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Abstract Transcripts and protein for follicle-stimulating
hormone receptor (FSHR) were demonstrated in abdomi-
nal adipose tissue of female chickens. There was no ex-
pression of the Fsh gene, but FSH and FSHR colocalized,
suggesting that FSH was receptor bound. Partial correla-
tions indicted that changes in abdominal fat (AF) content
were most directly correlated with Fshr mRNA expression,
and the latter was directly correlated with tissue FSH con-
tent. These relationships were consistent with FSH inducing
Fshr mRNA expression and with the finding that FSH influ-
enced the accumulation of AF in chickens, a novel role for
the hormone. Chicken preadipocytes responded linearly to
doubling concentrations of FSH in Fshr mRNA expression
and quantities of FSHR and lipid, without discernable ef-
fect on proliferation. Cells exposed to FSH more rapidly
acquired adipocyte morphology. Treatment of young chick-
ens with chicken FSH (4 mIU/day, subcutaneous, days 7-13)
did not significantly decrease live weight but increased
AF weight by 54.61%, AF as a percentage of live weight by
55.45%, and FSHR transcripts in AF by 222.15% (2 h after
injection). In cells stimulated by FSH, genes related to lipid
metabolism, including Rdh10, Dci, RarB, Lpl, Acsi3, and
Dgat2, were expressed differentially, compared with no
FSH. Several pathways of retinal and fatty acid metabolism,
and peroxisome proliferator-activated receptor (PPAR)
signaling changed.lll In conclusion, FSH stimulates lipid
biosynthesis by upregulating Fshr mRNA expression in ab-
dominal adipose tissue of chickens. Several genes involved
in fatty acid and retinal metabolism and the PPAR signaling
pathway mediate this novel function of FSH.—Cui, H., G.
Zhao, R. Liu, M. Zheng, ]J. Chen, and J. Wen. FSH stimulates
lipid biosynthesis in chicken adipose tissue by upregulating
the expression of its receptor FSHR. J. Lipid Res. 2012. 53:
909-917.
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Follicle-stimulating hormone (FSH) is a major glycopro-
tein hormone of the hypothalamus-pituitary-gonadal axis
acting via its specific membrane receptor, FSHR, a mem-
ber of the glycoprotein family of G protein coupled recep-
tors (1-3). After FSH specifically binds to multileucine
repeat sequences in the extracellular domain of FSHR (4),
its signal is transduced by G proteins activating adenylyl
cyclase with intracellular production of cAMP and activa-
tion of protein kinase A. The resultant protein phosphory-
lation achieves a series of physiological effects, including
activating aromatase and inducing luteinizing hormone
receptor, jointly acting to generate estrogen, which coop-
erates with FSH in follicular development (1).

FSH is the main controlling factor for Fshr gene expres-
sion (5). In rats from birth to 3 days of age, the ovaries do
not respond to FSH, but there is rapid cAMP generation in
response to FSH upon the transcription of full-length Fshr
(1). In different follicular stages, the expression level of
Fshr mRNA is negatively correlated with the size of follicles
(6, 7), probably because the dependence of follicles on
FSH differs throughout development: small follicles need
more FSH stimulation, so the content of Fshr mRNA is
highest in the granulosa cells. In addition, some para-
crines, such as epidermal growth factor, fibroblast growth
factor, insulin-like growth factor 1, and transforming
growth factor-8, can participate in the regulation of Fshr
gene expression (8-12).

FSH is mainly secreted by the pituitary gland to regulate
gonadal development and function after delivery through
the bloodstream (13-17). Additionally, FSH can be secreted
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chain reaction.
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from the stomach (18), but it is unclear whether this regu-
lates reproductive or other functions. Consistent with the
classic roles of FSH in steroidogenesis (19), Fshr is mainly
expressed in the reproductive system (13-17). The recep-
tor is also expressed in some nonreproductive organs and
tissues (18, 20) where it plays roles in regulating the devel-
opment of the skeletal system and others (21-24). There
are no reports that Fs» mRNA and Fshr mRNA are ex-
pressed and regulate lipid deposition in adipose tissue,
whereas estrogen receptor has been shown to be impor-
tant for the regulation of lipid metabolism (22). Because
FSHR and estrogen receptor have complementary func-
tion in reproduction (1), it was speculated that FSH and
FSHR might play a role in the regulation of lipid metabo-
lism of abdominal adipose tissue.

In the present study, the expression of the Fshr gene in
adipose tissue was verified using Beijing-you (BJY) chick-
ens, an indigenous Chinese breed with superior meat
quality. The expression of Fshr mRNA was shown to be up-
regulated by FSH and mediated FSH-stimulated lipid de-
position via multiple signaling pathways.

MATERIALS AND METHODS

Animals and tissue collection

All experimental procedures, using female BJY chickens
from the Institute of Animal Sciences, Chinese Academy
of Agricultural Sciences (Beijing, China), were performed
in accordance with the Guidelines for Experimental Ani-
mals established by the Ministry of Science and Technol-
ogy (Beijing, China). One-day-old hatchlings with the
same genetic background were reared in stair-step caging

TABLE 1.

under continuous lighting using standard conditions of
temperature, humidity, and ventilation. Feed was formu-
lated to meet requirements (Nutrient Requirements of
Chinese Color-feathered Chickens, 2004) and was avail-
able ad libitum, as was water.

On each of days 1, 21, 42, 90, and 120, six birds of simi-
lar weight were selected, stunned, and euthanized using
approved procedures. Abdominal fat (AF) was rapidly dis-
sected, weighed, snap-frozen in liquid nitrogen, and stored
at —80°C. AF content was expressed as a percentage of live
body weight. From the collections on day 42, subsamples
of the AF from three of the six birds were fixed in 4% para-
formaldehyde. Additional abdominal adipose tissue was
collected aseptically on day 42 to prepare preadipocytes.

RNA extraction

Total RNA was isolated from the frozen tissues using
Trizol reagent according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA). After removal of any genomic
DNA, RNA was dissolved at 1 wg/wl and stored at —80°C
for use in RT-PCR and quantitative PCR (q-PCR).

RT-PCR

Total RNA (2.5 pg) was used to generate cDNA in a fi-
nal volume of 25 pl according to the manufacturer’s in-
structions (Promega, Madison, WI). PCR was performed
in the presence of 1.5 mM MgCl,, 200 wM dNTP mixtures,
1.5 IU Taq polymerase, and 50 pmol each of the forward
and reverse primers in a final volume of 50 pl. Primers for
the Fshr gene and Fsh gene (Table 1) were designed (Primer
Premier 5.0) from the GenBank sequences to further
minimize possible confounding from cDNA. The primers
were synthesized by Shanghai ShengGong Biological Co.

The specific primers for RI-PCR and g-PCR in this study

Gene Sequence

Product size (bp) Cycle profile Accession number

RT-PCR Fshr F:5 TAATGGAACCTGCCTGGATG-3’ 261 95°C/30s, 63°C /30 s, NM_205079
R:5-GCACAGCAATGGCTAGGATAG-3 72°C /30s (40 cycles)
Fsh F:5-CAGGAAGGCACAGCACTCTA-3’ 497 95°C/30s, 62°C /30 s, NM_204257
R:5-CAGCCTGTTCAATACCCTTATC-% 72°C /30s (40 cycles)
q-PCR Fshr F:5-TAATGGAACCTGCCTGGATG-3’ 261 95°C for 15 s and 63°C for NM_205079
R:5-GCACAGCAATGGCTAGGATAG-3 35 s (40 cycles)
Acsl3 F:5-ACCAGGGCTGAGTGGATGAT-3’ 192 95°C for 15 s and 63°C for NM_028817
R:5-CAGACGTGGGACCAAAGAGAC-3’ 35's (40 cycles)
Rdh10 F:5-GCTGTTCGTGGTCACATTCCG-3’ 209 95°C for 15 s and 63°C for NM_001199459
R:5-TCTCCTCGTTGCTCTGCGTGT-% 35's (40 cycles)
Lpl F:5-AGGAGAAGAGGCAGCAATA-3’ 222 95°C for 15 s and 63°C for AB016987
R:5-AAAGCCAGCAGCAGATAAG-3’ 35 s (40 cycles)
RarB F:5-ACCTCGTGTTCACCTTTGCC-% 197 95°C for 15 s and 63°C for NM_205326
R:5-GTGAGGCTTGTTGGGTCGTC-3 35 s (40 cycles)
Dgat2 F:5-AAACCCACAACCTGCTGACCAC-% 287 95°C for 15 s and 63°C for NW_001474485
R:5-TGCTCCTCCCACCACGATGA-8 35's (40 cycles)
AdipoQ F:5-GCCAGGTCTACAAGGTGTCA-3 86 95°C for 15 s and 63°C for NM_206991

R:5-CCATGTGTCCTGGAAATCCT-3

35 s (40 cycles)
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(Shanghai, China). Optimal PCR conditions are shown in
Table 1. Parallel amplifications included c¢cDNA from
chicken ovary or pituitary to serve as positive controls for
Fshr mRNA and Fsh mRNA, respectively. Aliquots of the
PCR products were assessed by electrophoresis in 1.5%
agarose gels, and amplicons were sequenced (Takara Bio,
Shiga, Japan) to verify authenticity.

q-PCR

The abundance of Fshr mRNA in abdominal adipose tis-
sue at each age and in adipocytes incubated with FSH (see
below) was quantified by g-PCR using the same primers in
RT-PCR. Each 25 pl PCR mixture contained 12.5 pl of
2x 1Q™ SYBR Green Supermix, 0.5 pl (10 mM) of each
primer, and 1 pl of cDNA. Mixtures were incubated in an
iCycler iQ Real-time Detection system (Bio-Rad, Hercules,
CA). Quantification of the transcripts was performed
using a standard curve with 10-fold serial dilutions of
cDNA. A melting curve was constructed to verify that only
a single PCR product was amplified. Samples were assayed
in triplicate with standard deviations of threshold cycle val-
ues not exceeding 0.5 on a within-run basis, and each anal-
ysis was repeated at least twice. Negative (without template)
and positive controls (ovary) were included within each
assay.

In situ hybridization

Paraffin-embedded sections (10 pwm) from three birds
were prepared. Sequential sections were divided into three
sets and were used for Fshr mRNA in situ hybridization
(ISH), following established methodology (25). The anti-
sense probe hybridized to bp 625-885 of the Fshr mRNA
coding region (GenBank acession no. NM-205079).

M 1 23 A

~—261 bp

Fig. 1. Expression of Fshr mRNA in chicken abdominal adipose
tissue. A: Fshr mRNA expression was detected by RI-PCR. Lanes
1-3: negative control, positive control (ovary), abdominal adipose
tissue, respectively. M, DL2000 Marker. The expected 261 bp prod-
uct was verified by electrophoresis in abdominal adipose tissue. B1:
Fshr mRNA ISH: positive hybridized signals (arrows) were showed
in abdominal adipose tissue, which indicate expression of Fshr
mRNA (inverted microscope, 200x). C1: immunocytochemical de-
tection of FSHR protein in abdominal adipose tissue: positive sig-
nal appears as brown staining surrounding the fat locule (inverted
microscope, 200x). B2 and C2, the negative controls.

Immunohistochemistry

Paraffin-embedded sections (10 wm) from three birds
were dewaxed in xylene (2 x 5 min) and 100% ethanol
(2 x 2 minutes) and rehydrated through a graded ethanol
series (95, 70, 50, and 30%), each for 2 min, and finally
with distilled water. For antigen retrieval (26), slides were
incubated in citrate buffer (10 mM citric acid, 0.05%
Tween 20 [pH 6.0]) at 95-100°C for 10 min. After washing
twice with PBS, slides were blocked with 3% BSA in PBS
for 30 min. Slides were incubated in a humidified cham-
ber overnight with 1:100 dilutions of mouse anti-chicken
FSH or anti-chicken FSHR (Huijia Biological Technology
Co., Ltd, Xiamen China) at 4°C. After thorough washing,
they were treated with 1:100 dilutions of HRP-conjugated
goat anti-mouse immunoglobulin for 1 h at room temper-
ature, washed three times in PBS, and developed with
diaminobenzidine for 10-15 min in the dark. Sections
were then counterstained with hematoxylin.

Measurement of FSH and FSHR levels

Concentrations of FSH and FSHR in abdominal fat (AF)
and adipocytes that were induced by FSH were measured
using a chicken-specific FSH ELISA kit (Zhonghao Bio-
logical Technology Co., LTD, Beijing, China) and a FSHR
ELISA kit (Huijia Biological Technology Co., LTD, Xiamen,
China). Samples were homogenized at room temperature
and centrifuged (1000 g, 20 min) at 4°C to separate debris
and the fat cake, and the infranatant was frozen immedi-
ately at —80°C until assay. The assay was performed ac-
cording to the manufacturer’s instructions after dilution to
optimize accuracy.

Preadipocyte cell culture

Preadipocytes of abdominal adipose tissue were col-
lected from day 42 female BJY chickens following pub-
lished methods (27, 28). Preadipocytes were plated in
96-well and 6-well cultures dishes. The culture medium
was DMEM/F12 (1:1) containing 10% FBS and with 0.25%
oleic acid to induce differentiation and was changed every

M

Fig. 2. Fsh gene is not expressed but the hormone is detectable
in chicken abdominal adipose tissue. A: sh mRNA expression was
detected by RT-PCR. Lanes 1-3: negative control, positive control
(pituitary), and abdominal adipose tissue, respectively. M, DL2000
marker. No expected product was detected in abdominal adipose
tissue. B1: Immunocytochemical detection of FSH protein in ab-
dominal adipose tissue: positive signal appears as brown staining
surrounding the fat locule (inverted microscope, 200x). B2: The
negative control.
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Fig. 3. Similar trends occur across development in changes in AF
content, FSH content, FSHR content, and the expression of Fshr
mRNA. FshrmRNA is shown as the number of copies (x10°) per ug
total RNA (a), FSH as mIU/kg tissue (b), FSHR as ng/kg tissue (c),
and AF as a percent of live weight (%) (d). Data are means = SD
(n=6).d=day.

2 days for a total of 8 days of culture. Starting on day 0,
chicken FSH (Zhonghao Biological Technology Co., LTD,
Beijing, China) was included in the media at concentra-
tions of 0, 5, 10, or 20 mIU/ml. Every 2 days, cell morphol-
ogy, proliferation (29), and lipid content (30) were
determined in triplicate wells from each treatment. Total
RNA was also prepared from three wells and stored for
g-PCR and microarray analysis.

Microarray analyses and q-PCR

Microarray hybridization analysis was performed using
RNA from cells treated with 0 and 20 mIU/ml FSH for
6 day according to the Agilent Expression Analysis Tech-
nical Manual (GeneTech Biotechnology Limited Co.,
Shanghai, China). Differentially expressed (DE) genes
were identified by = 1.5-fold-changes and P value < 0.05
in ANOVA. Gene ontology (GO) enrichment analysis of
the DE genes was performed using the GOEAST software
toolkit. The significance level of the GO term enrichment
was set as a false discovery rate-adjusted P value < 0.1 by
the Yekutieli method, and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway information was
used in this analysis. Pathways that were significantly en-
riched in DE genes were identified by the hypergeomet-
ric test using R packages (P < 0.1; false discovery rate
adjusted). Minor pathways with less than two known
chicken genes were discarded. For several genes, the ex-
pression of which was markedly altered by treatment with
FSH, the microarray data were verified by q-PCR using
specific primers (Table 1). g-PCR was performed as indi-
cated above.

FSH treatment of female chickens

To examine changes in plasma concentrations resulting
from exogenous FSH, three 7 day old BJY chickens were
injected subcutaneously (dorsal neck) with 0.5 ml physio-
logical saline or saline containing 4 mIU chicken FSH
(Zhonghao Biological Technology Co., Ltd, Beijing,
China). Blood samples (=150 pl) were collected 2 h before
and 2, 8, and 24 h after injection, plasmas were separated,
and FSH concentrations were measured by ELISA, as
noted earlier.

Eighteen 7 day old female BJY chickens were randomly
distributed into FSH-treatment and control groups. Birds
were raised with feed and water provided ad libitum during
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the experiment. Birds in the treated group were injected
with 4 mIU FSH in saline, and the control group received
saline daily for 7 days. Three FSH-treated and three con-
trol birds were euthanized 2 h after injection on day 13,
and AF samples were collected to measure the tissue con-
tents of FSH hormone and Fshr mRNA. The methods used
were as described above. The remainders of the birds
were weighed then euthanized 24 h after injection on day
13, giving a total of six birds per group for measurements
of AF weight and AF as a percentage of live weight.

Statistical analyses

Comparisons across sampled ages were made by one-
way ANOVA using Statistical Analysis Systems software
(Version 8.2, SAS Institute, Cary, NC) to determine signifi-
cance (accepted at P< 0.05 or P< 0.01). Multiple regres-
sions were used to examine relationships between AF
(dependent variable) and tissue FSH, FSHR protein, and
Fshr mRNA, and partial correlation coefficients were then
derived. Effects of FSH concentrations on cultured cells
were evaluated, on a within-day basis, by ANOVA. The data
are means + SD.

RESULTS

Fshr mRNA and its protein are expressed in adipose
tissue of chicken

To determine if Fshr gene is expressed in chicken adi-
pose tissue, total RNA were isolated from AF, and Fshr
mRNA expression was detected at the transcript and pro-
tein level. After RT-PCR, the expected 261 bp product
was verified by electrophoresis, and the product was con-
firmed by sequencing. The results show that Fshr mRNA
is present in AF (Fig. 1A). ISH was detected Fshr tran-
scripts in the thin shell of cytoplasm peripheral to the
lipid locule (Fig. 1B), whereas the FSHR protein was
more narrowly detected, by immunocytochemistry, to be

TABLE 2. Simple and partial correlations between variables
measured in abdominal fat. Data are from 24 measurements
(four stages of development; n = 6 birds at each age)

Simple correlation matrix

1 2 3 4
1 1 0.9928 0.9815 0.9827
2 1 0.9932 0.9974
3 1 0.9914
4 1
Partial correlations
Estimate PValue
Iigsy” 0.957 <0.0001
T13.94 —-0.513 0.0146
T14.93 —0.891 <0.0001
To5.14 0.61 0.0026
o413 0.963 <0.0001
T3412 —0.427 0.0475

1 = fat content, 2 = receptor mRNA, 3 = receptor protein, and
4 = tissue FSH.

“ The partial correlation between fat content (1) and receptor
mRNA (2), accounting for covariation with receptor protein (3) and
tissue FSH content (4)
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likely in the plasmalemma (Fig. 1C). These results dem-
onstrate unequivocally that Fshr gene is expressed in
chicken AF.

The Fsh gene was not expressed, but FSH was detected
in adipose tissue

The possible expression of Fsk gene and presence of
FSH protein in adipose tissue were assessed. RT-PCR,
using cDNA from the pituitary as a positive control,
failed to detect Fsh transcripts in AF (Fig. 2A). In con-
trast, there was consistent immunocytochemical evi-
dence for the presence of the FSH protein, again
peripheral to the fatlocules, probably in the plasmalemma
(Fig. 2B).

0 mIU/ml FSH

20 mIU/ml FSH

0 mIU/ml FSH

Fig. 5. Morphological changes and lipid deposition induced by
20 mIU/ml FSH in preadipocytes during differentiation in vitro
(inverted microscope, 200x). A: The change from cells being spin-
dle-shaped to larger oval or rounded forms was accelerated in those
exposed to 20 mIU/ml FSH when compared with those not treated
with FSH. B: Lipid, stained with Oil red O, accumulated as fewer
but much larger locules in cells exposed to 20 mIU/ml FSH when
compared with those not treated with FSH.

Consistent changes in content of Fshr transcripts,
FSHR protein, FSH protein, and AF content occur
across development

AF content increased with development from 0 at day 1
to peak at about 2% of live body weight at day 90 and then
declined slightly at day 120. The contents of Fshr mRNA,
FSHR, and FSH followed the same trend (Fig. 3). Exclud-
ing data from day 1, when there was no AF, changes in all
of these variables were highly interrelated. Partial correla-
tions were derived to gain insight into the strongest direct
relationships (Table 2). The most important findings were
that AF was very highly correlated with Fshr mRNA levels,
independently of receptor protein and tissue FSH (1934 =
0.957) and that Fshr mRNA remained highly correlated
with tissue FSH (ry4 13 = 0.963) after accounting for AF and
receptor protein. The direct relationship between Fshr
mRNA and its protein was only moderate (ry54 = 0.61).
Thus, 93% of the variation in FsA mRNA was associated
with variation in tissue FSH, and 91.6% of the variation in
AF was associated with variation in Fshr mRNA. If these
strong associations reflect causation, FSH in the tissue
appeared to upregulate Fshir mRNA expression, which, in
turn, was a major positive influence on adipose tissue.

FSH stimulates lipid biosynthesis in vitro and in vivo by
upregulating the expression of its receptor

When preadipocytes were cultured with different con-
centrations of FSH, cell numbers increased from day 0 to
day 6 and then were slightly reduced at day 8; there was no
significant effect of FSH (P> 0.05, data not shown). For all
treatments, including the 0 FSH controls, the lipid con-
tent per cell increased abruptly by day 2 and then more
steadily between day 2 and day 8 (Fig. 4A). Differences
between FSH concentrations were all significant (P < 0.05
or P<0.01). The stimulatory effect of FSH was most appar-
ent when the increment in lipid content per cell, over that
measured in the absence of FSH, was plotted against the
log-concentration of FSH (Fig. 4B). Because FSH did not
influence cell numbers but did increase lipid content in a
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log-concentration dependent manner, FSH clearly affected
lipid metabolism in favor of increased lipid accumulation.

During culture, the cells changed from being spindle-
like toward a round or oval morphology (Fig. 5A), and the
number of lipid locules progressively decreased while they
became larger, especially evident in cells exposed to 20
mlIU/ml FSH when compared with those not treated with
FSH (Fig. 5B). Lipid accumulation in response to FSH
treatment resulted in cells at day 8 with typical characteris-
tics of fully differentiated adipocytes with interiors domi-
nated by a single large locule. As shown in Fig. 6, treatment
with FSH significantly up-regulated expression of Fshr
mRNA relative to that measured in cells not exposed to
FSH; comparable increases in FSHR protein were de-
tected. On a within-day basis, differences in mRNA and
protein across the FSH concentrations were almost all sig-
nificant. Consistent with the changes observed across
stages of development, these in vitro results demonstrate
that FSH brings about increased expression of the Fshr
gene in differentiating preadipocytes and stimulates lipid
accumulation.

TABLE 3. Plasma concentrations of FSH in 7-day BJY chickens
before and after a subcutaneous injection of 4 mIU FSH

Time Pre-2 h Post-2 h Post-8 h Post-24 h
Treatment  3.93+0.18" 7.73+0.14"* 5.35+0.15* 4.18 +0.13"
(mIU/ml)
Control 3.80+0.11 3.95+0.20° 38.84+0.17° 38.94+0.18
(mIU/ml)

Injections were 0.5 ml of saline (controls) or the same volume
containing 4 mIU chicken FSH. Blood was sampled 2 h before injection
then at 2, 8, and 24 h after injection; plasma was separated, and FSH
was measured by ELISA. Different uppercase superscripts indicate
significant differences (P < 0.01) in each column, and different
lowercase superscripts indicate significant differences (< 0.01) within
the row. Data are means + SD (n = 3).
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The in vivo experiment showed that the average plasma
concentration of FSH in 7 day old female BJY chickens was
3.93 mIU/ml. Concentrations increased to 7.73, 5.35, and
4.18 mIU/ml at 2, 8, and 24 h after a subcutaneous injec-
tion of 4 mIU chicken FSH (Table 3), with significantly
higher (P < 0.01) concentrations at 2 h and 8 h than be-
fore injection. Treatment with 4 mIU FSH daily for 7 days
did not significantly decrease live weight but significantly
increased (P<0.01) AF weight by 54.61%, AF as a percent-
age of live weight by 55.45% (P<0.01) (Fig. 7A), and FSHR
transcripts in AF by 222.15% (P < 0.01) (Fig. 7B). These
results confirm the in vitro finding that FSH stimulated
lipid accumulation through upregulating the expression
of Fshr mRNA in chicken AF.

FSH regulates the lipid biosynthesis through
multiple pathways

The Agilent gene expression microarray was used to ex-
plore the pathways by which FSH stimulates lipid deposi-
tion in cultured preadipocytes. Differentially expressed
(DE) gene profiles were determined between cells treated
with 20 mIU/ml FSH and control cells not exposed to
FSH. Using standard thresholds, a total of 829 DE genes
were found (369 upregulated and 460 downregulated;
Supplementary Fig. I). The functional classification of 583
identified DE genes was determined using GO classifica-
tion, showing that the majority of enriched GO terms
among the DE genes were in lipid metabolism (viz. fatty
acid oxidation, brown fat cell differentiation, lipid trans-
port, and positive regulation of fatty acid and lipid metab-
olism) and others, including gene expression, protein
metabolism, immune function, and energy metabolism
(Supplementary Fig. II).

Genes related to lipid metabolism were differentially ex-
pressed (n = 39), 19 of which were significantly upregulated
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controls (P< 0.01). Data are means + SD (n = 6). B: FSH content and Fshr mRNA expression were detected
by q-PCR and ELISA in abdominal adipose tissue collected 2 h after injection on day 13. FSH content and
Fshr mRNA levels in AF from FSH-treated birds were significantly higher than those in controls. Data are

means + SD (n = 3).

and 20 of which were downregulated (P < 0.05) in re-
sponse to FSH (Supplementary Fig. III). Using pathway
analysis, significant differences included fatty acid me-
tabolism, retinol metabolism, and the peroxisome prolif-
erator-activated receptor (PPAR) signaling pathway (P <
0.05), involved in some representative genes such as
Retinol dehydrogenase 10 (Rdh10), Acyl-CoA synthetase
long-chain family member 3 (Acsl3), Dodecenoyl-Coen-
zyme A delta isomerase (Dci), Retinoic acid receptor,
beta (RarB), Adiponectin Q(AdipoQ), Lipoprotein
lipase(Lpl), and Diacylglycerol O-acyltransferase ho-
molog 2 (Dgat2). (Table 4 and Supplementary Figs. IV-
VII), so qPCR was performed to verify the expression of
these seven representative DE genes. Results from q-PCR,
also using RNA from cells treated with 0 and 20 mIU/ml
FSH, authenticated those from the microarray analysis
(Fig. 8A, B).

It appears that FSH probably regulates lipid deposition
in adipocytes through increasing the expression of genes
(e.g., Rdh10, Acsl3, Dci, RarB, AdipoQ, Lpl, and Dgat2) in

TABLE 4. Some representative differentially expressed genes
(P<0.05) related to lipid metabolism and to fatty acid and retinal
metabolism pathways

Name Fold change P
Fatty acid
metabolism
related genes
Acsl3 Acyl-CoA synthetase -1.74 0.01373
long-chain
family member 3
Dci Dodecenoyl-CoenzymeA 1.88 0.00405
delta isomerase
Retinal
metabolism
related genes
Rdh10 Retinol dehydrogenase 1.53 0.00629
10 (all-trans)
Lipid metabolism
related genes
Lpl Lipoprotein lipase 1.51 0.01855
Dgat2 Diacylglycerol 2.24 0.01351
O-acyltransferase
homolog 2
AdipoQ Adiponectin Q 1.54 0.02836
RarB Retinoic acid receptor, 1.90 0.04296

the fatty acid metabolism pathway, retinol metabolism
pathway, and PPAR signaling pathway (Fig. 8 C and Sup-
plementary Figs. IV-VII).

DISCUSSION

In addition to its well known role in the classic hypo-
thalamo-pituitary-gonadal axis, FSH is synthesized in ex-
trapituitary locations (18) and is now believed to have
direct actions in a variety of nongonadal tissues (21-24),
consistent with the demonstration of Fshr mRNA expres-
sion in nonreproductive tissues (20). Given the coopera-
tivity between actions of FSH and estrogen, for example in
follicular development (1), and the broad functions of es-
trogen in lipid metabolism, this study set out to investigate
the possibility that FSH might also play a regulatory role in
adipose tissue, a previously unexplored function.

This investigation first demonstrated the expression of
the avian Fshrgene in AF tissue from female BJY chickens.
In addition to the presence of Fshr transcripts detected by
RT-PCR and ISH indicating the presence of transcripts in
the perilocular domain, immunocytochemical detection
of the FSHR protein in a discrete peripheral location of
the adipocytes was consistent with the receptor being an
integral component of the plasmalemma. The gene for
the cognate ligand, FSH, was not expressed in abdominal
adipose tissue, but the FSH protein was found immunocy-
tochemically, with similar cellular location to the receptor.
This suggests that FSH, probably originating from the pi-
tuitary, is extracted from blood and is bound to receptors
in the abdominal adipose tissue. As AF accumulates, from
negligible quantities in newly hatched birds to quite sub-
stantial quantities (~2% of body weight) by day 90, changes
in Fshr mRNA expression, the FSHR protein, and FSH and
AF content were quantified at four stages of development.
All variables were highly interrelated, and second-order
partial correlation analyses indicated that AF content was
most directly correlated with Fshr mRNA content and that
the latter was most directly correlated with tissue content
of FSH. In other tissues, FSH is known to be a key inducer
of FSHR (5). These findings are consistent with chicken
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Fig. 8. Exploration of pathways by which FSH stimulated lipid
deposition in cultured preadipocytes using microarray. Microarray
hybridization analysis was performed using RNA from cells treated
with 0 (control) and 20 mIU/ml FSH for 6 days. A: Validation of
differentiated expressed genes determined by microarray (Acsi3,
Rdn10, Lpl, RarB, Dgat2, and Adipo Q) using q-PCR. Values are ex-
pressed as fold-change when comparing expression level detected
in treatment cells (20 mIU/ml FSH) with control cells without
FSH. B: Expression levels of the indicated mRNA in cells treated
with 20 mIU/ml FSH were all significantly higher (P < 0.05) than
cells in control. Data are means + SD (n = 3). C: The proposed
pathways and key genes influenced by FSH induction, according to
GO term and KEGG pathway analysis. FSH probably regulates lipid
deposition in adipocytes through increasing/decreasing the ex-
pression of genes (e.g., Rdh10, Acsl3, Dci, RarB, AdipoQ, Lpl, and
Dgat2) in the fatty acid metabolism pathway, retinol metabolism
pathway, and PPAR signaling pathway. Up arrow indicates in-
creased; down arrow indicates decreased. Italic = genes.

abdominal adipose tissue being a target for the action of
FSH and are highly suggestive of the involvement of FSH/
FSHR in determining, in part, the quantity of this tissue, a
previously unknown biological role for FSH.

A model in vitro system, using differentiating avian
preadipocytes, directly tested this suggested action of FSH.
Adding FSH to the culture media had no effect on differ-
entiation, triggered by oleic acid, or on short-term survival
of the cells, but it distinctly promoted their maturation
and the extent of lipid accumulation. In a clearly log-dose
responsive manner, FSH accelerated the transformation
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of cells to enlarged rounded morphologies with a single
fat locule dominating the interior, both typical character-
istics of mature adipocytes. Exposure to increasing doses
of FSH resulted in significant upregulation of the expres-
sion of Fshr mRNA, evident at each day of culture. These
findings clearly demonstrate that FSH is able to act on
adipocytes by inducing its own receptor and then likely
favoring net lipogenesis, resulting in increased fat
accumulation.

The in vivo experiment demonstrated that supplemen-
tal FSH (4 mIU/day, days 7-13) significantly increased AF
accumulation over that in control chickens. The abun-
dance of Fshr mRNA and FSH content in the AF were also
significantly higher in FSH-treated than those in control
chickens 2 h after injection on day 13. These findings sup-
port the interpretation that, in young female BJY chickens,
FSH plays a positive role in abdominal lipid deposition
through upregulating the expression of Fshr mRNA in ab-
dominal adipose tissue. This novel role for FSH is consis-
tentwithlipiddeposition beingenhancedin ovariectomized
rats (31), where increased secretion of FSH would be
expected.

To further explore the molecular mechanism underly-
ing the regulatory function of FSH on lipid accumulation,
gene expression profiles were examined in cultured pread-
ipocytes with and without FSH treatment. Using KEGG
pathway analysis, large numbers of differentially expressed
genes were found to be enriched in fatty acid metabolism,
retinol metabolism, and the PPAR signaling pathway; some
representative genes were Rdhl10, Acsi3, Dci, RarB, AdipoQ,
Lpl, and Dgat2. Rdh10 is the dehydrogenase converting
retinol to retinoic acid (32). After synthesis, retinoic acid
enters the lipid metabolic pathway, influenced by retinoic
acid receptor /retinoid X receptor and PPAR (33). Acsl3
is known to be involved in de novo synthesis of fatty acids
(34, 35) and Dci is an isomerase of fatty acid metabolism
(36). DGAT2 is the enzyme enabling the final esterifica-
tion in lipid synthesis (37). AdipoQ is the abundant adipo-
cytokine, adiponectin, regulated in part by the PPAR
signaling pathway.

In conclusion, this study, using female chickens, has
demonstrated that abdominal adipose tissue is a target for
the action of FSH, a previously undocumented function.
This tissue was shown to express the receptor gene, Fshr
gene, and to contain the receptor, likely in the plasma-
lemma of adipocytes. Similarly, FSH was present in the
same location, but the Fsh gene was not expressed in adi-
pose tissue. Developmental changes from hatchlings to
120 days indicated that the content of abdominal adipose
tissue in the birds was closely correlated with the level of
Fshr mRNA expression and FSH measurable in the tissue.
Treatment of young chickens with FSH (4 mIU/day, sub-
cutaneous, days 7-13) significantly increased AF weight,
AF as a percentage of live weight, and Fshr transcripts in AF
(2 h after injection). Using preadipocytes differentiated by
oleic acid, acquisition of the typical morphology of mature
adipocytes and lipid accumulation were promoted by
FSH in a log-dose related fashion. At the same time,
FSH significantly upregulated the expression of Fshr



mRNA and differential expression, compared with no
exposure to FSH, was demonstrated for 829 transcripts.
A number of these gene products play roles in retinol
and PPAR signaling and lipid metabolism and provide
preliminary insight into how FSH might act in this novel
function B
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