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Abstract

Castration is an important means of improving the beef quality via increasing fat deposition.

However, little is known about the molecular mechanism underlying the fat deposition after

castration. Here, the intramuscular fat (IMF) content of the steer group was shown to be

much higher than the bull group. To understand transcriptional changes in the genes involved

in fat deposition following castration, differential expression patterns of mRNAs in liver tissue

were investigated in steers and bulls using RNA sequencing. In total, we obtained

58,282,367–54,918,002 uniquely mapped reads, which covered 90.13% of the currently

annotated transcripts; 5,864 novel transcripts and optimized 9,088 known genes were deter-

mined. These results indicated that castration could change the expression patterns of

mRNAs in liver tissue, and 282 differentially expressed genes (DEGs) were detected

between steers and bulls. KEGG pathway analysis showed that the DEGs were mostly

enriched in PPAR signaling pathway, steroid biosynthesis, steroid hormone biosynthesis,

and biosynthesis of fatty acids. Furthermore, eight DEGs were corroborated via quantitative

real-time PCR and we found that FABP1 gene knockdown in bovine hepatocytes prominently

reduced intracellular triacylglycerol (TAG) synthesis and very low density lipoprotein (VLDL)

secretion in culture medium. In summary, these results indicate that FABP1 may promote fat

deposition by promoting the production and secretion of TAG and VLDL in steer liver.

Introduction

Castration is an important means of improving beef quality via increasing fat deposition, and

thus raising prices at market compared with the carcasses from bulls [1–4]. Therefore, castra-

tion has been proposed as a method in the beef industry improve beef quality, and the number

of castrated male livestock is now increasing due to their high market value [5]. However, stud-

ies of the mechanisms and regulation of fat deposition after castration are limited. The major

sites of lipogenesis are adipose tissue and the liver [6, 7], and recent studies have indicated that
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liver tissue participates in various metabolic processes and plays a crucial role in regulating

lipometabolism [8]. Therefore, sequencing of the liver transcriptome between bulls and steers

can effectively analyze its functional complexity.

With the advancement of high-throughput sequencing technology, liver transcriptome

sequencing results have been analyzed and many potential candidate genes affecting fat depo-

sition in pig, chicken and cattle have been discovered [9]. Wang et al. (2017) analyzed the liver

transcriptome of Simmental and Jinnan bulls and detected 124 DEGs, which participate in the

regulation of lipid metabolism [9]. Li et al. (2015) compared the liver transcriptome profiling

between juvenile hens and laying hens and 960 DEGs were obtained; KEGG pathway analysis

showed that the DEGs were most enriched in lipid biosynthesis [10]. Xing et al. (2015) identi-

fied 92 DEGs in liver tissue between pigs with higher and lower backfat thickness, related to

lipid metabolism, regulation, and transport [11]. However, a review of researches in the past

decades showed an insufficiency of liver transcriptome research between bulls and steers.

FABP1 is liver-specific fatty acid-binding protein (FABP) that plays important roles in intra-

cellular lipid metabolism in the liver [12]. In vitro cell models and in vivomouse models have

indicated that FABP1 plays an important role in regulating hepatic lipid metabolism. FABP1
overexpression significantly increased hepatocyte fatty acid uptake [13], de novo lipogenesis [14],

and VLDL secretion [15, 16], whereas knockdown of FABP1 remarkably blocked lipid accumu-

lation in hepatocytes [17]. FABP1 knockout mice had significantly decreased liver weight and

hepatic TAG accumulation [14], and which indicated that pharmacological agents that attenuate

FABP1 expression or function may suppress TAG accumulation in the liver [8, 14, 16].

In this study, the expression profiles of liver lipid metabolism-related genes were investi-

gated between bulls and steers using RNA-Seq technology. Bioinformatics tools were used to

analyze the major DEGs and pathways that might contribute to fat deposition after castration.

In addition, small interfering RNA (siRNA) was used to elucidate the functional roles of DEGs

in hepatic lipid metabolism. The purpose of this study was to reveal the mechanism of lipid

metabolism related genes in bovine liver. These findings will be a valuable resource to improve

the comprehensive of castration mechanism in altering fat deposition.

Materials and methods

Ethics statement

This study was conducted in strict accordance with the Regulations for the Administration of

Affairs Concerning Experimental Animals (Ministry of Science and Technology, China,

revised 2004). The protocol was approved by the Committee on the Ethics of Animal Experi-

ments of the Laboratory Animals of Northwest A&F University. All surgery was performed

under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Sample preparation and RNA extraction

Six Qinchuan bull born within a 30-day period were randomly selected to be unrelated for at

least three generations, and three of these six bull calves were castrated at 6 months of age. The

cattle were raised and maintained under the same condition at the National Beef Cattle

Improvement Centre (Yangling, China). The sternomandibularis muscle tissue of each animal

was sampled, and quickly dissected intramuscular fat (IMF) tissue. IMF content was analyzed

as described earlier [18]. Liver tissue was immediately collected from 24 months old steers and

bulls. All tissue samples were instantly put into liquid nitrogen and then stored at -80˚C for˚C

the next experiment. Total RNA was extracted from collected liver tissues using Trizol reagent

(TaKaRa, Dalian, China). Aggregate RNA was extracted from the same group and pooled

before constructing an index library for Illumina sequencing.
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Sequencing data analysis

Low quality reads, those containing adapters and poly-N, were eliminated from raw reads

acquired from the Illumina sequencing in order to get clean reads. We calculated Q30, GC

content, and sequence duplication level of the clean data. Then, we mapped the clean reads to

the reference genome of Bos taurus (version UMD 3.1.1) using Tophat2 software [19]. Further

analysis and annotation based on the reference genome was only performed if there was an

exact match or one mismatch.

Quantitative analysis and differential expression analysis of gene

expression

The differential abundance of gene expression was defined by fragments per kilo base of tran-

script per million fragments mapped reads (FPKM) using cufflinks. Identification of differen-

tially expressed genes (DEGs) between bull liver (BL) and steer liver (SL) was accomplished in

the DESeq R package(1.10.1) based on a negative binomial distribution [20]. In order to con-

trol the error discovery rate, the P values were rectified by the Benjamini and Hochberg

approach [21]. Genes with fold changes� 2 or FDR value� 0.05 were identified as signifi-

cantly differentially expressed genes [22]. Real-time PCR primers for amplification of mRNAs

were designed by Primer Premier 5.0 and synthesized by ShengGong (Songon Biotech; S1

Table). Quantitative real-time PCR was performed using SYBR Premix EX Taq II (Takara)

and (Tiangen) in a 7500 Real-Time PCR system (Applied Biosystems Inc., Foster City, CA).

The relative expression results were obtained using the 2−ΔΔCt method.

Enrichment analysis of functions and signaling pathways in the

differentially expressed genes

Enrichment analysis of KEGG pathway categories and GO biological process terms of the DEGs

were analyzed using the web-based tools in DAVID [23]. The ensembl gene IDs of DEGs in

bovine were uploaded to database for enrichment analysis of the significantly overrepresented

KEGG pathway categories and GO biological process terms. Only the GO terms and KEGG

pathways with P�0.05 were taken into account as significantly enriched among the DEGs.

Cell culture

Liver tissue samples were obtained from nine fetal calves and samples from three calves were

mixed under aseptic conditions. Isolation of hepatocytes was conducted using the collagenase

IV perfusion method according to the protocol described by Li et al. (2014) and Shi et al.
(2015) [24,25]. Hepatocytes were cultivated in complete growth medium including F-12 base

medium containing 10% fetal bovine serum, 1% pnicillin and streptomycin. Hepatocytes were

maintained at 37˚C and 5% CO2. Cells were trypsinized with 0.25% trypsin and then passaged

into six-well cell culture plates when grew to 80% confluence.

siRNA transfection

Hepatocytes were transfected with siRNAs when the cell-density reached 70%. FABP1 siRNAs

and control siRNAs synthesized by ShengGong (Songon Biotech) were transfected at a final

concentration of 50 nM using Lipofectamine RNAiMAX (Invitrogen) according to the manu-

facturer’s instructions. Cells were collected for analysis 48 h after transfection.
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Total RNA extraction and real-time PCR

Total RNA was extracted from cultured hepatocytes using Trizol reagent (TaKaRa, Dalian,

China) according to the protocol issued by the manufacturer. For mRNA expression analysis,

first-strand cDNA was synthesized using a reverse transcription kit (TaKaRa, Dalian, China)

and GAPDH was used as an endogenous control gene. Real-time PCR primers (S1 Table) for

amplification of mRNA were designed by NCBI (National Center for Biotechnology Informa-

tion, USA) and synthesized by TSINGKE Biological technology (TSINGKE Biological technol-

ogy, Xi’an, China). Quantitative real-time PCR was performed using SYBR Premix EX Taq II

(Takara) in 7500 Real-Time PCR system (Applied Biosystems Inc., Foster City, CA). The rela-

tive expression levels of mRNAs were obtained via the 2−ΔΔCt method [26].

TAG content assay

The intracellular TAG content was detected using tissue triglyceride assay kit (Applygen Tech-

nologies, Beijing, China). A BCA assay kit was used to determine the hepatocyte protein con-

tent (Sangon Biotech). Perform all experiments base on the protocols recommended by the

manufacturers. The content of triglycerides in total cellular protein concentrations were nor-

malized and the results were denoted as micrograms per milligram of protein.

VLDL content assay

The culture medium was collected after 48 h of treatment and stored at -20˚C for further anal-

ysis. The concentration of VLDL were detected using the VLDL assay kit (Shanghai Enzyme-

linked Biotech, Shanghai, China) based on the manufacturer protocol.

Statistical analysis

All data are expressed as the mean ± SEM. Statistical differences between groups were assessed

by Student’s t-test via SPSS Statistics 17 software (SPSS Inc., Chicago, IL). Statistical signifi-

cance was declared at P < 0.05 and P< 0.01.

Results

IMF content and transcriptome map of liver tissues in steer and bull
The IMF content of steer liver group (SL) was 4.08%, which was significantly higher than 3.19%

in the bull liver group (BL) (Published in [27]). We established six cDNA libraries from the SL

(n:3) and BL (n:3) groups. Solexa sequencing respectively provided 66,210,326 and 60,933,394

reads from the BL and SL libraries. In total, 59,682,779 reads were matched to the bovine genome

in the BL library and 55,801,528 reads were from the SL library (Table 1). After assembly, 5,864

novel transcripts and optimized 9,088 known genes were obtained from these two groups.

Table 1. Summary of transcriptome sequencing data.

Sample name Total reads Total mapped Uniquely mapped Non-splice reads Splice reads

BL 66,210,326 59,682,779

(90.14%)

58,282,367

(88.03%)

33,154,965 (50.08%) 25,127,402 (37.95%)

SL 60,933,394 55,801,528 (91.58%) 54,918,002

(90.13%)

30,866,108 (50.66%) 24,051,894 (39.47%)

Note: BL, bull liver. SL, steer liver.

https://doi.org/10.1371/journal.pone.0214144.t001
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Differentially expressed genes between BL and SL groups

We compared the liver tissues from bulls and steers and found that the mRNA expression lev-

els were different. We detected 282 DEGs (Fig 1), of which 135 genes were up-regulated and

147 genes were down-regulated; there were 17 novel genes (with 15 up-regulated and 2 down-

regulated in the BL group) (S2 Table) between the BL and SL groups.

To confirm changes in transcript levels, eight genes were validated in BL and SL groups.

The expression levels of GPX3, NUF2,HP, and BHLHE40 were significantly higher in bulls

than in steers, and the FOSB, SCD, FABP1, and ACADSB expression levels were higher in

steers (Fig 2); the qPCR results and Solexa sequencing were consistent.

Enrichment analysis of functions and signaling pathways in the

differentially expressed genes

The GO and KEGG pathway enrichment analysis of DEGs were performed in order to acquire

the biological relationships of DEGs in liver between bulls and steers. There were 25 GO bio-

logical process terms significantly enriched (P< 0.05), which included fatty acid metabolic

Fig 1. The differential expression of bovine mRNAs between BL and SL tissues. Note: Each point in the figure represents a mRNA. Red points represent up-expressed

mRNAs; blue points represent equally-expressed mRNAs; green points represent down-expressed mRNAs. BL = bull liver; SL = steer liver; n = 3 replicates per group.

https://doi.org/10.1371/journal.pone.0214144.g001
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process (GO: 0006631), lipid metabolic process (GO: 0006629), and monocarboxylic acid met-

abolic process (GO: 0032787) (Table 2).

Thirty KEGG pathways were significantly enriched (P<0.05), including PPAR signaling path-

way, steroid biosynthesis, steroid hormone biosynthesis, and biosynthesis of fatty acids (Fig 3).

Fig 2. Different expression levels of eight mRNAs in BL and SL. The values are presented as means ± S.E.M. Statistically significant differences are indicated: ��P< 0.01.

BL = bull liver; SL = steer liver.

https://doi.org/10.1371/journal.pone.0214144.g002

Table 2. Summary of the GO analysis of 25 differently expressed genes.

GO ID GO term No. of DEGs P-value

GO:0044710 single-organism metabolic process 64 0.0001

GO:0055114 oxidation-reduction process 36 0.0003

GO:0016491 oxidoreductase activity 37 0.0003

GO:0004866 endopeptidase inhibitor activity 10 0.0003

GO:0061135 endopeptidase regulator activity 10 0.0003

GO:0002526 acute inflammatory response 4 0.0005

GO:0006953 acute-phase response 4 0.0005

GO:0048037 cofactor binding 18 0.0010

GO:0042612 MHC class I protein complex 4 0.0010

GO:0005615 extracellular space 11 0.0021

GO:0030414 peptidase inhibitor activity 10 0.0021

GO:0061134 peptidase regulator activity 10 0.0021

GO:0016616 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor 11 0.0031

GO:0016614 oxidoreductase activity, acting on CH-OH group of donors 11 0.0055

GO:0009611 response to wounding 9 0.0072

GO:0006631 fatty acid metabolic process 8 0.0082

GO:0004857 enzyme inhibitor activity 11 0.0097

GO:0006954 inflammatory response 4 0.0100

GO:0050660 flavin adenine dinucleotide binding 8 0.0101

GO:0006629 lipid metabolic process 23 0.0101

GO:0016705 oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen 12 0.0109

GO:0050662 coenzyme binding 13 0.0235

GO:0032787 monocarboxylic acid metabolic process 8 0.0246

GO:0020037 heme binding 9 0.0327

GO:0005506 iron ion binding 10 0.0393

https://doi.org/10.1371/journal.pone.0214144.t002
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FABP1 gene silencing decrease the content of TAG and VLDL

The FABP1 gene was silenced with specific siRNA to identify the role of FABP1 in lipid metab-

olism in hepatocytes. The hepatocytes were transfected with 50 nM siRNA and negative con-

trol, and the knockout efficiency was 80% (Fig 4A). Compared with the control group, FABP1
gene knockdown significantly decreased cellular TAG accumulation and inhibited VLDL

secretion in culture medium (Fig 4B and 4C).

Discussion

There have been many studies to assess the differences in meat characteristics between bulls

and steers and it is now widely believed that castration can increase the fat content in the back

and intramuscular of the carcass [1, 3]. Castration of male animals reduces the concentration

of circulating androgen. Previous studies in mice, pig and beef cattle have shown a causal rela-

tionship between the low levels of testosterone and excess fat deposition accumulation [28,29].

With the advancement of high-throughput sequencing technology, an association of mRNAs

with fat synthesis induced by testosterone deficiency via castration has been reported in skele-

tal and adipose tissue in pig and cattle [28,29]. The liver plays a key role in lipid metabolism,

hence, analyses of liver transcriptome in pig, chicken, and bovine with distinct IMF deposition

have been performed to explore potential candidate genes affecting fat deposition [9–11].

Fig 3. KEGG pathway analysis of the differentially expressed genes between BL and SL. BL = bull liver; SL = steer

liver.

https://doi.org/10.1371/journal.pone.0214144.g003
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However, the variation of the mRNA expression profiles caused by castration in liver tissue

and its effects on fat deposition are still unrevealed in bovine.

In the current study, we employed RNA-seq to explore whole transcriptome expression dif-

ferences in the liver tissue between bulls and steers. We identified 282 DEGs, of which 135 genes

were up-regulated and 147 genes were down-regulated. It should be noticed that many DEGs

were related to lipid metabolism. For example, APOA12, APOA2, FADS2, SC4MOL, and SCD
had higher expression in SL than BL. Previous studies have revealed that APOA1 and APOA2
genes were key regulatory factors of high density lipoprotein metabolism, which is significantly

associated with obesity and body weight in humans [30]; APOA1 and APOA2 have been consid-

ered as candidate genes for back fat thickness in pigs [30]. The FADS2 gene regulates unsatura-

tion of fatty acids and influences fat-related traits and has been found to be significantly

associated with beef quality traits [31]. The SC4MOL gene is involved in cholesterol biosynthesis

[32], and the SCD gene is significantly associated with fatty acid composition in Japanese Black

cattle [33]. Lipid metabolism is a complex process that is controlled by multiple pathways and

genes. In this study, KEGG analysis showed that the DEGs were mostly enriched in the PPAR
signaling pathway, steroid biosynthesis, steroid hormone biosynthesis, and biosynthesis of fatty

acids, which played an important role in lipid metabolism [10, 27, 34]. The results indicated that

these DEGs could be considered as key candidate genes regulating fatty acid deposition in steer.

However, clarifying their roles in fat deposition still require further research.

Fatty acid-binding proteins (FABPs) are members of the superfamily of lipid-binding pro-

teins [35], which have been shown to be central to lipid-mediated processes and related meta-

bolic [36]. A-FABP is a adipocyte-specific FABP that plays important roles in intracellular

trafficking of fatty acids [36, 37], and has been demonstrated to be one of the major metabolic

indicators of animals’ ability to deposit IMF [37]. FABP1 is a liver-specific fatty acid-binding

protein [38]. In vitro cell models and in vivo mouse models have indicated that FABP1 plays

Fig 4. (A) Relative mRNA expression levels of FABP1 in bovine hepatocytes. Cells were collected after 48 hours of transfection with control or FABP1 siRNA. (B) The

content of cellular TAG changed by FABP1 silencing in bovine hepatocytes.(C) The content of extracellular VLDL changed by FABP1 silencing in bovine hepatocytes. The

values are presented as means ± S.E.M. Statistically significant differences are indicated: �P< 0.05, ��P< 0.01. The experiments were done in three biological replicates

and two technical replicates.

https://doi.org/10.1371/journal.pone.0214144.g004
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an important role in regulating fatty acid uptake [13], de novo lipogenesis [14], TAG accumu-

lation [14, 17] and VLDL secretion [15, 16]. In this study, the expression level of FABP1 gene

in steers was significantly higher than that of bulls and FABP1 gene silencing in bovine hepato-

cytes significantly reduced TAG accumulation and decreased secretion of VLDL. Previous

studies in ruminants, especially in cattle, revealed that hepatic TAG synthesis is a consequence

of multifarious processes of lipid metabolism, including fatty acids de novo synthesis and secre-

tion of TAG via VLDL [39–41]. These results indicated that FABP1may promote the accumu-

lation of fat deposition via the production and secretion of TAG and VLDL in bovine liver [14,

39–41].

Supporting information

S1 Table. Primers for quantitative real-time PCR.

(DOCX)

S2 Table. Differentially expressed mRNAs between the bull (BL) and steer liver (SL) tissue.

(DOCX)

Acknowledgments

Research supported by the Collaborative Innovation Major Projects of Yangling Demonstra-

tion Zone (No. 2017CXY-14), the Fundamental Research Funds for the Central Universities

(Z109021619 and Z109021603), and the Shaanxi Youth Talent Lifting Plan of Shaanxi Associa-

tion for Science and Technology (20160204).

Author Contributions

Data curation: Yujuan Wang, Wenli Guo, Yaning Wang, Wucai Yang.

Formal analysis: Wenli Guo, Wucai Yang.

Funding acquisition: Wucai Yang.

Investigation: Yujuan Wang.

Methodology: Yujuan Wang, Keqiong Tang, Wucai Yang.

Project administration: Yujuan Wang, Keqiong Tang, Wucai Yang.

Resources: Keqiong Tang, Linsen Zan, Wucai Yang.

Supervision: Keqiong Tang.

Writing – original draft: Yujuan Wang.

Writing – review & editing: Wei Zhang, Linsen Zan, Wucai Yang.

References

1. Field RA. Effect of castration on meat quality and quantity. J Anim Sci. 1971; 32(5):849–58. https://doi.

org/10.2527/jas1971.325849x PMID: 5571574

2. Rodriguez J, Unruh J, Villarreal M, Murillo O, Rojas S, Camacho J, et al. Carcass and meat quality char-

acteristics of Brahman cross bulls and steers finished on tropical pastures in Costa Rica. Meat Sci.

2014; 96(3):1340–4. https://doi.org/10.1016/j.meatsci.2013.10.024 PMID: 24342184

3. Zhou ZK, Gao X, Li JY, Chen JB, Xu SZ. Effect of castration on carcass quality and differential gene

expression of longissimus muscle between steer and bull. Mol Biol Rep. 2011; 38(8):5307–12. https://

doi.org/10.1007/s11033-011-0680-y PMID: 21253852

FABP1 and steer fat deposition

PLOS ONE | https://doi.org/10.1371/journal.pone.0214144 April 22, 2019 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214144.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214144.s002
https://doi.org/10.2527/jas1971.325849x
https://doi.org/10.2527/jas1971.325849x
http://www.ncbi.nlm.nih.gov/pubmed/5571574
https://doi.org/10.1016/j.meatsci.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24342184
https://doi.org/10.1007/s11033-011-0680-y
https://doi.org/10.1007/s11033-011-0680-y
http://www.ncbi.nlm.nih.gov/pubmed/21253852
https://doi.org/10.1371/journal.pone.0214144


4. Purchas RW, Burnham DL, Morris ST. Effects of growth potential and growth path on tenderness of

beef longissimus muscle from bulls and steers. J Anim Sci. 2002; 80(12):3211–21. https://doi.org/10.

2527/2002.80123211x PMID: 12542162

5. Mach N, Bach A, Velarde A, Devant M. Association between animal, transportation, slaughterhouse

practices, and meat pH in beef. Meat Sci. 2008; 78(3):232–8. https://doi.org/10.1016/j.meatsci.2007.

06.021 PMID: 22062275

6. Cao J, Zhu Q, Liu L, Glazier BJ, Hinkel BC, Liang C, et al. Global Transcriptome Analysis of Brown Adi-

pose Tissue of Diet-Induced Obese Mice. International Journal of Molecular Sciences. 2018; 19

(4):1095. https://doi.org/10.3390/ijms19041095 PMID: 29642370

7. Nafikov RA, Beitz DC. Carbohydrate and lipid metabolism in farm animals. J Nutr. 2007; 137(3):702.

https://doi.org/10.1093/jn/137.3.702 PMID: 17311965

8. Nguyen P, Leray V, Diez M, Serisier S, Bloc’H JL, Siliart B, et al. Liver lipid metabolism. Journal of Ani-

mal Physiology & Animal Nutrition. 2010; 92(3):272–83. https://doi.org/10.1111/j.1439-0396.2007.

00752.x PMID: 18477307

9. Wang X, Zhang Y, Zhang X, Wang D, Jin G, Li B, et al. The comprehensive liver transcriptome of two

cattle breeds with different intramuscular fat content. Biochem Biophys Res Commun. 2017; 490

(3):1018–25. https://doi.org/10.1016/j.bbrc.2017.06.157 PMID: 28669724

10. Li H, Wang T, Xu C, Wang D, Ren J, Li Y, et al. Transcriptome profile of liver at different physiological

stages reveals potential mode for lipid metabolism in laying hens. Bmc Genomics. 2015; 16(1):763.

https://doi.org/10.1186/s12864-015-1943-0 PMID: 26452545

11. Xing K, Zhu F, Zhai L, Liu H, Wang Z, Hou Z, et al. The liver transcriptome of two full-sibling Songliao

black pigs with extreme differences in backfat thickness. Journal of Animal Science and Biotechnology.

2015; 5(1):13–21. https://doi.org/10.1186/2049-1891-5-32 PMID: 25053997

12. Reppert SM. Melatonin receptors: molecular biology of a new family of G protein-coupled receptors. J

Biol Rhythms. 1997; 12(6):528–31. https://doi.org/10.1177/074873049701200606 PMID: 9406026

13. Wu Y, Peng X, Zhu Y, Yan X, Chen W, Lin X. Hepatitis B Virus X Protein Induces Hepatic Steatosis by

Enhancing the Expression of Liver Fatty Acid Binding Protein. J Virol. 2015; 90(4):1729. https://doi.org/

10.1128/JVI.02604-15 PMID: 26637457

14. Mukai T, Egawa M, Takeuchi T, Yamashita H, Kusudo T. Silencing of FABP1 ameliorates hepatic stea-

tosis, inflammation, and oxidative stress in mice with nonalcoholic fatty liver disease. Febs Open Bio.

2017; 7(7):1009–16. https://doi.org/10.1002/2211-5463.12240 PMID: 28680813

15. Atshaves BP, Martin GG, Hostetler HA, Mcintosh AL, Kier AB, Schroeder F. Liver fatty acid-binding pro-

tein and obesity. J Nutr Biochem. 2010; 21(11):1015–32. https://doi.org/10.1016/j.jnutbio.2010.01.005

16. Wang G, Bonkovsky HL, De LA, Burczynski FJ. Recent insights into the biological functions of liver fatty

acid binding protein [FABP1]. J Lipid Res. 2015; 56(12):2238–47. https://doi.org/10.1194/jlr.R056705

PMID: 26443794

17. Wolfrum C, Buhlmann C, Rolf B, Börchers T, Spener F. Variation of liver-type fatty acid binding protein

content in the human hepatoma cell line HepG2 by peroxisome proliferators and antisense RNA affects

the rate of fatty acid uptake. Biochimica et Biophysica Acta (BBA)—Molecular and Cell Biology of Lipids.

1999; 1437(2):194–201. https://doi.org/10.1016/S1388-1981(99)00008-6

18. Keeton JT, Hafley BS, Eddy SM, Moser CR, Mcmanus BJ, Leffler TP. Rapid determination of moisture

and fat in meats by microwave and nuclear magnetic resonance analysis—PVM 1:2003. J Aoac Int.

2013; 86(6):1193–202. https://doi.org/10.1023/A:1027397709211

19. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-

scriptomes in the presence of insertions, deletions and gene fusions. Genome Biology. 2013; 14(4):

R36. https://doi.org/10.1186/gb-2013-14-4-r36 PMID: 23618408

20. Anders S, Mccarthy DJ, Chen Y, Okoniewski M, Smyth GK, Huber W, et al. Count-based differential

expression analysis of RNA sequencing data using R and Bioconductor. Nature Protocols. 2013; 8

(9):1765–86. https://doi.org/10.1038/nprot.2013.099 PMID: 23975260

21. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to

Multiple Testing. Journal of the Royal Statistical Society. 1995; 57(1):289–300. https://doi.org/10.2307/

2346101

22. Chen C, Deng B, Qiao M, Zheng R, Chai J, Ding Y, et al. Solexa Sequencing Identification of Conserved

and Novel microRNAs in Backfat of Large White and Chinese Meishan Pigs. Plos One. 2012; 7(2):

e31426. https://doi.org/10.1371/journal.pone.0031426 PMID: 22355364

23. Glynn Dennis J, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: Database for Anno-

tation, Visualization, and Integrated Discovery. Genome Biology. 2003; 4(5):P3. https://doi.org/10.

1186/gb-2003-4-9-r60 PMID: 12734009

FABP1 and steer fat deposition

PLOS ONE | https://doi.org/10.1371/journal.pone.0214144 April 22, 2019 10 / 11

https://doi.org/10.2527/2002.80123211x
https://doi.org/10.2527/2002.80123211x
http://www.ncbi.nlm.nih.gov/pubmed/12542162
https://doi.org/10.1016/j.meatsci.2007.06.021
https://doi.org/10.1016/j.meatsci.2007.06.021
http://www.ncbi.nlm.nih.gov/pubmed/22062275
https://doi.org/10.3390/ijms19041095
http://www.ncbi.nlm.nih.gov/pubmed/29642370
https://doi.org/10.1093/jn/137.3.702
http://www.ncbi.nlm.nih.gov/pubmed/17311965
https://doi.org/10.1111/j.1439-0396.2007.00752.x
https://doi.org/10.1111/j.1439-0396.2007.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/18477307
https://doi.org/10.1016/j.bbrc.2017.06.157
http://www.ncbi.nlm.nih.gov/pubmed/28669724
https://doi.org/10.1186/s12864-015-1943-0
http://www.ncbi.nlm.nih.gov/pubmed/26452545
https://doi.org/10.1186/2049-1891-5-32
http://www.ncbi.nlm.nih.gov/pubmed/25053997
https://doi.org/10.1177/074873049701200606
http://www.ncbi.nlm.nih.gov/pubmed/9406026
https://doi.org/10.1128/JVI.02604-15
https://doi.org/10.1128/JVI.02604-15
http://www.ncbi.nlm.nih.gov/pubmed/26637457
https://doi.org/10.1002/2211-5463.12240
http://www.ncbi.nlm.nih.gov/pubmed/28680813
https://doi.org/10.1016/j.jnutbio.2010.01.005
https://doi.org/10.1194/jlr.R056705
http://www.ncbi.nlm.nih.gov/pubmed/26443794
https://doi.org/10.1016/S1388-1981(99)00008-6
https://doi.org/10.1023/A:1027397709211
https://doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
https://doi.org/10.1038/nprot.2013.099
http://www.ncbi.nlm.nih.gov/pubmed/23975260
https://doi.org/10.2307/2346101
https://doi.org/10.2307/2346101
https://doi.org/10.1371/journal.pone.0031426
http://www.ncbi.nlm.nih.gov/pubmed/22355364
https://doi.org/10.1186/gb-2003-4-9-r60
https://doi.org/10.1186/gb-2003-4-9-r60
http://www.ncbi.nlm.nih.gov/pubmed/12734009
https://doi.org/10.1371/journal.pone.0214144


24. Li X, Li Y, Yang W, Xiao C, Fu S, Deng Q, et al. SREBP-1c overexpression induces triglycerides accu-

mulation through increasing lipid synthesis and decreasing lipid oxidation and VLDL assembly in bovine

hepatocytes. Journal of Steroid Biochemistry & Molecular Biology. 2014; 143(9):174–82. https://doi.

org/10.1016/j.jsbmb.2014.02.009 PMID: 24565561

25. Shi X, Li D, Deng Q, Li Y, Sun G, Yuan X, et al. NEFAs activate the oxidative stress-mediated NF-κB
signaling pathway to induce inflammatory response in calf hepatocytes. Animal Husbandry and Feed

Science. 2015; 145(z1):103–12. https://doi.org/10.1016/j.jsbmb.2014.10.014 PMID: 25465477

26. Loor JJ, Massimo B. Gene networks driving bovine milk fat synthesis during the lactation cycle. Bmc

Genomics. 2008; 9(1):366-. https://doi.org/10.1186/1471-2164-9-366 PMID: 18671863

27. Yang W, Tang K, Wang Y, Zan L. MiR-27a-5p Increases Steer Fat Deposition Partly by Targeting Cal-

cium-sensing Receptor (CASR). Sci Rep. 2018; 8(1):3012. https://doi.org/10.1038/s41598-018-20168-

9 PMID: 29445089

28. Xia F, Xu X, Zhai H, Meng Y, Zhang H, Du S, et al. Castration-induced testosterone deficiency

increases fasting glucose associated with hepatic and extra-hepatic insulin resistance in adult male

rats. Reprod Biol Endocrinol. 2013; 11:106–16. https://doi.org/10.1186/1477-7827-11-106 PMID:

24238614

29. Zhang YY, Wang HB, Wang YN, Wang HC, Zhang S, Hong JY, Guo HF, Chen D, Zan LS. Transcrip-

tome analysis of mRNA and microRNAs in intramuscular fat tissues of castrated and intact male Chi-

nese Qinchuan cattle. PLoS One. 2017; 12(10):e0185961. https://doi.org/10.1371/journal.pone.

0185961 PMID: 29073274

30. Diana C, Carmen AP. CONSIDERATION REGARDING TO THE FISCAL REGULATIONS IN SOME

EUROPEAN STATES. Annals of the University of Oradea Economic Science. 2010; 1(2):666–675.

https://doi.org/10.1038/ijo.2010.187

31. Matsumoto H, Nogi T, Tabuchi I, Oyama K, Mannen H, Sasazaki S. The SNPs in the promoter regions

of the bovine FADS2 and FABP4 genes are associated with beef quality traits. Livestock Science.

2014; 163(1):34–40. https://doi.org/10.1016/j.livsci.2014.02.016

32. He M, Kratz LE, Michel JJ, Vallejo AN, Ferris L, Kelley RI, et al. Mutations in the human SC4MOL gene

encoding a methyl sterol oxidase cause psoriasiform dermatitis, microcephaly, and developmental

delay. J Clin Invest. 2011; 121(3):976. https://doi.org/10.1172/JCI42650 PMID: 21285510

33. Taniguchi M, Utsugi T, Oyama K, Mannen H, Kobayashi M, Tanabe Y, et al. Genotype of stearoyl-coA

desaturase is associated with fatty acid composition in Japanese Black cattle. Mamm Genome. 2004;

15(2):142–8. https://doi.org/10.1007/s00335-003-2286-8 PMID: 15058385

34. Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, et al. PPARγ is a major driver of the accu-

mulation and phenotype of adipose-tissue Treg cells. Nature. 2012; 486(7404):549–53. https://doi.org/

10.1038/nature11132 PMID: 22722857

35. Furuhashi M, Hotamisligil GS. Fatty acid-binding proteins: role in metabolic diseases and potential as

drug targets. Nat Rev Drug Discov. 2008; 7(6):489–503. https://doi.org/10.1038/nrd2589 PMID:

18511927

36. Shu L, Hoo RL, Wu X, Pan Y, Lee IP, Cheong LY, et al. A-FABP mediates adaptive thermogenesis by

promoting intracellular activation of thyroid hormonesin brown adipocytes. Nat Commun. 2017;

8:14147. https://doi.org/10.1038/ncomms14147 PMID: 28128199

37. Jurie C, Cassar-Malek I, Bonnet M, Leroux C, Bauchart D, Boulesteix P, et al. Adipocyte fatty acid-bind-

ing protein and mitochondrial enzyme activities in muscles as relevant indicators of marbling in cattle. J

Anim Sci. 2007; 85(10):2660–9. https://doi.org/10.2527/jas.2006-837 PMID: 17565066

38. Luciana RS, Ban M, Natalia S, Fll J, Raquel FG, Judith S, et al. FABP1 knockdown in human entero-

cytes impairs proliferation and alters lipid metabolism. Biochim Biophys Acta. 2017; 1862(12):1587–94.

https://doi.org/10.1016/j.bbalip.2017.09.006 PMID: 28919479

39. Katoh N. Relevance of apolipoproteins in the development of fatty liver and fatty liver-related peripartum

diseases in dairy cows. J Vet Med Sci. 2002; 64(4):293. https://doi.org/10.1292/jvms.64.293 PMID:

12014573

40. Schlegel G, Ringseis R, Windisch W, Schwarz FJ, Eder K. Effects of a rumen-protected mixture of con-

jugated linoleic acids on hepatic expression of genes involved in lipid metabolism in dairy cows. J Dairy

Sci. 2012; 95(7):3905–18. https://doi.org/10.3168/jds.2011-4835 PMID: 22720945

41. Costa ASHD, Rui JBB, Pires VMR, Rolo EA, Rui MAP, Prates JAM. Is hepatic lipid metabolism of beef

cattle influenced by breed and dietary silage level? BMC Veterinary Research,10,1(2014-03-12). 2014;

10(1):65. https://doi.org/10.1186/1746-6148-10-65 PMID: 24621212

FABP1 and steer fat deposition

PLOS ONE | https://doi.org/10.1371/journal.pone.0214144 April 22, 2019 11 / 11

https://doi.org/10.1016/j.jsbmb.2014.02.009
https://doi.org/10.1016/j.jsbmb.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24565561
https://doi.org/10.1016/j.jsbmb.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25465477
https://doi.org/10.1186/1471-2164-9-366
http://www.ncbi.nlm.nih.gov/pubmed/18671863
https://doi.org/10.1038/s41598-018-20168-9
https://doi.org/10.1038/s41598-018-20168-9
http://www.ncbi.nlm.nih.gov/pubmed/29445089
https://doi.org/10.1186/1477-7827-11-106
http://www.ncbi.nlm.nih.gov/pubmed/24238614
https://doi.org/10.1371/journal.pone.0185961
https://doi.org/10.1371/journal.pone.0185961
http://www.ncbi.nlm.nih.gov/pubmed/29073274
https://doi.org/10.1038/ijo.2010.187
https://doi.org/10.1016/j.livsci.2014.02.016
https://doi.org/10.1172/JCI42650
http://www.ncbi.nlm.nih.gov/pubmed/21285510
https://doi.org/10.1007/s00335-003-2286-8
http://www.ncbi.nlm.nih.gov/pubmed/15058385
https://doi.org/10.1038/nature11132
https://doi.org/10.1038/nature11132
http://www.ncbi.nlm.nih.gov/pubmed/22722857
https://doi.org/10.1038/nrd2589
http://www.ncbi.nlm.nih.gov/pubmed/18511927
https://doi.org/10.1038/ncomms14147
http://www.ncbi.nlm.nih.gov/pubmed/28128199
https://doi.org/10.2527/jas.2006-837
http://www.ncbi.nlm.nih.gov/pubmed/17565066
https://doi.org/10.1016/j.bbalip.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28919479
https://doi.org/10.1292/jvms.64.293
http://www.ncbi.nlm.nih.gov/pubmed/12014573
https://doi.org/10.3168/jds.2011-4835
http://www.ncbi.nlm.nih.gov/pubmed/22720945
https://doi.org/10.1186/1746-6148-10-65
http://www.ncbi.nlm.nih.gov/pubmed/24621212
https://doi.org/10.1371/journal.pone.0214144

