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Abstract
We aimed to investigate candidate proteins related to long-term caloric restriction and feed 
efficiency in bovine longissimus dorsi muscle (LM). A total of 31 Korean native steers were 
randomly distributed to ad libitum (n = 16) or caloric restriction group (n = 15) to conduct two 
feeding trials for 13 mon. In the first trial (10–18 mon of age), steers were fed with 100% ad 
libitum (NEg = 0.63 Mcal/kg) or caloric restriction (80% of the previous day’s feed intake of 
ad libitum group). In the second trial (18–23 mon of age), the energy value of 100% ad libi-
tum diet was 1.13 Mcal/kg NEg and those in caloric restriction group diet was 0.72 Mcal/kg 
NEg. At the endpoint of this experiment, in each group, 6 animals were selected with high (n 
= 3) or low feed efficiency (n = 3) to collect muscle tissue samples (6 animals/group). From 
muscle tissues of 23 mo of age, we excavated 9 and 12 differentially expressed (two-fold or 
more) proteins in a nutritional group and feed efficiency group using two-dimensional elec-
trophoresis, respectively. Of these proteins, heat shock protein beta-6 was up-regulated in 
both the caloric restriction and the low feed efficiency group. In bovine embryonic fibroblasts, 
the mRNA expression of heat shock protein beta-6 increased after adipogenic differentiation, 
however, decreased after myogenic differentiation. Our data provide that heat shock protein 
beta-6 may be an adipogenic protein involved in the mechanism of caloric restriction and 
feed efficiency in the LM of the steer.
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INTRODUCTION
Intramuscular fat (IMF) is an important carcass trait in beef production. Many farmers have been 
raising beef cattle with high-energy diets until 32 to 36 mo of age to maximize IMF deposition 
even though feed prices today are rising gradually. Energy restriction and feed efficiency (FE) are 
essential ways to minimize costs and maximize profits. Previous studies have reported that both 
of them could affect the composition of muscle cells and adipocytes in the longissimus dorsi muscle 
(LM) [1,2]. Roberts et al. [3] reported that energy restriction can decrease the subcutaneous 
fat thickness and improve nutrients utilization in cattle. Additionally, the number and size of 
intramuscular adipocyte cells are increased by suppressing muscle development in caloric restricted 
pigs [4]. The high content of IMF is found in low feed efficient animals rather than in high feed 
efficient animals since higher feed consumption of low feed efficient animals can be sufficient 
energy to deposit IMF [5,6]. It can be partially explained by the rate of muscle growth of inefficient 
animals is slower, which might help the IMF development. IMF deposition is positively affected 
by the reduced rate of muscle growth and weight gain [7,8]. For example, castration and vitamin A 
restriction increase IMF content by reducing the growth rate [9]. Moreover, nutrient restriction and 
FE can control the regulation of adipogenic transcription factor, such as peroxisome proliferator-
activated receptor gamma (PPARγ) [10,11]. Taken together, we hypothesize that long-term 
energy restriction and FE would alter the profiling of muscle proteomes associated with muscle 
development and IMF accumulation. In this study, we investigated the global protein profiles 
related to caloric restriction (CR) and FE in LM of steer. Additionally, we made predictions about 
the roles of identified genes during myogenesis and adipogenesis of spontaneously immortalized 
bovine embryonic fibroblasts (BEFS).

MATERIALS AND METHODS
Animals, diets, experimental design, and sample collection
This feeding trial was performed at the Center for Animal Science Research, Chungnam National 
University, Korea. Animal use and the protocols for this experiment were reviewed and approved 
by the Animal Research Ethics Committee at Chungnam National University Animal Research 
Ethics Committee (Approval number: CNU-00347). A total of 32 Korean native steers (292 ± 
6.95 kg) at 10 mon of age were randomly allotted to 16 pens (2 animals/pen) and the experiment 
last for 13 mon. One steer aged 15 mon in the CR group was removed by a mechanical accident. 
Two trials were conducted to investigate adipogenic proteins related to long-term CR and FE 
in bovine LM. In the first trial (10–18 mon of age), steers were randomly distributed to 100% 
ad libitum (NEg = 0.63 Mcal/kg; n = 16) or CR (80% of the previous day’s feed intake of ad 
libitum group, n = 15) groups. In the second trial (18–23 mon of age), the energy value of 100% 
ad libitum diet was 1.13 Mcal/kg NEg and those in the CR group diet was 0.72 Mcal/kg NEg. At 
the endpoint of this experiment, animals in each group were divided into groups with high (n = 
6) and low (n = 6) FE regardless of the nutritional level. Energy value in experimental diets was 
calculated using the NASEM (National Academies of Science, Engineering, and Medicine) [12] 
(Table 1). Feed was provided twice daily at 08:00 h and 17:00 h for all periods, and were given 
access to mineral blocks and water ad libitum. Individual daily feed intake was recorded using an 
automated feeding machine (TMR FEEDER; Dawoon, Incheon, Korea) and body weight (BW) 
was recorded monthly (Table 2). 

Seongwon Seo 
https://orcid.org/0000-0002-4131-0545
Hong-Gu Lee 
https://orcid.org/0000-0002-0679-5663

Competing interests
No potential conflict of interest relevant to 
this article was reported.

Funding sources
Not applicable.

Acknowledgements
Not applicable.

Availability of data and material
Upon reasonable request, the datasets 
of this study can be available from the 
corresponding author.

Authors’ contributions
Conceptualization: Jung U, Lee HG. 
Data curation: Jung U.
Formal analysis: Jung U.
Methodology: Jung U, Kim M, Wang T. 
Validation: Lee JS, Seo S, Lee HG.
Writing - original draft: Jung U.
Writing - review & editing: Jung U, Kim M, 

Wang T, Lee JS, Seo S, Lee HG.

Ethics approval and consent to participate
This article does not contain any studies with 
human subjects performed by any of the 
authors. Animal use and the protocols for 
this experiment were reviewed and approved 
by the Animal Research Ethics Committee 
at Chungnam National University Animal 
Research Ethics Committee (Approval 
number, CNU-00347).



Up-regulation of HSPB6 in bovine longissimus dorsi muscle

332  |  https://www.ejast.org https://doi.org/10.5187/jast.2022.e19

Protein extraction and two-dimensional gel electrophoresis
Protein extraction and proteome analysis of LM tissues were conducted as previously described 
[13]. Tissue samples were collected at 23 mon of age from biopsy (Biotech Nitra, Republic of 
Slovakia) as follows: ad libitum group (n = 10), CR group (n = 10), low feed efficiency (LF) 
group (n= 6), and high feed efficiency (HF) group (n = 6). These were immediately frozen in 
liquid nitrogen and stored at −80℃ before the experiment. The extracted protein samples were 
quantitatively pooled by group. Differentially expressed spots with at least a 2-fold change in 
intensity were used for electrospray ionization and quadrupole time-of-flight mass spectrometry 
analysis. 

Table 1. Diet formulation and chemical composition (g/kg DM or as stated) of experimental diets
14 mon of age 23 mon of age

Ad libitum Ad libitum Caloric restriction
Ingredients

Barley straw pellet 26

Corn silage 108

Klein grass hay 203

Rice straw 80

Wheat bran 62

Corn (flaked) 191

Corn gluten feed 38

Tapioca 75

Alfalfa hay 21 68 100

Timothy hay 72 268 397

Ryegrass hay 126

Bluegrass hay 201 298

Oat straw 139 205

Wheat straw

Corn (fine) 140

Soybean meal 8

Wheat (fine) 164

Limestone (fine) 11

Mineral vitamin mix 1

Chemical composition

DM (g/kg) 636 609 637

Crude protein 95 125 98

Ether extract 24 32 25

Neutral detergent fibre 585 301 573

Acid detergent fibre 413 201 343

Acid detergent lignin 61 39 68

NDICP 30 4 0

ADICP 17 1 0

Ash 82 51 54

Net energy for gain (Mcal/kg) 0.63 1.13 0.72
DM, dry matter; NDICP, neutral detergent insoluble crude protein; ADICP, acid detergent insoluble crude protein. 
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Blood parameters
Blood parameters were performed to assess animal health and illness and to compare differences 
in steer classified by two different nutritional levels and FE. whole blood samples were taken via 
jugular venipuncture after morning meal and placed in 10 mL tubes with EDTA (Becton and 
Dickson, Franklin Lakes NJ, USA) for the analysis of blood cell count with the HM2 instrument 
(VetScan, Abaxis, Union City, CA, USA) [14].

Cell culture
Two bovine cell lines were used in this study, myogenic differentiation 1 (MyoD)-overexpressing 
(BEFS-MyoD) and PPARγ2-overexpressing BEFS cells (BEFS-PPARγ2), which are derived 
from immortalized BEFS. Two cell lines were grown and maintained in growth media containing 
Dulbecco’s modified essential medium (DMEM; Hyclone, Loga, UT, USA), 10% (v/v) fetal bovine 
serum (Hyclone), 1% penicillin/streptomycin (Gibco, Carlsbad, CA, USA), and 2 mM L-glutamine 
(Gibco). To induce the myogenesis of confluent BEFS-Myod cells, growth media was switched to 
myogenic induction media containing DMEM, 2% (v/v) horse serum (HyClone), 1.7 μM insulin, 
and 2 μM doxycycline (Calbiochem, San Diego, CA, USA). BEFS-PPARγ2 was grown on plates 
for 2 d post-confluence in the growth media. Adipogenesis was then induced with differentiation 
media (growth media containing 0.17 μM insulin, 1 μM dexamethasone, 0.5 mM isobutyl-1-
methylxanthine, and 4.5 μM troglitazone for 48 h. Next, cells were maintained in the differentiation 
maintenance media (growth media supplemented with 0.17 μM insulin and 4.5 μM troglitazone) 
for 14 d by replacing the media every 2 d. Insulin, dexamethasone, isobutyl-1-methylxanthine, and 
troglitazone were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Oil-red O staining
Cells were fixed onto plates with 10% formalin (Sigma Aldrich) in 1X Phosphate Buffered Saline 
(Biosesang, Seongnam, Korea) for 1 h, gently washed with 60% isopropanol (Merck Millipore, 
Darmstadt, Germany), completely dried, and stained with Oil red O staining solution (0.5% Oil-

Table 2. Effects of caloric restriction and feed efficiency on growth performance

Trait Age
Nutritional level1) Feed efficiency2) SEM p-values

Normal Restriction HF LF N FE N FE
Initial BW (kg) 10 294.4 289.3 288.2 318.7 9.80 14.10 ns ns

Medium BW (kg) 14 370.9 338.1 355.2 380.7 12.29 20.81 * ns

Final BW (kg) 23 538.8 451.0 522.0 498.2 13.57 39.76 *** *

Daily feed intake (kg/d) 10–14 12.7 11.4 10.8 13.4 0.49 62.12 ** ns

15–23 13.8 11.5 11.1 14.1 0.67 67.64 *** ns

10–23 13.6 11.8 11.0 13.9 0.55 72.84 *** ns

Average daily gain (g/d) 10–14 642.9 410.1 563.0 521.0 45.44 1.06 *** ns

15–23 604.2 405.7 594.7 425.7 36.78 1.52 *** *

10–23 616.1 407.3 587.1 454.7 29.43 1.22 *** *

Feed efficiency (g gain/kg feed) 10–14 51.0 36.6 52.9 38.2 4.39 5.27 *** ns

15–23 43.6 36.6 54.4 30.5 3.89 4.64 ns **

10–23 45.6 36.6 53.6 32.8 3.45 4.73 * **
1)Steers were fed ad libitum group (n = 16) or caloric restriction group (n = 15).
2)Steers were assigned to groups with HF (n = 6) and LF (n = 6) regardless of nutritional level.
*p < 0.05, **p < 0.01, ***p < 0.001.
HF, high feed efficiency; LF, low feed efficiency; BW, body weight; N, nutritional level; FE, feed efficiency; ns, not significant.
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red O in isopropanol diluted 3:2 in water and mixed for 20 min at room temperature followed 
by filtering with a 0.22 μm filter) for 10 min at room temperature. After removing the staining 
solution, cells were washed four times with water and photographed using the inverted microscope 
(IX51, Olympus, Tokyo, Japan).

Total RNA extraction and real-time polymerase chain reaction analysis
Total RNA was isolated with ice-cold Trizol Reagent (Invitrogen, Carlsbad, CA, USA). The 
concentration of RNA was measured using an ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). The A260/A280 ratios of all RNA samples were above 1.8. 
RNA integrity was assessed with the RNA 6000 Nano LabChip kit and Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). RNA from tissues and cell lines had a median 
RNA integrity number of 7.6 ± 0.3 and 9.7 ± 0.5, respectively (data not shown). First-strand cDNA 
was synthesized using RNA (1 μg) and iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) 
according to the manufacturer’s instructions. Real-time PCR was performed in a total reaction 
volume of 20 μL in 96-well plates using Chromo4™ four-color Real-time detector (MJ Research, 
Waltham, MA, USA). The reaction mixture contained 100 ng cDNA, 10 μL of 2X SYBR Green 
PCR Master Mix (Bio-Rad), and 0.6 μL of 10 μM primers (Bioneer, Daejeon, Korea) in RNA/
DNA free water. Thermal cycling conditions were as follows: an initial incubation at 95°C for 3 min 
followed by 40 cycles of denaturation at 95℃ for 10 s, annealing at 60℃ for 30 s, and extension 
at 72℃ for 30 s, after which samples were heated at 95℃ for 10 s, cooled to 65℃ for 5 s and then 
heated to 95℃ at a rate of 0.5℃/s. We used the National Centre for Biotechnology Information 
Primer-BLAST for primer design (Table 3). Relative fold-changes were determined using the 
2-ΔΔCT method [15]. All data were normalized against β-actin as a housekeeping gene.

Statistical analysis
All values given in each table or figure were presented as mean ± SEM. The independent sample 
t-test ​was used for the analysis of data from growth performance comparing i) the ad libitum 
and CR groups and 2) HF and LF groups, and for the data from quantitativePCR analysis using 
muscle samples and from blood analysis. Data from in vitro experiments were compared using the 
Tukey test. Statistical analyses were performed using SPSS 18 software (SPSS, Chicago, IL, USA). 
The level of statistical significance was set at p < 0.01 or p < 0.05.

Table 3. Primer sequences specific for the target genes used for real time PCR
Gene Accession number1) Sequence (5′ to 3′) Length (bp)

HSPB6 NM_001076027 F: GGTGTTGCTGGATGTGAAAC 117

R: GCAATGTATCCGTGCTCATC

PPARγ2 Y12420 F: CATAATGCCATCAGGTTTGG 102

R: GTCAGCAGACTCTGGGTTCA

Desmin NM_001081575 F: GGACCTGCTCAATGTCAAGA 109

R: GGAAGTTGAGGGCAGAGAAG

Beta-actin NM_173979 F: GCGTGGCTACAGCTTCACC 54

R: TTGATGTCACGGACGATTTC
1)Database protein names and accession numbers: NCBI (http://www.ncbi.nlm.nih.gov).
PCR, polymerase chain reaction; bp, base pair; HSPB6, heat shock protein beta-6; PPARγ, peroxisome proliferator-activated 
receptor gamma.
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RESULTS
Growth performance
Growth performance (BW, daily feed intake, average daily gain, and FE) of the ad libitum group 
was higher than that of the CR group (Table 2). Even though the HF group consumed 20% less 
feed on average than steers in the LF group, the average daily gain in HF group was significantly 
higher than that in LF group during the whole period. As a result, there was a difference in BW (p 
< 0.05). Therefore, animals with HF efficiently used more nutrients than animals with LF (53.6 g/
kg vs 32.8 g/kg for HF vs LF groups, respectively).

Differentially expressed proteins in longissimus dorsi muscle according to nutri-
tional level and feed efficiency
Nine spots were selected between ad libitum and CR groups (Fig. 1). Compared to the ad libitum group, 
in the CR group, 6 proteins had higher expression whereas 3 proteins had lower expression (Table 4). 
In the LF group, the expression of 7 proteins was higher, however, that of 5 proteins was lower than 
the HF group (Table 5). Notably, in our proteomic study, heat shock protein beta-6 (HSPB6) was 
commonly up-regulated in both CR and LF groups. The transcriptional levels of HSPB6 also revealed 
statistical significance in the LM of the CR group and the LF group (p > 0.05) (Fig. 2).

Fig. 1. 2-DE images derived from longissimus dorsi muscle (LM) of Korean native steer with (A) ad 
libitum, (B) caloric restriction (CR), (C) high feed efficiency, and (D) low feed efficiency. Heat shock 
protein beta-6 (HSPB6) that was differentially expressed more than two-fold is indicated with arrows.

A B

C D
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mRNA expression of heat shock protein beta-6 during bovine myogenesis or adi-
pogenesis
To make predictions about the roles of HSPB6 during myogenesis and adipogenesis, BEFS-
MyoD and BEFS-PPARγ2 cell line system was used. Oil red O staining and mRNA expression of 
desmin and PPARγ2 were used as a myogenic- and adipogenic differentiation marker. The mRNA 
expression of HSPB6 was decreased after initial- and post- myogenic differentiation (p < 0.05), while 
that of HSPB6 was increased after initial- and post- adipogenic differentiation (p < 0.05) (Fig. 3).

Complete blood cell counts according to nutritional level and feed efficiency
Blood cell counts were analyzed to conduct a proteomic experiment in a situation characterized 

Table 4. Characterization of candidate proteins affected caloric restriction in Korean native steers

Spot1) Name2) Accession 
number2) MW / pI3) Score Sequence 

coverage (%)
Spot intensity Fold 

change4)
Normal Restricted

1 Inner membrane protein, mitochondrial A7E3V3 83.05 / 6.37 51.03 31.38 0.01 0.03 0.47

2 SuLFEotransferase, estrogen-preferring P19217 34.62 / 6.67 72.35 20.00 0.03 0.07 0.44

3 Myosin 1 Q9BE40 22.29 / 5.57 102.41 14.50 0.25 0.10 2.44

4 Alpha-1-antiproteinase precursor P34955 46.10 / 6.05 14.64 16.35 0.22 0.08 2.68

5 Alpha-1 antiproteinase P34955 46.10 / 6.05 4.55 4.81 0.19 0.08 2.32

6 Chain Q, Ca model of bovine Tric CCT 
devrived from A 4.0 AnGSTROM 3IYG_Q 55.77 / 5.33 27.62 22.85 0.05 0.10 0.46

7 Apolipoprotein H P17690 38.25 / 8.53 47.64 50.63 0.38 0.80 0.48

8 Heat shock protein beta-1 Q3T149 22.40 / 5.98 22.18 40.80 0.39 0.82 0.47

9 Heat shock protein beta-6 Q148F8 17.47 / 5.95 15.43 47.56 0.20 0.43 0.47
1)The spot number refers to Fig. 1.
2)Database protein names and accession numbers: UniProt (www.uniprot.org).
3)Molecular weight (MW) and isoelectric point (pI) of each protein were determined by 2-DE.
4)The expression ratios of spot intensity at ad libitum group versus caloric restriction group.

Table 5. Characterization of candidate proteins affected feed efficiency in Korean native steers

Spot1) Name2) Accession 
number2) MW / pI3) Score Sequence 

coverage (%)
Spot intensity Fold 

change4)
HF LF

1 Tenascin X Q9BE40 22.30 / 5.57 22.43 16.32 0.05 0.13 0.35

2 EH-domain contaning 2 Q2KJ47 61.22 / 5.95 17.57 15.65 0.01 0.04 0.32

3 Enolase 1 Q3ZC09 47.10 / 7.60 47.55 28.80 0.14 0.32 0.44

4 Tropomodulin 4 Q0VC48 39.18 / 4.71 32.59 16.81 0.31 0.11 2.79

5 Annexin V Q3ZCH0 73.74 / 5.97 47.64 50.63 0.04 0.24 0.19

6 MyoZ 1 Q8SQ24 31.67 / 9.17 32.44 33.99 0.23 0.09 2.56

7 MLC 1/3 skeletal muscle isoform A0JNJ5 20.93 / 4.96 57.99 60.42 2.08 0.20 10.33

8 Carbonic anhydrase II P00921 29.11 / 6.41 24.75 35.89 0.42 0.09 4.57

9 Desmoplakin E1BKT9 33.24 / 6.47 101.97 12.63 0.07 0.19 0.40

10 LRRC20 protein A6qLD3 20.71 / 6.22 11.30 27.17 0.00 0.15

11 Heat shock protein beta-6 Q148F8 17.47 / 5.95 15.39 28.66 0.52 1.14 0.45

12 Coflin 2 Q148F1 18.74 / 7.66 16.229 45.18 0.00 0.42
1)The spot number refers to Fig. 1.
2)Database protein names and accession numbers: UniProt (www.uniprot.org).
3)Molecular weight (MW) and isoelectric point (pI) of each protein were determined by 2-DE.
4)The expression ratios of spot intensity at high feed efficiency (HF) versus low feed efficiency (LF) group.
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by CR and FE shown in the blood. As shown in Table 6, the CR group had a significantly 
higher white blood cell count than the ad libitum group (p < 0.05). The counts of hemoglobin and 
hematocrit were lower in HF group than LF group (p < 0.05), consistent with positive regressions 
between residual feed intake and these parameters [16]. These levels were within the normal range 
for cattle. Thus, our blood results showed that CR did not harm animal health.

DISCUSSION
In the present study, the ad libitum group with lower expression of HSPB6 at transcription and 
protein level has higher feed intake than the CR group. Peng et al. [17] reported that increased feed 
intake has been observed in HSPB6-KO mice, which showed a role of HSPB6 in regulating feed 
intake. 

Fig. 2. mRNA expression of heat shock protein beta-6 (HSPB6) in longissimus dorsi muscle (LM) of 
Korean native steer: (A) ad libitum (n = 10) versus caloric restriction (CR, n = 10); (B) high feed efficiency 
(HF, n = 6) versus low feed efficiency (LF, n = 6). Values are mean ± SEM.

A B

Fig. 3. mRNA expression of heat shock protein beta-6 (HSPB6) during bovine myogenesis or 
adipogenesis. (A) Representative photographs showing phase contrast of BEFS-MyoD. Magnification was 20X 
(B) mRNA expression of desmin and HSPB6 in BEFS-MyoD cell at the stage of pre- (0 day), initial- (2 days), and 
post- differentiation (6 days); (C) Representative photographs showing phase contrast of BEFS-PPARγ2. The 
accumulated lipid droplets were stained using Oil-red O solution. Magnification was 20X; (D) mRNA expression 
of PPARγ2 and HSPB6 in BEFS-PPARγ2 cell at pre- (0 day), initial- (2 days), and post- differentiation (16 days). 
Values are mean ± SD (n = 3, a, b and c vs control by Tukey’s test). PPARγ, peroxisome proliferator-activated 
receptor gamma; BEFS, bovine embryonic fibroblasts; MyoD, myogenic differentiation 1.

A B

C D
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Notably, in our proteomic study, HSPB6 was commonly up-regulated in both CR and LF 
groups. Up-regulation of stress proteins can help cells survive nutritional restriction against 
oxidative stress and ultimately fortify its resistance to further oxidative stress [18,19]. In human and 
C. elegans studies, glucose restriction and CR promotes mitochondrial activity, causing an increase 
in reactive oxygen species (ROS) production [20]. In rodents, short and long-term CR increased 
the expression of PPARγ and CCAAT/enhancer binding proteins (C/EBP) in epididymal 
adipose tissue [21]. CR increased the number of intramuscular adipocytes about 40% compared 
to ad libitum Holstein steers during growing phase and the lipid content of LM at the end of the 
finishing phase, but it was not significantly different [6,22].

In porcine skeletal muscle, by protein and energy restriction gene expression related to 
mitochondrial function were up-regulated and accumulation of IMF was increased [4,23]. Gondret 
& Lebret [24] reported that lipid content in longissimus lumborum muscle and the number of 
clustered adipocytes were significantly increased in limit-fed pigs compared to control. The number 
and size of intramuscular adipocyte cells were increased by suppressing muscle development in CR 
pigs [4]. 

Interestingly, the greater abundance of HSPB6 was in LF animals compared to HF animals. 
Previous studies revealed that heat shock protein (HSP) is associated with FE in livestock. At 
protein and mRNA level of HSPB1 was upregulated in the skeletal muscle of cattle with HF 
[25,26], whereas gene expression of HSPB7 and protein expression of HSP60 and HSP70 were 
higher in skeletal muscle of broiler and pig with LF [27,28]. Moreover, increased ROS production 
and greater protein carbonyl levels have been associated with LF in steers [29,30]. Fan et al. 
[31] also reported that an elevated level of HSPB6 in mouse cardiomyocytes effectively reduced 
oxidative stress. HSP expression increased in the low-feed efficient phenotype in response to 
increased mitochondrial ROS to stabilize oxidatively damaged proteins in LF. Inefficient steers 
had more IMF content but HF beef heifers had 3.2% less IMF [5,32]. It can be partially explained 
by the rate of muscle growth of inefficient animals is slower, which might help IMF development 
because an IMF deposition is positively affected by the reduced rate of muscle growth and weight 
gain [7,8].

Both CR and LF delay the rate of muscle growth and weight gain. The growth rate affected the 

Table 6. Analysis of blood variables in Korean native steers

Item
Nutritional level1) Feed efficiency ± SEM p-value2)

Normal Restriction HF LF N FE N FE
Number 16 15 6 6

Blood cell count

White blood cell (×103/μL) 8.8 10.5 8.3 9.1 0.75 1.10 * ns

Red blood cell (× 106/μL) 8.3 7.9 8.6 8.9 0.39 0.82 ns ns

Hemoglobin (g/dL) 12.6 11.6 11.8 12.5 0.64 1.10 ns *

Hematocrit (%) 37.1 34.4 34.2 35.8 1.66 3.04 ns *

MCV (fl) 44.8 43.8 44.0 45.2 1.25 2.30 ns ns

MCH (pg) 15.2 14.8 14.6 15.8 0.48 0.84 ns ns

MCHC (g/dL) 33.9 33.8 33.2 34.9 0.56 0.67 ns ns

Platelet (× 103/μL) 371.1 318.8 429.4 297.5 45.20 61.87 ns ns
1)Steers were fed ad libitum group or caloric restriction group.
2)Probability values for the effect of nutritional level (N) and feed efficiency (FE); (*p < 0.05 and ns = non-significant).
H, high feed efficiency; LF, low feed efficiency; N, nutritional level; FE, feed efficiency; ns, not significant; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration.
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partitioning of fat, and high rates of weight gain result in relatively more subcutaneous fat instead of 
intermuscular fat [33]. The reduced rate of muscle growth and weight gain is accompanied by IMF 
accumulation and adipogenic differentiation [7,8,34]. An increase in intramuscular lipid content 
occurred with increased oxidative damage in aged human and older mice [35,36]. The production 
of ROS is a factor in promoting differentiation from human mesenchymal stem cells and 3T3-
L1 cells to adipocyte and is increased during adipogenesis [37–40]. Considering these points, we 
cautiously postulate that increased HSPB6 expression in CR and LF animals may be associated 
with intramuscular adipogenesis and ROS generation in steer.

In the proteome study of human adipose-derived stem cells, HSPB6 and HSPB1 were induced 
with adipogenesis [41]. Wang et al. [42] reported that mRNA expression of HSPB1 was increased 
with IMF development in cattle. HSPB1 interacts with mitogen-activated protein kinase (MAPK) 
and phosphatidylinositol 3-kinase-protein kinase B (PIPKB)/Akt pathway induced by insulin-
induced activation of the insulin like growth factor (IGF)-receptor 1, which influences adipogenic 
differentiation [43].

Moreover, mRNA expression of HSPB6 was decreased after myogenic differentiation in BEFS-
MyoD but increased after adipogenic differentiation in BEFS-PPARγ2, which shows that HSPB6 
may play a role in both bovine adipogenesis and myogenesis. HSPB6 has been considered to play 
roles in protein intracellular transport and the protection of structural proteins, such as desmin, 
actin, and titin [44,45]. During myogenic differentiation of C2C12 myoblast, the reduction in the 
mRNA expression of HSPB6 was observed [46], which is consistent with our results. HSPB6 
interacts with other small HSPs, such as HSPB1 and HSPB5 in skeletal and smooth muscle. This 
interaction is thought to be a functional one, with HSPB6 regulating the function of HSPB1 
[47]. HSPB1 abundance was higher also during the IMF accumulating phase [48]. In addition to 
our previous study, CR up-regulated HSPB1 [25]. Thus, we assume that HSPB6 can be closely 
interacted with HSPB1 in the LM of beef steer.

Recently, HSPB6 knockout mice increased both visceral and subcutaneous fat mass [17]. Also, 
the mRNA expression of HSPB6 was decreased during adipogenesis of mesenchymal stem cells 
derived from bone marrow from the bovine fetus [49]. These different results with ours probably 
indicate that many factors influence the mechanisms of HSPB6 involved in adipogenesis. Thus, 
further study is needed to clarify the more detailed functional role of HSPB6 on intramuscular 
adipogenesis related to CR and LF in a steer.

In conclusion, our study is an initial step of an ongoing larger effort to investigate key proteins 
associated with IMF development involved in CR and FE. At protein and transcription levels, 
HSPB6 was increased by CR and LF in LM. Additionally, the mRNA expression HSPB6 
increased during bovine adipogenesis. Taking all of these results into consideration, increased 
HSPB6 may have a key role in the mechanism of IMF formation related to energy utilization 
in a steer. Further experiments to examine the function of HSPB6 on bovine adipogenesis are in 
progress in our research group.

REFERENCES
1.	 Murphy TA, Loerch SC. Effects of restricted feeding of growing steers on performance, 

carcass characteristics, and composition. J Anim Sci. 1994;72:2497-507. https://doi.
org/10.2527/1994.7292497x

2.	 Robinson DL, Oddy VH. Genetic parameters for feed efficiency, fatness, muscle area and 
feeding behaviour of feedlot finished beef cattle. Livest Prod Sci. 2004;90:255-70. https://doi.
org/10.1016/j.livprodsci.2004.06.011



Up-regulation of HSPB6 in bovine longissimus dorsi muscle

340  |  https://www.ejast.org https://doi.org/10.5187/jast.2022.e19

3.	 Roberts AJ, Paisley SI, Geary TW, Grings EE, Waterman RC, MacNeil MD. Effects of 
restricted feeding of beef heifers during the postweaning period on growth, efficiency, and 
ultrasound carcass characteristics. J Anim Sci. 2007;85:2740-5. https://doi.org/10.2527/
jas.2007-0141

4.	 D’Souza DN, Pethick DW, Dunshea FR, Pluske JP, Mullan BP. Nutritional manipulation 
increases intramuscular fat levels in the longissimus muscle of female finisher pigs. Aust J Agric 
Res. 2003;54:745-9. https://doi.org/10.1071/AR03009

5.	 Nascimento ML, Souza ARDL, Chaves AS, Cesar ASM, Tullio RR, Medeiros SR, et al. Feed 
efficiency indexes and their relationships with carcass, non-carcass and meat quality traits in 
Nellore steers. Meat Sci. 2016;116:78-85. https://doi.org/10.1016/j.meatsci.2016.01.012

6.	 Pritchard R. Backgrounding program recalibrations [Internet]. QLF News. 2015 [cited 2021 
Sep 8]. https://www.qlf.com/news/backgrounding-program-recalibrations-2/

7.	 Hocquette JF, Gondret F, Baéza E, Médale F, Jurie C, Pethick DW. Intramuscular fat content 
in meat-producing animals: development, genetic and nutritional control, and identification of 
putative markers. Animal. 2010;4:303-19. https://doi.org/10.1017/S1751731109991091

8.	 Pethick DW, Harper GS, Oddy VH. Growth, development and nutritional manipulation of 
marbling in cattle: a review. Aust J Exp Agric. 2004;44:705-15. https://doi.org/10.1071/EA02165

9.	 Park SJ, Beak SH, Jung DJS, Kim SY, Jeong IH, Piao MY, et al. Genetic, management, and 
nutritional factors affecting intramuscular fat deposition in beef cattle —  a review. Asian-
Australas J Anim Sci. 2018;31:1043-61. https://doi.org/10.5713/ajas.18.0310

10.	 Kelly AK, Waters SM, McGee M, Fonseca RG, Carberry C, Kenny DA. mRNA expression 
of genes regulating oxidative phosphorylation in the muscle of beef cattle divergently 
ranked on residual feed intake. Physiol Genomics. 2011;43:12-23. https://doi.org/10.1152/
physiolgenomics.00213.2009

11.	 Lkhagvadorj S, Qu L, Cai W, Couture OP, Barb CR, Hausman GJ, et al. Gene expression 
profiling of the short-term adaptive response to acute caloric restriction in liver and adipose 
tissues of pigs differing in feed efficiency. Am J Physiol Regul Integr Comp Physiol. 
2010;298:R494-507. https://doi.org/10.1152/ajpregu.00632.2009

12.	 Committee on Nutrient Requirements of Cattle, National Academies of Science, Engineering, 
and Medicine. Nutrient requirements of dairy cattle. 7th rev ed. Washington, DC: The National 
Academies Press; 2001.

13.	 Jin YC, Li ZH, Hong ZS, Xu CX, Han JA, Choi SH, et al. Conjugated linoleic acid synthesis-
related protein proteasome subunit α 5 (PSMA5) is increased by vaccenic acid treatment in 
goat mammary tissue. J Dairy Sci. 2012;95:4286-97. https://doi.org/10.3168/jds.2011-4281

14.	 Lee JS, Priatno W, Ghassemi Nejad J, Peng DQ, Park JS, Moon JO, et al. Effect of dietary 
rumen-protected L-tryptophan supplementation on growth performance, blood hematological 
and biochemical profiles, and gene expression in Korean native steers under cold environment. 
Animals. 2019;9:1036. https://doi.org/10.3390/ani9121036

15.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative 
PCR and the 2−ΔΔCT method. Methods. 2001;25:402-8. https://doi.org/10.1006/meth.2001.1262

16.	 Richardson EC, Herd RM, Colditz IG, Archer JA, Arthur PF. Blood cell profiles of steer 
progeny from parents selected for and against residual feed intake. Aust J Exp Agric. 
2002;42:901-8. https://doi.org/10.1071/EA01098

17.	 Peng J, Li Y, Wang X, Deng S, Holland J, Yates E, et al. An Hsp20-FBXO4 axis regulates 
adipocyte function through modulating PPARγ ubiquitination. Cell Rep. 2018;23:3607-20. 
https://doi.org/10.1016/j.celrep.2018.05.065

18.	 Hipkiss AR. Dietary restriction, glycolysis, hormesis and ageing. Biogerontology. 2007;8:221-4. 



https://doi.org/10.5187/jast.2022.e19 https://www.ejast.org  |  341

Jung et al.

https://doi.org/10.1007/s10522-006-9034-x
19.	 Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M, Ristow M. Glucose restriction extends 

Caenorhabditis elegans life span by inducing mitochondrial respiration and increasing oxidative 
stress. Cell Metab. 2007;6:280-93. https://doi.org/10.1016/j.cmet.2007.08.011

20.	 Ristow M, Schmeisser S. Extending life span by increasing oxidative stress. Free Radic Biol 
Med. 2011;51:327-36. https://doi.org/10.1016/j.freeradbiomed.2011.05.010

21.	 Zhu M, Lee GD, Ding L, Hu J, Qiu G, de Cabo R, et al. Adipogenic signaling in rat white 
adipose tissue: modulation by aging and calorie restriction. Exp Gerontol. 2007;42:733-44. 
https://doi.org/10.1016/j.exger.2007.05.011

22.	 Schoonmaker JP, Fluharty FL, Loerch SC. Effect of source and amount of energy and rate 
of growth in the growing phase on adipocyte cellularity and lipogenic enzyme activity in the 
intramuscular and subcutaneous fat depots of Holstein steers. J Anim Sci. 2004;82:137-48. 
https://doi.org/10.2527/2004.821137x

23.	 da Costa N, McGillivray C, Bai Q, Wood JD, Evans G, Chang KC. Restriction of dietary 
energy and protein induces molecular changes in young porcine skeletal muscles. J Nutr. 
2004;134:2191-9. https://doi.org/10.1093/jn/134.9.2191

24.	 Gondret F, Lebret B. Feeding intensity and dietary protein level affect adipocyte cellularity 
and lipogenic capacity of muscle homogenates in growing pigs, without modification of the 
expression of sterol regulatory element binding protein. J Anim Sci. 2002;80:3184-93. https://
doi.org/10.2527/2002.80123184x

25.	 Jung US, Kim MJ, Wang T, Lee JS, Jeon SW, Jo NC, et al. Upregulated heat shock protein 
beta-1 associated with caloric restriction and high feed efficiency in longissimus dorsi muscle of 
steer. Livest Sci. 2017;202:109-14. https://doi.org/10.1016/j.livsci.2017.05.009

26.	 Carvalho EB, Gionbelli MP, Rodrigues RTS, Bonilha SFM, Newbold CJ, Guimarães SEF, et 
al. Differentially expressed mRNAs, proteins and miRNAs associated to energy metabolism in 
skeletal muscle of beef cattle identified for low and high residual feed intake. BMC Genomics. 
2019;20:501. https://doi.org/10.1186/s12864-019-5890-z

27.	 Bottje W, Kong BW. Cell Biology Symposium: feed efficiency: mitochondrial function to 
global gene expression. J Anim Sci. 2013;91:1582-93. https://doi.org/10.2527/jas.2012-5787

28.	 Grubbs JK, Huff-Lonergan E, Gabler NK, Dekkers JCM, Lonergan SM. Liver and skeletal 
muscle mitochondria proteomes are altered in pigs divergently selected for residual feed intake. 
J Anim Sci. 2014;92:1995-2007. https://doi.org/10.2527/jas.2013-7391

29.	 Sandelin BA. Association of mitochondrial biochemistry and electron transport chain protein 
expression with feed efficiency in Angus cattle [Ph.D. dissertation]. Fayetteville: University of 
Arkansas; 2005.

30.	 Bottje WG, Carstens GE. Association of mitochondrial function and feed efficiency in poultry 
and livestock species. J Anim Sci. 2009;87 Suppl 14:E48-63. https://doi.org/10.2527/jas.2008-
1379

31.	 Fan GC, Zhou X, Wang X, Song G, Qian J, Nicolaou P, et al. Heat shock protein 20 interacting 
with phosphorylated Akt reduces doxorubicin-triggered oxidative stress and cardiotoxicity. Circ 
Res. 2008;103:1270-9. https://doi.org/10.1161/CIRCRESAHA.108.182832

32.	 Basarab JA, Colazo MG, Ambrose DJ, Novak S, McCartney D, Baron VS. Residual feed 
intake adjusted for backfat thickness and feeding frequency is independent of fertility in beef 
heifers. Can J Anim Sci. 2011;91:573-84. https://doi.org/10.4141/cjas2011-010

33.	 Ball AJ, Oddy VH, Thompson JM. Nutritional manipulation of body composition and 
efficiency in ruminants. In: Corbett JL, Choct M, Nolan JV editors. In Recent advances in 
animal nutrition in Australia. Armidale: University of New England; 1997. p. 192−208.



Up-regulation of HSPB6 in bovine longissimus dorsi muscle

342  |  https://www.ejast.org https://doi.org/10.5187/jast.2022.e19

34.	 Lahoute C, Sotiropoulos A, Favier M, Guillet-Deniau I, Charvet C, Ferry A, et al. Premature 
aging in skeletal muscle lacking serum response factor. PLOS ONE. 2008;3:e3910. https://doi.
org/10.1371/journal.pone.0003910

35.	 Johannsen DL, Ravussin E. Can increased muscle ROS scavenging keep older animals young 
and metabolically fit? Cell Metab. 2010;12:557-8. https://doi.org/10.1016/j.cmet.2010.11.014

36.	 Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothman DL, et al. Mitochondrial 
dysfunction in the elderly: possible role in insulin resistance. Science. 2003;300:1140-2. https://
doi.org/10.1126/science.1082889

37.	 Tormos KV, Anso E, Hamanaka RB, Eisenbart J, Joseph J, Kalyanaraman B, et al. 
Mitochondrial complex III ROS regulate adipocyte differentiation. Cell Metab. 2011;14:537-
44. https://doi.org/10.1016/j.cmet.2011.08.007

38.	 Vigilanza P, Aquilano K, Baldelli S, Rotilio G, Ciriolo MR. Modulation of intracellular 
glutathione affects adipogenesis in 3T3-L1 cells. J Cell Physiol. 2011;226:2016-24. https://doi.
org/10.1002/jcp.22542

39.	 Kanda Y, Hinata T, Kang SW, Watanabe Y. Reactive oxygen species mediate adipocyte 
differentiation in mesenchymal stem cells. Life Sci. 2011;89:250-8. https://doi.org/10.1016/
j.lfs.2011.06.007

40.	 Galinier A, Carrière A, Fernandez Y, Carpéné C, André M, Caspar-Bauguil S, et al. Adipose 
tissue proadipogenic redox changes in obesity. J Biol Chem. 2006;281:12682-7. https://doi.
org/10.1074/jbc.M506949200

41.	 DeLany JP, Floyd ZE, Zvonic S, Smith A, Gravois A, Reiners E, et al. Proteomic analysis of 
primary cultures of human adipose-derived stem cells: modulation by Adipogenesis. Mol Cell 
Proteomics. 2005;4:731-40. https://doi.org/10.1074/mcp.M400198-MCP200

42.	 Wang YH, Byrne KA, Reverter A, Harper GS, Taniguchi M, McWilliam SM, et al. 
Transcriptional profiling of skeletal muscle tissue from two breeds of cattle. Mamm Genome. 
2005;16:201-10. https://doi.org/10.1007/s00335-004-2419-8

43.	 Gummersbach C, Hemmrich K, Kröncke KD, Suschek CV, Fehsel K, Pallua N. New aspects 
of adipogenesis: radicals and oxidative stress. Differentiation. 2009;77:115-20. https://doi.
org/10.1016/j.diff.2008.09.009

44.	 Mymrikov EV, Seit-Nebi AS, Gusev NB. Large potentials of small heat shock proteins. 
Physiol Rev. 2011;91:1123-59. https://doi.org/10.1152/physrev.00023.2010

45.	 Guillemin N, Bonnet M, Jurie C, Picard B. Functional analysis of beef tenderness. J Proteomics. 
2011;75:352-65. https://doi.org/10.1016/j.jprot.2011.07.026

46.	 Sugiyama Y, Suzuki A, Kishikawa M, Akutsu R, Hirose T, Waye MMY, et al. Muscle develops 
a specific form of small heat shock protein complex composed of MKBP/HSPB2 and HSPB3 
during myogenic differentiation. J Biol Chem. 2000;275:1095-104. https://doi.org/10.1074/
jbc.275.2.1095

47.	 Brophy CM, Dickinson M, Woodrum D. Phosphorylation of the small heat shock-related 
protein, HSP20, in vascular smooth muscles is associated with changes in the macromolecular 
associations of HSP20. J Biol Chem. 1999;274:6324-9. https://doi.org/10.1074/
jbc.274.10.6324

48.	 Zhang Q, Lee HG, Han JA, Kim EB, Kang SK, Yin J, et al. Differentially expressed proteins 
during fat accumulation in bovine skeletal muscle. Meat Sci. 2010;86:814-20. https://doi.
org/10.1016/j.meatsci.2010.07.002

49.	 Tan SH, Reverter A, Wang YH, Byrne KA, McWilliam SM, Lehnert SA. Gene expression 
profiling of bovine in vitro adipogenesis using a cDNA microarray. Funct Integr Genomics. 
2006;6:235-49. https://doi.org/10.1007/s10142-005-0016-x


