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ABSTRACT

There is increasing evidence that bone morphogenetic protein 6 
(BMP6) plays critical roles in regulating various stages of ovarian follicle 
development in mammals. However, the mechanisms of regulation of 
BMP6 in the chicken ovary remain unclear. In this study, mRNA and 
protein expression level of BMP6 in chicken ovarian follicles at different 
development stages were determined by qRT-PCR and western blot 
separately. Different concentrations of BMP6 protein and FSH were 
added to the culture medium, and the effects to proliferation of 
granulose cells were detected, further effect on expression pattern of 
progesterone synthesis associated genes were also analyzed by qRT-PCR 
and Western blotting and the secretion of progesterone was detected 
by ELISA. The results showed that mRNA and protein expression level 
of BMP6 increased significantly in the follicle with the development of 
follicle (p<0.05) and reached a peak at F1 follicle. Adding concentration 
of 50ng/ml and 100ng/ml of BMP6 protein promoted significantly 
the proliferation of granulosa cells (p<0.05), as well as up-regulated 
the expression of Steroid hormone synthesis acute regulatory protein 
(StAR) and 3β-hydroxysteroid dehydrogenase (3β-HSD) genes in mRNA 
and protein level. Meanwhile, the secretion of progesterone was 
significantly higher in the group that added BMP6 and FSH separately 
than blank control group (p<0.05) and reached a peak in the group 
that both added BMP6 and FSH. Collectively, these findings highlight 
that BMP6 is associated with proliferation of follicular cells and the 
synthesis of progesterone, which indicated that it took an important 
role in the follicular development of chicken. 

INTODUCTION

Egg production is one of the most important economic traits of 
chicken (Akoğlu et al., 2018). Besides the influence of light, temperature, 
nutrition and other factors, it mainly depends on the growth and 
development of different follicles in ovarian tissues (Liu et al., 2018). 
Ovary development is a dynamic process controlled by several factors, 
which influence the reproduction of chicken. However, the mechanism 
of ovary development and follicle selection in chicken is still unclear. 

Bone morphogenetic proteins (BMPs) belong to the transforming 
growth factor β (TGF-β) superfamily. At present, approximately 20 BMPs 
family members have been identified and have been widely considered as 
crucial molecules involved in cell proliferation, differentiation, apoptosis, 
chondrogenesis, osteogenesis and embryogenesis (Chen et al., 2004; 
Guo & Wu, 2012; Perrimon et al., 2012; Yan et al., 2009). BMP6 is one 
of the members of the BMP family thought to exert high osteoinductive 
potential, influencing odontogenesis (Kochanowska, et al. 2007) and 
bone formation (Kugimiya et al., 2005; Rickard et al., 1998). In recent 
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years, BMP6 is well known to play critical roles in 
promoting granulose cell proliferation, follicle survival 
and prevent atresia in mammals (Knight & Glister, 
2006). For example, Glister et al. (Glister et al., 2005) 
and Miyoshi et al. (Miyoshi et al., 2007) all reported 
that BMP6 was expressed in oocyte and granulosa 
cells (GC) and its ovarian function is similar to BMP15. 
Shi and his colleagues found BMP6 was abundantly 
present in the GC of healthy tertiary follicles but not 
in atretic follicles. Meanwhile, they also reported that 
in human GCs, BMP6 could induce gene expression of 
follicle - stimulating hormone (FSH) receptor, inhibin/
activin beta subunits and anti-Müllerian hormone 
(AMH) (Shi et al., 2009). By comparison, the inhibitory 
effects of BMP6 on FSH responsiveness have been 
reported on rat (Miyoshi et al., 2007), cattle (Glister et 
al., 2004) and pigs (Brankin et al., 2005). In addition, 
in the study of sheep granulos cells, BMP6 has been 
shown to inhibit progesterone production, and 
stimulate the secretion of ovarian statin A and estradiol 
(Campbell et al., 2009). Subsequently, in mouse, Wang 
et al. (2015) also found that BMP6 could increase the 
rate of antral follicle muration. Therefore, it is parent 
that BMP6 in mammals has the capacity to modulate 
follicle sensitivity to gonadotropins. However, although 
BMP6 has been systematically studied in mammals, 
the functions of chicken BMP6 in the development of 
chicken ovaries is still unclear.

Chicken as an important economic animal, its 
follicle formation and development are different from 
mammals. It is well know that at distinct developmental 
stages of chicken follicles including prehierarchical 
follicle and hierarchical follicle, the largest pre-
ovulatory follicle (F1) is destined to be ovulated first and 
the second largest (F2) will follow on the subsequent 
day (about 24-26 h later) (Hernandez & Bahr, 2003; 
Stephens & Johnson, 2016). Similar to mammals, the 
follicle atresia involving the granulose cell apoptosis 
occurs frequently in the prehierarchial follicles (1-8mm 
in diameter) (Gilbert et al., 1983; Wang et al., 2007). 
Therefore, all of these characteristics make chicken an 
ideal model for deciphering the mechanisms regarding 
ovarian follicular selection and maturation. Thus, the 
objectives of this study were: (1) to determine the 
mRNA and protein expression levels of BMP6 in chicken 
ovarian follicles at different development stages; (2) 
to analyze the influence of different concentration of 
BMP6 on the mRNA expression prolife of StAR and 
3β-HSD and (3) to evaluate the effect of different 
concentrations of BMP6 and FSH on progesterone 
secretion in granulose cells.

MATERIALS AND METHODS

All experimental protocols met the Committee 
on Experimental Animal Management of Sichuan 
Agricultural University, permit number 2014-18.

Animals 

Sixteen 300-day-old BHLH2 chickens were used 
in all the experiments in this study. BHLH2 chicken 
is composed of Heikang laying hens, Erlangshan 
mountain chicken, Luhua chicken three lines consists 
of the hybrid lines, with high yield characteristics. Hens 
were housed individually in clean laying cages and 
maintained on a lighting schedule of 16h of light and 
8 h of darkness on an experimental farm for poultry 
breeding at the Sichuan Agricultural University (Ya’an, 
China). During the growth period, all hens had ad 
libitum access to feed and water. According to the 
egg production recorded daily, hens with consistent 
laying patterns were selected and euthanized. Then, 
their ovaries were collected within 2 h of ovulation 
and immediately placed in ice-cold Krebs-Ringer 
bicarbonate buffer.

Tissue extraction, RNA isolation and 
quantitative real-time PCR 

To examine the expression of BMP6 in growing 
follicles at different stage, the follicles of various sizes 
were removed from mature chicken ovaries (n=3-5 
chickens). According to their diameter, the follicles 
were divided into two groups: prehierarchical follicle 
(including whole <2mm follicles and 3-5, 6-8mm 
follicles) and hierachiacal follicle (including F1, F2, 
F3, F4 and F5). Then, total RNA was extracted from 
different size follicles using RNAiso Plus reagent 
(Takara, Dalian, China) according to the manufacturer’s 
instructions. The quality of isolated RNA was 
determined using Nanodrop2000 (Bio-Rad, USA). The 
samples were adjudged pure when A260/A280 OD 
value was >2. Its integrity was assessed by 1% agarose 
gel electrophoresis. cDNA was synthesized using the 
PrimeScriptTM RT Reagent Kit with gDNA Eraser 
(Takara, Dalian, China) according to the manufacturer’s 
instructions.

Four pairs of specific primers (Table 1) were 
used to amplify BMP6, StAR, 3β-HSD and GAPDH, 
respectively. GAPDH as an internal control. The qRT-
PCR amplifications were performed in triplicates with 
10 μl reaction mixture on LightCycle96 real-time PCR 
instrument. The individual qRT-PCR reactions contained 
5 μl of SYBR premix Ex TaqTM (Takara Biotechnology 
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Co., Ltd, Dalian, China), 1 μl cDNA (approximately 10 
ng), 0.5 μl of forward primer, 0.5 μl of reverse primer 
and 3 μl of RNase-free H2O (Tiangen Biotech Co., Ltd, 
Beijing, China) with the following procedure: 95°C for 
2 min, 39 cycles at 95°C for 3s, annealing for 15s at 
the primer-specific temperature (62°C for BMP6 and 
GAPDH, 59°C for StAR and 3β-HSD) and elongation 
for 10 s at 72°C, a melting step by slow heating from 
65°C to 95°C with a rate of 0.5°C/s, and continuous 
fluorescence measurement. The four gene mRNA 
expression was analyzed by the 2-∆∆Ct method after 
testing the amplifying efficiency of the primers.

Granulosa cell (GC) culture and treatments

Primary granulosa cell cultures were collected 
according to the method described by Ahumada-
Solórzano et al. (2016) with minor modifications. 
In brief, the GC layer of follicles was carefully and 
aseptically removed from the F1 follicular wall after 
removing the yolk; then washed 3-4 times in PBS, and 
once briefly in incubation media DMEM/F12 (Hyclone, 
USA) with 10% fetal bovine serum (Gibco Invitrogen, 
USA). The granulosa cell monolayer was incubated in 
a protease solution containing 0.1% collagenase II 
(Sigma, USA) in PBS. Cells were incubated with constant 
agitation for 5 min at 37 ºC and then centrifuged at 
800 x g/min for 5 min. The supernatant was filtered 
through two 20μm stainless steel mesh. After filtrate 
collection, centrifuged at 2000 x g/min for 10 min, 
then abandon supernatant and re-suspend in growth 
medium DMEM/F12 (Hyclone, Thermo Scientific) 
with 15% fetal bovine serum (Gibco Invitrogen, USA) 
and 1% antibiotic/antimycotic (ABAM; Invitrogen). 
Cell number and viability was determined by trypan 
blue exclusion. Finally, 3.0× 105 viable cells per well 
were plated in a 6-well plate (total volume: 2 ml) in a 
humidified 5% CO2 atmosphere incubator at 37 ºC. 

The cells were allowed to attach and grow (75%-
80% confluent) for 36-48h, and then, the media was 
replaced with serum-free medium containing different 
concentrations (25, 50 and 100ng/ml) of BMP6 and 

were maintained over a period of 24 h interval. Control 
cells were grown in media without BMP6. After a 24h 
incubation, the cells were collected for mRNA and 
protein isolation. Similarly, the other group of cell media 
was replaced with serum-free medium containing 
50ng/ml BMP6 and was maintained for 18h, and then 
adds 10ng/ml FSH was maintained for 3h. After a 21h 
incubation, the cell supernatant was tested by ELISA kit 
(Mskbio, Wuhan, China). Each treatment was tested in 
triplicate wells in each experiment.

Cell proliferation assay

Proliferation of cells treated with different 
concentration of BMP6 (0ng/ml, 25ng/ml, 50ng/ml 
and 100ng/ml) or the negative control group was 
determined with the Cell Counting Kit-8 (CCK-8) 
assay. Briefly, the cells were seeded in 96-well plates 
at the density of 5000-10000 cells in 0.1ml per well. 
After culturing for 48h, CCK-8 (10μl/well) was added 
to the medium for 4h at 37°C. The absorbance was 
read at 450nm with a microplate reader (Thermo 
Fisher Scientific). All experiments were performed in 
triplicated.

Western Blot

For protein extraction, each different size follicles 
were made into powder and placed in liquid nitrogen 
with a precooled mortar and pestle. Protein lysates were 
made using Tris-Triton lysis buffer from this powder 
and granulosa cells, centrifuged at 14000 x g/min in 
refrigerated centrifuge for 15 min and supernatant was 
collected. Protein concentrations were measured using 
a BCA Protein Assay Kit (BestBio, Shanghai, China). The 
protein lysates were then resolved by SDS-PAGE and 
then electro-transferred onto polyvinylidene difluoride 
(PVDF) membranes (Beyotime Biotech, Jiangsu, China), 
blocked with PBS containing 0.2% Tween-20 and 
5% non-fat dry milk and incubated with the primary 
antibody against BMP6 (diluted 1:500, Bioss, Beijing), 
GAPDH (diluted 1:500, Bioss, Beijing), StAR (diluted 
1:500, Bioss, Beijing) and 3β-HSD (diluted 1:500, 

Table 1 – Primers used for real-time PCR

Gene Sequence of nucleotide (5’-3’)
Product

Length (bp)
Annealing temperature (°C) GenBank No.

BMP6
CACGCCATCGTCCAAACTCT

167 62 XM_015275997
TGACATCCACAGGCTCTTACTACC

GAPDH
AGGACCAGGTTGTCTCCTGT

153 60 NM_204305
CCATCAAGTCCACAACACGG

StAR
TGCCATCTCCTACCAACA

190 56 NM_204686
CATCTCCATCTCGCTGAAG

3β-HSD
TACTGCTGGAAGAAGATGAG

206 55 D43763
CAAGGTGTCAATGATGGAAG
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Bioss, Beijing). The membranes were washed thrice 
(10 min each) in Tris-buffered saline and incubated 
with 1:1000 diluted goat anti-rabbit HRP-tagged 
secondary antibody in case of BMP6, StAR, 3β-HSD at 
room temperature for 1.5h. Finally, the membrane was 
incubated with a chemiluminescence (ECL) reagent 
(Zomanbio Inc., Beijing, China), and the protein bands 
were visualized using a ChemiDoc XRS instrument 
(Bio-Rad, Inc., USA). Quantity One Software (Bio-Rad, 
Inc., USA) was used for densitometric analysis.

Statistical analyses

All the data were presented as mean±SEM. 
Statistical significance among the group was assessed 
using one-way ANOVA. The level of significance was 
p<0.05. All statistical analyses were done by using 
SPSS 20.0 (SPSS Inc., Chicago, IL, USA).

RESULTS 
BMP6 mRNA expression 

In order to investigate the expression of BMP6 
gene in follicles at different stages of chicken, the 
real-time fluorescence quantitative PCR (qRT-PCR) was 
used for detection. As shown in Fig.1, we found that 
BMP6 was expressed in all different size follicles with 
significant variation of expression level. There was a 
high-level expression of BMP6 in F1 follicle, which was 
significantly higher than that in follicular F2, F3, F4 and 
F5 (p<0.05), but a low-level expression in F5 follicle. 
Meanwhile, there was no significantly difference 
between F4 and F5 follicles (p>0.05). In addition, the 

expression level of BMP6 gene in Large White Follicles 
(LWF) was significantly higher than that in Small Yellow 
Follicles (SYF; p<0.05), but the expression level was not 
significantly different from Small White Follicles (SWF; 
p>0.05).

BMP6 protein expression

In accordance with the transcriptional data, the 
protein expression of BMP6 was detected in different 
size follicles at all levels. Western blot analysis showed 
that the expression of BMP6 protein was also increased 
with the increase of grade follicle, and the expression 
of BMP6 protein was high in F1 follicle, whereas it was 
lower in pre-follicular follicle SYF, LWF and SWF (Fig. 2).

Figure 2 – Western blot analysis of BMP6 expression in different sized follicles. GAPDH 
was used as a loading control.

Effects of BMP6 on proliferation of 
follicular granulosa cells in vitro 

The proliferation of granulosa cells was analyzed by 
CCK-8, and the results were shown in Fig 3. There was 
no significant change in the number of granulosa cells 
in the experimental group with 25 ng/ml BMP6 protein 
compared with the blank control group. However, the 
number of granulosa cells was significantly higher in 
the experimental group supplemented with 50 ng/
ml and 100 ng/ml protein compared with the blank 
control group (Fig 3).

Figure 3 – Effect of different concentrations of BMP6 recombinant protein on the 
proliferation of granulosa cells in vitro (p<0.05). The experiment was repeated 3 times, 
and each treatment group consisted of 6 parallel repeats. The same letters in the same 
column indicated that the difference between the two groups was not significant, and 
the differences between the two groups indicated that the difference between the two 
groups was significant (p<0.05).

Figure 1 – Expression of BMP6 mRNA in the follicles of different stages of chicken. 
Data above were presented as mean±SEM (n=3), Error bars show the SEM of triplicate. 
Different letters represent significant (p<0.05).
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Expression of progesterone synthesis-
related genes and proteins

In order to study the effect of BMP6 protein on the 
synthesis of progesterone in chicken granulosa cells in 
vitro, the expression of StAR and 3β-HSD in the different 
concentrations of BMP6 protein were detected by 
real-time quantitative PCR. The results showed that 
exogenous BMP6 protein could significantly promote 
the expression of StAR and 3β-HSD genes mRNA in 
vitro, and the relative expression of StAR and 3β-HSD 

mRNA were increased with the increase of BMP6 
protein content compared with blank control group, 
it indicated that BMP6 protein could promote the 
expression of StAR and 3β-HSD mRNA in granulosa 
cells in a dose-dependent manner in vitro. StAR and 
3β-HSD protein in three different treatment groups 
showed steady expression, and the expression level of 
StAR and 3β-HSD protein increased with the increase 
of protein concentration. It was speculated that BMP6 
could promote granulosa cell expression of StAR and 
3β-HSD Protein (Fig 4).

Figure 4 – BMP6 protein was added to the culture medium in vitro, and the concentrations of BMP6 protein in the culture medium were 0ng / ml (blank control group), 25ng/ml, 
50ng/ml and 100ng/ml. After 72 hours of in vitro culture, granulosa cells were collected and the total RNA was extracted. Effects of different concentrations of BMP6 recombinant 
protein on StAR mRNA expression (A). The relative expression of different concentrations of BMP6 recombinant protein on 3β-HSD mRNA. Different letters in the figure showed 
significant differences between the two groups (p<0.05). (B). Chicken granulosa cells cultured in serum-free medium containing 0ng/ml (blank control), 25ng/ml, 50ng/ml and 100ng/
ml BMP6, the expression of StAR and 3β-HSD were detected by Western Blot method (C).

Effects of BMP6 and FSH on progesterone 
secretion in follicular granulosa cells

In this experiment, granulosa cells from chicken were 
isolated and cultured with different concentrations of 
BMP6 protein. After adding BMP6 protein of 50ng/mL 
for 18h, the secretion of progesterone was measured 
after adding 10ng/mL FSH for 3h. The results showed 
that the secretion of progesterone in granulosa cells 
supplemented with BMP6 protein was significantly 
higher than that of BMP6 protein (p<0.05), and the 
secretion of progesterone was significantly increased 

with the increase of BMP6 concentration. The 
progesterone secretion of granulosa cells supple-
mented with BMP6 protein and FSH hormone alone 
was significantly higher than that of blank medium 
(p<0.05), and when BMP6 protein and FSH hormone 
were added, the secretion of progesterone was the 
highest (Fig 5).

DISCUSSION
In this study, it was found that BMP6 gene mRNA 

was expressed in all sized follicles, and compared with 
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slow-growing 1-2 mm follicles, BMP6 mRNA is low 
expressed in SYF (6-8 mm follicles, the prehierarchical 
follicle) (Fig.1). This result is consistent with the 
reported by Ocon-Grove et al. (2012) . However, 
interestingly, in our research, we found that the 
expression of BMP6 progressively increased with the 
development of follicles. This observation is different 
from the previous studies in avians where it is shown 
that a decrease in the relative expression of BMP6 as 
small follicles progressively increases in size (Diaz et al., 
2011; Johnson et al., 2008; Ocon-Grove et al., 2012). 

Moreover, previous studies have also demonstrated 
that BMPs have been implicated in folliculogenesis, 
luteinization and GC proliferation in human (Shi et 
al., 2012; Shi et al., 2009; Shi et al., 2011). Our result 
that exogenous BMP6 accelerated the proliferation 
of chicken granular cells in vitro is in accordance with 
previous reports for granular cells from cattle (Kayani 
et al., 2009). Brankin et al. also reported that BMP6 
accelerated the proliferation of porcine granular cells 
(Brankin et al., 2005). However, Wang et al. found 
that BMP6 had no effect on morphological features 
during in vitro preantral follicles development (Wang 
et al., 2015). Similarly, exogenous BMP6 had no effect 
on rat granular cells proliferation (Otsuka et al., 2001). 
Therefore, these contradictory reports suggest that the 
effect to BMP6 on granular cells proliferation differs 
from species to species. So, the specific regulatory 
mechanism of BMP6 on GC proliferation is still to be 
further studied.

Progesterone is an important steroid hormone in 
female mammals. It is not only a precursor of estrogen, 
but also can regulate female reproductive activity 
with estrogen. StAR, P450scc and 3β-HSD were the 

three key proteins in progesterone biosynthesis. The 
result from our RT-qRCR assay showed that BMP6 at 
a concentration of 25 ng/mL lowered the mRNA levels 
of the two studied genes encoding enzymes involved 
in steroid synthesis. Meanwhile, BMP6 at a higher 
concentration (100ng/ml) enhanced the expression (on 
mRNA level and protein level) of StAR and 3β-HSD. 
On the opposite, in cattle, previously Kayani et al. 
(2009) reported that StAR transcript abundance was 
not affected by BMP6. Similarly, in mouse, Wang et 
al. (2015) founded that BMP6 at high concentration 
suppressed the expression level of the gene for StAR 
and 3β-HSD. These results suggested that BMP6 may 
inhibit the synthesis of progesterone in mammals 
but promote the synthesis of progesterone in avian. 
Recently, some studies have also shown that BMPs 
play critical roles as autocrine/paracrine factors in 
female fertility (Otsuka, 2013). The regulation of 
follicle stimulating hormone (FSH) is important for the 
establishment of dominant follicles and subsequent 
ovulation. At present, little is known about the effect 
of FSH and BMPs on progesterone synthesis. A previous 
study of sheep showed that BMP4 decreased basal GC 
progesterone secretion and abolished FSH-stimulating 
action (Pierre et al., 2004). In rat, Miyoshi et al. reported 
that BMP6 and BMP7 both inhibited FSH- and forskolin 
(FSK)-induced progesterone synthesis and reduced 
cAMP synthesis (Miyoshi et al., 2007). Otsuka et al. 
also demonstrated that BMP6 inhibit the expression 
of StAR and progesterone synthesis (Otsuka et al., 
2001). In contrast, we investigated that when added 
alone, both FSH and BMP6 exhibited promotion to the 
progesterone synthesis in avian. These data speculated 
that BMP6 can influence the physiological activities of 
ovaries by affecting the gonadal hormones pathway.

Figure 5 – The secretion of progesterone in follicular granulosa cells treated with different concentrations of BMP6 protein (A). Secretion of progesterone after treatment of follicular 
granulosa cells with BMP6 protein and FSH. After adding BMP6 protein of 50ng/mL for 18h, the secretion of progesterone was measured after adding 10ng/mL FSH for 3h. (B). One-
-way ANOVA was used to determine significant differences among each value, different capital letters above the bars indicate significant differences (P < 0.05).
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In conclusion, BMP6 mRNA and protein were 
expressed in follicles at all stages of laying hens, and 
exogenous BMP6 protein could significantly promote 
the proliferation of chicken granulosa cells. BMP6 
protein promoted the expression of StAR and 3β-HSD 
genes in progesterone synthesis in a dose-dependent 
manner. The progesterone secretion of granulosa cells 
with BMP6 protein was significantly higher than that 
of BMP6-free granulosa cells.
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