /W, x100. pH were measured 45 min and
24 h postmortem on the same samples, using a portable
pH meter (HI9023, Hanna Instruments, Padova, Italy)
equipped with an insertion glass electrode (FC 230B,
Hanna Instruments). Dry matter, lipid, protein and ash
contents of longissimus dorsi muscle were analyzed using
the AOAC (1990) methods.

Fatty acid composition
Fat was extracted from /Jongissimus dorsi muscle
by following Folch et al. (1957). The extracted fats were

subjected to saponification and methyl esterification, and
the fatty acid profile was determined using a GC-2014C
gas chromatograph (Shimadzu Corporation; Suzhou,
China) with a flame ionization detector. A CP-sil88
chromatography column (50 m x 0.25 mm i.d. x 0.20
pum film) was used; the carrier gas was 60 kPa nitrogen
(99.999% pure) and 60 kPa hydrogen (99.99% pure),
the air pressure was 50 kPa, the column temperature
was ramped from 140 to 220°C at 5°C/min, the monitor
temperature was 280°C, the inlet temperature was 280°C,
and the split ratio was 1/50. The fatty acid content was
determined by comparing the retention times to a standard
(Sigma; Shanghai, China). The results were expressed as
the percentage of an individual fatty acid out of the total
methylated fatty acids.

Real-time PCR

Myosin heavy chain I, MyHC Ila, MyHC IIb,
MyHC IIx and peroxisome proliferator-activated receptor
gamma (PPARY) coactivator 1-alpha (PGC-1a) mRNA
gene expressions in Jongissimus dorsi muscle were
quantitatively determined by real-time PCR. Total RNA
from longissimus dorsi muscle was collected using
Trizol Reagent (Takara Bio, Inc., Dalian, China). The
isolated RNA pellets were diluted and quantified by their
absorbance at 260/280 nm before storing at -70°C prior to
cDNA synthesis. First-strand cDNA was synthesized from
1 pg of the total RNA using oligo dT primers and RNase
M-MLV according to the manufacturer’s instructions.
The primer sequences for MyHC 1, Ila, IIb, IIx and PGC-
la genes were shown in Table II. Based on the SYBR®
Premix Ex Taq™ II kit manual (Takara Bio, Inc., Dalian,
China), an ABI 7300 system (Applied Biosystems, Foster
City, CA) was used to quantify the reverse transcription
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products. The reaction system volume was 20 pL and
included 10 pL 2x SYBR® Premix Ex Taq™ II, 0.4 uL
sense primer (10 pM), 0.4 pL antisense primer (10 uM),
0.4 pL ROX Reference Dye (50x%), 2 uL cDNA, and 6.8
pL 0.1% (v/v) diethy pyrocarbonate. The following real-
time PCR reaction conditions were used: preheat at 95°C
for 30 s, denature at 95°C for 5 s for 40 cycles, and anneal
at 60°C for 31 s. The results were calculated as literature
(Lefaucheur et al., 2004; Kuang et al., 2014; Li et al.,
2015).

Statistical analysis

All the data were analyzed by #-test using the SPSS
17.0 (Statistical Product and Service Solutions, Inc., USA).
All of the results are presented as the mean + the standard
error. P<0.05 was considered statistically significant.

RESULTS

Growth performance

Body weight of IUGR pigs were significantly lower
(P<0.05) than the NBW pigs from birth to 160 days of age
(Table IIT). Furthermore, ADG and ADFI of the ITUGR
pigs were significantly lower (P<0.05) than the NBW pigs
during the whole experimental period (21-160 d), while
the TUGR pigs tended to have increased FCR (P = 0.053)
(Table III).

Table III.- Growth performance in NBW and IUGR
pigs from

NBW IUGR P values
Body weight (kg)
Birth weight 1.71 £ 0.04 0.93 +£0.03 <0.001
21d 6.96+0.17 4.65+0.11 <0.001
160 d 86.14 £ 0.84 71.85+3.88 0.011
21 to 160 days
ADG, (g/d) 571.80 +£6.00  479.30 +£27.00 0.016
ADFI, (g/d) 1543.10£21.10  1398.30445.70 0.028
FCR 2.70 £ 0.04 2.93 £0.09 0.053

Values are means = SE. NBW, normal birth weight; [UGR, intrauterine
growth retardation; ADG, average daily gain; ADFI, average daily feed
intake; FCR, feed conversion ratio.

Serum biochemical and hormonal analysis

At 28 and 160 days of age, the serum urea nitrogen
levels of the IUGR pigs were significantly higher (P<0.05)
than NBW pigs (Table IV). The serum insulin levels of
the ITUGR pigs were significantly lower (P<0.05) than
NBW pigs at 28 and 66 days of age whereas it was not
significantly different (P>0.05) at 160 days of age. [IUGR
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did not significantly affect the serum IGF-1 and growth
hormone levels at 28, 66 and 160 days of age in pigs.
Serum leptin level was significantly higher (P<0.05) in
the IUGR pigs at 28 days of age while it was significantly
decreased (P<0.05) at 160 days of age compared to the
NBW pigs.

Table IV.- Serum biochemical marker and hormonal
analysis of NBW and IUGR pigs at d 28, 66, and 160

days of age.

NBW IUGR P values

28d

Total protein (g/L) 3424+ 1.18  30.63 +0.63 0.036
Glucose (mmol/L) 523+£047 5.14+0.26 0.873
BUN (mmol/L) 1.45+0.11 2.65+0.25 0.005
Insulin (pmol/L) 89.68+£0.64 63.12+4.23  0.001
IGF-1 (nmol/L) 241+0.14 1.95+0.15 0.066
GH (pmol/L) 231.31412.20 228.26+17.82  0.893
Leptin (pmol/L) 41.57+2.06  70.93 £4.38 0.001
66d

Total protein (g/L) 49.21+2.44  42.56+5.15 0.348
Glucose (mmol/L) 5.96 +0.47 4.09£0.43 0.036
BUN (mmol/L) 1.58 £0.05 1.50 £ 0.06 0.366
Insulin (pmol/L) 107.96 £4.53  64.07 £3.95 0.001
IGF-1 (nmol/L) 2.26+0.20 1.84+£0.11 0.112
GH (pmol/L) 314.65+23.85 282.47+44.15  0.590
Leptin (pmol/L) 43.16 £4.61 5598+6.73  0.207
160 d

Total protein (g/L)  50.83 +2.66  49.95+2.27 0.811
Glucose (mmol/L)  3.77+1.67 2.65+0.25 0.530
BUN (mmol/L) 2.52+0.25 3.51+0.26 0.034
Insulin (pmol/L) 126.49+3.00 11855+7.46 0.361
IGF-1 (nmol/L) 4.44+0.06 4.01+£0.25 0.142
GH (pmol/L) 44772 £17.35 371.91+44.83  0.166
Leptin (pmol/L) 11738529 9890+236  0.019

Values are means + SE. BUN, blood urea nitrogen; GH, Growth hormone;
NBW, normal birth weight; IUGR, intrauterine growth retardation; IGF-
1, insulin-like growth factors -1.

Chemical composition and meat quality at 160 days of age

The IUGR did not significantly (P>0.18) affect the
chemical composition (dry matter, ash, lipid and protein
contents) of longissimus dorsi muscle compared to the
NBW pigs at 160 days of age (Table V). There were no
significant differences (P>0.15) in pH of longissimus dorsi
muscle at 45 min and 24 h postmortem between the [UGR
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and NBW pigs (Table VI). The b*, L*, and C* values of
longissimus dorsi muscle were significantly increased
(P<0.05) in IUGR pigs when we compared with the NBW
pigs. Compared with the NBW pigs, pressure loss in
longissimus dorsi muscle of IUGR pigs was significantly
increased (P<0.001). Shear force was not affected by
IUGR.

Table V.- Chemical composition of longissimus dorsi
muscle of NBW and IUGR pigs at 160 days of age.

to other isoforms in longissimus dorsi muscles (P<0.05;
Fig. 1). Furthermore, the IUGR pigs reduced the ratio of
MyHC I and Ila to other isoforms in longissimus dorsi
muscles whereas the difference was not statistically
significant (P>0.05).

Table VII.- Fatty acid profile in Longissimus dorsi
muscle of NBW and IUGR pigs at 160 days of age.

NBW (%) IUGR P

values

NBW IUGR P values
Dry matter (%) 31.81+£0.86  33.69+1.18 0.248
Ash (%) 1.20+0.17 1.18 £0.12 0.931
Lipid (%) 8.43 £0.57 9.90+1.57 0.413
Protein (%) 21.10£2.35 17.19+£1.06 0.179

Values are means = SE. NBW, normal birth weight; [UGR, intrauterine
growth retardation.

Table VI.- Meat quality in longissimus dorsi muscle of
NBW and IUGR pigs at 160 days of age.

NBW IUGR P values

pPH,5.in 6.29 +0.05 6.29 +£0.07 0.945
pH ,,, 5.60 +£0.05 5.51£0.03 0.150
ApH 0.70 £ 0.06 0.78 £ 0.06 0.344
Meat color

ok 5.15+0.55 5.57£0.61 0.636
b 7.03+£0.77 9.47 +£0.58 0.042
L 39.48+1.33 46.70+£2.07 0.027
c 8.75+£0.80 11.04 £ 0.34 0.048
h 53.51+3.12  59.46 +£4.05 0.308
Shear force (kg) 3.53+0.29 3.64+0.28 0.797
Pressure loss (%) 17.69+0.79 22.88+0.85 <0.001

Values are means = SE. NBW, normal birth weight; IUGR, intrauterine
growth retardation; C* = (a*? + b*?)”; h = ATAN (b* / a*) x 180 / m.

Fatty acid composition

The IUGR tended to increase the v-linolenic
acid, myristoleic acid and arachidonic acid content of
longissimus dorsi muscle (P=0.051 vs. 0.085 vs. 0.092) in
pigs whereas it did not significantly affect the other fatty
acids contents of longissimus dorsi muscle (P>0.1) in both
IUGR and NBW pigs (Table VII) at 160 days of age.

Muscle fiber type composition
Compared to the NBW pigs at 160 days of age, the
ITUGR pigs significantly increased the ratio of MyHC IIb

Myristic acid (C14:0)
Mpyristoleic acid (C14:1)
Palmitic acid (C16:0)
Palmitoleic acid (C16:1)
Stearic acid (C18:0)

1.14£0.09 1.02+0.03 0.242
1.18 £ 0.27 1.81+0.06 0.085
24.54+0.88 22.83+0.03 0.124
2.38+£0.29 2.08+0.15 0.404
15.03£1.57 13.91+0.20 0.517
Oleic acid (C18:1) 37.01£1.54 36.79+0.20 0.906
Linoleic acid (C18:2, n-6) 14.72+1.30 16.14+£0.69 0.387
Arachidic acid (C20:0) - 0.17 £0.00

y-linolenic acid (C18:3,n-6)  0.70+0.01 0.77 £0.01 0.051
Linolenic acid (C18:3, n-3) 0.56+£0.06 0.56 +0.04 0.927
Arachidonic acid (C20:4, n-6) 2.41+0.50 3.50+0.06 0.092
SFA 40.71£2.49 37.9+0.21 0.329

MUFA 40.90+2.07 41.11+0.96 0.930
PUFA 18.40+1.51 20.97+0.76 0.202
PUFA/SFA 0.46£0.05 0.55+0.02 0.175
n-6 PUFA 17.83+1.46 20.40+0.72 0.190
n-3 PUFA 0.56£0.06 0.56+0.04 0.927

n-6 PUFA / n-3 PUFA 32.01+3.01 36.86+1.04 0.202

Values are means + SE. SFA, Total saturated fatty acids; MUFA,
Monounsaturated fatty acid; PUFA, Polyunsaturated fatty acids; NBW,
normal birth weight; IUGR, intrauterine growth retardation.

PGC-1a mRNA level

IUGR did not affect the PGC-la mRNA gene
expressions in longissimus dorsi muscle (P>0.05);
however, the PGC-1ao mRNA gene expression level of the
IUGR pigs decreased by 17.65% compared with the NBW

pigs (Fig. 2).
DISCUSSION

The BW of IUGR pigs were significantly lower than
the NBW pigs at 160 days of age (at slaughter). The ADG
and ADFI of IUGR pigs during the whole experiment of
160 days were also significantly lower than NBW pigs.
These results confirm the known effect of IUGR on pig
growth that the low birth weight in piglet’s correlates with
lower postnatal growth rates (Rehfeldt and Kuhn, 2006;
Beaulieu et al., 2010).
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Fig. 1. Muscle fiber type composition in the longissimus dorsi muscle of NBW and IUGR pigs at 160 days of age. NBW, normal
birth weight; IUGR, intrauterine growth retardation; MyHC I, myosin heavy chain isoform I; MyHC Ila, myosin heavy chain
isoform Ila; MyHC IIb, myosin heavy chain isoform IIb; MyHC IIx, myosin heavy chain isoform IIx. ®*Different letters show a

significant difference between mean values (P<0.05).
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Fig. 2. PGC-1a. mRNA level in the Longissimus dorsi
muscle of NBW and IUGR pigs at 160 days of age.
NBW, normal birth weight; ITUGR, intrauterine growth
retardation; PGC-1a, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; mRNA, messenger
RNA.

Serum urea nitrogen can be used as an indicator of
protein utilization efficiency (Whang et al., 2003). An
increased serum urea nitrogen concentration indicates
enhanced net catabolism of skeletal muscle protein (de
Boo and Harding, 2007; Whang and Easter, 2000) and
also reduced protein and feed utilization rates (Whang
and Easter, 2000; Whang et al., 2003). In the present
study, the serum urea nitrogen levels in IUGR piglets

at 28 and 160 days of age were significantly increased,
which indicated that the IUGR affected protein utilization
efficiency. Insulin, a protein hormone secreted by islet 3
cells, simultaneously promotes glycogen, fat, and protein
synthesis (White and Kahn ef al., 1994). Intrauterine
growth retardation can impair the pancreas development of
the pig and significantly reduce its pancreatic weight (Xu
et al., 1994; Wang et al., 2005), which reduces the -cell
proliferation and islet volume and damages the pancreatic
endocrine function (Snoeck et al., 1990), thereby reducing
the serum insulin levels (Ogata et al., 1990; Harada et al.,
2003). The serum insulin levels of the IUGR piglets at 28
d and 66 d were significantly lower than the NBW pigs,
which is consistent with these published results (Ogata et
al., 1990; Snoeck et al., 1990; Xu et al., 1994; Harada et al.,
2003; Wang et al., 2005). Leptin is primarily produced by
adipose tissue and can act on receptors in the hypothalamus
to reduce neuropeptide Y secretion, suppress appetite,
reduce energy intake, and reduce fat synthesis (Ahima
and Osei, 2004). It has been demonstrated that neonates
with ITUGR had significantly lower serum leptin values
than the normal newborns (Jaquet et al., 1998). However,
the serum leptin values increase in both normal and IUGR
children during their first year of life and significantly
decrease thereafter in the both groups. The serum leptin
concentrations after 12 months are significantly higher in
the IUGR group than the NBW group (Jaquet et al., 1999).
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In the present experiment, the serum leptin levels in [IUGR
piglets at 28 days of age were significantly higher than the
NBW pigs. It was suggested that the [IUGR piglets develop
an adaptative leptin resistance beneficial for their catch-up
growth (Jaquet et al., 1999).

Muscle fiber type composition can directly affect
meat quality (Huff-Lonergan and Lonergan, 2005; Ryu and
Kim, 2005; Choe et al., 2008; Ryu et al., 2008). The type 1
fibers are the slow twitch fibers which have a dependence
on oxidative metabolism. These fibers tend to have low
glycogen and high triglyceride content (Parr et al., 2016).
In contrast, the type II fibers are the fast twitch fibers which
have a dependence on glycolytic metabolism. These fibers
tend to have high glycogen and low triglyceride content
(Parr et al., 2016). The MyHC IIb fibers have the highest
glycolytic metabolism capacity, therefore they have the
highest glycogen contents (Parr ef al., 2016). As a result,
muscles that have a high proportion of these types of fibers
tend to have an increased rates of postmortem pH decline,
along with a lower ultimate pH, as well as decreased
water holding capacity and a paler colour (Choe et al.,
2008; Ryu et al., 2008; Ryu and Kim, 2005). Our results
showed that the b*, L*, and C* values in longissimus dorsi
muscle of the IUGR pigs were significantly higher than
NBW pigs. The possible explanation is that [UGR resulted
in an increased ratio of MyHC IIb to other isoforms. The
pressure loss reflects the capacity of muscle to hold water.
It was suggested that the longissimus dorsi muscle in
TUGR pigs had a lower water-binding capacity than high
birth weight pigs (Rehfeldt and Kuhn, 2006; Rehfeldt
et al., 2008). Our results were consistent with previous
studies (Rehfeldt and Kuhn, 2006; Rehfeldt et al., 2008).
Water-holding capacity is the ability of muscle tissues
to retain water, which is related to the glycolytic rate of
muscle glycogen (Huff-Lonergan and Lonergan, 2005).
As the ratio of MyHC IIb to other isoforms increases, the
glycolysis rate increases, the pH drops, both actin and
myosin contract and condense. Ultimately, large quantities
of water leaks from muscle, which produces dry and dull
meat with a decreased in palatability (Huff-Lonergan and
Lonergan, 2005).

In the present study we found that the IUGR
significantly increased the ratio of MyHC IIb to other
isoforms in longissimus dorsi muscle of pigs. Gondret et
al. (2006) studied the growing-finishing pigs (102 + 0.6 kg)
and concluded that the ratio of MyHC IIb to other isoforms
in longissimus dorsi muscle in [IUGR pigs (0.97 + 0.04 kg)
was higher than the high birth weight pigs (1.91 + 0.03 kg)
(85.6 vs. 82.8). Zhu et al. (2006) restricted the diet of ewes
during early and mid-pregnancy and found that the ratio of
MyHC IIb to other isoforms in longissimus dorsi muscle
of 8-month-old offspring significantly increased by 17.6%

compared with the control group, which is consistent
with the present results. The increased ratio of MyHC
IIb to other isoforms may be one reason for the poor
quality of pork in IUGR pigs (Kim et al., 2013). During
development of muscle fiber and conversion of muscle
fiber types, a series of important genes form complex
regulatory networks and signal transduction pathways.
As a PPARYy coactivator, PGC-1a may convert skeletal
muscle fibers (Uldry ef al., 2006). Handschin et al. (2007)
revealed that the ratio of MyHC I and Ila to other isoforms
significantly decreased in PGC-1a knockout mice, while
the ratio of MyHC IIb to other isoforms significantly
increased. However, the results of our present study found
that the PGC-1a mRNA gene expression in longissimus
dorsi muscle was not significantly different between
ITUGR and NBW pigs. The specific regulatory mechanism
through which IUGR transforms MyHC I muscle fibers
into MyHC IIb muscle fibers in longissimus dorsi muscle
requires further investigation.

CONCLUSION

In summary, IUGR had adverse effects on the growth
performance and meat quality of pigs, resulting in low
postnatal growth rates, increased ratio of MyHC IIb to
other isoforms, lower water-holding capacity and meat
color of slaughtering pigs.
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