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Abstract: Intramuscular fat (IMF) is a crucial factor in the quality of chicken meat. The genetic basis underlying it is
complex. Follicle-stimulating hormone (FSH), well-known as an effector in reproductive tissues, was recently discov-
ered to stimulate abdominal fat accumulation in chicken. The effect of FSH on IMF accumulation and the underlying
molecular regulatory mechanisms controlling both IMF and abdominal fat deposition in vivo are largely unknown. In
this study, two groups of chickens were treated with chicken FSH or a placebo. The lipid content of breast muscle,
abdominal fat volume, and serum concentrations of FSH were examined. Related genes implicated in breast muscle
and abdominal fat accumulation were also investigated. Compared to the control group, the triglyceride (TG) content of
breast muscle and the percentage of abdominal fat in FSH-treated chickens were significantly increased by 64.9% and
56.5% (P<0.01), respectively. The FSH content in the serum of FSH-treated chickens was 2.1 times than that of control
chickens (P<0.01). Results from quantitative real-time polymerase chain reaction (QRT-PCR) assays showed that
relative expression levels of fatty acid synthase (FAS), lipoprotein lipase (LPL), diacylglycerol acyltransferase 2
(DGAT?2), adipocyte fatty acid binding protein (A-FABP), and peroxisome proliferator-activated receptor y (PPARYy)
were significantly upregulated in breast muscle following FSH treatment (P<0.01). Treatment with FSH also signifi-
cantly increased relative expression levels of FAS, LPL, DGAT2, A-FABP, and PPARYy in abdominal fat tissue (P<0.05).
The results of principal component analysis (PCA) for gene expression (breast muscle and abdominal fat) showed that
the control and FSH treatment groups were well separated, which indicated the reliability of the data. This study
demonstrates that FSH plays an important role in IMF accumulation in female chickens, which likely involves the
regulation of biosynthesis genes related to lipid metabolism.
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1 Introduction juiciness, water holding capacity, and tenderness

(Ruiz et al., 2001; Jeremiah et al., 2003; Webb and

As a crucial factor affecting meat quality, in-
tramuscular fat (IMF) has always been a focus of
attention in meat-type poultry breeding. A certain
amount of lipid in IMF can enhance meat flavor,
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O'Neill, 2008). IMF accumulation during growth
results not only from an increase in the number of
adipocytes within muscles but also from an increase
in adipocyte volume. The genetic basis underlying fat
accumulation is extremely complex.
Follicle-stimulating hormone (FSH) is a major
glycoprotein hormone of the hypothalamic-pituitary-
gonadal axis, as demonstrated by the cooperation
between the actions of FSH and estrogen (E2) in
follicular development (Heckert and Griswold, 2002)
and the broad functions of E2 in lipid metabolism
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(Clegg, 2012; Malnick et al., 2013). In addition to
its well-known role in reproductive tissues, FSH is
believed to perform direct actions in a variety of
nongonadal tissues (Sowers ef al., 2006; Oshima et al.,
2007). Of particular interest, an effect of FSH on lipid
accumulation was recently discovered, in which FSH
stimulated lipid biosynthesis in chicken abdominal fat
(Cui et al., 2012). However, the effect of FSH on IMF
and the molecular regulatory mechanisms underlying
FSH actions in both IMF and abdominal fat remain
largely unknown. Therefore, in this study we exam-
ined expression of lipid metabolism-related genes in
breast muscle and abdominal fat treated with or
without exogenous FSH.

Lipid deposition is a complicated process. Ad-
ipogenesis is a well-regulated process controlled by
the highly coordinated activation of various enzymes
and transcription factors (Saez et al., 2009; Fu et al.,
2014). As with lipogenic genes, the enzyme fatty acid
synthase (FAS) is key to the process of fatty acid
synthesis, catalyzing the synthesis of long-chain fatty
acids through the condensation of acetyl-coenzyme A
(CoA) and malonyl-CoA in a complex seven-step
reaction (Albalat et al., 2007). Lipoprotein lipase
(LPL) is an endothelial enzyme that catalyzes the
hydrolysis of circulating triglyceride (TG) (Gondret
et al., 2001; Andre et al., 2007). The major enzyme
known to catalyze TG synthesis is the diacylglycerol
acyltransferase 2 (DGAT2) (Stone et al., 2004),
which catalyzes the covalent addition of fatty acyl
chains to TG. Lipid deposition in muscle is related to
the intracellular transport of long-chain fatty acids via
the adipocyte fatty acid-binding protein (A-FABP),
which is also considered an indicator of total intra-
muscular adipocyte number (Jurie et al., 2007). The
peroxisome proliferator-activated receptor y (PPARY)
is the master regulator of adipose cell differentiation,
playing a critical role in systemic lipid metabolism
(Szanto and Nagy, 2005; Liu et al., 2015).

The Beijing-You (BJY) is one of the most fa-
mous Chinese local chicken breeds with superior
meat quality and acceptability (Jiang et al., 2011). In
the present study, using female BJY chickens, we
assessed the effects of exogenous FSH on TG content
in chicken breast muscle, abdominal fat percentage,
serum concentrations of FSH and E2, and mRNA
expression of lipid metabolism-related genes in
chicken breast muscle and abdominal fat. The aim of

this study was thus to contribute to a better under-
standing of the mechanisms of lipid metabolism re-
lated to IMF deposition in chickens.

2 Materials and methods
2.1 Animals and treatment

One-day-old female hatchlings were obtained
from the Institute of Animal Science, Chinese
Academy of Agricultural Sciences (Beijing, China).
Individual birds had the same genetic background.
Birds of similar weight entered the experiment at
seven days of age and were randomly distributed into
FSH treatment and control groups for a total of 15
BJY birds per group. Birds were raised in an envi-
ronmentally controlled room in three-story step cages.
The brooding temperature was maintained at 35 °C
for the first two days, then gradually decreased to
21 °C (45% relative humidity). Artificial lighting was
continuous. The birds were fed basal diets for the
entire experiment from 1 to 14 d of age. The basal
diets were formulated based on the National Resource
Council (1994) requirements and the Feeding Stand-
ard of Chicken established by the Ministry of Agri-
culture, Beijing, China (2004). Feed and water were
provided for ad libitum consumption.

The protocol of FSH administration was per-
formed as previously described (Cui et al., 2012).
Seven-day-old female BJY chickens in the treated
group were injected subcutaneously (dorsal neck)
once daily for seven days with 0.5 ml physiological
saline containing 4 mlIU chicken FSH (Zhonghao
Biological Technology Co., Ltd., Beijing, China).
Control animals received saline-only injections daily
for seven days.

2.2 Sample collection

On the last day of the experiment, the 15 birds in
each group were fasted for 12 h with free access to
water before euthanization. The chickens were eu-
thanized on Day 14 of the experiment 24 h after re-
ceiving the last injection. Individual blood samples
were taken, the serum was separated and samples of
serum were frozen at —80 °C for subsequent detection
of FSH and E2 concentrations. Samples of breast
muscle (pectoralis major) and abdominal fat from one
side were snap-frozen in liquid nitrogen and then



Cui et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2016 17(4):303-310 305

stored at —80 °C for subsequent extraction of total
RNA. The breast muscle was removed and stored at
—20 °C for the analysis of TG content. All chickens
were weighed at the start of the experiment, and ab-
dominal fat was collected after euthanasia. Live
weight (LW) and abdominal fat weight (AFW) were
measured, and the percentage of abdominal fat (AFP)
was calculated according to the following equation:
AFP=AFWx100%/LW.

2.3 TG content detection in breast muscle

After obvious reticular tissue had been elimi-
nated, 2.0 g of each sample was homogenized using
chloroform:methanol (2:1, v/v) as the solvent. A
commercially available kit (Lideman Biological
Technology Co., Ltd., Beijing, China) was used to
measure the TG content in 10 pl of breast muscle
homogenate according to the manufacturer’s protocol.

2.4 FSH and E2 detection in serum

Serum samples were separated by standard
procedures and stored at —80 °C for subsequent
analysis. Serum concentrations of FSH were measured
using a chicken-specific FSH ELISA kit (Zhonghao
Biological Technology Co., Ltd., Beijing, China)
with a previously described method (Cui et al., 2012).
The assay was performed according to the manufac-

turer’s instructions after dilution to optimize accuracy.

Serum concentrations of E2 were determined by ra-
dioimmunoassay (RIA) using an RIA kit (Beijing
Huaying Biotechnology Research Institute, Beijing,
China) with a previously described method (Joanne
et al., 2002).

2.5 RNA extraction and reverse transcription

Total RNA was extracted from 100 mg of frozen
abdominal fat, breast muscle, and liver tissue using
commercially available kits (Tiangen Biological
Technology Co., Ltd., Beijing, China). Genomic DNA
contamination was removed by DNase I digestion
(Tiangen Biological Technology). The purity and
yield of RNA were determined by spectrophotometric
measurement using a NanoDrop ND-1000 (NanoDrop
Technologies, Montchanin, DE, USA) for RNA
quantification. RNA integrity was examined by elec-
trophoresis on a 1.2% (0.012 g/ml) agarose gel. RNA
was dissolved in RNase-free water and stored at
—80 °C for subsequent use in reverse transcription.

Total RNA (5 pg) was used for reverse tran-
scription. First-strand cDNA synthesis was performed
using M-MLV Reverse Transcriptase and an oligo
(dT) primer according to the manufacturer’s instruc-
tions (Promega, USA). The complementary DNA
(cDNA) was stored at —20 °C for subsequent quanti-
tative real-time polymerase chain reaction (QRT-PCR).

2.6 qRT-PCR

qRT-PCR was performed using a Thermal Cy-
cler Dice Real Time System (ABI 7500, Applied
Biosystems, Foster, CA, USA) with an SYBR Prime-
Script RT-PCR kit (TaKaRa, Dalian, China) accord-
ing to manufacturer’s specifications. Gene-specific
primers (Table 1) were designed based on sequences
published in GenBank using Primer Premier 5.0
software (Premier Biosoft International, Palo Alto,
CA, USA). After initial denaturation for 30 s at 95 °C,

Table 1 Specific primers for qRT-PCR

Gene' Sequence Product size (bp) Accession number

FAS F: 5'-CAATG GACTTCATGCCTCGGT-3' 119 NMO001199487.1
R: 5'-GCTGGGTACTGGAAGACAAACA-3'

LPL F: 5-GGTGACCTGCTTATGCTA-3' 187 NM 205282.1
R: 5-ATATTGCTGCCTCTTCTC-3'

DGAT?2 F: 5-GGGGTCGAGCATTCTCTCTG-3' 203 NC 006088.3
R: 5'-CGAACACCAGCCAGGCTAAA-3'

A-FABP F: 5'-TGGCCGTGAAGATGTTGAAAG-3' 120 NM204290
R: 5'-CGCAGGTATTCCCGAAGGTTG-3'

PPARy F: 5'-TCCTTCCCGCTGACCAAA-3' 212 NM 001001460.1
R: 5'-TCCTGCACTGCCTCCACA-3'

P-actin F: 5'-GAGAAATTGTGCGTGACATCA-3' 152 L08165

R: 5'-CCTGAACCTCTCATTGCCA-3'

" FAS: fatty acid synthase; LPL: lipoprotein lipase; DGAT2: diacylglycerol acyltransferase 2; A4-FABP: adipocyte fatty acid binding

protein; PPARy: peroxisome proliferator-activated receptor y
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amplification was performed for 40 cycles (95 °C for
5 s and 60 °C for 32 s). Samples were assayed in
triplicate to derive standard curves. PCR efficiency
for the five genes and f-actin was consistent. To de-
termine fold-changes in gene expression, the com-
parative Ct method was used (Livak and Schmittgen,
2001), with fold-change calculated as 2724 The
results are expressed as the mean fold-change in gene
expression from triplicate analyses, using control
group samples as the calibrator (arbitrarily assigned
an expression level of 1 for each gene). For all tran-
scripts, cDNA from 14-d-old chicken liver served as a
standard control. Negative control reactions (without
samples) were included in each assay.

2.7 Statistical analysis

Statistical analysis was performed using Student’s
unpaired t-test in SPSS Version 16.0 (SPSS Inc.,
Chicago, IL, USA). Values are reported as meant
standard error of the mean (SEM). Differences were
considered statistically significant at P<0.01 or
P<0.05. Principal component analysis (PCA) is a
widely used tool for data analysis that reduces com-
plex multidimensional data to a few specified di-
mensions so that it can be effectively visualized,
making it possible to identify the most important
directions of variability in a multivariate data matrix
and to present the results in a graphical plot
(Destefanis et al., 2000). PCA was performed using
the software RStudio Version 0.99.473 (RStudio,
Boston, MA, USA) and using data of genes from
mRNA expression analysis.

3 Results

3.1 Effects of FSH on TG content in breast muscle,
AFW, and AFP

FSH treatment in chickens increased the TG
content of breast muscle and enhanced abdominal fat
accumulation. Results showed that, compared to the
control group, TG content of breast muscle in
FSH-treated chickens (Fig. 1a) was significantly in-
creased by 64.9% (P=0.008), and AFW and AFP in
FSH-treated chickens (Figs. 1b and 1c¢) were signifi-
cantly increased by 59.3% (P=0.002) and 56.5%
(P=0.003), respectively.
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Fig. 1 Effects of FSH on TG content in breast muscle (a),
AFW (b), and AFP (c)

Chickens received 4 mlIU follicle-stimulating hormone (FSH)
daily from Days 7 to 13. Breast muscle and abdominal fat were
collected on Day 14, 24 h after the last injection. (a) Triglyc-
eride (TG) content of breast muscle was determined using
biochemical methods to examine 10 pl of homogenate.
(b) Abdominal fat weight (AFW). (c) Abdominal fat as a
percentage of live weight (AFP). Results are expressed as
mean+ SEM (n=15). " P<0.01

3.2 Effect of FSH on hormone serum concentrations

The experiment showed that the average serum
concentration of FSH in 14-d-old female BJY
chickens was 4.10 mIU/ml after 7 d of daily subcu-
taneous injections of 4 mIU chicken FSH, which was
significantly higher (P=0.009) than the concentration
found in control chickens (2.00 mIU/ml). However,
the concentrations of E2 in serum showed no signif-
icant difference between the FSH treatment and con-
trol groups (Table 2).



Cui et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2016 17(4):303-310 307

3.3 Effects of FSH on mRNA expression of genes
in breast muscle and abdominal fat

qRT-PCR revealed that FSH treatment increased
the mRNA abundance of lipid-related genes in chicken

Table 2 Serum concentrations of FSH and E2 in 14-d-
old female BJY chickens

Group FSH (mIU/ml) E2 (pg/ml)

Control 2.00+0.55 3.90+1.81

FSH treatment 4.10+1.67 4.9242.12
P-value 0.009 0.315

Injections consisted of 0.5 ml of saline (control) or the same vol-
ume of saline containing 4 mIU chicken follicle-stimulating hor-
mone (FSH) daily for 7 d. Chicken blood was sampled on Day 14.
Serum was separated and analyzed for FSH using a chicken-
specific FSH ELISA kit; estradiol (E2) concentration was meas-
ured by radioimmunoassay (RIA). Results are expressed as mean+
SEM (n=15)
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breast muscle and abdominal fat (Fig. 2). The mRNA
expression levels of the genes FAS, LPL, DGAT?2,
A-FABP, and PPARy in the FSH-treated group were
significantly higher than those in the control group in
both chicken breast muscle (P<0.01) and abdominal
fat (P<0.05).

To assess individual variability among the four
groups, we carried out PCA using the gene expression
in abdominal fat and breast muscle from the control
and FSH-treated chickens. There was a high correla-
tion between the five variables (#>0.68, P<0.01),
including FAS, LPL, DGAT2, A-FABP, and PPARy. In
Fig. 3, these variables placed to the right in the load-
ing plot were close together and, therefore, positively
correlated. A clear separation between control and
FSH treatment profiles in breast muscle and ab-
dominal fat was apparent from the PCA (Fig. 4).
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Fig. 2 Expression of lipid-related genes assessed by qRT-PCR in 14-d-old female BJY chickens treated with FSH
mRNA expression levels of fatty acid synthase (FAS), lipoprotein lipase (LPL), diacylglycerol acyltransferase 2 (DGAT?2), adi-
pocyte fatty acid binding protein (4-FABP), and peroxisome proliferator-activated receptor y (PPARy) were quantified in breast
muscle (a) and in abdominal fat (b). Results are expressed as mean+SEM (n=8). " P<0.05, ™ P<0.01
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Fig. 3 Plot of the first two principal component (PC)
loading vectors
These five variables (FAS, LPL, DGAT2, A-FABP, and PPARy)
presented in the loading plot were highly positively correlated
(r>0.68, P<0.01)
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Fig. 4 PCA-plot for gene expression analysis
To visualise the variability of individual gene expression
between the control and FSH treatment (breast muscle and
abdominal fat), a PCA-analysis of gene expression of 32
samples was performed. Breast muscle and abdominal fat of
FSH-treated chickens were clearly distinguished from the
closely related control
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4 Discussion

IMF content plays a key role in multiple quality
traits of chicken meat and is an important index for
superior-quality chicken breeding (Hocquette et al.,
2010; Ye et al., 2010). IMF can only be measured
after slaughtering and must be predicted indirectly
using pedigree information, which limits the accuracy
of selection and increases the cost of breeding.
Therefore, understanding the molecular mechanisms
underlying such complex trait formation combined
with functional gene discovery may provide valuable
information for the breeder. FSH is a glycoprotein
hormone mainly secreted by the pituitary gland to
regulate gonadal development and function after de-
livery through the bloodstream (Meduri et al., 2002;
Patsoula et al., 2003; Cui et al., 2009). Researchers
have found that FSH can increase lipid accumulation
in chicken abdominal fat by about 50% (Cui ef al.,
2012). Thus, it would be of interest to also know its
effect on IMF.

In our study, we examined serum hormone
concentrations resulting from exogenous FSH (4 mIU
daily from Days 7 to 13) and found significantly higher
FSH concentrations after treatment of female chick-
ens compared to controls, which demonstrated that
exogenous FSH did in fact enter the blood circulation.
High levels of FSH, rather than decreased levels of
sex hormones, are possibly responsible for fat accu-
mulation and redistribution in aging populations (Liu
et al., 2015). Consistent with the report by Cui et al.
(2012), AFW and AFP in FSH-treated chickens were
significantly increased by 59.29% and 56.49%, re-
spectively. More importantly, we found that FSH
treatment increased the TG content in chicken breast
muscle by 64.90%, which suggested that FSH pro-
moted IMF deposition in chickens. The data also
indicated that the effect of FSH was similar on both
breast muscle and abdominal fat accumulation.

The expression profiles of lipid-related genes in
breast muscle and abdominal fat from female BJY
chickens were further investigated. The results of
PCA showed that the control and FSH treatment
groups were well separated, which indicated the re-
liability of the data. The abundance of mRNA from
lipid biosynthesis genes (FAS, LPL, DGAT2, A-FABP,
and PPARy) in both breast muscle and abdominal
fat was significantly higher in FSH-treated animals

compared to controls. FAS, a downstream mediator
of adipo-regulatory genes previously discussed (Yu
et al., 2014), is critical for lipogenesis, and the ex-
pression of FAS was increased by FSH treatment in
our study. Similar effects of FSH on FAS expression
in 3T3-L1 preadipocytes and adipocytes from mice
were reported by Liu et al. (2015). The FAS results
suggest that the ability to synthesize lipids in situ
contributes partially to lipid deposition in chicken
breast muscle and abdominal fat following FSH
treatment. LPL is the gatekeeper of fat storage, and
when upregulated, acts on lipoproteins to generate
increased fatty acids that are transported into tissues
(Lafontan, 2014). The uptake of fatty acids by muscle
LPL is generally higher in muscles with a high fat
content (Chartrin et al., 2006). Thus, the capacity for
lipid uptake by muscle tissue is a major determinant
controlling IMF levels in chicken. Our results are
consistent with previous reports in chicken adipocytes
(Cui et al., 2012) and mice adipocytes (Liu et al.,
2015) that LPL mRNA was upregulated by FSH
treatment. DGAT?2 is the main enzyme that catalyzes
the final step in the synthesis of TG, which involves
esterification of fatty acids for conversion into TG
before final storage in various adipose tissues (Krag
etal.,2007; Yen et al., 2008). The results of our study
showed that the FSH treatment group exhibited
higher DGAT2 gene expression in chicken breast
muscle and abdominal fat compared to controls, in
agreement with similar results on DGAT2 gene ex-
pression by FSH stimulation in vitro (Cui et a/., 2012).
In addition, 4-FABP is a marker of lipogenesis, par-
ticularly in adipocytes where it is specifically ex-
pressed (Hertzel et al., 2006), and our study showed
that A-FABP mRNA levels in chicken breast muscle
and abdominal fat were upregulated by FSH treat-
ment. PPARy is the master regulator of adipogenesis
(Hocquette et al., 2010), and previous studies found
that PPARy may target genes directly involved in the
lipogenic pathway and induce an array of genes re-
lated to lipid metabolism, including LPL and FAS;
thus, PPARy may function like a switch to control
lipogenic gene expression (Rosen et al., 2002;
Hummasti et al., 2008; Hausman et al., 2009). The
expression of PPARy was increased by FSH treat-
ment in our study. Liu et al. (2015) also showed that
PPARy mRNA was upregulated by FSH stimulation
in murine adipose tissue.
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Taken together, our findings conclude that FSH
stimulates IMF accumulation in breast muscle by
inducing the expression of lipid biosynthesis genes.
With regard to abdominal fat, our in vivo findings on
gene regulatory mechanisms are consistent with the in
vitro results of Cui et al. (2012).

5 Conclusions

Treatment with exogenous chicken FSH signif-
icantly increased the IMF content of breast muscle
and upregulated the expression of FAS, LPL, DGAT2,
A-FABP, and PPARy. This study demonstrates that
FSH plays an important role in IMF accumulation in
female chickens mediated by regulation of biosyn-
thesis genes related to lipid metabolism.
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