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Vitamin E is an essential micronutrient for animals. The aim of this study was to determine the effect of vitamin E on 
intramuscular fat (IMF) deposition and the transcriptome profile of the pectoral muscle in broiler chickens. Arbor Acres 
chickens were divided into five treatment groups fed a basal diet supplemented with 0, 20, 50, 75, and 100 IU/kg dietary 
dl-α-tocopheryl acetate (vitamin E), respectively. Body weight, carcass performance, and IMF content were recorded. Tran-
scriptome profiles of the pectoral muscles of 35-day-old chickens in the control and treatment groups (100 IU/kg of vitamin E) 
were obtained by RNA sequencing. The results showed that diets supplemented with 100 IU/kg of vitamin E significantly in-
creased IMF deposition in chickens on day 35. In total, 159 differentially expressed genes (DEGs), including 57 up-regulated 
and 102 down-regulated genes, were identified in the treatment (100 IU/kg vitamin E) group compared to the control group. 
These DEGs were significantly enriched in 13 Gene Ontology terms involved in muscle development and lipid metabolism; 
three signaling pathways, including the mitogen-activated protein kinase and FoxO signaling pathways, which play key roles 
in muscular and lipid metabolism; 28 biofunctional categories associated with skeletal and muscular system development; 
17 lipid metabolism functional categories; and three lipid metabolism and muscle development-related networks. The DEGs, 
pathways, functional categories, and networks identified in this study provide new insights into the regulatory roles of vitamin 
E on IMF deposition in broilers. Therefore, diets supplemented with 100 IU/kg of vitamin E will be more beneficial to broiler 
production.
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Introduction

The intramuscular fat (IMF) content is an important determi-
nant of the quality, tenderness, moisture content, and flavor of 
chicken meat (Li et al., 2009; Sun et al., 2013). IMF deposition 
is dependent on the balance among lipid synthesis, transport, up-
take, and subsequent metabolism, which involve various genes 

and pathways (Qiu et al., 2017). As the heritability of IMF con-
tent is relatively low (h2 = 0.07–0.20) (Zhao et al., 2006), regu-
lation of IMF deposition is mainly achieved through nutritional 
supplementation (Hocquette et al., 2010).

Vitamin E is an essential, non-toxic, fat-soluble micronutrient 
in both humans and animals. There are eight structurally related 
forms of vitamin E: α-, β-, γ-, and δ-tocopherol, and α-, β-, γ-, 
and δ-tocotrienol, with α-tocopherol being among the most ac-
tive forms (González-Calvo et al., 2017). The antioxidant and 
non-antioxidant properties of vitamin E largely contribute to 
livestock performance and product quality (Idamokoro et al., 
2020). In general, vitamin E supplementation has shown no im-
pact on the growth performance or meat yield of livestock (Wang 
et al., 2020). In animals, α-tocopherol plays an important role 
in the regulation of lipid metabolism (Sun et al., 2015). In addi-
tion to its antioxidant properties, α-tocopherol is a cell-signaling 
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molecule that alters the expression of genes involved in lipid 
metabolism in the bovine longissimus thoracis muscle (Ladeira 
et al., 2020). However, methionine/α-tocopherol reportedly has 
limited effects on the crude fat content and intramuscular fatty 
acid profile of the longissimus lumborum muscle in Hanwoo 
cattle (Barido et al., 2020). In chickens, dietary supplementation 
with vitamin E can reduce the severity of “wooden breast” my-
opathy and promote breast meat quality without adversely affect-
ing the growth performance and meat yield (Wang et al., 2020). 
In addition, dietary supplementation with vitamin E decreased 
the abdominal fat content of broilers (Li et al., 2009; Zaboli et 
al., 2013), which was also observed in response to heat stress 
(Habibian et al., 2016). Dietary supplementation with vitamin E 
(200 mg/kg) for 120 days significantly increased the IMF content 
in the breast and thigh muscles of female Beijing-you chickens 
(Li et al., 2009). However, another study reported that supple-
mentation of vitamin E at 200 mg/kg for a period of 63 days 
had no significant effect on the IMF content of the breast and 
thigh muscles of an experimental line of male Polish chickens 
(Zdanowska-Sąsiadek et al., 2016). In addition, previous studies 
have reported that vitamin E had no effect on the IMF content 
and fatty acid profile (Bellés et al., 2018) of lamb and chicken 
meat (Rebolé et al., 2006). Therefore, it remains controversial 
whether dietary vitamin E can increase the IMF content of broil-
ers, which may be related to differences in the breed of chicken 
and the vitamin E supplementation level used across studies.

Our previous transcriptome analyses showed that vitamin E 
influences the abdominal fat content of broilers (Zhang et al., 
2020; Zhang et al., 2021). Hence, the aim of the present study 
was to investigate the regulatory roles of vitamin E in IMF depo-
sition, and to identify key genes, signaling pathways, functional 
categories, and genetic networks associated with IMF deposition 
in broilers through RNA-sequencing.

Materials and methods

Animals, experimental design, and diets
The study protocol was approved by the Ethics Committee of 

Longyan University (No. LY2022003X; Longyan, Fujian prov-
ince, China). One-day-old healthy female Arbor Acres chicks (n 
= 240) with a mean body weight (BW) of 42.35 ± 1.92 g were 
randomly allocated to one of five dietary treatment groups. Each 
treatment group consisted of six replicates, with each replicate 
consisting of eight chicks. The composition of the basal diet 
adapted from previous studies (Zhang et al., 2020; Zhang et 
al., 2021) is shown in Supplementary Table S1. The vitamin E 
concentrations in the diets administered on days 0–21 and 21–35 
were 82.4 and 90.1 mg/kg, respectively. The chickens in the five 
treatment groups were fed the basal diet supplemented with 0, 
20, 50, 75, and 100 IU/kg of dietary dl-α-tocopheryl acetate 
(Xinchang Hebao Biotechnology Co., Ltd., Shaoxing, Zhejiang 
province, China) over a trial period of 35 days. All broilers were 
raised in stair-step cages with ad libitum access to food and wa-
ter. A 23-h light and 1-h dark lighting schedule was provided. A 
standard temperature program was used with 35°C for the first 3 

days and then reduced by 3°C weekly until reaching 23–25°C. 
Chickens were administered the Newcastle disease and infec-
tious bronchitis combined vaccine at 7 and 21 days, and were ad-
ministered a vaccine of infectious bursal disease virus at 14 days.
BW, carcass performance, and IMF content

At the end of each week, one broiler from each replicate was 
randomly selected, fasted for 12 h, weighed, and killed via stun-
ning and exsanguination. The weights of the bilateral breast mus-
cles, including the pectoralis major and minor (BrW), deboned 
thigh (ThW), and liver (LiW), were measured as described previ-
ously (Sun et al., 2013). The eviscerated yields (BrW, ThW, and 
LiW) as percentages of the live weight (BrP, ThP, and LiP) were 
calculated. The pectoralis major muscle was sampled and stored 
in liquid nitrogen until further use.

The percentage of IMF of the breast was measured as de-
scribed in detail in an earlier report (Cui et al., 2012b). In brief, 
following elimination of obvious fat, 2.0 g of each sample was 
thoroughly minced and dried in two 10–12-h stages at 65°C and 
105°C, respectively, and then cooled in a desiccator for at least 
30 min. The IMF content of the breast samples was measured 
using the Soxhlet extraction method with anhydrous ether as the 
solvent and is expressed as the percentage of dry tissue weight.
mRNA library construction and sequencing

Total RNA was isolated from three pectoralis major tissue 
samples each from the control group and high-dose vitamin E 
supplement group (100 IU/kg), which were matched for similar 
weight, using the RNAsimple Total RNA kit (Tiangen Biotech 
Co., Ltd., Beijing, China), in accordance with the manufacturer’s 
instructions. The integrity and concentration of RNA were evalu-
ated using an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Inc., Santa Clara, CA, USA) to meet the quality requirements for 
sequencing. mRNA was enriched from total RNA samples using 
oligo (DT) magnetic beads (Invitrogen Corporation, Carlsbad, 
CA, USA) and then treated with Ambion DNase I (Life Technol-
ogies, Carlsbad, CA, USA). First-strand cDNA was synthesized 
from purified mRNA and fragmented with an RNA fragmentation 
kit (Ambion, Foster City, CA, USA), followed by second-strand 
cDNA synthesis according to the manufacturer’s instructions. 
The quality of the cDNA library was assessed using an Agilent 
2100 Bioanalyzer and StepOnePlus Real-Time PCR System (Ap-
plied Biosystems, Carlsbad, CA, USA). Finally, qualified cDNA 
libraries were sequenced using an Illumina HiSeq 2500 system 
(Illumina, Inc., San Diego, CA, USA).
RNA-sequencing data process and analysis

The raw reads mapped to each gene were quantified using 
easyRNASeq software (Delhomme et al., 2012). Clean data were 
acquired from quality raw data reads using SOAPnuke software 
(Chen et al., 2018). Reads with contaminating adapters, more 
than 5% unknown bases, and low-quality bases (fewer than 15 
bases, >20%) were removed. All clean reads were mapped onto 
a reference chicken genome (GRCg6a/galGal6) using TopHat 
v2.0.12 software (https://ccb.jhu.edu/software/tophat/-down-
loads/) with default parameters (Kim and Salzberg, 2011; Ghosh 
and Chan, 2016). Genes were annotated using Ensembl v67 
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(Larsson et al., 2005).
Gene expression levels were calculated using RSEM v1.2.12 

(Li and Dewey, 2011). A heatmap of all expressed genes was 
plotted using the pheatmap package (Kolde and Kolde, 2015) of 
R v3.4.3.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis

GO analysis of differentially expressed genes (DEGs) was 
performed using Blast2GO (Conesa et al., 2005) with a false dis-
covery rate-adjusted p-value of < 0.05. The online KEGG Auto-
matic Annotation Server (Moriya et al., 2007) was used to assign 
KEGG pathways to the individual genes. In all tests, p-values 
were calculated using the Benjamini-corrected modified Fisher’s 
exact test, and a corrected p-value < 0.05 was considered statisti-
cally significant.
Bio-function and network enrichment analysis

Ingenuity Pathway Analysis (IPA) (Krämer et al., 2014) was 
performed to determine the functions and networks of the DEGs. 
The biological functions of the DEGs were based on “disease and 
function analysis” of the core analysis. Networks were obtained 
based on gene connectivity.
Validation of RNA-sequencing results by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was performed to verify the transcription levels of 
14 randomly selected DEGs (seven up-regulated: FHL2, HPGD, 
AMHR2, SESN1, WNT16, ZBTB16, and FOXO3; seven down-
regulated: CSF1, FOS, LOC107056699, MMP9, SELE, SOCS3, 
and VCAM1). The chicken housekeeping gene β-actin was used 
as a reference gene for quantification. All primer sequences were 
designed using Primer Premier software (version 5.0; Premier 
Biosoft, Palo Alto, CA, USA). The primer sequences for qPCR 
used in this study are listed in Supplementary Table S2.

Total RNA was extracted from the pectoralis major tissue 
samples using the RNAsimple Total RNA kit (Tiangen Biotech 
Co., Ltd., Beijing, China). First-strand cDNA was synthesized 
from 2 µg total RNA using a reverse transcription kit (Promega, 
Madison, WI, USA). The mRNA levels of selected genes were 
analyzed using Power SYBR®Green PCR Master Mix (Applied 
Biosystems, Darmstadt, Germany). qPCR was performed using 
an ABI 7500 Real-Time Detection System (Applied Biosystems).

The amplification reaction volume was 20 μL, containing 10 
μL of 2× PCR Master Mix, 100 ng cDNA, 0.5 μL of each prim-
er (10 μmol), and 8.0 μL ddH2O. To ensure nearly 100% PCR 
efficiency between the gene of interest and the reference gene 
(β-actin), primers and cDNA concentrations were optimized as 
needed. PCR conditions were as follows: 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 
32 s. The comparative cycle threshold (CT) method (Livak et al., 
2001) was used to calculate relative fold-changes in gene expres-
sion from triplicate biological repeat samples, as 2−ΔΔCT.
Statistical analysis

Differences in BW, carcass performance, and IMF content of 
the pectoralis major muscle among the groups were identified 
using the GLM procedure (SAS V8, SAS Institute, Cary, NC, 

USA). The results are expressed as mean ± standard deviation. 
Multiple comparisons were performed using the Tukey post-hoc 
test. Statistical significance was set at p ≤ 0.05. Statistical analy-
ses of gene expression levels between the control and treatment 
groups were performed using Student’s t-test (IBM SPSS Statis-
tics 19.0, SPSS Inc., Chicago, IL, USA).

Results

BW, carcass performance, and IMF content
There were no significant differences in BW and carcass 

performance (BrW, BrP, ThW, ThP, LiW, and LiP) between the 
control and vitamin E treatment groups on days 7, 14, 21, and 
35 (Supplementary Table S3). At day 35, the IMF content of 
the breast muscle was significantly higher in the treatment group 
that received 100 IU/kg of vitamin E than that in the control and 
other treatment groups (p < 0.05) (Figure 1 and Supplementary 
Table S4).
Mapped reads and DEGs

The clean mapped reads were 40.17–71.71 Mb in length 
with percentages of 73.82%–80.23% (Supplementary Table 
S5), which met the sequencing requirements. The clean RNA-
sequencing data from this study were deposited in the NCBI Bio-
Project (Accession No. PRJNA744211). Of the 159 DEGs identi-
fied between the control group and the group treated with vitamin 
E at 100 IU/kg, 57 were up-regulated and 102 were down-regu-
lated (Figure 2; Supplementary Table S6). The top 10 up-regu-
lated and 10 down-regulated DEGs are listed in Table 1.
GO and KEGG pathway analyses

The DEGs were significantly enriched in 236 GO terms (cor-
rected p < 0.05) (Supplementary Table S7), including 13 terms 
related to skeletal muscle cell differentiation (corrected p = 1.27 
× 10−3), muscle structure development (corrected p = 2.82 × 
10−3), and cellular lipid metabolic processes (corrected p = 3.26 
× 10−3) (Table 2). In addition, 16 DEGs were significantly en-
riched in three signaling pathways: the AGE-RAGE signaling 
pathway in diabetic complications, mitogen-activated protein 
kinase (MAPK) signaling pathway, and FoxO signaling pathway 
(corrected p < 0.05) (Table 3).
Function and network analyses

In total, 118 DEGs were mapped to the IPA database. The 
functional analysis results showed that the DEGs were classified 
into two main categories: (i) molecular and cellular functions and 
(ii) physiological system development and functions (Table 4). 
In addition, 31 DEGs were classified into 17 lipid metabolism 
functions, and 46 DEGs were classified into 28 skeletal and mus-
cular system development and functions (Supplementary Table 
S8 and Table S9). These functional categories were mainly re-
lated to lipid concentration, synthesis, secretion, and oxidation 
(Supplementary Table S8), as well as muscle differentiation 
and morphology (Supplementary Table S9). Ten networks were 
identified in the IPA database (Supplementary Table S10 and 
Figures S1–S10). Of these, networks 1, 2, and 8 were associated 
with lipid metabolism and muscle development (Supplementary 
Figures S1–S3).
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qPCR validation
The qPCR analysis of 14 selected genes (FHL2, HPGD, 

AMHR2, SESN1, WNT16, ZBTB16, FOXO3, CSF1, FOS, 
LOC107056699, MMP9, SELE, SOCS3, and VCAM1) was con-
sistent with the RNA-sequencing analysis results (Supplemen-
tary Table S11), indicating that the RNA-sequencing results in 
this study were valid.

Discussion

Vitamin E supplementation of corn and soybean meal report-
edly has no effect on the growth performance of broilers (Pom-
peu et al., 2018), although moderate and high dietary levels of 
vitamin E may influence other functions (Leshchinsky and Klas-
ing, 2001). In practice, a high-dose vitamin E diet is provided to 
improve the immune capacity of birds (Boa-Amponsem et al., 
2000; Khan et al., 2012), and their resistance to heat stress (Niu 
et al., 2009) and oxidative stress (Gao et al., 2010). The results 
of our study showed that vitamin E supplementation had no effect 
on the BW or carcass performance of broilers. In particular, high 
dietary levels of vitamin E (approximately 20-fold greater than 
stated in “Nutrient Requirements of Poultry: Ninth Revised Edi-
tion,” 1994) can improve IMF deposition in the pectoral muscle 
of broilers by altering the transcriptome. However, vitamin E 
supplementation of less than 100 IU/kg had no effect on IMF 
deposition during the 35-day trial, indicating that vitamin E regu-
lation of fat metabolism might be dependent on a relatively high 
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Fig. 1.  Effect of dietary vitamin E on IMF deposition in the breast muscle of broilers (six birds per group). Different lower-
case superscript letters indicate significant differences (p < 0.05).

Fig. 2.  Heatmap of differentially expressed genes (DEGs) 
of each sample: XC1, XC2, and XC3 from control groups; 
XT1, XT2, and XT3 from vitamin E supplementary groups. 
Blue indicates a high expression level and yellow indicates a 
low expression level.
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dosage and an additive effect.
Vitamin E is considered to regulate IMF deposition by act-

ing as a regulatory factor in the transcriptional control of genes 
related to lipid metabolism in the muscle (González-Calvo et al., 
2015). IMF is distributed in the epimysium, perimysium, and en-
domysium of the muscle tissues (Cui et al., 2018). Triglycerides, 
phospholipids, and cholesterol are important constituents of the 
lipid fraction in muscle cells (Liu et al., 2019). The genes that 
regulate muscle and fat metabolism also regulate IMF deposi-
tion. The present study identified 159 DEGs in the breast muscle 
of broilers between the control and vitamin E supplementation 
groups. Six genes (ASB2, HOPX, FOS, FHL2, HLF, and MAFF) 
were significantly enriched in seven GO terms associated with 
muscle cell differentiation and muscle tissue development, 
whereas seven genes (ST3GAL1, CETP, PDK4, CYR61, AGTR1, 
UCP3, and HPGD) were significantly enriched in six GO terms 
related to lipid metabolism. Thus, these DEGs may play key 
roles in IMF deposition. For example, ankyrin repeat and SOCS 
box-containing (ASB)2, which is encoded by ASB2, is a mem-
ber of ASB protein family that negatively regulates muscle mass 
(Davey et al., 2016). Moreover, cholesteryl ester transfer protein, 
which is encoded by CETP, is involved in the transfer of choles-

teryl esters from high-density lipoproteins to other lipoproteins 
(Zhang et al., 2012). Pathway analysis was used to explore the 
regulatory signaling pathways underlying the vitamin E regula-
tion of IMF deposition in the pectoralis major muscle of broilers. 
The results identified three pathways: the AGE-RAGE signaling 
pathway, which is associated with diabetes complications, and 
the MAPK and FoxO signaling pathways, which play important 
roles in IMF deposition and muscle development. Eight DEGs 
(IGF2, FOS, AMHR2, CSF1, MAP3K4, JUND, DUSP5, and 
DUSP10) associated with the MAPK signaling pathway regulate 
processes involving tight junctions, focal adhesions, and the actin 
cytoskeleton. A previous study reported that cell junctions might 
interact with the MAPK signaling pathway, which is associated 
with lipid metabolism and thus influences the deposition of IMF 
(Cui et al., 2012a). Four DEGs (FOXO3, AMHR2, FOXO6, and 
FBXO32) are constituents of the FoxO signaling pathway, which 
is reportedly involved in development of the chicken breast mus-
cle (Li et al., 2019). However, further investigation is needed to 
elucidate the molecular mechanisms by which these genes and 
pathways regulate IMF deposition.

Bio-functional analysis identified 55 DEGs, including 31 
involved in 17 lipid metabolism functional categories and 46 

Table 1.  Top 10 up-regulated and top 10 down-regulated differentially expressed genes.
Gene Log2(XT/XC) p Corrected p Up/down-regulated
KCTD20 0.58 9.01 × 10−14 2.36 × 10−10 up
SLC43A2 0.43 4.37 × 10−13 1.00 × 10−9 up
LOC427491 0.25 2.72 × 10−12 4.75 × 10−9 up
SESN1 0.50 2.64 × 10−8 2.21 × 10−5 up
CD36 0.83 2.89 × 10−8 2.30 × 10−5 up
LOC107050812 0.35 6.44 × 10−8 4.65 × 10−5 up
LOC107055521 0.23 7.87 × 10−8 5.31 × 10−5 up
BG2 0.29 8.38 × 10−8 5.48 × 10−5 up
TRIM63 0.60 1.57 × 10−7 9.38 × 10−5 up
IGSF10 0.56 6.27 × 10−7 2.98 × 10−4 up
SELE –0.23 1.12 × 10−29 2.34 × 10−25 down
CNN1 –0.44 6.46 × 10−24 6.77 × 10−20 down
KLHL40 –0.47 3.03 × 10−22 2.11 × 10−18 down
ATF3 –0.39 3.57 × 10−18 1.87 × 10−14 down
MYH1A –0.42 8.52 × 10−17 3.57 × 10−13 down
PNOC –0.34 4.07 × 10−15 1.42 × 10−11 down
TNC –0.61 3.45 × 10−14 1.03 × 10−10 down
LOC100858388 –0.25 4.79 × 10−13 1.00 × 10−9 down
RFWD2 –0.62 1.94 × 10−12 3.69 × 10−9 down
EDA2R –0.48 9.65 × 10−12 1.55 × 10−8 down

Note: ATF3, activating transcription factor 3; BG2, intestinal zipper protein; CD36, CD36 molecule; CNN1, calponin 1; EDA2R, ectodysplasin A2 
receptor; IGSF10, immunoglobulin superfamily member 10; KCTD20, potassium channel tetramerization domain containing 20; KLHL40, kelch like 
family member 40; LOC100858388, 78 kDa glucose-regulated protein-like; LOC107050812, Ig mu chain C region-like; LOC107055521, unchar-
acterized LOC107055521; LOC427491, C2 calcium dependent domain containing 4A; MYH1A, myosin, heavy chain 1A, skeletal muscle (similar 
to human myosin, heavy chain 1, skeletal muscle, adult); PNOC, prepronociceptin; RFWD2, ring finger and WD repeat domain 2; SELE, selectin E; 
SESN1, sestrin 1; SLC43A2, solute carrier family 43 member 2; TNC, tenascin C; TRIM63, tripartite motif containing 6; XT, treatment group; XC, 
control group.
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Table 2.  Muscle development and lipid metabolism-related Gene Ontology (GO) analysis results.
Term ID Corrected p Genes
Cellular lipid metabolic process GO:0044255 3.26 × 10−3 ST3GAL1, CETP, PDK4, CYR61, AGTR1, UCP3, HPGD
Lipid metabolic process GO:0006629 1.18 × 10−2 ST3GAL1, CETP, PDK4, CYR61, AGTR1, UCP3, HPGD
Regulation of lipid metabolic process GO:0019216 4.29 × 10−2 AGTR1, CYR61, PDK4
Sphingolipid biosynthetic process GO:0030148 4.61 × 10−2 ST3GAL1, CYR61
Fatty acid metabolic process GO:0006631 4.65 × 10−2 UCP3, PDK4, HPGD
Regulation of lipase activity GO:0060191 4.73 × 10−2 AGTR1, CYR61
Skeletal muscle cell differentiation GO:0035914 1.27 × 10−3 ASB2, HLF, MAFF, FOS
Muscle structure development GO:0061061 2.82 × 10−3 ASB2, HOPX, FOS, FHL2, HLF, MAFF
Striated muscle tissue development GO:0014706 3.73 × 10−3 FHL2, HLF, ASB2, MAFF, FOS
Muscle tissue development GO:0060537 4.22 × 10−3 FHL2, HLF, ASB2, MAFF, FOS
Skeletal muscle tissue development GO:0007519 4.50 × 10−3 ASB2, HLF, MAFF, FOS
Skeletal muscle organ development GO:0060538 5.28 × 10−3 ASB2, HLF, MAFF, FOS
Muscle organ development GO:0007517 1.59 × 10−2 ASB2, HLF, MAFF, FOS

Note: AGTR1, angiotensin II receptor type 1; ASB2, ankyrin repeat and SOCS box containing 2; CETP, cholesteryl ester transfer protein; CYR61, 
cysteine-rich angiogenic inducer 61; FHL2, four and a half LIM domains 2; FOS, Fos proto-oncogene, AP-1 transcription factor subunit; HLF, HLF, 
PAR bZIP transcription factor; HOPX, HOP homeobox; HPGD, hydroxyprostaglandin dehydrogenase 15-(NAD); MAFF, MAF bZIP transcription 
factor F; PDK4, pyruvate dehydrogenase kinase 4; ST3GAL1, ST3 beta-galactoside alpha-2,3-sialyltransferase 1; UCP3, uncoupling protein 3.

Table 3.  Pathway analysis results.
Pathway ID p Corrected p Genes
AGE-RAGE signaling pathway 
in diabetic complications

gga04933 8.22 × 10−6 6.84 × 10−4 AMHR2, PIM1, SELE, EGR1, VCAM1, AGTR1,

MAPK signaling pathway gga04010 5.83 × 10−5 2.37 × 10−3 IGF2, FOS, AMHR2, CSF1, MAP3K4, JUND, 
DUSP5, DUSP10

FoxO signaling pathway gga04068 3.66 × 10−3 3.67 × 10−2 FOXO3, AMHR2, FOXO6, FBXO32

Note: AGTR1, angiotensin II receptor type 1; AMHR2, anti-Mullerian hormone receptor type 2; CSF1, colony stimulating factor 1; DUSP10, dual 
specificity phosphatase 10; DUSP5, dual specificity phosphatase 5; EGR1, early growth response 1; FBXO32, F-box protein 32; FOS, Fos proto-
oncogene, AP-1 transcription factor subunit; FOXO3, forkhead box O3; FOXO6, forkhead box O6; IGF2, insulin-like growth factor 2; JUND, JunD 
proto-oncogene, AP-1 transcription factor subunit; MAP3K4, mitogen-activated protein kinase kinase kinase 4; PIM1, Pim-1 proto-oncogene, serine/
threonine kinase; SELE, selectin E; VCAM1, vascular cell adhesion molecule 1; MAPK, mitogen-activated protein kinase.

Table 4.  Top biological functions of the differentially expressed genes.
Biological functions p range # Molecules
Molecular and Cellular Functions
Cellular Development 3.72 × 10−4–2.43 × 10−9 57
Cellular Growth and Proliferation 3.72 × 10−4–6.27 × 10−9 52
Cell Death and Survival 3.83 × 10−4–1.87 × 10−8 57
Cell Morphology 2.50 × 10−4–1.90 × 10−8 36
Lipid Metabolism 2.98 × 10−4–1.67 × 10−7 31
Physiological System Development and Functions
Tissue Morphology 3.94 × 10−4–1.38 × 10−10 58
Cardiovascular System Development and Function 3.92 × 10−4–1.49 × 10−10 44
Organismal Development 3.75 × 10−4–3.70 × 10−10 58
Organ Morphology 3.92 × 10−4–2.19 × 10−9 37
Skeletal and Muscular System Development and Function 3.92 × 10−4–2.43 × 10−9 46
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involved in 28 skeletal and muscular system development and 
functional categories. Among these, 22 DEGs (ADA, AGTR1, 
ATF3, CCN1, CD36, CSF1, EGR1, FOS, FOXO3, HLF, IGF2, 
MAFF, MMP9, NR4A3, PDK4, PDPN, RDH10, RRAD, SOCS3, 
VCAM1, WNT16, and ZBTB16) were classified in both functional 
categories, indicating that these DEGs participate in the regula-
tion of fat and muscle metabolism. IPA networks are based on 
the Ingenuity Knowledge Base, which includes information on 
biomolecules and their associated relationships (Reyes-Gibby 
et al., 2017). Of the 10 networks identified in this study, three 
were related to lipid metabolism and muscle development, indi-
cating that these genes and networks are potentially directly or 
indirectly associated with IMF deposition. For example, EGR1, 
which was located at the center of the radial plots of the two 
networks, was downregulated in the muscle tissue in response to 
dietary supplementation with vitamin E and was in the center of a 
network related to lipid metabolism. EGR1 encodes early growth 
response 1, a nuclear protein that acts as a transcriptional regu-
lator that inhibits adipocyte differentiation (Boyle et al., 2009), 
while EGR1 loss-of-function promotes adipocyte differentiation 
(Bléher et al., 2020). Thus, a high dose of vitamin E likely inhib-
ited EGR1 expression, thereby relieving the inhibitory effect of 
EGR1 on adipocyte differentiation in the breast muscle tissue of 
broilers and increasing IMF deposition, although this hypothesis 
needs further confirmation. Overall, the functions of the networks 
identified in this study significantly influenced IMF deposition.

The strength of our study is the confirmation that high vita-
min E supplementation can increase the IMF content in the breast 
muscle of broilers, along with the identification of DEGs, sig-
naling pathways, and networks in the pectoralis major muscle 
of broilers with dietary supplementation of vitamin E, which 
primarily explains the regulatory role of vitamin E on IMF de-
position. However, our study has potential limitations. Whether 
vitamin E can increase the IMF content in the breast muscle by 
increasing adipocyte proliferation and differentiation needs to 
be further confirmed at the (pre)adipocyte level. Moreover, the 
IMF content does not always improve meat quality. Excessive 
fat deposition leads to the formation of white-striping breast in 
broilers (Zambonelli et al., 2016). The relationship between IMF 
content in the breast muscle and white-striping breast requires 
further study.

In summary, IMF disposition was increased by dietary sup-
plementation with vitamin E at 100 UI/kg, and 159 DEGs were 
identified in the pectoralis major muscle of broilers with vitamin 
E supplementation. Of these DEGs, IPA results indicated that 55 
were enriched in lipid metabolism, skeletal and muscular system 
development, and other related functional categories. Further-
more, we found that the MAPK and FoxO signaling pathways 
play key roles in muscle and lipid metabolism. Some DEGs 
identified in this study were associated with three lipid metabo-
lism- and muscle development-related networks. The DEGs, 
pathways, functional categories, and networks identified in this 
study provide insights into the regulatory role of vitamin E in 
IMF deposition in broilers.

Acknowledgments

This study was financially supported by the National Natu-
ral Science Foundation of China (grant no. 31501970), Qimai 
Science and Technology Innovation Fund Project of Shang-
hang County (grant no. 2019SHQM03), Fujian Provincial 
Natural Science Foundation of China (grant nos. 2017J01640 
and 2018J01460), Student Team of Mr. Yang Sheng (grant no. 
2016A30020), and Teacher Training Project of Longyan Univer-
sity. We thank International Science Editing (http://www.interna-
tionalscience-editing.com) for editing this manuscript.

Authors’ contributions

Y.S. conceived, designed, and supervised the study. M.Z., 
W.L., Q.W., Y.L., D.C., and L.L. performed the animal trials. 
Y.S. and M.Z. performed the statistical analyses and wrote the 
manuscript. All authors contributed to manuscript preparation 
and approved the final manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References
Barido FH, Utama DT, Jeong HS, Kim J, Lee CW, Park YS and Lee 

SK. The effect of finishing diet supplemented with methionine/
lysine and methionine/α-tocopherol on performance, carcass 
traits and meat quality of Hanwoo steers. Asian-Australasian 
Journal of Animal Sciences, 33: 69–78. 2020. https://doi.
org/10.5713/ajas.19.0209, PMID:31480172

Bellés M, Leal LN, Díaz V, Alonso V, Roncalés P and Beltrán JA. 
Effect of dietary vitamin E on physicochemical and fatty acid 
stability of fresh and thawed lamb. Food Chemistry, 239: 
1–8. 2018. https://doi.org/10.1016/j.foodchem.2017.06.076, 
PMID:28873514

Bléher M, Meshko B, Cacciapuoti I, Gergondey R, Kovacs Y, Duprez 
D, L’Honoré A and Havis E. Egr1 loss-of-function promotes 
beige adipocyte differentiation and activation specifically in 
inguinal subcutaneous white adipose tissue. Scientific Reports, 
10: 15842. 2020. https://doi.org/10.1038/s41598-020-72698-w, 
PMID:32985557

Boa-Amponsem K, Price SE, Picard M, Geraert PA and Siegel PB. 
Vitamin E and immune responses of broiler pureline chickens. 
Poultry Science, 79: 466–470. 2000. https://doi.org/10.1093/
ps/79.4.466, PMID:10780639

Boyle KB, Hadaschik D, Virtue S, Cawthorn WP, Ridley SH, 
O’Rahilly S and Siddle K. The transcription factors Egr1 and 
Egr2 have opposing influences on adipocyte differentiation. 
Cell Death and Differentiation, 16: 782–789. 2009. https://doi.
org/10.1038/cdd.2009.11, PMID:19229250

Chen Y, Chen Y, Shi C, Huang Z, Zhang Y, Li S, Li Y, Ye J, Yu C, Li 
Z, Zhang X, Wang J, Yang H, Fang L and Chen Q. SOAPnuke: 
a MapReduce acceleration-supported software for integrated 
quality control and preprocessing of high-throughput sequenc-
ing data. GigaScience, 7: 1–6. 2018. https://doi.org/10.1093/
gigascience/gix120, PMID:29220494

Conesa A, Götz S, García-Gómez JM, Terol J, Talón M and Robles 
M. Blast2GO: a universal tool for annotation, visualization and 

https://doi.org/10.5713/ajas.19.0209
https://doi.org/10.5713/ajas.19.0209
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31480172?dopt=Abstract
https://doi.org/10.1016/j.foodchem.2017.06.076
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28873514?dopt=Abstract
https://doi.org/10.1038/s41598-020-72698-w
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32985557?dopt=Abstract
https://doi.org/10.1093/ps/79.4.466
https://doi.org/10.1093/ps/79.4.466
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10780639?dopt=Abstract
https://doi.org/10.1038/cdd.2009.11
https://doi.org/10.1038/cdd.2009.11
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19229250?dopt=Abstract
https://doi.org/10.1093/gigascience/gix120
https://doi.org/10.1093/gigascience/gix120
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29220494?dopt=Abstract


8

analysis in functional genomics research. Bioinformatics (Ox-
ford, England), 21: 3674–3676. 2005. https://doi.org/10.1093/
bioinformatics/bti610, PMID:16081474

Cui HX, Liu RR, Zhao GP, Zheng MQ, Chen JL and Wen J. Iden-
tification of differentially expressed genes and pathways for 
intramuscular fat deposition in pectoralis major tissues of fast-
and slow-growing chickens. BMC Genomics, 13: 213. 2012a. 
https://doi.org/10.1186/1471-2164-13-213, PMID:22646994

Cui HX, Zheng MQ, Liu RR, Zhao GP, Chen JL and Wen J. Liver 
dominant expression of fatty acid synthase (FAS) gene in two 
chicken breeds during intramuscular-fat development. Mo-
lecular Biology Reports, 39: 3479–3484. 2012b https://doi.
org/10.1007/s11033-011-1120-8, PMID:21717057

Cui H, Zheng M, Zhao G, Liu R and Wen J. Identification of dif-
ferentially expressed genes and pathways for intramuscular fat 
metabolism between breast and thigh tissues of chickens. BMC 
Genomics, 19: 55. 2018. https://doi.org/10.1186/s12864-017-
4292-3, PMID:29338766

Davey JR, Watt KI, Parker BL, Chaudhuri R, Ryall JG, Cunningham 
L, Qian H, Sartorelli V, Sandri M, Chamberlain J, James DE and 
Gregorevic P. Integrated expression analysis of muscle hyper-
trophy identifies Asb2 as a negative regulator of muscle mass. 
JCI Insight, 1: 1. 2016. https://doi.org/10.1172/jci.insight.85477, 
PMID:27182554

Delhomme N, Padioleau I, Furlong EE and Steinmetz LM. easyRNA-
Seq: a bioconductor package for processing RNA-Seq data. Bio-
informatics (Oxford, England), 28: 2532–2533. 2012. https://
doi.org/10.1093/bioinformatics/bts477, PMID:22847932

Gao J, Lin H, Wang XJ, Song ZG and Jiao HC. Vitamin E supple-
mentation alleviates the oxidative stress induced by dexametha-
sone treatment and improves meat quality in broiler chickens. 
Poultry Science, 89: 318–327. 2010. https://doi.org/10.3382/
ps.2009-00216, PMID:20075285

Ghosh S and Chan C-KK. Analysis of RNA-Seq data using TopHat 
and Cufflinks. In: Plant Bioinformatics). pp339-361. Springer 
2016.

González-Calvo L, Dervishi E, Joy M, Sarto P, Martin-Hernandez 
R, Serrano M, Ordovás JM and Calvo JH. Genome-wide ex-
pression profiling in muscle and subcutaneous fat of lambs in 
response to the intake of concentrate supplemented with vita-
min E. BMC Genomics, 18: 92. 2017. https://doi.org/10.1186/
s12864-016-3405-8, PMID:28095783

González-Calvo L, Joy M, Blanco M, Dervishi E, Molino F, Sar-
to P, Ripoll G, Serrano M and Calvo JH. Effect of vitamin E 
supplementation or alfalfa grazing on fatty acid composition 
and expression of genes related to lipid metabolism in lambs1. 
Journal of Animal Science, 93: 3044–3054. 2015. https://doi.
org/10.2527/jas.2014-8758, PMID:26115290

Habibian M, Ghazi S and Moeini MM. Effects of dietary selenium 
and vitamin E on growth performance, meat yield, and seleni-
um content and lipid oxidation of breast meat of broilers reared 
under heat stress. Biological Trace Element Research, 169: 
142–152. 2016. https://doi.org/10.1007/s12011-015-0404-6, 
PMID:26085059

Hocquette JF, Gondret F, Baéza E, Médale F, Jurie C and Pethick 
DW. Intramuscular fat content in meat-producing animals: de-
velopment, genetic and nutritional control, and identification 
of putative markers. Animal, 4: 303–319. 2010. https://doi.
org/10.1017/S1751731109991091, PMID:22443885

Idamokoro EM, Falowo AB, Oyeagu CE and Afolayan AJ. Multi-
functional activity of vitamin E in animal and animal products: 
A review. Animal Science Journal, 91: e13352. 2020. https://doi.
org/10.1111/asj.13352, PMID:32783336

Khan RU, Rahman ZU, Nikousefat Z, Javdani M, Tufarelli V, Dario 
C, Selvaggi M and Laudadio V. Immunomodulating effects of 
vitamin E in broilers. World’s Poultry Science Journal, 68: 31–
40. 2012. https://doi.org/10.1017/S0043933912000049

Kim D and Salzberg SL. TopHat-Fusion: an algorithm for discovery 
of novel fusion transcripts. Genome Biology, 12: R72. 2011. 
https://doi.org/10.1186/gb-2011-12-8-r72, PMID:21835007

Kolde R and Kolde MR. Package ‘pheatmap’. R Package, 1: 790. 
2015.

Krämer A, Green J, Pollard J, Jr. and Tugendreich S. Causal analy-
sis approaches in ingenuity pathway analysis. Bioinformatics 
(Oxford, England), 30: 523–530. 2014. https://doi.org/10.1093/
bioinformatics/btt703, PMID:24336805

Ladeira MM, de Oliveira DM, Schoonmaker JP, Chizzotti ML, Bar-
reto HG, Paiva LV, Coelho TC, Machado Neto OR, Gionbelli 
MP and Chalfun-Junior A. Expression of lipogenic genes in the 
muscle of beef cattle fed oilseeds and vitamin E. Agri Gene, 15: 
100097. 2020. https://doi.org/10.1016/j.aggene.2019.100097

Larsson TP, Murray CG, Hill T, Fredriksson R and Schiöth HB. 
Comparison of the current RefSeq, Ensembl and EST databas-
es for counting genes and gene discovery. FEBS Letters, 579: 
690–698. 2005. https://doi.org/10.1016/j.febslet.2004.12.046, 
PMID:15670830

Leshchinsky TV and Klasing KC. Relationship between the level of 
dietary vitamin E and the immune response of broiler chickens. 
Poultry Science, 80: 1590–1599. 2001. https://doi.org/10.1093/
ps/80.11.1590, PMID:11732676

Li B and Dewey CN. RSEM: accurate transcript quantification from 
RNA-Seq data with or without a reference genome. BMC Bio-
informatics, 12: 323. 2011. https://doi.org/10.1186/1471-2105-
12-323, PMID:21816040

Li W.J., Zhao G.P., Chen J.L., Zheng M.Q. and Wen J. Influence of 
dietary vitamin E supplementation on meat quality traits and 
gene expression related to lipid metabolism in the Beijing-you 
chicken. British Poultry Science, 50: 188–198. 2009. https://doi.
org/10.1080/00071660902755409, PMID:19373719

Li Y, Chen Y, Jin W, Fu S, Li D, Zhang Y, Sun G, Jiang R, Han R, 
Li Z, Kang X and Li G. Analyses of MicroRNA and mRNA 
Expression Profiles Reveal the Crucial Interaction Networks 
and Pathways for Regulation of Chicken Breast Muscle De-
velopment. Frontiers in Genetics, 10: 197. 2019. https://doi.
org/10.3389/fgene.2019.00197, PMID:30936892

Liu L, Liu X, Cui H, Liu R, Zhao G and Wen J. Transcriptional in-
sights into key genes and pathways controlling muscle lipid me-
tabolism in broiler chickens. BMC Genomics, 20: 863. 2019. 
https://doi.org/10.1186/s12864-019-6221-0, PMID:31729950

Livak KJ and Schmittgen TD. Analysis of relative gene expression 
data using real-time quantitative PCR and the 2−ΔΔCT Method. 
Methods (San Diego, Calif.), 25: 402–408. 2001. 10.1006/
meth.2001.1262

Moriya Y., Itoh M., Okuda S., Yoshizawa A. C. and Kanehisa M. 
KAAS: an automatic genome annotation and pathway recon-
struction server. Nucleic Acids Research, 35: W182–W185. 
2007. https://doi.org/10.1093/nar/gkm321, PMID:17526522

Niu ZY, Liu FZ, Yan QL and Li WC. Effects of different levels of vi-

Journal of Poultry Science, 60, jpsa.2023006 (2023)

https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1093/bioinformatics/bti610
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16081474?dopt=Abstract
https://doi.org/10.1186/1471-2164-13-213
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22646994?dopt=Abstract
https://doi.org/10.1007/s11033-011-1120-8
https://doi.org/10.1007/s11033-011-1120-8
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21717057?dopt=Abstract
https://doi.org/10.1186/s12864-017-4292-3
https://doi.org/10.1186/s12864-017-4292-3
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29338766?dopt=Abstract
https://doi.org/10.1172/jci.insight.85477
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27182554?dopt=Abstract
https://doi.org/10.1093/bioinformatics/bts477
https://doi.org/10.1093/bioinformatics/bts477
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22847932?dopt=Abstract
https://doi.org/10.3382/ps.2009-00216
https://doi.org/10.3382/ps.2009-00216
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20075285?dopt=Abstract
https://doi.org/10.1186/s12864-016-3405-8
https://doi.org/10.1186/s12864-016-3405-8
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28095783?dopt=Abstract
https://doi.org/10.2527/jas.2014-8758
https://doi.org/10.2527/jas.2014-8758
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26115290?dopt=Abstract
https://doi.org/10.1007/s12011-015-0404-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26085059?dopt=Abstract
https://doi.org/10.1017/S1751731109991091
https://doi.org/10.1017/S1751731109991091
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22443885?dopt=Abstract
https://doi.org/10.1111/asj.13352
https://doi.org/10.1111/asj.13352
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32783336?dopt=Abstract
https://doi.org/10.1017/S0043933912000049
https://doi.org/10.1186/gb-2011-12-8-r72
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21835007?dopt=Abstract
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24336805?dopt=Abstract
https://doi.org/10.1016/j.aggene.2019.100097
https://doi.org/10.1016/j.febslet.2004.12.046
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15670830?dopt=Abstract
https://doi.org/10.1093/ps/80.11.1590
https://doi.org/10.1093/ps/80.11.1590
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11732676?dopt=Abstract
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21816040?dopt=Abstract
https://doi.org/10.1080/00071660902755409
https://doi.org/10.1080/00071660902755409
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19373719?dopt=Abstract
https://doi.org/10.3389/fgene.2019.00197
https://doi.org/10.3389/fgene.2019.00197
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30936892?dopt=Abstract
https://doi.org/10.1186/s12864-019-6221-0
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31729950?dopt=Abstract
10.1006/meth.2001.1262
10.1006/meth.2001.1262
https://doi.org/10.1093/nar/gkm321
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17526522?dopt=Abstract


9Zhang et al.: Vitamin E and broiler IMF deposition

tamin E on growth performance and immune responses of broil-
ers under heat stress. Poultry Science, 88: 2101–2107. 2009. 
https://doi.org/10.3382/ps.2009-00220, PMID:19762862

Pompeu MA, Cavalcanti LFL and Toral FLB. Effect of vitamin E 
supplementation on growth performance, meat quality, and 
immune response of male broiler chickens: A meta-analysis. 
Livestock Science, 208: 5–13. 2018. https://doi.org/10.1016/j.
livsci.2017.11.021

Qiu F, Xie L, Ma J, Luo W, Zhang L, Chao Z, Chen S, Nie Q, Lin 
Z and Zhang X. Lower Expression of SLC27A1 Enhances In-
tramuscular Fat Deposition in Chicken via Down-Regulated 
Fatty Acid Oxidation Mediated by CPT1A. Frontiers in Physi-
ology, 8: 449. 2017. https://doi.org/10.3389/fphys.2017.00449, 
PMID:28706492

Rebolé A, Rodríguez ML, Ortiz LT, Alzueta C, Centeno C, Viveros 
A, Brenes A and Arija I. Effect of dietary high-oleic acid sun-
flower seed, palm oil and vitamin E supplementation on broiler 
performance, fatty acid composition and oxidation susceptibil-
ity of meat. British Poultry Science, 47: 581–591. 2006. https://
doi.org/10.1080/00071660600939727, PMID:17050103

Reyes-Gibby CC, Melkonian SC, Wang J, Yu RK, Shelburne SA, Lu 
C, Gunn GB, Chambers MS, Hanna EY, Yeung SJ and Shete S. 
Identifying novel genes and biological processes relevant to the 
development of cancer therapy-induced mucositis: An informa-
tive gene network analysis. PloS One, 12:e0180396. 2017.  

Sun Y, Zhao G, Liu R, Zheng M, Hu Y, Wu D, Zhang L, Li P and Wen 
J. The identification of 14 new genes for meat quality traits in 
chicken using a genome-wide association study. BMC Genom-
ics, 14: 458. 2013. https://doi.org/10.1186/1471-2164-14-458, 
PMID:23834466

Sun YF, Zhang M, Li Y and Yang XY. Advances in vitamin E regula-
tion of lipid metabolism in animals. Zhongguo Xumu Zazhi, 51: 
82–85. 2015.

Wang J, Clark DL, Jacobi SK and Velleman SG. Effect of vitamin 
E and omega-3 fatty acids early posthatch supplementation on 
reducing the severity of wooden breast myopathy in broilers. 
Poultry Science, 99: 2108–2119. 2020. https://doi.org/10.1016/j.

psj.2019.12.033, PMID:32241496
Zaboli GR, Bilondi HH and Miri A. The effect of dietary antioxi-

dant supplements on abdominal fat deposition in broilers. Life 
Science Journal, 2s: 328–333. 2013. http://www.lifesciencesite.
com/lsj/life1002s/056_15737life1002s_328_333.pdf

Zambonelli P, Zappaterra M, Soglia F, Petracci M, Sirri F, Cavani 
C and Davoli R. Detection of differentially expressed genes in 
broiler pectoralis major muscle affected by White Striping – 
Wooden Breast myopathies. Poultry Science, 95: 2771–2785. 
2016. https://doi.org/10.3382/ps/pew268, PMID:27591279

Zdanowska-Sąsiadek Ż, Michalczuk M, Poławska E, Damaziak K, 
Niemiec J and Radzik-Rant A. Dietary vitamin E supplemen-
tation on cholesterol, vitamin E content, and fatty acid profile 
in chicken muscles. Canadian Journal of Animal Science, 96: 
114–120. 2016. https://doi.org/10.1139/cjas-2015-0103

Zhang L, Yan F, Zhang S, Lei D, Charles MA, Cavigiolio G, Oda 
M, Krauss RM, Weisgraber KH, Rye KA, Pownall HJ, Qiu X 
and Ren G. Structural basis of transfer between lipoproteins 
by cholesteryl ester transfer protein. Nature Chemical Biol-
ogy, 8: 342–349. 2012. https://doi.org/10.1038/nchembio.796, 
PMID:22344176

Zhang M, Li J, Zhu Y, Wu Q, Li Y, Huang D, Gan Z, Zhong L, Huang 
J, Li H, Xu W, Zhang M, Hung Q and Sun Y. Effect of Vitamin E 
Supplementation on Deposition and Gene Expression Profiling 
of Abdominal Fat in Broiler Chickens. The Journal of Poultry 
Science, 58: 40–50. 2021. https://doi.org/10.2141/jpsa.0200011, 
PMID:33519285

Zhang M, Liu L, Chen D, Zhang X, Zhou C, Gan Q, Li Y, Wu Q, 
Li H, Xu W, Zhang M, Huang Q and Sun Y. Functional mi-
croRNA screening for dietary vitamin E regulation of ab-
dominal fat deposition in broilers. British Poultry Science, 61: 
344–349. 2020. https://doi.org/10.1080/00071668.2020.173626
5, PMID:32118485

Zhao G, Wen J, Chen J, Zheng M, Li X. Selection response and 
estimation of the genetic parameters for intramuscular fat in 
a quality chicken line. Acta veterinaria et zootechnica Sinica, 
37:870–873. 2006.

https://doi.org/10.3382/ps.2009-00220
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19762862?dopt=Abstract
https://doi.org/10.1016/j.livsci.2017.11.021
https://doi.org/10.1016/j.livsci.2017.11.021
https://doi.org/10.3389/fphys.2017.00449
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28706492?dopt=Abstract
https://doi.org/10.1080/00071660600939727
https://doi.org/10.1080/00071660600939727
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17050103?dopt=Abstract
https://doi.org/10.1186/1471-2164-14-458
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23834466?dopt=Abstract
https://doi.org/10.1016/j.psj.2019.12.033
https://doi.org/10.1016/j.psj.2019.12.033
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32241496?dopt=Abstract
http://www.lifesciencesite.com/lsj/life1002s/056_15737life1002s_328_333.pdf
http://www.lifesciencesite.com/lsj/life1002s/056_15737life1002s_328_333.pdf
https://doi.org/10.3382/ps/pew268
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27591279?dopt=Abstract
https://doi.org/10.1139/cjas-2015-0103
https://doi.org/10.1038/nchembio.796
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22344176?dopt=Abstract
https://doi.org/10.2141/jpsa.0200011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33519285?dopt=Abstract
https://doi.org/10.1080/00071668.2020.1736265
https://doi.org/10.1080/00071668.2020.1736265
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32118485?dopt=Abstract

