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ABSTRACT: This study determined the effects of dietary restriction on growth and the expression of lipid metabolism and growth
hormone signaling genes in the longissimus dorsi muscle (LM) of Korean cattle. Thirty-one Korean cattle steers (average age 10.5
months) were allocated to normal (N; n = 16) or dietary restriction (DR; n = 15) groups. The feeding trial consisted of two stages: for the
8-month growing period, the DR group was fed 80% of the food intake of the normal diet, and for the 6-month growth-finishing period,
the DR group was fed a DR total mixed ration with 78.4% of the crude protein and 64% of the net energy for gain of the normal diet.
The LM was biopsied 5 months (period 1 [P1] at 15.5 months of age) and 14 months (period 2 [P2] at 24.5 months of age) after the start
of feeding. The mRNA levels were determined using real-time polymerase chain reaction. Body weight, daily feed intake, average daily
gain, and feed efficiency were lower in the DR group compared with the normal group at both P1 and P2. At P1, the lipogenic fatty acid
synthase (FASN) mRNA levels were lower (p<0.05) in the DR group compared with the normal group. The DR group tended (p = 0.06)
to have higher of levels of growth hormone receptor (GHR) mRNA than the normal group. At P2, the DR group tended to have lower (p
=0.06) androgen receptor (AR) mRNA levels than the normal group. In conclusion, our results demonstrate that dietary restriction
partially decreases the transcription of lipogenic FASN and growth hormone signaling AR genes, but increases transcription of the GHR
gene. These changes in gene transcription might affect body fat accumulation and the growth of the animals. (Key Words: Dietary
Restriction, Korean Cattle Steers, Gene Expression, Longissimus Muscle)

INTRODUCTION had a higher percentage of carcass adipose tissue (Bowling
et al., 1977; Tatum et al., 1988). In a rodent study, protein-

Gene expression is determined by both genetic and restricted lactating rats had retarded growth and showed

environmental factors, and the optimum environmental
factors maximize the genetic potential of animals. Among
various environmental factors, including nutrients and
climate conditions (temperature and humidity), nutritional
factors are the most important. Nutritional status affects the
growth and fat accumulation of animals. For example,
grain-finished cattle had twice as thick a layer of
subcutaneous adipose tissue as roughage-finished cattle and
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altered expression of lipid metabolism genes in the liver
(Kwon et al., 2012). In beef cattle, dietary restriction
retarded the growth of animals (Drouillard et al., 1991) and
decreased body fat accumulation (Roberts et al., 2007). Diet
restriction increased the concentration of growth hormone
(GH) (Hayden et al., 1993).

Lipid metabolism and adipogenesis are important for
body fat deposition, and GH signaling is important for
animal growth. Nutritional status exerts a major influence
on lipid metabolism and GH signaling, and the
transcriptional regulation of the genes involved in these
pathways is important. Diet restriction during the early
postnatal period in mice delayed growth, altered endocrine
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status affecting energy/lipid metabolism, and altered
expression of the genes involved in the somatotropic axis,
including growth hormone-releasing hormone and growth
hormone (Kappeler et al., 2009). In growing pigs, dietary
energy and protein restriction retarded growth performance
(da Costa et al., 2004). Da Costa et al. (2004) also reported
that nutrition restriction increased the expression of genes
for substrate (protein, lipid) turnover, but decreased that of
the genes modulating skeletal muscle growth. However,
there is limited information on the effects of nutrition on the
expression of genes for lipid metabolism, adipogenesis, and
growth in the muscles of cattle. Therefore, this study
determined the effects of dietary restriction on the growth
performance and expression of genes for lipid metabolism
and GH signaling in the longissimus dorsi (LM) muscle of
Korean cattle. For the gene expression study, LM tissue was
biopsied twice: at 15.5 months of age, after 5 months of
feeding, and at 24.5 months of age, after 14 months of
feeding.

MATERIALS AND METHODS

The feeding trial was performed at the Center for
Animal Science Research, Chungnam National University,
South Korea. The animal use and the protocols for this
experiment were reviewed and approved by the Chungnam
National University Animal Research Ethics Committee.

Experimental design, animals and diets

Thirty-one Hanwoo steers (275+5.3 kg, 10.5 months old)
were assigned randomly to 16 pens with two animals/pen.
The 14-month feeding trial consisted of two stages: an 8-
month growing stage and a 6-month growth-finishing stage.
Steers were allocated randomly to either the normal group
or dietary restriction group (DR; 80% of the intake of the
normal group) for 8 months during the growing stage. The
major ingredients of the total mixed ration (TMR) diet
during the growing stage were corn silage, Klein grass hay,
flaked corn, and ryegrass hay. In the growing stage, the
normal group was fed the TMR (9.5% crude protein
[CP]/net energy for gain [NEg]) = 0.63 Mcal/kg of dry
matter [DM]) containing forage sources at 636 g/kg of DM
for ad libitum intake, whereas the DR steers were offered
the normal diet at 80% the intake of the normal group on
the previous day. One steer in the DR group was removed in
the middle of the growing stage because of a mechanical
accident, leaving 31 steers in the study.

Two different diets were formulated for the growth-
finishing stage. In the normal diet, the major ingredients of
the TMR diet consisted of alfalfa hay, timothy hay,
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9.8% CP/0.72 Mcal/kg NEg. During the growth-finishing
stage, the steers in both groups were fed the corresponding
diets ad libitum. The experimental diets were mixed at 2-
week intervals. The steers were fed twice daily at 08:00 and
17:00 h, and drinking water and mineral blocks were
accessible to the animals freely. The individual feed offered
and refusals were recorded daily using an automated
feeding machine (TMR FEEDER; Dawoon, Incheon,
Korea). Body weight was measured monthly before the
morning feeding.

Longissimus dorsi muscle tissue biopsy

For the tissue biopsy, the steer was restrained in a
restraining box, and the hair near the 13th rib was removed
with electric hair clippers. The skin was cleaned with 70%
ethanol and betadine topical solution (povidone iodine 100
mg/mL; Korea Pharm, Seoul, Korea), and anesthetized with
an intramuscular (i.m.) injection of 10 mL of 2% lidocaine
HCI (Dai Han Pharm, Seoul, Korea). The animals were
anesthetized with an i.m. injection of 1 mL of Rompun
(xylazine hydrochloride 23.32 mg/mL; Bayer Korea, Seoul,
Korea). Approximately 1 cm of skin was sectioned with a
surgical blade to expose the LM) Approximately 5 g of LM
tissues was taken from about 6 cm depth near the 13th rib
using a spring-loaded biopsy instrument (Biotech Nitra,
Republic of Slovakia). Immediately after the biopsy, 10 mL
of vitamin Kz (menadione sodium bisulfite 20 mg/mL;
Samyang Anipharm, Seoul, Korea) was given in the
surgical area i.m. to stop the bleeding. About 100 mg of
streptomycin powder (dihydrostreptomycin sulfate; Green
Cross, Yongin, Korea) was applied to the surgical area to
prevent infection. The biopsied area was closed with
surgical sutures, and cleaned with betadine topical solution
and Negasunt spray (Coumaphos 30 g, Propoxur 20 g, and
Sulfanilamide 50 g/kg; Bayer Korea, Korea) and Pink spray
(10 mg mercuric oxide yellow and 1 mg prednisolone/Kkg;
Komipharm International, Siheung, Korea). The first biopsy
(five steers in the normal group, seven steers in the DR
group) was taken after 5 months (period 1 [P1], average age
15.5 months), and the second biopsy (10 steers/group) 14
months after beginning feeding (period 2 [P2], average age
24.5 months). The samples were stored at —80°C.

RNA isolation and real-time polymerase chain reaction
Total RNA from tissues was isolated using TRIzol
reagent (Molecular Research Center) according to the
manufacturer’s instructions. Total RNA was quantified
using the absorbance at 260 nm, and the integrity of the
total RNA was checked by agarose gel electrophoresis and
ethidium bromide staining of the 28S and 18S bands. Total

bluegrass hay, oat straw, fine corn, and fine wheat with 12.5% RNA (2 pg) was reverse-transcribed into cDNA using an

CP/1.13 Mcal/kg NEg, whereas the DR diet consisted of
alfalfa hay, timothy hay, bluegrass hay, and oat straw with

iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. Real-time
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polymerase chain reaction (PCR) was performed using
QuantiTect SYBR Green RT-PCR master mix (QIAGEN,
Venlo, Netherlands). Briefly, the PCR was conducted in a
25-puL reaction volume containing 200 ng cDNA, 12.5 puL
SYBR Green RT-PCR master mix, and 1.25 uL of 10 uyM
primers. The thermal cycling parameters were as follows:
95°C for 15 min, followed by 40 cycles at 94°C for 15 s,
60°C for 30 s and 72°C for 30 s. The primers were designed
using integrated DNA technology based on published
sequences at the National Center for Biotechnology
Information (Table 1). The AACT method was used to
determine the relative fold changes (Livak and Schmittgen,
2001), and all data were normalized with the housekeeping
beta-actin gene.

Statistical analyses
All data are presented as the meantstandard error of the

Table 1. Primers for real time-PCR analysis
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mean. Statistical differences between the normal and DR
groups were analyzed using a two-tailed t-test using R
Studio for Windows (R Studio, Boston, MA, USA).
Pearson’s correlation coefficient was obtained by
correlation analysis using R Studio for Windows.

RESULTS AND DISCUSSION

Growth performance

The DR group consumed 89% and 84% of the feed
intake of the normal group at P1 (11.4 vs 12.8 kg/head/d: P
=0.006) and P2 (11.4 vs 13.4 kg/head/d: p<0.001),
respectively. The DR group consumed 67% and 76% of
energy intake of the normal group at P1 (1.08 vs 1.21
Mcal/head/d: p = 0.006) and P2 (1.10 vs 1.45 kg/head/d:
p<0.001), respectively. The DR group weighed 90% and
84% as much as the normal group at P1 (339.5 vs 375.9 kg:

Gene category Gene name GenBank ID Primer Sequence L(egg)t h
Growth hormone  Growth hormone receptor (GHR) NM_176608 Forward  cacaccagctttccttgtca 102
signaling Reverse  gaacggcacttggtgaattt
Signal transducer and activator NM_174617 Forward  ggctatcttgggtttcgtga 106
of transcription 5B (STAT5B) Reverse  gatgccaccgatttcagagt
Insulin-like growth factor (IGF-1) NM_001077828 Forward  ttgcacttcagaagcaatgg 9%
Reverse  gtgatgggcatcttcacctt
Androgen receptor NM_001244127 Forward  gatggggcttatggtgtttg 124
Reverse  gctgtacatccgggacttgt
Myostatin NM_001001525 Forward  gctccttggaagacgatgac 97
Reverse  ttgggttttccttccacttg
Lipogenesis Fatty acid synthase (FASN) NM_001012669 Forward  atcgagtgcatcaggcaagt 92
Reverse  tgtgagcacatctcgaaagcca
Fatty acid binding protein 4 (FABP4) BT10868 Forward  gctgcacttctttctcacct 140
Reverse  ttcctggtagcaaagcccac
Lipid Adipose triglyceride lipase (ATGL) NM_001046005 Forward  tgaccacactctccaaca 100
metabolism Reverse  agtttcggacccactgtgac
Acyl-CoA synthetase long-chain NM_001076085.1 Forward  tccaaccaacacgctcatgg 180
family member (ACSL1) Reverse  aaatacaccaggggctcgtc
glycerol-3-phosphate acyltransferase NM_497202 Forward  acgacggaggctagatgaga 140
(GPATY) Reverse ttccacttcttgagcgtgtg
Hydroxyacyl-CoenzymeA NM_001046334.1 Forward  agctgttcaagaggctggac 95
dehydrogenase (HDAH) Reverse  ggtggaattggctaggcttg
Fatty acid uptake Fatty acid translocase (CD36) NM_174010 Forward  ggtccttacacatacagagttcg 115
Reverse  atagcgagggttcaaagatgg
Lipoprotein lipase (LPL) NM_001075120 Forward  acttgccacctcattcctg 119
Reverse  acccaactctcatacattcctg
Adipogenesis Peroxisome proliferator NM_181024 Forward  agcaagtgggaaggtgtaatc 148
-activated receptor gamma (PPARQ) Reverse  agctgcacgtgttctgtcac
CCAAT/enhancer binding protein alpha NM_176784 Forward  tggacaagaacagcaacgag 133
(C/EBPa) Reverse  Tcattgtcactggtcagctc
House keeping Actin, beta (4CTp) NM_173979 Forward  agcaaagcaggagtacgatgagt 120
Reverse  Atccaaccgactgctgtca

PCR, polymerase chain reaction.
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p = 0.008) and P2 (458.5 vs 547.3 kg: p = 0.001),
respectively. The DR group gained 68% of the gain
observed in normal group at both P1 (0.45 vs 0.66
kg/head/d; p<0.001) and P2 (0.44 vs 0.65 kg/head/d;
p<0.001). The DR group had lower feed efficiency
(gain/feedx100) compared with the normal group at P1
(3.73 vs 5.21; p =0.002) and P2 (4.05 vs 4.94; p = 0.04).
Restricted feed intake is often detrimental to the
performance of cattle. When both feed intake and energy
intake were restricted, the average daily gain (ADG),
carcass quality, and external carcass fatness decreased
(Rossi et al., 2001). However, restricting dry matter intake
without reducing protein or energy intake improved feed
efficiency and ADG (Schmidt et al., 2005). The ADG was
reduced in growing steers by 80% and 90% of the ad
libitum intake, but feed efficiency was not affected by the
intake levels (Murphy and Loerch, 1994). In that study, the
amount of protein intake was similar for three groups
through adjustments in the dietary protein concentrations.
Therefore, the decreased ADG and feed efficiency at both
P1 and P2 in our study may reflect a lack of both protein
and energy intake in the DR group relative to the normal

group.

Lipid metabolism gene expression

At P1, the DR group had lower (p =0.04) lipogenic
fatty acid synthase (FASN) mRNA levels in the LM than
the normal group had (Figure 1A). However, this change in
the DR group was not observed at P2 (Figure 2A). The
FASN is a key enzyme that catalyzes the reactions in the
last step of the fatty acid biosynthetic pathway (Laliotis et
al., 2010).
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Several enzymes for lipid metabolism, fatty acid uptake,
and adipogenic factors are involved in body fat deposition
in cattle. In this study, DR did not affect the expression of
several genes in the LM for lipid metabolism (adipose
triglyceride lipase, acyl-CoA synthetase long-chain family
member,  glycerol-3-phosphate  acyltransferase, and
hydroxyacyl-Coenzyme A dehydrogenase) and fatty acid
uptake (fatty acid translocase and lipoprotein lipase) at both
P1 and P2. Furthermore, DR did not affect the expression of
several genes for lipogenesis (fatty acid-binding protein 4)
and adipogenesis  (peroxisome  proliferator-activated
receptor gamma and CCAAT/enhancer binding protein
alpha) at both P1 and P2. Korean cattle steers accumulated
significantly more body fat (Bong et al., 2012; Baik et al.,
2014). In our previous studies, bulls and steers had
differential gene expression patterns for lipid metabolism,
lipogenesis, and adipogenesis in the LM (Bong et al., 2012;
Jeong et al., 2013a,b; Ahn et al., 2014; Baik et al., 2014).
Our study demonstrates that DR has minor effects on the
expression of genes for lipid metabolism in the LM.

Gene expression of growth hormone signaling

At P1, the DR group tended (p =0.06) to have higher
growth hormone receptor (GHR) mRNA levels in the LM
than the normal group (Figure 1B). However, this change in
the DR group was not observed at P2 (Figure 2B). Several
studies have reported that nutrient restriction increases the
plasma GH concentration in steers (Blum et al., 1985;
Hayden et al., 1993; Hornick et al., 1998). Growth signaling
via the somatotropic axis is important for animal growth
and meat production (Isaksson et al., 1985). The GH binds
its receptor (GHR) on the membrane, which activates Janus
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Figure 1. Comparison of the mRNA levels of lipogenesis and growth hormone signaling genes between the normal and dietary
restriction (DR) groups in the biopsied longissimus dorsi muscle of Korean cattle at period 1. The mRNA levels were determined by
real-time PCR, and the results were normalized with the B-actin gene. The mRNA levels of the normal group were normalized to 1.0.
Values are the mean+SEM (n = 5 or 7). FASN, fatty acid synthase; FABP4, fatty acid binding protein 4; GHR, growth hormone
receptor; STAT5B, signal transducer and activator of transcription 5B; IGF-1, insulin-like growth factor, AR, androgen receptor; PCR,

polymerase chain reaction; SEM, standard error of the mean.
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Figure 2. Comparison of the mRNA levels of lipogenesis and growth hormone signaling genes between the normal and dietary
restriction (DR) groups in the biopsied longissimus dorsi muscle of Korean cattle at period 2. The mRNA levels were determined by
real-time PCR, and the results were normalized with the B-actin gene. The mRNA levels of the normal group were normalized to 1.0.
Values are the mean+SEM (n = 10). FASN, fatty acid synthase; FABP4, fatty acid binding protein 4; GHR, growth hormone receptor;
STATSB, signal transducer and activator of transcription 5B; IGF-1, insulin-like growth factor; AR, androgen receptor; PCR,

polymerase chain reaction; SEM, standard error of the mean.

kinase 2, which in turn phosphorylates the signal transducer
and activator of transcription 5 (STAT5) (Isaksson et al.,
1985; Baik et al., 2011). Phosphorylated STATS5 translocates
to the nucleus, where it binds to gamma-activated sequence
motifs to regulate target genes, such as insulin-like growth
factor 1 (IGF-1). The major target organ of GH action is the
liver (Davey et al., 2001). Klover et al. (2009) demonstrated
that skeletal muscle is also an important target tissue of GH

action. In beef heifers, GHR mRNA levels were greater in
the muscle of low-residual feed intake (RFI) animals
compared with high-RFI animals (Kelly et al., 2013). Kelly
et al. (2013) suggested that GHR is important for
mitochondrial metabolism in skeletal muscle by
upregulating the transcription of specific genes and
increasing the capacity for oxidative adenosine triphosphate
generation. In pigs, the GHR mRNA levels in the muscle

Table 2. Effects of dietary restriction on gene expression for lipid metabolism in the biopsied longissimus dorsi muscle of Korean cattle

steers
Period Normal DR SEM p
Lipid metabolism
Adipose triglyceride lipase 1 1.00 1.20 0.11 0.41
2 1.00 0.89 0.14 0.71
Acyl-CoA synthetase long-chain family member 1 1.00 0.91 0.10 0.65
2 1.00 1.14 0.12 0.59
Glycerol-3-phosphate acyltransferase 1 1.00 1.14 0.15 0.65
2 1.00 ND ND ND
Hydroxyacyl-Coenzyme A dehydrogenase 1 1.00 121 0.12 0.41
2 1.00 0.63 0.11 0.10
Fatty acid uptake
Fatty acid translocase 1 1.00 1.47 0.15 0.14
2 1.00 1.26 0.13 0.31
Lipoprotein lipase 1 1.00 1.15 0.16 0.66
2 1.00 1.23 0.15 0.47
Adipogenic gene
Peroxisome proliferator-activated receptor gamma 1 1.00 0.86 0.14 0.65
2 1.00 1.39 0.18 0.28
CCAAT/enhancer binding protein alpha 1 1.00 0.78 0.13 0.45
2 1.00 1.05 0.14 0.86

DR, dietary restriction; SEM, standard error of the mean; ND, not determined.
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were higher in the low-food-intake group compared with
the high-intake group (Dauncey et al., 1994). Katsumata et
al. (2000) reported that the upregulation of GHR gene
expression with under-nutrition was greatest in porcine LM
tissues, which contain mainly fast glycolytic/oxidative-
glycolytic fibers, among the four muscle tissues examined.
The fast glycolytic/oxidative-glycolytic LM has a greater
capacity to switch substrate utilization between glucose and
lipids compared with slower oxidative muscles, such as the
soleus and rhomboideus. Those authors suggested that the
low-food-intake pigs were more highly dependent on fatty

acids as an energy source than the high-intake animals were.

Muscle might adapt to a suboptimal energy status by
shifting its energy source from glucose to lipids via the
upregulation of GHR gene expression. Our study also
implies that the LM in the DR group is adapted
metabolically to utilize more fatty acids as an energy source
through the upregulation of GHR gene expression.

The maintenance of a normal muscle mass depends on
androgenic  hormones, such as testosterone and
dihydrotestosterone. Androgen signaling is mediated
through the androgen receptor (AR) (Herbst and Bhasin,
2004). Klover et al. (2009) reported that expression of the
AR gene in skeletal muscle is controlled by GH via STAT5
in mice. In our study, the mRNA level of the AR gene in the
LM at P1 was not changed with DR (Figure 1B). However,
the DR group tended (p = 0.06) to have lower AR mRNA
levels at P2 than the normal group (Figure 2B). The
castration of bulls retarded their growth, and higher skeletal
muscle AR mRNA levels were detected in steers than in
bulls (Brandstetter et al., 2000; Choi et al., 2010). The DR
did not affect the expression of genes for other GH
signaling, including STAT5B, IGF-1, and myostatin, at
either P1 or P2. Our study demonstrates that DR partially
downregulates the expression of the AR gene, probably
contributing to retarded muscle growth.

In current study, we had observed minor changes in
gene expression: out of 7 genes tested, only one gene was
changed with p<0.05 by dietary restriction, and two genes
tended (p = 0.06) to differ by dietary restriction. Proteome

Table 3. Correlation coefficient between average daily gain, feed
efficiency and FASN, FABP4, GHR, and AR mRNA levels in the
LM of Korean cattle steers at period 1 and 2

Period 1 (n = 11)

Period 2 (n = 26)

Items

ADG FE ADG FE
FASN 0.66* 0.22 -0.08 —0.04
FABP4 0.06 -0.23 -0.17 -0.04
GHR —0.59* —0.47 0.37 0.19
AR —0.04 0.25 0.52* 0.30

LM, longissimus dorsi muscle; ADG, average daily gain; FE, feed
efficiency; FASN, fatty acid synthase; FABP4, fatty acid binding protein
4; GHR, growth hormone receptor; AR, androgen receptor.

Significant correlations are indicated as * p<0.05.
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or transcriptome analyses would give broader and global
information.

Correlation between growth and gene expression

The FASN mRNA levels (r = 0.66, p<0.05) at P1 and
the AR mRNA levels (r = 0.52, p<0.05) at P2 were
positively correlated with the ADG (Table 3). The GHR
mRNA levels at P1 were negatively correlated (r = —0.59,
p<0.05) with the ADG. Further studies should examine the
FASN, AR, and GHR genes as molecular markers of growth
performance in cattle.

In conclusion, our study demonstrates that DR partially
regulates the transcription of genes for lipogenesis (FASN)
and GH signaling (GHR, AR) in the LM of cattle. Our study
improves our understanding of the molecular control of
animal growth/diet interaction in cattle.
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