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InTRoduCTIon

Intramuscular fat (IMF) deposition or marbling 
in the LM is one of the most important traits affect-
ing the quality grade (QG) and palatability of beef 
(Hausman et al., 2009). A clearer understanding of 
the mechanisms responsible for IMF deposition will 
help guide manipulation of beef quality. Both genet-
ic and nongenetic factors (breed, castration, carcass 
weight, carcass age, QG, etc.) affect IMF deposition 
(Pethick et al., 2004; Bong et al., 2012). For example, 
Japanese Black cattle are genetically predisposed to 
greater IMF contents than European breeds. Animals 
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ABSTRACT: The intramuscular fat (IMF) content of 
the LM, also known as marbling, is particularly impor-
tant in determining the price of beef in Korea, Japan, 
and the United States. Deposition of IMF is influenced 
by both genetic (e.g., breed, gender, and genotype) and 
nongenetic factors (e.g., castration, nutrition, stressors, 
animal weight, and age). Castration of bulls markedly 
increases deposition of IMF, resulting in improved beef 
quality. Here, we present a comparative gene expression 
approach between bulls and steers. Transcriptomic and 
proteomic studies have demonstrated that the combined 
effects of increases in lipogenesis, fatty acid uptake, 
and fatty acid esterification and decreased lipolysis are 
associated with increased IMF deposition in the LM. 
Several peripheral tissues (LM, adipose tissues, and 
the liver) are involved in lipid metabolism. Therefore, 
understanding the significance of the tissue network 
in lipid metabolism is important. Here, we demon-
strate that lipid metabolism in LM tissues is crucial for 

IMF deposition, whereas lipid metabolism in the liver 
plays only a minor role. Metabolism of body fat and 
IMF deposition in bovine species has similarities with 
these processes in metabolic diseases, such as obesity 
in humans and rodents. Extensive studies on metabolic 
diseases using epigenome modification (DNA methyla-
tion, histone modification, and microRNA), microbial 
metagenomics, and metabolomics have been performed 
in humans and rodents, and new findings have been 
reported using these technologies. The importance of 
applying “omics” fields (epigenomics, metagenomics, 
and metabolomics) to the study of IMF deposition in 
cattle is described. New information on the molecular 
mechanisms of IMF deposition may be used to design 
nutritional or genetic methods to manipulate IMF depo-
sition and to modify fatty acid composition in beef 
cattle. Applying nutrigenomics could maximize the 
expression of genetic potential of economically impor-
tant traits (e.g., marbling) in animals.
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reared under typical Japanese and European beef pro-
duction conditions gained similar BW but had different 
carcass composition at 24 mo of age (Gotoh et al., 2009; 
Table 1). The LM of Japanese Black steers had a much 
greater IMF content (23.3%) than those of European 
breeds (0.6% in Belgian Blue, 4.4% in German Angus, 
and 4.7% in Holstein-Friesian; Gotoh et al., 2009).

Korean cattle had more IMF (11.3%) in the LM 
than did Australian Angus cattle (5.7%) at 24 mo of 
age (Cho et al., 2005). The Korean beef quality grad-
ing system classifies meat into 5 QG (1++, 1+, 1, 2, 
and 3), where QG 1++ is the highest grade and QG 3 
is the lowest grade (KAPE, 2011). The amount of IMF 
greatly affects the QG of Korean beef. Our study found 
that the LM with QG 1++ had 23.8% IMF contents 
followed by QG 1+ (17.3%), QG 1 (14.1%), and QG 2 
(9.9%) between 30 and 33 mo of age in cattle (Table 1; 
Piao et al., 2015). Understanding the mechanisms re-
sponsible for IMF deposition will enable manipulation 
and improvement of beef quality in the future.

Functional genomics tools, including transcrip-
tomics, proteomics, microbial metagenomics, and me-
tabolomics, were developed during the postgenomic 
era after the human genome project was completed. In 
this review, we present the molecular mechanisms of 
IMF deposition, as determined by real-time PCR (RT-
PCR) analysis, transcriptomics, and proteomics in cat-
tle. This paper also explores the molecular aspects of 
metabolic diseases, such as obesity, studied in humans 
and rodents using epigenomics, microbial metage-
nomics, and metabolomics. Furthermore, we address 
the possible impacts of nutrigenomics to maximize the 
expression of the genetic potential of animals.

In domestic animals, including cattle, marbling 
adipocytes are almost invariably located between 
muscle fiber bundles (fasciculi) within the perimy-
sial connective tissue (Moody and Cassens, 1968). In 

this paper, IMF refers to adipocytes located between 
muscle fiber bundles. In the LM from Japanese Black 
cattle of the highest QG, marbling adipocytes have 
also been observed within muscle bundles (Smith et 
al., 2000), indicating involvement of transdifferentia-
tion of satellite cells to adipocytes.

MolECulAR MECHAnISMS oF 
InTRAMuSCulAR FAT dEPoSITIon

Several genomic, environmental, and epigenomic 
factors and gut microbiota affect the phenotype of cat-
tle (Fig. 1). Definitions of the “omics” fields addressed 
in this study are listed in Table 2.

Real-Time PCR Analysis

Quantitative RT-PCR is used to monitor the amplifi-
cation of targeted products during each PCR cycle using 
fluorescent reporter molecules, and it is widely used to 
quantify steady state mRNA levels due to its simplicity, 
specificity, and sensitivity, although its accuracy is often 
affected by variations in reagents and operators (Bustin et 
al., 2005). This technology has been effectively applied 
to understand the mechanisms of IMF deposition and ex-
amine the gene expression changes associated with IMF 
deposition in response to castration, growth stage, di-
etary modulation, and weaning age in cattle (Jeong et al., 
2012; Kern et al., 2014; Moisá et al., 2014; Kang et al., 
2015). Castrating bulls profoundly increases IMF con-
tent in Korean cattle (Bong et al., 2012). We compared 
the expression levels in bulls and steers of 9 lipid deposi-
tion and breakdown genes in the LM of Korean cattle. 
Expression of lipogenic acetyl-CoA carboxylase (ACC; 
72% increase) and fatty acid synthase (FASN; 62% in-
crease) genes in the LM was greater in steers than in bulls. 
The LM of steers also displayed greater mRNA levels of 

Table 1. Comparison of intramuscular fat contents in the LM of different cattle breeds and of Korean cattle steers 
of different quality grades (QG)1

 
 
Item

Breed Korean cattle2 Breed
Korean
cattle

Australian
Angus

 
QG 1++

 
QG 1+

 
QG 1

 
QG 2

Japanese
Black

Belgian
Blue

German
Angus

Holstein-
Friesian

No. of animals 18 18 12 12 12 12 15 14 17 12
Sex Steer Steer Steer Steer Steer Steer Steer Bull Bull Bull
Slaughter age, mo (SD) 24 24 32.4 (1.1) 32.3 (1.7) 33.5 (1.0) 30.2 (3.9) 26 24 24 24
Slaughter wt., kg – – – – – – Approximately

750
Approximately

700
Approximately

700
Approximately

700
Carcass wt., kg (SD) 371 (38) 386 (25) 441 (38) 397 (35) 429 (39) 402 (53) Approximately

470
Approximately

470
Approximately

420
Approximately

400
Intramuscular fat, % 
(SD)

11.3 
(3.4)

5.7 (2.6) 23.8 (7.0) 17.3 (4.2) 14.1 (3.2) 9.9 (4.1) 23.3 0.6 4.4 4.7

Reference Cho et al. (2005) Piao et al. (2015) Gotoh et al. (2009)

1Cattle of all breeds were fed a high-concentrate diet during the finishing period.
2QG 1++ is the highest grade and QG 3 is the lowest grade (KAPE, 2011). 
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genes coding for lipid uptake lipoprotein lipase (109% 
increase), fatty acid translocase CD36 (225% increase), 
and fatty acid transport protein 1 (140% increase) than 
did that of bulls. In contrast, steers showed strikingly 
less lipolytic adipose triglyceride lipase mRNA (relative 
level 1, vs. 79 in bulls) and protein levels (relative level 
2.6, vs. 8.2 in bulls) in the LM than bulls. These findings 
demonstrate that the combined effects of increased lipid 
uptake, increased lipogenesis, and decreased lipolysis 
are related to improved marbling in the LM of steers fol-
lowing castration. As described below, our independent 
study of Korean steers also showed that mRNA levels 
of FASN, ACC, lipoprotein lipase, CD36, and fatty acid 
transport protein 1 genes were positively correlated with 
IMF levels, whereas mRNA levels of adipose triglycer-
ide lipase gene were negatively correlated with IMF lev-
els (Jeong et al., 2012). Other studies have also revealed 
a positive association between FASN and ACC gene ex-
pression levels and IMF contents in beef cattle (De Jager 
et al., 2013; Moisá et al., 2014).

Lipid metabolism associated with fat deposition and 
fat breakdown is important for IMF deposition. In our 
study, 15 lipid metabolic genes involved in fatty acid up-
take, lipogenesis, fatty acid esterification, lipolysis, and 
fatty acid oxidation were selected, and the mRNA levels 
of these genes in the LM were examined using RT-PCR 
(Jeong et al., 2012). Analysis revealed that the mRNA 
levels of most of the genes were significantly correlated 
with IMF content in the LM, although the correlation of 

corresponding protein levels with IMF content still re-
mains to be verified. In particular, mRNA levels of the 
glycerol-3-phosphate acyltransferase 1 gene had the 
greatest positive correlation (r = 0.74, P < 0.001) with 
IMF content among 9 fat deposition–related genes. The 
glycerol-3-phosphate acyltransferase 1 enzyme catalyzes 
the first committed step in the triacylglycerol (TAG) syn-
thesis pathway in muscle. Therefore, this result indicates 
that an increase in fatty acid esterification may be asso-
ciated with IMF deposition. A previous study found that 
the intramyocellular TAG accumulation resulting from 
high systemic fatty acid availability after exercise was 
accompanied by an increase in the activity of glycerol-
3-phosphate acyltransferase 1 in women (Newsom et 
al., 2011). In contrast, adipose triglyceride lipase (also 
known as patatin-like phospholipase domain-containing 
2) mRNA levels showed the most negative correlation (r = 
−0.68, P < 0.001) with IMF content in the LM among 6 fat 
breakdown–related genes. Adipose triglyceride lipase is a 
triglyceride lipase that hydrolyzes the first ester bond of 
stored TAG, thereby releasing NEFA (Zimmermann et al., 
2004). This finding indicates that a decrease in adipose 
triglyceride lipase (a negative factor) activity is concomi-
tant with increased marbling in steers and emphasizes the 
importance of preventing lipolysis in IMF deposition. Our 
results are supported by those of a similar study that found 
that fatty Wujin pigs with greater IMF levels had lower 
levels of adipose triglyceride lipase gene expression than 
did lean Landrace pigs (Zhao et al., 2009).

Figure 1. Omics technologies for studying the global aspects of cattle phenotypes. Combined effects of the genome, environment, rumen microbiota, 
and epigenome and their interactions determine cattle phenotypes. miRNA = microRNA. 
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The effects of growth stage on carcass composition 
and factors associated with IMF deposition have been 
reported in beef cattle (Kern et al., 2014). Longissimus 
dorsi muscles were collected during the early feeding 
period (35 d on feed), middle feeding period (111 d on 
feed), and late feeding period (188 d on feed). Greater 
levels of PPARγ mRNA and protein were detected in 
the middle and late feeding period than in the early 
feeding period. This study indicates that adipogenic 
activity related to IMF deposition increases as cattle 
age, considering that PPARγ is a positive regulator of 
adipogenesis (Tontonoz and Spiegelman, 2008).

Early weaning and feeding a high-starch diet is a 
suggested nutritional regimen to improve marbling in 
beef cattle. Using RT-PCR, Moisá et al. (2014) examined 
the effects of an early weaning–early high-starch feed-
ing regimen on the expression of PPARγ target genes 
in the LM of Angus purebred and Angus × Simmental 
steers. In an early weaning–early high-starch feed-
ing regimen, mRNA levels of adipogenic (PPARγ and 
C/EBPα) and lipogenic activators (thyroid hormone re-
sponsive, sterol regulatory element-binding transcrip-
tion factor 1, and insulin-induced gene 1) and several 
lipogenic enzymes (FASN, stearoyl-CoA desaturase 
[SCD], elongase of long-chain fatty acids family 6, and 
diacylglycerol acyltransferase 2) gradually increased 
and peaked between 96 and 167 d of treatment. Steers 
under the normal weaning regimen did not have similar 
expression levels after 222 d of treatment. The authors 
concluded that precocious and sustained activation of 
PPARγ and its target genes involved in adipogenesis 
and lipogenesis leads to greater deposition of IMF and 
a better carcass grade. In this study, DMI could not be 
compared between the early weaning plus high-starch 
diet group and the normal weaning plus starch creep-
fed diet group because normally weaned steers contin-
ued nursing from their dams while they were grazing 
until they were weaned at about 222 d of age. This may 
have resulted in different levels of nutrient consumption, 

including energy, in the 2 groups. Energy levels may be 
another factor besides early weaning and a high-starch 
diet that affects expression of the PPARγ gene.

We examined the effects of dietary restriction on 
the expression of lipid metabolism and growth hor-
mone signaling genes in the biopsied LM tissues of 
Korean cattle steers (Kang et al., 2015). The results 
show that restricting feed intake by 20% partially de-
creased lipogenic FASN (53% decrease) and GH sig-
naling androgen receptor (30% decrease) gene mRNA 
levels but increased levels of GH receptor (59% in-
crease) gene mRNA. This study indicates that dietary 
restriction affects transcriptional changes in body fat 
accumulation and growth-related genes.

Transcriptomics

Transcriptomics is the study of the transcriptome, 
which is the total mRNA in a cell or tissue at any point 
in time (Sales et al., 2014). Two high-throughput gene 
expression technologies, microarray analysis and RNA 
sequencing (RnA-Seq), produce huge amounts of ex-
pression data with the potential to provide insight into the 
functional aspects of cells or tissues at the molecular level.

Microarray Analysis. Microarray techniques have 
been applied to cattle to identify differentially expressed 
genes (dEG) in several systems, including cattle with 
different genetic backgrounds, castration, and nutritional 
treatments (e.g., maternal nutritional levels and early high-
starch diet feeding). Microarray gene expression data 
from a time course of LM development in high-marbling 
(Wagyu × Hereford) and low-marbling (Piedmontese × 
Hereford) Bos taurus cattle crosses were compared both 
within and between breeds to identify genes regulating 
intramuscular adipocyte lipid metabolism (De Jager et 
al., 2013). Three sets of genes were identified, including 
genes regulating TAG synthesis and storage (cell-death-
inducing DNA fragmentation factor-like effector a, diac-
ylglycerol acyltransferase 2, thyroid hormone responsive, 

Table 2. Definition of “-omics” fields used in this paper
Field Definition Reference
Transcriptomics The study of the transcriptome, which is the complete set of gene transcripts in a cell or tissue at a 

given time
Sales et al., 2014

Proteomics The large-scale study of the entire set of proteins expressed in a given cell, tissue, or organism at a 
given time

Blackstock and Weir, 1999

Epigenetics Heritable changes regulating gene expression that occur without a change in the nucleotide sequence. 
Epigenetic modifications include DNA methylation, histone modifications, and small noncoding RNA

Riggs et al., 1996

Epigenomics The study of the complete set of epigenetic modifications on a genomewide scale Callinan and Feinberg, 2006
Metagenomics The culture-independent genomic analysis of microbial communities, which comprises functional and 

sequence-based analyses of the collective microbial genomes contained in an environmental sample
Handelsman et al., 1998

Metabolomics The study of the metabolome, which is the entire metabolic content of a cell or organism at a given time Goodacre et al., 2004
Nutrigenomics The application of high-throughput genomic tools to nutrition research Müller and Kersten, 2003
Nutrigenetics Analysis of the effects of genetic variations on the interaction between diet/nutrients and disease or on 

nutrient requirements
Müller and Kersten, 2003
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perilipin 1, phosphoenolpyruvate carboxykinase 1, acyl-
glycerol phosphate acyltransferase 2, acyl-CoA synthe-
tase medium-chain family member 1, adiponectin, fatty 
acid binding protein 4, etc.), fatty acid synthesis (SCD, 
ELOVL fatty acid elongase 6, FASN, ACC, clusterin, etc.), 
and PPARγ-related genes (acyl-CoA synthetase short-
chain family member 2, microsomal Cytochrome b5 type 
A, ATP citrate lyase, C/EBPα, etc.). In an independent 
analysis in the LM of Bos indicus cattle (Brahman steers), 
the sets of genes related to TAG and fatty acids were 
among the top 100 genes of which expression was most 
correlated with IMF percentage. Taken together, these re-
sults demonstrate that the TAG gene set represents a gene 
expression phenotype that can be used to predict geno-
type and treatment effects on IMF content.

We also applied the microarray approach to deter-
mine changes in global gene expression profiles in the 
LM of Korean cattle following castration (Jeong et al., 
2013). Our results revealed the upregulation of several 
transcriptomes in the LM following castration: tran-
scriptomes for fatty acid synthesis and esterification 
(FASN [60% increase] and 1-acylglycerol-3-phosphate 
O-acyltransferase 5 [130% increase]), the tricarbox-
ylic acid cycle (isocitrate dehydrogenase 3, α [280% 
increase]; succinate-CoA ligase, β subunit [210% in-
crease]; and succinate dehydrogenase complex, subunit 
D, and integral membrane protein [120% increase]), and 
oxidative phosphorylation (NADH dehydrogenase [ubi-
quinone] 1 β sub complex 5 [180% increase]; COX11 
cytochrome c oxidase assembly homolog [yeast; 180% 
increase]; cytochrome c oxidase subunit III [140% in-
crease]; and ATPase, H+ transporting, lysosomal 42 kDa, 
V1 subunit C1 [170% increase]). Our data demonstrate 
that castration shifts the transcriptome of lipid/energy 
metabolism genes, which coincides with IMF deposition.

Du et al. (2010) suggested that adipogenesis is ini-
tiated during midgestation and proposed that nutritional 
management during the prenatal period rather than the 
postnatal period has a greater potential to be effective for 
manipulating subsequent marbling levels. Moisá et al. 
(2015) tested whether nutritional manipulation of cows 
during late gestation affects gene expression in the skeletal 
muscle of the offspring and whether weaning age changes 
adipogenecity. Pregnant Angus × Simmental cows on a 
low plane of nutrition were continuously grazed without 
a grain supplement, whereas cows with a medium plane 
of nutrition were grazed with a 2.3-kg high-grain mix/d 
supplement during the last 105 d of gestation. Within 
each gestational–nutritional treatment, steer calves were 
assigned to early or normal weaning (78 or 187 d postpar-
tum, respectively) treatments. Carcass IMF was greater 
in early weaning offspring than in normal weaning off-
spring. A microarray analysis of LM tissues revealed that 
the maternal nutritional regimen caused a modest change 

in the transcriptome, showing only 35 DEG. However, 
early weaning caused strong transcriptome changes, re-
vealing 167 DEG and activation of the lipogenic pro-
gram. Bioinformatics analysis of microarray data using 
a dynamic impact approach revealed that the fatty acid 
biosynthetic process (FASN), biosynthesis of unsatu-
rated fatty acids (SCD), and insulin signaling (phospho-
enolpyruvate carboxykinase 2) were highly activated in 
early weaning steers. Transcriptomic changes in the LM 
associated with activation of the innate immune system 
(biological processes related to MyD88-dependent toll-
like receptor signaling pathway, c-Jun N-terminal kinase 
cascade, IL production, etc.) were especially marked in 
the early weaning group compared with normal wean-
ing steers. Macrophages are instrumental in initiating 
the innate immune response and are responsible for the 
phagocytosis of invading pathogens (Nathan, 2008). 
Macrophage infiltration contributes to the expansion of 
adipose tissue, where they represent a major source of 
proinflammatory cytokines such as tumor necrosis factor 
α and IL-6 (Weisberg et al., 2003). In view of this fact, 
Moisá et al. (2015) suggested that increased macrophage 
infiltration through expansion of adipocytes in the LM 
may cause activation of the innate immune response in 
early weaning steers. They also reported that the lipogen-
ic transcriptome machinery of the normal weaning steers 
was activated, whereas in early weaning steers, it was in-
hibited through epigenetic control of histone acetylases 
during the finishing period (187 to 354 d of age).

Overall, our RT-PCR and transcriptome analyses 
by microarray indicate that the combined effects of in-
creases in fatty acid uptake, de novo fatty acid synthe-
sis, fatty acid esterification, and TAG synthesis as well 
as decreased lipolysis contribute to an increased IMF 
content in the LM (Fig. 2). Castration also upregulates 
transcription of the tricarboxylic acid cycle and oxida-
tive phosphorylation genes.

Ribonucleic Acid Sequencing Analysis. The a re-
cent approach of RNA-Seq allows for RNA analysis 
through cDNA sequencing on a massive scale using 
next-generation DNA sequencing technology (Wang 
et al., 2009). This technology has several advantages 
over microarray analysis (Wang et al., 2009). Unlike 
microarray analysis, RNA-Seq is not limited to the de-
tection of transcripts of existing genomic sequences 
but can also detect new transcripts. It also has a very 
low background signal because DNA sequences can be 
mapped to unique regions of the genome. Furthermore, 
RNA-Seq does not have an upper limit for quantifica-
tion, allowing a large dynamic detection range of ex-
pression levels; therefore, it provides more precise mea-
surements of transcript levels than microarray analysis.

The RNA-Seq transcriptome of the LM from Snow 
Dragon beef cattle (a crossbreed of Wagyu × Limousin × 
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Fuzhou Yellow cattle) was compared between high- 
and low-marbled groups (Chen et al., 2015). In total, 
19,994 protein-coding bovine genes were detected and 
749 genes were differentially expressed (>1.5-fold dif-
ference) between the high- and low-marbled groups. A 
pathway analysis revealed that many of the PPARγ sig-
naling genes (solute carrier family 27 member 6, carni-
tine palmitoyl-transferase 2, and phosphoenolpyruvate 
carboxykinase 1) were expressed at greater levels in 
the high-marbled group than in the low-marbled group. 
Peroxisome proliferator-activated receptor γ is the mas-
ter regulator of adipogenesis and its activation on ligand 
(e.g., PUFA) binding promotes terminal differentiation 
of adipocytes through the induction of many target genes 
important for lipogenesis and adipogenesis (Tontonoz 
and Spiegelman, 2008). It therefore seems apparent that 
PPARγ signaling plays an important role in IMF deposi-
tion. In addition, they also found that genes for several 

novel pathways, including the complement and coagu-
lation cascades, extracellular matrix-receptor interac-
tions (tenascin C, secreted phosphoprotein 1, syndecan 
4, etc.), and mitogen-activated protein kinase signaling, 
were differentially expressed between the 2 groups.

Cesar et al. (2015) separated Nellore steers into high- 
and low-IMF groups using genomic EBV, and a compar-
ison of their LM transcriptomes by RNA-Seq analysis 
identified 77 DEG, with a false discovery rate of 10%. 
Animals in the low-IMF group had greater expression 
levels of the secreted protein acidic and rich in cysteine 
(SPARC) gene. This gene is a component of the extra-
cellular matrix, and SPARC-null mice exhibit increased 
adiposity, indicating that it functions as an adipogenesis 
inhibitor (Bradshaw et al., 2003). These results indicate 
that SPARC may inhibit IMF deposition in cattle. Cesar 
et al. (2015) also found that the ankyrin repeat domain 26 
gene was expressed more highly in the low-IMF group 

Figure 2. Changes in gene expression following castration or in the high-marbled group compared with the low-marbled group for energy/lipid meta-
bolic pathways in the LM of Korean cattle. Our studies indicate that the combined effects of increases in de novo fatty acid synthesis, fatty acid uptake, fatty 
acid esterification, and triacylglycerol (TAG) synthesis and a decrease in lipolysis all contribute to increased accumulation of intramuscular fat (IMF). We 
also found higher expression of genes for the tricarboxylic acid (TCA) cycle and oxidative phosphorylation genes following castration. Gray (up) and open 
(down) arrows, respectively, indicate up- and downregulation of gene expression in each metabolic pathway by castration or in the high-marbled group 
compared with the low-marbled group. Black (up) arrows indicate activation of each metabolic pathway by castration or comparison of the high-marbled 
group with the low-marbled group. Changes in metabolic pathways are derived from gene expression changes in our previous studies (Bong et al., 2012; 
Jeong et al., 2012, 2013). ACC = acetyl CoA carboxylase; AGPAT1 = acylglycerol phosphate acyltransferase 1; PNPLA2 = adipose triglyceride lipase; 
ATP6V1C1 = ATPase V1 subunit C1; CD36 = fatty acid translocase; COX3 = cytochrome c oxidase subunit III; COX11 = COX11 cytochrome c oxidase 
assembly homolog (yeast); CS = citrate synthase; DGAT1 = diacylglycerol acyltransferase 1; DGAT2 = diacylglycerol acyltransferase 2; FA = fatty acid; 
FABP4 = fatty acid binding protein 4; FASN = fatty acid synthase; FATP1 = fatty acid transporter protein 1; GPAT1 = glycerol-3-phosphate acyltransferase 
1; HSL = hormone-sensitive lipase; IDH3A = isocitrate dehydrogenase 3 α; LPL = lipoprotein lipase; MGL = monoglyceride lipase; NDUFB5 = NADH 
dehydrogenase (ubiquinone) 1 β subcomplex 5; SDH = succinate dehydrogenase; SDHD = succinate dehydrogenase complex subunit D.
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than in the high-IMF group. The ankyrin repeat domain 
26 protein is located close to the inner aspect of the cell 
membrane and contains ankyrin repeats and spectrin he-
lices, motifs that interact with signaling proteins (Bera 
et al., 2008). Fei et al. (2011) reported that disruption of 
the ankyrin repeat domain 26 gene enhanced adipogen-
esis in mouse embryonic fibroblasts and that extracel-
lular signal-regulated kinase-1 activation played a role 
in this process. Taken together, these findings indicate 
that ankyrin repeat domain 26 may be involved in nega-
tive regulation of IMF deposition through extracellular 
signal-regulated kinase-1 signaling.

We have also used RNA-Seq to compare global 
transcriptomic changes in the LM of Korean cattle 
following castration (Baik et al., 2016). A Kyoto 
Encyclopedia of Genes and Genomes pathway analysis 
of the identified DEG by using DAVID tool (Huang et 
al., 2009) revealed that the transcriptomes for certain 
known pathways (e.g., PPAR signaling and retinol me-
tabolism) changed after castration. The transcriptomes 
for the complement and coagulation cascades, which 
are implicated in extracellular matrix fibrosis, were dif-
ferentially expressed between bulls and steers. These 
transcriptome changes in Korean cattle were similar to 
those detected in Snow Dragon beef cattle (complement 
and coagulation cascades and PPAR signaling; Chen et 
al., 2015), indicating common pathway changes among 
different-marbled groups in different cattle breeds.

Proteomics

Proteomics is the large-scale study of the entire 
set of proteins expressed in a given cell, tissue, or or-
ganism at a given time (Blackstock and Weir, 1999). 
Two-dimensional gel electrophoresis (2dGE) and ma-
trix-assisted laser desorption ionization–time-of-flight 
mass spectrometry (MAldI-ToF MS) or liquid chro-
matography–tandem mass spectrometry (lC-MS/MS) 
are commonly used for proteomics. Several studies 
have applied proteomics to identify proteins involved 
in IMF deposition. Zhang et al. (2010) examined dif-
ferential proteome expression in the LM between low- 
and high-marbled groups of Korean cattle steers at 
slaughter (27 mo old). The 2DGE, MALDI-TOF MS, 
and western analyses revealed that carbonic anhydrase 
2 and myosin light chain 3 protein levels were less in 
the high-marbled group compared with the low-mar-
bled group. They suggested that carbonic anhydrase 2 
and myosin light chain 3 could be used as markers for 
the negative regulation of IMF deposition. In another 
study, Korean cattle were separated into high- and low-
marbling-score groups, based on breeding values, and 
proteomes were compared between the 2 groups (Shen 
et al., 2012). The proteome analysis confirmed lower 

expression of carbonic anhydrase II and myosin light 
chain 1 proteins in the high marbling score group.

Rajesh et al. (2011) used 2DGE and MALDI-TOF 
MS to examine differentially expressed proteomes dur-
ing adipogenic transdifferentiation of satellite cells from 
the LM of Korean cattle. They found that conversion of 
muscle satellite cells to adipogenic cells involved upreg-
ulation of several lipid metabolism proteins, such as ca-
thepsin H precursor, retinal dehydrogenase 1, enoyl-CoA 
hydratase, ubiquinol-cytochrome-c reductase, T-complex 
protein 1 subunit β, and ATP synthase D chain.

The proteomes of the longissimus lumborum mus-
cles of a group of Xiangxi yellow × Angus cattle with 
high fat levels were compared with those from a low-
fat group (Mao et al., 2016). Forty-seven sarcoplasmic 
proteins were differentially expressed between the 2 
groups. These proteins were involved in several sig-
naling pathways including the mitogen-activated pro-
tein kinases, insulin, and c-Jun N-terminal kinases.

Proteomic profiling of the longissimus lumborum 
muscle was compared using 2DGE and mass spec-
trometry (MS) from crossbred Aberdeen Angus–sired 
and Belgian Blue–sired steers varying in genetic merit 
for carcass weight (Keady et al., 2013). Protein levels 
of metabolic enzymes involved in glycolysis (glycogen 
phosphorylase and phosphoglycerate mutase) and the cit-
ric acid cycle (aconitase 2 and oxoglutarate dehydroge-
nase) were greater in Aberdeen Angus–sired steers than in 
Belgian Blue–sired steers. The levels of proteins involved 
in cell defense (heat shock protein β-1 and peroxiredoxin 
6) were also greater in the muscle of Aberdeen Angus–
sired steers than in the muscle of Belgian Blue–sired 
steers. Protein levels of glucose-6-phosphate isomerase, 
enolase-3, and pyruvate kinase were greater in Aberdeen 
Angus–sired steers with high expected carcass weights 
than in those expected to have low carcass weights. These 
data may be useful for understanding the genetic factors 
that control muscle growth and fat accumulation.

Genomics Studies in Adipose Tissues

In addition to LM tissues, the metabolic regula-
tion of adipocytes is of great importance to understand 
the mechanisms for body fat and IMF deposition. Two 
stages of fat deposition have been described. First, an 
increase in cell number (hyperplasia) occurs at the early 
stage of animal growth as stem cells or preadipocytes 
differentiate into adipocytes and proliferate. Next, an 
increase in cell size (hypertrophy) occurs as TAG accu-
mulates at a later stage of growth. We examined whether 
castration affects fat cell size in Korean cattle (Baik et 
al., 2014a) and found that steers had larger cells in ab-
dominal fat (11,403 vs. 15,369 μm2 in bulls vs. steers, re-
spectively), s.c. fat in the dorsal area of the 13th rib (last 
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thoracic vertebra; 8,372 vs. 9,711 μm2 in bulls vs. steers, 
respectively), and perirenal fat (11,462 vs. 13,943 μm2 
in bulls vs. steers, respectively) compared with bulls. We 
also found that castration increased adipogenic C/EBPα 
(125% increase) and lipogenic ACC mRNA levels (112% 
increase) in abdominal fat. Our results demonstrate that 
castration increases fat cell size and that the upregulation 
of adipogenesis may partially contribute to the increase 
in cell size of abdominal fat.

Ribonucleic acid sequencing has been applied for 
comparative transcriptome analysis among 3 adipose 
tissues (omental fat, s.c. fat in the dorsal area between 
the sixth and seventh ribs, and IMF) in Korean cattle 
(Lee et al., 2013). It was found that several genes in-
volved with the extracellular matrix receptor (collagens, 
integrins, and laminins) were differentially expressed 
among different fat depots, indicating the involvement 
of extracellular matrix-receptor interaction in depot-
specific adipogenesis in beef cattle. Lower expression 
of many PPARγ signaling and lipogenesis genes was 
observed in IMF compared with other depots, indicat-
ing lower metabolic activities in IMF relative to the 
other depots. A study in our laboratory showed simi-
lar results: adipogenic C/EBPα and PPARγ, fatty acid 
binding protein 4, lipogenic ACC and FASN, lipolytic 
hormone-sensitive lipase, and fatty acid oxidation 
medium-chain acyl-CoA dehydrogenase gene mRNA 
levels were lowest in IMF, whereas the levels of all 7 
genes were greatest in abdominal fat among several fat 
depots (s.c. fat in the dorsal area of 13th rib, abdominal, 
perirenal, and IMF; Baik et al., 2014a).

Several proteomics studies on s.c. fat deposition in 
cattle have been reported. Zhao et al. (2010) examined 
differentially expressed proteomes in s.c. fat of crossbred 
steers (Charolais × Red Angus and Hereford × Angus) 
with different back fat thicknesses. They used 2DGE, ion 
trap tandem MS, and western blot analyses and found 
that increased expression of annexin 1 protein was as-
sociated with greater back fat thickness in Charolais × 
Red Angus and Hereford × Angus crossbred steers. They 
suggested that the cell membrane–binding function of 
annexin 1 might be important in the formation of fat 
depots. Proteomic changes were examined in biopsied 
s.c. fat collected from the left sagittal side, 15 cm from 
the last thoracic vertebra, of British–Continental cross-
bred steers of different ages (12 and 15 mo; Romao et al., 
2014). A total of 123 differentially expressed proteomes 
were identified by LC-MS/MS between the 2 ages. A 
bioinformatics analysis of the differentially expressed 
proteomes revealed that several fatty acid synthesis pro-
teins (ACC, FASN, acyl-CoA synthetase short-chain 
family member 2, acyl-CoA synthetase medium-chain 
family member 1, acyl-CoA synthetase long-chain fam-
ily member 1, SCD, etc.) were expressed at lower levels 

at 15 mo of age than at 12 mo of age, indicating that fat 
anabolism decreases in adipocytes during the growth of 
beef cattle. They also stated that the reduction in fatty 
acid synthesis proteins at 15 mo may have also been in-
fluenced by the fact that cattle at that age were in the 
finishing stage, which could lead to a decline in the rate 
of deposition of s.c. fat, whereas at 12 mo, cattle were 
still in the growing stage.

Genomics Studies in the Liver

The liver is the central organ for nutrient metabo-
lism because it transforms dietary nutrients into usable 
fuel and precursors required by peripheral tissues and 
exports them via the blood. Little is known about the 
hepatic lipid metabolism changes associated with IMF 
deposition in cattle. We have examined changes in liver 
lipid metabolism in bulls following castration (Baik et al., 
2015). Castration increased adipogenic sterol regulatory 
element binding transcription factor 1 (91% increase) 
and lipogenic ACC (87% increase) gene expression in 
the liver. However, it did not affect the expression of lipo-
genic FASN or TAG synthesis diacylglycerol acyltrans-
ferase 1 and glycerol-3-phosphate acyltransferase genes. 
Castration did not significantly affect the expression of 
fatty acid oxidation carnitine palmitoyltransferase 1A, 
acyl-CoA dehydrogenase C-4–C-12 straight chain, or 
very-low-density lipoprotein secretion apolipoprotein B 
and microsomal triglyceride transfer protein genes in 
the liver. In addition to castration, slaughter age, which 
differed between bulls and steers in this study, may be 
another factor that affects gene expression patterns.

In the course of our research, we have studied lip-
id and energy metabolism associated with IMF depo-
sition in several peripheral tissues, including the LM, 
adipose tissue, and the liver. Our studies demonstrate 
that lipid metabolism in the LM is important for IMF 
deposition, whereas hepatic lipid metabolism has a 
minor effect in cattle (Fig. 3).

Epigenetics and Epigenomics

It has been suggested that epigenetics is the study on 
the heritable changes regulating gene expression that oc-
cur without a change in the nucleotide sequence (Riggs 
et al., 1996). Epigenomics is the study of the complete 
set of epigenetic modifications on a genomewide scale 
(Callinan and Feinberg, 2006). Epigenomics integrates 
the complex interplay between the environment and the 
genome that determines cattle phenotype, including mar-
bling (Fig. 1). Epigenetic modifications include DNA 
methylation, histone modification, and noncoding RNA 
(ncRnA; Bernstein et al., 2007). Limited information is 
available about the epigenetic modifications associated 
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with marbling in cattle; however, many studies have indi-
cated that epigenetic mechanisms play important roles in 
metabolic diseases including obesity in human and ani-
mal models (Lavebratt et al., 2012; van Dijk et al., 2015a; 
Barrès and Zierath, 2016). An increase in the number and 
size of adipocytes causes adipose tissue to expand, which 
can lead to obesity (Ali et al., 2013). Several similarities 
exist in the gene expression patterns and nutrient meta-
bolic pathways of cattle body fat and IMF deposition and 
human metabolic diseases, including obesity (Campos et 
al., 2016). Therefore, information obtained from humans 
and rodents could elucidate the mechanisms underlying 
IMF deposition in cattle (Campos et al., 2016). We have 
expanded our review to epigenetic modifications associ-
ated with metabolic diseases in humans and rodents.

Deoxyribonucleic Acid Methylation. Methylation 
of DNA (5-methyl cytosine) in mammals occurs at 
cytosine in cytosine-(phosphate)-guanine (CpG) di-
nucleotides. Methylation of DNA in promoter regions 
may regulate gene expression and is often associated 
with transcriptional silencing (Jones, 2012). As part 
of an epigenome study, we examined the association 
of DNA methylation levels with tissue-specific dif-
ferential expression of the PPARγ1 gene between the 
IMF and muscle portion of intact LM tissues of Korean 

cattle because the intact LM contains both muscle and 
IMF cells (Baik et al., 2014b). Pyrosequencing of the 
bisulfite-treated genomic DNA PCR products revealed 
that DNA methylation levels of 2 out of 3 CpG sites 
from the PPARγ1 gene regulatory region were lower 
in the IMF than in muscle tissues (position 1 of CpG 
sites = 21.54 vs. 15.67% and position 2 of CpG sites = 
17.75 vs. 14.08% in muscle and IMF, respectively). 
Correspondingly, the PPARγ1 gene mRNA expression 
level was 175 times greater in the IMF than in muscle 
tissues. Therefore, the PPARγ1 gene mRNA abundance 
was inversely correlated with the DNA methylation 
level. Our study indicated that DNA methylation status 
may regulate tissue-specific expression of the PPARγ1 
gene in the IMF and muscle portions of LM tissues.

Several studies demonstrated that DNA methyla-
tion has an important role regulating adipogenesis and 
glucose homeostasis in humans and rodents (Lavebratt 
et al., 2012). Yokomori et al. (1999) reported that the 
promoter region of the glucose transporter 4 gene was 
demethylated during adipocyte differentiation in 3T3-
L1 adipocyte cells, and they suggested that its meth-
ylation could inhibit nuclear factor binding to the pro-
moter. The PPARγ2 promoter region is demethylated on 
induction of adipocyte differentiation and is correlated 

Figure 3. Major changes in lipid and energy metabolism pathways following castration of bulls in several peripheral tissues, including LM, adipose 
tissue, and the liver. The LM pictures show the 2 extremes of marbling levels. The numbers 1 and 9 with the LM pictures indicate marbling scores 1 and 9 
in the Korean grading system, respectively. Changes in the metabolic pathway were derived from gene expression changes associated with the pathway fol-
lowing castration, which were observed in our previous studies (Bong et al., 2012; Jeong et al., 2013; Baik et al., 2014a, 2015). The symbols “↑,” “↓,” and 
“ = ” indicate upregulation, downregulation, and no change in the metabolic pathways of bulls compared with steers. FA = fatty acid; TCA = tricarboxylic 
acid; TAG = triacylglycerol; VLDL = very-low-density lipoprotein.
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with PPARγ2 gene expression in mouse adipose tissues 
(Fujiki et al., 2009). Consumption of a high-fat diet 
by mice before or during pregnancy promotes adipo-
genesis, which is associated with obesity in dams and 
offspring (Kruse et al., 2013). Jiao et al. (2016) test-
ed whether metabolic dysregulation in mice offspring 
caused by maternal high-fat feeding could be alleviated 
by supplementation with a methyl donor throughout 
pregnancy and lactation of dams. The progeny of moth-
ers fed high-fat diets had reduced PPARγ and FASN 
methylation levels as well as leptin and adiponectin 
loci. Dietary supplementation with methyl donors pre-
vented the adverse effects of maternal high-fat diets on 
offspring and significantly enhanced the methylation 
levels in these genes in visceral fat of the offspring. 
These results indicate that epigenetic regulation is, in 
part, responsible for the effects of maternal dietary fac-
tors on the outcome of offspring.

The role of DNA methylation in epigenetic inheri-
tance was investigated in a mouse model of intergen-
erational developmental programming (Radford et al., 
2014). Undernutrition in utero of the F0 generation al-
tered the germline DNA methylome of F1 adult males 
in a locus-specific manner. Differentially methylated 
regions were hypomethylated and enriched in nucleo-
some-retaining regions. Differential methylation was 
not maintained in F2 tissues, but locus-specific expres-
sion was perturbed. The authors suggested that in utero 
nutrition during critical windows of germ cell develop-
ment can affect the male germline (sperm) methylome 
in ways associated with metabolic disease in offspring.

Insulin resistance is associated with metabolic dis-
eases such as obesity and nonalcoholic fatty liver disease 
(Marchesini et al., 2003). Sookoian et al. (2010) reported 
a close association of the insulin-resistant phenotype with 
hepatic transcriptional activity of PPARγ coactivator 1α, 
which plays an important role in insulin signaling. They 
found that promoter DNA methylation of the PPARγ co-
activator 1α gene in nonalcoholic fatty liver disease was 
inversely correlated with its mRNA levels, indicating the 
possible involvement of epigenetic changes in the liver 
in nonalcoholic fatty liver disease.

To date, limited information is available regarding 
the involvement of DNA methylation during IMF de-
position in bovine species. Epigenetic modifications 
triggered early in life may have a great phenotypic ef-
fect because they are amplified through cellular rep-
lication during development (Barker and Thornburg, 
2013). Further study is warranted to determine wheth-
er epigenetic modifications via nutritional modulation 
at an early stage of development is linked to metabolic 
imprinting of IMF deposition in bovine species.

Histone Modifications. The major histone changes 
in histone N-terminals are acetylation and methylation 

(Kouzarides, 2007). Histone acetylation occurs on ly-
sine residues and generally stimulates relaxation of the 
chromatin structure, leading to transcriptional activation 
(Kouzarides, 2007). In contrast, histone hypoacetylation 
causes chromatin condensation, resulting in repression 
of gene expression (Ferrari et al., 2012). Methylation of 
histones occurs on lysine (K) and arginine residues on 
histones H3 and H4 (Bannister and Kouzarides, 2005). 
Depending on the degree (monomethylation, dimethyl-
ation, or trimethylation) and location of the modification, 
histone methylation is associated with either activation 
or repression of transcription (Bannister and Kouzarides, 
2005). Methylation at histone H3 on K4 (H3K4), histone 
H4 on K36 (H4K36), or histone H3 on K79 (H3K79) 
is involved with transcriptional activation, and methyla-
tion at H3K4 and H3K36 is implicated in mRNA elonga-
tion, whereas methylation at histone H3 on K9 (H3K9), 
histone H3 on K27 (H3K27), or histone H3 on K20 
(H3K20) is associated with transcriptional repression.

The importance of histone modifications in human 
metabolic diseases, including obesity and type 2 diabetes, 
has been recognized in several studies (van Dijk et al., 
2015b). Primates (Japanese macaques) exposed in utero 
to a high-fat diet are obese and have histone modifica-
tions including hyperacetylation of hepatic fetal histone 
H3 on K14 (H3K14) and depletion in histone deacety-
lase 1 activity (Aagaard-Tillery et al., 2008). Early expo-
sure to a high-fat diet throughout pregnancy and lactation 
of mother rats resulted in increased fat accumulation in 
adult female offspring and induction of phosphoenolpyr-
uvate carboxykinase (PEPCK) gene expression (Zhou 
et al., 2015). This was associated with several histone 
modifications, including an increase in the level of di-
methylated histone H3K4 in multiple regions of the gene 
and induction of acetylated histone H3 and trimethylated 
histone H3K4 at a specific coding region but decreased 
trimethylated histone H3K9 level in the PEPCK gene 
promoter region. The authors suggested that a maternal 
high-fat diet programs PEPCK gene expression through 
histone modifications in adult female offspring.

Suter et al. (2014) analyzed the genomewide epi-
genetic changes associated with high-fat diet exposure in 
utero in the livers of fetal mice. High-fat diet exposure in 
utero was associated with increased H3K14 acetylation 
and H3K9 trimethylation, specifically in the promoter 
regions of genes involved in regulating lipid metabolism 
(PPARγ, PPARα, and retinoid X receptor-α), demonstrat-
ing functional alterations to fetal hepatic histone modifi-
cations associated with a high-fat diet.

The possible involvement of epigenetic modifica-
tions in the differential response of skeletal muscle car-
nitine palmitoyltransferase-1β transcription to lipids in 
lean and severely obese subjects was investigated in pri-
mary human skeletal muscle cultures (Maples et al., 2015). 
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The authors found that both histone acetylation and DNA 
methylation play an important role in the transcriptional 
upregulation of carnitine palmitoyltransferase-1β and 
that differential DNA methylation partially explains the 
depressed expression of carnitine palmitoyltransferase-
1β seen in obese subjects.

A Drosophila-model study of paternal diet–induced 
intergenerational metabolic reprogramming was per-
formed to identify the genetic and epigenetic factors 
underlying metabolic diseases (Öst et al., 2014). The 
study found that the progeny of male flies fed a diet 
with abnormally high or low sugar levels for as little 
as 2 d were more susceptible to obesity. The authors 
identified requirements for H3K9 and H3K27 trimeth-
ylation–dependent reprogramming of metabolic genes 
in 2 distinct germline and zygotic windows. They also 
found that a similar system may regulate susceptibility 
to obesity and phenotype variation in both mice and hu-
mans, demonstrating that epigenetic factors controlling 
obesity may be evolutionarily conserved.

No study has reported histone modifications for IMF 
deposition in bovine species. The fetal stage is critical for 
skeletal muscle and fat development, and the importance 
of regulation of mesenchymal multipotent cell differenti-
ation in muscle and fat development was recognized (Du 
et al., 2011). More studies on epigenetic control of fetal 
muscle and fat development are warranted.

MicroRNA. The release of the Encyclopedia of DNA 
Elements has concluded that approximately 80% of DNA 
is functional and that the majority (approximately 62%) is 
transcribed into ncRNA (ENCODE Project Consortium, 
2012), although the coding exons of genes account for 
only 1.5% of the genome (Alexander et al., 2010). The 
most studied class of ncRNA is microRNA (miRnA; 
approximately 22 nucleotides). Limited information is 
available on the roles of ncRNA in adipogenesis and 
fat deposition in bovine species. Several studies have 
indicated that miRNA has important roles in regulating 
molecular events for glucose homeostasis, adipogenesis, 
and cholesterol metabolism associated with metabolic 
diseases in humans and rodents (Lavebratt et al., 2012; 
Abente et al., 2016; Scheideler, 2016). Several studies 
have shown that miRNA causes translational inhibition, 
histone modification, and DNA methylation of promoter 
sites that affect the expression of target genes (reviewed 
in Esteller, 2011). Bengestrate et al. (2011) found that the 
expression of 66 miRNA was altered during the differen-
tiation of mesenchymal stem cells into terminally differ-
entiated adipocytes, indicating the possible involvement 
of certain miRNA in adipogenic gene expression and 
differentiation. Ortega et al. (2010) found that 50 of the 
799 miRNA (6.2%) in s.c. fat differed between lean and 
obese subjects and that 70 miRNA (8.8%) were altered in 
mature adipocytes compared with those in preadipocytes.

Expression of miRNA-103 and -107 was upreg-
ulated in obese mice, and silencing of these miRNA 
resulted in improved glucose homeostasis and insulin 
sensitivity (Trajkovski et al., 2011). The same study 
found that caveolin-1, a critical regulator of the insulin 
receptor, was a direct target gene of miR-103 and miR-
107. These findings reveal the importance of miR-103 
and miR-107 to insulin sensitivity and identify a new 
target for the treatment of type 2 diabetes and obesity.

Sixty-nine miRNA in physical proximity to SNP as-
sociated with abnormal levels of circulating lipids were 
identified by analysis of data from genomewide asso-
ciation studies involving more than 188,000 individuals 
(Wagschal et al., 2015). Several of these miRNA (miR-
128-1, miR-148a, miR-130b, and miR-301b) control the 
hepatic expression of key proteins involved in cholester-
ol-lipoprotein trafficking, such as the low-density lipopro-
tein receptor and the ATP-binding cassette A1 cholesterol 
transporter. These findings imply that altered expression 
of miRNA may contribute to abnormal blood lipid levels, 
predisposing individuals to cardiometabolic disorders.

Wang et al. (2015) found a total of 20 conserved bo-
vine miRNA in s.c. fat by homology search and miRNA 
microarray analysis. Analysis by RT-PCR showed dif-
ferential expression of 4 miRNA (miR-143, miR-145, 
miR-2325c, and miR-2361) between s.c. fat and IMF. 
A Kyoto Encyclopedia of Genes and Genomes analy-
sis revealed that the predicted target genes of these 4 
miRNA were most likely related to several signaling 
pathways including mitogen-activated protein kinase, 
Wingless/Int (Wnt), and transforming growth factor-β, 
which may be involved in adipogenesis and metabolism.

Moisá et al. (2016) evaluated whether modulating 
maternal nutrition during late gestation and weaning 
alters miRNA levels and target gene expression in 
the LM of Angus × Simmental calves. They showed 
that antiadipogenic miR-34a expression was down-
regulated in the medium plane of nutrition compared 
with that in the high and low plane of nutrition at 78 d 
of age, implying the possible involvement of miRNA 
regulation of gene expression in the LM, depending 
on maternal nutrition status.

GuT MICRoBIoTA And THE METAGEnoME

The microbiota is a microbial community occu-
pying a given habitat, and the microbiome is the ag-
gregate of genomes present in members of a given 
microbiota (Ley et al., 2006a). The rumen in rumi-
nants predominantly houses bacteria but also contains 
archaea, ciliated protozoa, fungi, and bacteriophages 
(Hespell, 1981; Orpin, 1984; Klieve and Swain, 1993). 
Culture-based techniques, such as isolation, enumera-
tion, and biochemical characterization, have provided 
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substantial information regarding the diversity of the 
rumen microbiota (Chaucheyras-Durand and Ossa, 
2014). However, the majority of rumen species are not 
yet culturable (Creevey et al., 2014). The development 
of high-throughput next-generation DNA sequencing 
techniques over the last 15 yr, combined with advanced 
bioinformatics, has enabled significant advances in 
our knowledge of rumen microbes (Hess et al., 2011; 
Chaucheyras-Durand and Ossa, 2014).

Metagenomics is the culture-independent genom-
ic analysis of microbial communities and comprises 
functional and sequence-based analyses of the collec-
tive microbial genomes contained in an environmental 
sample (Handelsman et al., 1998). Applying metage-
nomics allows for the determination of the characteris-
tics of microbiota and their association with metabolic 
pathways and functions. Hess et al. (2011) identified 
27,755 putative carbohydrate-active genes from mi-
crobes adherent to plant fibers (switchgrass) incubat-
ed in the cow rumen. Rumen microbial diversity, as 
determined by metagenomic analyses, is significantly 
affected by several factors, including diet composition 
(Henderson et al., 2015) and environmental factors, 
such as the altitude at which animals live (Zhang et al., 
2016). However, a core microbiome is found across a 
wide geographical range (Henderson et al., 2015).

Studies demonstrated that human obesity is closely 
associated with gut microbiota (Tilg and Kaser, 2011). 
A metagenomic study of human fecal samples indicated 
that obesity is linked to gut microbes (Ley et al., 2006b). 
The microbiome of obese mice was determined to have 
increased capacity to harvest energy from the diet, and 
this trait is transmissible (Turnbaugh et al., 2006). Benson 
et al. (2010) reported individual variation in the gut mi-
crobiota in fecal samples of mice, and they emphasized 
the importance of host genetic control in individual mi-
crobiome diversity. A recent study in rats showed that in-
creased production of acetate by an altered gut microbiota 
leads to activation of the parasympathetic nervous system, 
which, in turn, promotes increased glucose-stimulated in-
sulin secretion, increased ghrelin secretion, hyperphagia, 
obesity, and metabolic syndrome (Perry et al., 2016).

A study with mice showed that the host genetic 
background determines changes in gut microbiota in re-
sponse to a high-fat diet (Ussar et al., 2015). The authors 
suggested that the development of obesity is the result 
of interactions between host genetics and environmental 
factors, including the gut microbiota and diet. The indi-
viduality or host specificity of the microbiota was also 
observed in ruminants. Significant interanimal variation 
was reported in a bacterial population from dairy cattle 
(Welkie et al., 2010), indicating that the ruminal microbi-
al population is influenced by interactions with the host. 
No reports are available on the microbiota or metage-

nomics of body fat deposition or marbling in bovine spe-
cies. Understanding the interactions between the micro-
bial community and the individual bovine host species 
may provide new insights into why and how individual 
hosts vary in IMF deposition and production efficiency.

METABoloMICS

Metabolomics is the study of the metabolome, 
which is the entire metabolic content of a cell or organ-
ism at a given time (Goodacre et al., 2004). Biological 
metabolites originate from several sources, including 
the genome and epigenome of the host or gut micro-
biota. Metabolomics uses high-throughput tools such 
as MS and nuclear magnetic resonance spectroscopy 
to detect and measure metabolites in biological sam-
ples (Park et al., 2015). The MS approach generally is 
coupled with an ion-separation technique, such as gas 
chromatography and/or liquid chromatography.

Many metabolomics studies have been conducted 
to elucidate obesity phenotypes and identify biomark-
ers using blood, cells or tissues, and urine from various 
animals (mice, rats, and pigs) or humans (Zhang et al., 
2013). For example, liver and serum metabolites from 
obese and lean mice fed a high-fat diet or a normal diet 
were analyzed using ultra performance liquid chroma-
tography–quadrupole–time-of-flight MS and LC-MS/
MS–MS (Kim et al., 2011). It was found that a high-fat 
diet caused fat accumulation via decreased β-oxidation 
and that the levels of serotonin, pipecolic acid, and uric 
acid were positively correlated with obesity, whereas 
betaine was negatively correlated with obesity. He et 
al. (2012) used a nuclear magnetic resonance–based 
metabolomic approach to compare serum metabolite 
composition between obese and lean growing pigs. 
They found that serum high-density lipoprotein, very-
low-density lipoprotein, glycoprotein, myo-inositol, 
pyruvate, threonine, tyrosine, and creatine were more 
abundant in obese pigs than in lean pigs, whereas glu-
cose and urea were lower in obese pigs than in lean pigs, 
indicating increased lipogenesis, adipose accumulation, 
reduced conversion of AA nitrogen into urea, and re-
duced protein synthesis in obese pigs. It is questionable 
whether a similar study in bovine species would allow 
us to observe differences in glucose concentrations be-
cause ruminants are less sensitive to changes in blood 
glucose concentrations than are monogastric animals 
(Brockman and Laarveld, 1986).

Metabolomic profiling of obese versus lean hu-
mans has revealed a strong association of branched-
chain AA with metabolic diseases (Newgard et al., 
2009). In the same report, a study with rats revealed 
that excess quantities of branched-chain AA contrib-
uted to the development of obesity-associated insulin 
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resistance. Pedersen et al. (2016) investigated the im-
pact of the human gut microbiome on the serum me-
tabolome and its association with insulin resistance in 
nondiabetic individuals. Serum metabolome analyses 
of insulin-resistant individuals showed increased lev-
els of branched-chain AA, which correlated with a gut 
microbiome with an enriched biosynthetic potential for 
branched-chain AA. Prevotella copri and Bacteroides 
vulgatus were identified as the main species driving the 
association between biosynthesis of branched-chain 
AA and insulin resistance. In mice, Prevotella copri 
was able to induce insulin resistance and augment cir-
culating levels of branched-chain AA. These findings 
indicate that microbial targets may have the potential to 
diminish insulin resistance and reduce the incidence of 
common metabolic and cardiovascular disorders.

No literature on metabolomics is available on IMF 
deposition or marbling in cattle. Applying metabolo-
mics in cattle may elucidate the mechanisms respon-
sible for IMF deposition and related metabolic path-
ways. Metabolomics may be useful in comparing the 
metabolites of different fat depots to expand our un-
derstanding of depot-dependent differential adiposity.

nuTRIGEnoMICS And nuTRIGEnETICS

Müller and Kersten (2003) defined nutrigenomics 
as the application of high-throughput genomic tools to 
nutrition research. Nutrigenomic approaches involve 
nutritional or dietary treatments and large-scale analyses 
of functional genomic or epigenomic changes through 
high-throughput technologies. Subsequent analyses us-
ing bioinformatics tools are then performed to identify 
genes, pathways, and processes that differ between con-
ditions (Mathers, 2016). Nutrigenomic approaches have 
been applied to the study of obesity in animal models, 
contributing to improved understanding of the molec-
ular mechanisms of metabolic diseases. Time course 
changes in global transcriptional profiles by microarray 
were examined at 8 time points over 24 wk in visceral 
white adipose tissue of mice during the development of 
diet-induced obesity (Kwon et al., 2012), and early acti-
vation of toll-like receptor–mediated inflammatory sig-
naling cascades was observed. Early changes also oc-
curred in fibrosis-related collagen and cathepsin genes, 
but fibrosis was not observed until the later stages of 
diet-induced obesity. This study also found time-depen-
dent sequential gene expression changes in obesity in-
duced by a high-fat diet. Transcriptome analyses using 
GeneChip arrays (Affymetrix, Santa Clara, CA) were 
used to compare retroperitoneal adipose and pancreat-
ic islet tissues in the female offspring of male rats fed 
high-fat diets to determine whether commonly affected 
network topologies exist in these 2 metabolically relat-

ed tissues (Ng et al., 2014). The authors found that pa-
ternal consumption of a high-fat diet induced common 
transcriptome changes in the retroperitoneal adipose 
and pancreatic islet tissues in the offspring. Pathways 
of transcriptome changes included those of olfactory re-
ceptor, cell cycle, and cancer, indicating a novel discov-
ery of deregulation of olfactory transduction pathways 
in these 2 tissues by manipulation of paternal diet.

Müller and Kersten (2003) stated that nutrigenetics 
examines the effects of genetic variation on the interaction 
between diet/nutrients and disease or on nutrient require-
ments. Genetic variation can be determined by SNP. A ge-
nomewide association study in humans was performed to 
test the hypothesis that a high intake of sugar-sweetened 
beverages would influence the association between ge-
netic predisposition and adiposity (Qi et al., 2012). This 
study of 32 body mass index–associated loci in 33,097 
individuals revealed that adiposity was more pronounced 
with greater intake of sugar-sweetened beverages, dem-
onstrating that dietary factors interact with genotype to 
determine adiposity. A subsequent study of 32 body mass 
index–associated loci in 37,423 individuals examined 
the interactions between genetic predisposition and con-
sumption of fried food in relation to body mass index and 
obesity (Qi et al., 2014). The results indicate that the as-
sociation between fried food consumption and adiposity 
might vary with differences in genetic predisposition. The 
authors suggested reducing fried food consumption in in-
dividuals who are genetically predisposed to obesity. Qi et 
al. (2011) reported a significant genome × diet interaction 
in BW change. In people fed a high-carbohydrate diet, 
overweight adults with the rs2943641 CC genotype of the 
insulin receptor substrate 1 gene showed greater weight 
loss than did T allele carriers. The authors suggested that 
personalized nutritional intervention may help to prevent 
diseases related to obesity and insulin resistance.

There has been limited nutrigenetics research in 
domestic animals. Restriction of dietary vitamin A has 
been shown to cause increased IMF deposition in beef 
cattle (Oka et al., 1998). Dietary vitamin A is absorbed 
and converted into all-trans retinoic acid, and alcohol 
dehydrogenase 1 (ADH1) is a key enzyme responsible 
for oxidizing retinol to retinaldehyde (Molotkov et al., 
2002). Retinoic acid stimulates fat deposition, whereas 
retinaldehyde has an inhibitory effect (Ziouzenkova et 
al., 2007). Nutrigenetic interactions have been observed 
in the vitamin A–restricted and ADH1C genotypes of 
steers (Ward et al., 2012). That study confirmed that not 
supplementing the finishing diet of feedlot steers with 
vitamin A resulted in a greater proportion of IMF, prob-
ably through an imbalance between retinoic acid and 
retinaldehyde levels (Ziouzenkova et al., 2007). Also, 
in steers not supplemented with vitamin A, the ADH1C 
TT genotype (c.64T > C) was associated with greater 
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ADH1C mRNA levels and greater IMF contents than 
the CC genotype (Ward et al., 2012).

Nutrigenomics is a fusion technology of genomics 
plus nutrition. Applying nutrigenomics could maximize 
the expression of the genetic potential of individual ani-
mals by feeding “a genome-based customized diet.” The 
nutrigenomics concept could be applicable to beef pro-
duction in Korean cattle. The 2 most important traits in 
determining the economic value of Korean cattle are QG 
(marbling, tenderness, and flavor) and yield grade (rib 

eye area and carcass weight). A high QG is achieved by 
high IMF deposition, and a high yield grade is achieved 
by fast growth and a large rib eye area. The current se-
lection index used in the Korea Proven Bulls program is 
based on carcass weight and marbling score (Lee et al., 
2014). Lee et al. (2014) suggested that considerable ge-
netic variability still exists in Korean cattle, which may 
be manipulated for the improvement of QG and yield 
grade. Individual cattle could be assigned to 1 of 2 groups 
(a high-QG or a fast-growing group) at an early stage of 

Table 3. Summary of the application of “omics” fields for studying intramuscular fat (IMF) deposition or obesity
Technology1 Subject and/or key finding2 Species/tissues or samples References
RT-PCR Determination of mRNA levels of 15 fat deposition and removal genes in steer 

group
Korean cattle steers/LM Jeong et al. (2012)

High correlation of GPAT1 and PNPLA2 mRNA levels with IMF content
Changes in lipid metabolism gene expression following castration of bulls Korean cattle/LM Bong et al. (2012)
Increased lipid uptake, increased lipogenesis, and decreased expression of lipoly-
sis-related genes following castration
Effects of growth stages on adipogenic/lipogenic gene expression Angus genetics/LM Kern et al. (2014)
Greater PPARγ expression as animals grow
Effects of weaning age and high-starch feeding on PPARγ target gene expression Purebred Angus and Angus × 

Simmental steers/LM
Moisá et al. (2014)

Precocious and sustained activation of the PPARγ and its target genes by early 
weaning age and high-starch feeding

Transcriptomics
Microarray Transcriptome comparison between high- and low-marbling breeds Wagyu × Hereford and 

Piedmontese × Hereford/LM
De Jager et al. (2013)

Induction of TAG synthesis and storage, fatty acid synthesis, and PPARγ-related 
gene expression in high-marbling group
Transcriptome comparison between bulls and steers Korean cattle/LM Jeong et al. (2013)
Greater fatty acid esterification, tricarboxylic acid cycle, and OP gene expression 
in steers
Effects of prenatal nutritional manipulation and weaning age on transcriptome Angus × Simmental cows and 

their offspring/LM
Moisá et al. (2015)

Modest transcriptome changes associated with maternal nutritional regimen, but 
strong transcriptome changes for innate immune and lipogenesis associated with 
early weaning

RNA-Seq Transcriptome comparison between high- and low-marbling groups Snow Dragon beef cattle/LM Chen et al. (2015)
Differential expression of PPAR signaling, complement and coagulation cas-
cades, ECM-receptor interactions, and MAPK signaling genes
Transcriptome comparison between low- and high-IMF groups Nellore steers/LM Cesar et al. (2015)
Lower expression of secreted protein acidic and rich in cysteine (SPARC) and 
ankyrin repeat domain 26 genes in high-IMF group
Comparative transcriptome analysis of various adipose depots Korean cattle/various adipose 

depots
Lee et al. (2013)

Differential expression of ECM receptor, PPARγ signaling, and lipogenic genes 
in IMF compared with other depots

Proteomics Proteome comparison between high- and low-marbling groups Korean cattle/LM Zhang et al. (2010)
Lower expression of carbonic anhydrase 2 and myosin light chain 3 protein levels 
in high-marbling group
Proteome changes during adipogenic conversion of muscle satellite cells Korean cattle/muscle satellite 

cells
Rajesh et al. (2011)

Upregulation of proteins involved in lipid metabolism during adipogenic con-
version
Comparative proteome analysis of cattle with different back fat thicknesses Charolais × Red Angus and 

Hereford × Angus/s.c. fat
Zhao et al. (2010)

Increased annexin 1 protein expression with greater back fat thickness
Proteome changes at different ages (12 vs. 15 mo) British–Continental crossbred 

steers/s.c. fat
Romao et al. (2014)

Lower fatty acid synthesis proteins at 15 mo than at 12 mo
Proteome comparison between high- and low-fat groups Xiangxi yellow × Angus cattle/

longissimus lumborum muscle
Mao et al. (2016)

Differential expression of proteomes involved in mitogen-activated protein ki-
nases, insulin, and c-Jun N-terminal kinase signaling

Continued
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growth (e.g., 6 to 10 mo of age) based on genome infor-
mation. Genome information may be obtained by com-
bined analyses of breeding values and SNP data for eco-
nomic traits. Breeding values are obtained by analyzing 
pedigree information, and SNP data could be obtained by 
analyzing important DNA marker genes as well as ge-
nomewide SNP DNA chip data. Once individual animals 

are separated into 2 groups based on their genetic poten-
tial for high QG or fast growth, customized feeding pro-
grams could be applied to each group. We call this kind of 
feeding strategy “genome-based precision feeding.” Such 
genome-based precision feeding could maximize the ex-
pression of the genetic potential of individual animals, re-
sulting in increased efficiency of beef production.

Technology1 Subject and/or key finding2 Species/tissues or samples References
Epigenomics

DNA
methylation

Comparison of DNA methylation in IMF and muscle tissues Korean cattle/IMF and muscle Baik et al. (2014b)
Lower DNA methylation levels in IMF than in muscle tissues
Demethylation of glucose transporter 4 promoter region during adipocyte dif-
ferentiation in 3T3-L1 cells

3T3-L1 cells/adipocytes Yokomori et al. (1999)

Demethylation of PPARγ2 promoter region during adipocyte differentiation Mice/adipose tissues Fujiki et al. (2009)
Effects of dietary supplementation of methyl donors on metabolic dysregulation 
in offspring caused by a maternal high-fat diet

Mice/visceral fats Jiao et al. (2016)

Prevention of adverse effects of a maternal high-fat diet on offspring and in-
creased methylation levels in adipogenic/lipogenic genes
Role of DNA methylation in epigenetic inheritance Mice/sperm, brain, and liver Radford et al. (2014)
In utero undernutrition affects the male germline methylome associated with 
metabolic disease in offspring
DNA methylation of PPAR gamma coactivator 1 alpha promoter region in nonal-
coholic fatty liver disease is inversely correlated with its mRNA levels

Humans/liver Sookoian et al. (2010)

Histone
modification

Effects of an in utero high-fat diet on histone modifications Primates/fetal liver Aagaard-Tillery et al. 
(2008)Hyperacetylation of H3K14 and a depletion in histone deacetylase 1 activity

Effects of high-fat diet during pregnancy and lactation of mother rats on histone 
modifications of Pepck gene in offspring

Rats/liver Zhou et al. (2015)

Increased dimethylated histone H3K4, induction of acetylated histone H3 and 
trimethylated histone H3K4, and decreased trimethylated histone H3K9
High-fat diet exposure in utero increased H3K14 acetylation and H3K9 trimeth-
ylation, specifically in the promoter regions of lipid metabolism genes

Mice/liver Suter et al. (2014)

Epigenetic comparison between lean and severely obese subjects Human/primary skeletal muscle 
cultures

Maples et al. (2015)
Histone acetylation and DNA methylation played an important role in the tran-
scriptional upregulation of carnitine palmitoyltransferase-1 beta gene
A Drosophila model study of paternal diet-induced intergenerational metabolic 
reprogramming

Drosophila, humans, and mice/
sperm and adipose tissue

Öst et al. (2014)

H3K9 and H3K27 trimethylation-dependent reprogramming of metabolic genes 
was required for obesity susceptibility
A similar system may regulate obesity susceptibility in mice and humans

miRNA Genomewide profiling of miRNA during adipose mesenchymal stem cell dif-
ferentiation

Mice/adipose tissues Bengestrate et al. 
(2011)

Changes in miRNA expression during adipogenic differentiation
Investigation for association of miRNA pattern with obesity Humans/s.c. fat Ortega et al. (2010)
Differential miRNA expression between lean and obese subjects
Meta-analysis of genomewide association studies to identify miRNA associated 
with abnormal lipid levels

Humans/liver Wagschal et al. (2015)

Sixty-nine miRNA were identified, several of which controlled the expression of 
key proteins involved in cholesterol metabolism
Downregulation of antiadipogenic miR-34a expression in medium level of nutri-
tion compared with high and low levels of nutrition

Angus × Simmental cattle/LM Moisá et al. (2016)

Metagenomics Human gut microbes are associated with obesity Humans/fecal microbiota Ley et al. (2006b)
Host genetic variation controlled individual microbiome diversity Mice/fecal sample Benson et al. (2010)
Host genetics determine changes in gut microbiota in response to a high-fat diet Mice/fecal microbiota Ussar et al. (2015)
Increased production of acetate by an altered gut microbiota led to activation of 
the parasympathetic nervous system, which, in turn, induced obesity and meta-
bolic syndrome

Rats/blood and fecal sample Perry et al. (2016)

Table 3. (cont.)

Continued
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SuMMARY And ConCluSIonS

Real-time PCR and functional genomics technolo-
gies, including microarray analysis, RNA-Seq, and pro-
teomics, have been applied to understand the molecular 
mechanisms of IMF deposition in several peripheral tis-
sues (LM, adipose tissues, and the liver) of beef cattle 
(Table 3). Overall, LM tissue is involved in IMF deposi-
tion, and lipid metabolism of LM tissue is crucial for IMF 
deposition. Other “omics” fields, including epigenomics, 
metabolomics, and microbial metagenomics as well as 
transcriptomics and proteomics, have been applied in 
many studies of metabolic diseases, such as obesity and 
type 2 diabetes, in humans and rodents and are of great 
importance for understanding the mechanisms underly-
ing metabolic diseases and identifying biomarkers for 
these diseases. However, there have been few applica-
tions of these approaches to studies of cattle IMF (Table 
3). Applying these “omics” technologies to cattle could 
elucidate IMF deposition and related-nutrient metabo-
lism. Lessons from mouse and human studies regard-
ing the links between host genetics and environmental 
factors (gut microbiota and the diet) indicate that hu-
man obesity is caused by the combined results of these 

factors. An integrated approach with ruminant gut mi-
crobial metagenomics and host genetics could provide 
new insights into the mechanisms of IMF deposition in 
cattle. Nutrigenomics has great potential for designing a 
genome-based customized diet. Applying nutrigenomic 
techniques may be helpful for finding methods to maxi-
mize the expression of important genetic potential of 
economics traits (e.g., beef quality, growth rate, feed ef-
ficiency, etc.) in domestic animals.
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