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Abstract: Anti-Mullerian hormone (AMH) is an important reproductive marker of ovarian reserve
produced by granulosa cells (GCs) of pre-antral and early-antral ovarian follicles in several species,
including cattle. This hormone plays a vital role during the recruitment of primordial follicles and
follicle stimulating hormone (FSH)-dependent follicular growth. However, the regulatory mechanism
of AMH expression in follicles is still unclear. In this study, we compared the expression of AMH,
AMHR-II, BMP2, BMP6, FSHR, and LHCGR genes during follicular development. In-vitro expression
study was performed with and without FSH for AMH, AMHR-II, BMP2, and BMP6 genes in bovine
GCs which were isolated from 3–8 mm follicles. Association among the mRNA expression and
hormone level was estimated. GCs were collected from small (3–8 mm), medium (9–12 mm) and
large size (13 to 24 mm) follicles before, during onset, and after deviation, respectively. Further,
mRNA expression, hormones (AMH, FSH, and LH), apoptosis of GCs, and cell viability were detected
by qRT-PCR, ELISA, flow cytometry, and spectrophotometry. AMH, AMHR-II, BMP2, and FSHR
genes were highly expressed in small and medium follicles as compared to large ones. In addition,
the highest level of AMH protein (84.14 ± 5.41 ng/mL) was found in medium-size follicles. Lower
doses of FSH increased the viability of bovine GCs while higher doses repressed them. In-vitro
cultured GCs treated with FSH significantly increased the AMH, AMHR-II, and BMP2 expression
levels at lower doses, while expression levels decreased at higher doses. We found an optimum
level of FSH (25 ng/mL) which can significantly enhance AMH and BMP2 abundance (p < 0.05).
In summary, AMH, AMHR-II, and BMP2 genes showed a higher expression in follicles developed
in the presence of FSH. However, lower doses of FSH demonstrated a stimulatory effect on AMH
and BMP2 expression, while expression started to decline at the maximum dose. In this study,
we have provided a better understanding of the mechanisms regulating AMH, AMHR II, and BMP2
signaling in GCs during folliculogenesis, which would improve the outcomes of conventional assisted
reproductive technologies (ARTs), such as superovulation and oestrus synchronization in bovines.
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1. Introduction

In bovines, MOET (multiple ovulation and embryo transfer) has been under practiced for many
years. MOET has the potential to increase the genetic improvement rate and production of beef and
dairy cattle breeds. Recent advances in genomic selection have brought dramatic changes in the genetic
screening programs, but in cattle, lower reproductive efficiency is a significant constraint in the rate of
genetic improvement [1,2]. Among cows, the ovarian response of FSH (follicle stimulating hormone)
superstimulation is quite variable, and similar problems are persistent in humans. This is a major
limiting factor for successful embryo production [3,4]. In cattle, reproductive ultrasonography is helpful
in the prediction of superovulation success, such as the presence of preovulatory and periovulatory
follicles [5,6], opening the window for new protocols of in vivo embryo production [7]. The process
by which a single follicle becomes dominant and a cohort undergoes atresia in bovines is regulated
by many intrafollicular factors, belonging to the transforming growth factor-β (TGF-β) superfamily.
However, this family consists of BMPs which play a significant role in the growth and differentiation
of granulosa cells (GCs), and resultantly produce a dominant follicle [8]. Anti-Mullerian hormone
(AMH), a member of the TGF-β family, composed of 551 amino acids, is released by GCs of preantral
and antral follicles [9]. AMH could serve as a potential reproductive biomarker for the prediction of
the ovarian reserve pool of follicles in bovines [10,11]. AMH plays a vital role by inhibiting primordial
follicle recruitment and dominant follicle selection during follicular waves via paracrine factors, and it
reduces the follicular sensitivity to FSH [12]. Hence, AMH can mediate ovarian folliculogenesis
and follicular sensitivity [13,14]. Moreover, the blood circulating concentration of AMH has been
suggested to be used to predict the success of assisted reproductive technologies (ARTs; including
ovarian superstimulation, in vitro embryo production, embryo transfer and ovarian disorders) [15–17].
AMH also requires ligand-based receptor type-II (AMHR-II) to play its role without sharing the
receptor to other TGF-β family members. It binds with AMHR-II and simultaneously dimerizes with
type-I, resultantly activating downstream transcription factors (SMAD1, SMAD5, and SMAD8) [18–21].
Recently, various studies have revealed that BMPs (bone morphogenetic proteins) may regulate AMH
via the SMAD pathway [22,23]. The involvement of the BMP system has been well known for the
regulation of ovarian functioning in many animals, including rats and cattle [24,25]. BMPs, primarily
BMP2, BMP4, BMP6, and BMP7, play a key role in female fertility by regulating the proliferation of
GCs and steroidogenesis [26]. BMPs are target-specific for every type of cell, especially BMP2 and
BMP6 which are expressed mainly in GCs, whereas FSH based progesterone synthesis is inhibited by
BMP ligands [25,27–30].

In the current study, FSH is hypothesized to have an inverse impact on AMH, AMHRII, and BMPs
(2 and 6), which can mediate inhibitory signaling to suppress premature and dominant follicle selection.
In this study, we compared the expression of AMH, AMHR-II, BMP2, BMP6, FSHR, and LHCGR genes
during follicular development. In-vitro expression study was performed with and without FSH for
AMH, AMHR-II, BMP2, and BMP6 genes in bovine GCs which were isolated from 3–8 mm follicles.
The capability of FSH to repress premature bovine GCs livability and apoptosis was also assessed.
The association between mRNA expression and hormone level was estimated. We predicted that a
better understanding of the mechanisms regulating AMH and/or AMHR II (related transcript) signaling
in GCs during follicle development would ultimately improve the outcomes of conventional assisted
reproductive technologies (ARTs) such as superovulation treatments and oestrus synchronization
protocols in bovines.

2. Material and Methods

2.1. Animals and Tissue Collection

Ovaries were collected from adult, cyclic, and non-pregnant cows, irrespective of the stage of
oestrus cycle, at a local abattoir. After exsanguination, ovaries were placed in normal saline (NS; 1%
Antibiotic; temp 37 ◦C) and shifted to the laboratory within one hour. All the ovaries were visually
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examined for any structural abnormality. They were washed with NS (3–5 times) and phosphate buffer
solution (PBS) 3 times prior to collecting GCs.

2.2. Granulosa Cells and Follicular Fluid Collection

Follicles were categorized according to size and follicle development, i.e., small (3–8 mm;
pre deviation or undifferentiated), medium (9–12 mm; onset of deviation) and large (13–24 mm;
post deviation). GCs were isolated by a 23 G needle and pooled together with follicular fluid (FF)
and sieved through 40 um filter (Falcon Corning, New York, USA) and then centrifuged (1500 rpm
for 5 min). Later on, the supernatant follicular fluid was separated, and GCs were washed with PBS
(2 times; 1500 rmp for 5 min). Afterward, GCs and FF were stored at −80 ◦C for further analysis.

2.3. Culturing of Granulosa Cells

For culturing, fresh mural granulosa cells were isolated from small follicles (3–8 mm) and seeded
at 2 × 106 cells/well in 6-well polystyrene culture plate (Costar®, Corning Incorporated-life Science,
Shanghai, China). GCs were washed 2 times with PBS (without Ca2+ and Mg2+; Biological Industries,
USA) and centrifuged at 1500 rpm for 5 min. DMEM/F12 medium (Dulbecco’s Modified Eagle Medium
Nutrient mixture F-12 Hem; Gibco®, New York, USA) was used for all in vitro experiments, containing
10% FBS (Fetal Bovine Serum; Gibco®, New York, USA) and 1% Antibiotic (100 U/mL Penicillin and
100 ug/mL Streptomycin) at 37 ◦C with 5% CO2 (Carbon dioxide) and 95% Air maintained, with or
without FSH (1, 5, 10, 25 and 50 ng/mL; Sigma-Aldrich, St. Louis USA ). Afterward, cells were cultured
for 72 h. For the first 24 h, all the cells were cultured in the same medium (DMEM/F12) to check the
purity and viability as described by Lerner et al. [31]. Subsequently, the medium was changed and
cells cultured in the absence or presence of FSH (1, 5, 10, 25 and 50 ng/mL) for 48 h in total volume
2 mL/well to evaluate the expression effect on AMH, AMHR II, BMP2, BMP6, and CYP19A1. Each test
was repeated in triplicate related to cultured GCs. At the end of culturing, the medium was stored
at −80 ◦C for the AMH assay. The cells were detached with trypsin (0.25%) and shifted to sterile
Eppendorf tubes for washing with PBS by centrifugation. Later, the cells were stored at −80 ◦C till
further use.

2.4. Cell Proliferation Assay

A cell proliferation assay was performed with a Cell Counting Kit-8 (CCK-8; BBI life Science,
Sangon Biotech, Shanghai China) as per manufacturer protocol. Briefly, 2 × 106 GCs were added in
each well. The culture medium, without GCs, was used as a negative control. The culture medium
with GCs was used as control. The treatment medium with GCs was used as treatment group, and five
wells were used for every single sample. At the end of culture, 10 µL CCK-8 reagent was added to each
well and incubated at room temperature for 30 min. The absorbance of cultured GCs was measured by
infinite M200 PRO (TECAN, Germany) at 450 nm. The data represented five independent cultures
with each treatment considered as quintuplicate.

2.5. Apoptotic Assay

The qualitative and quantitative apoptosis of GCs was assessed by fluorescence microscope and
flow cytometry with an Annexin V-FITC (njjcbio, Nanjing, China), respectively. GCs were harvested by
0.25% trypsin after varying doses of FSH. Later harvesting, GCs were washed twice with PBS and then
added 500 ul 1× binding buffer. Subsequently, 5 ul FITC and PI were added. After 20 min incubation at
room temperature, slides were prepared and observed under a fluorescence microscope (Axio Imager
A2, Zeiss Germany).

For the quantitative apoptotic assay, samples were prepared again as aforementioned and flow
cytometry was performed by FACS Calibur (BD Biosciences, CA, USA) and data were analyzed by
Flowjo 10 software.
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2.6. RNA Purification, cDNA Preparation and Real-Time Quantitative PCR (qRT-PCR)

After collection (different size follicles) and Culturing (with or without FSH) of GCs, washed with
PBS and used for total RNA extraction. RNeasy Mini Kit (QIAGEN, Germany; Cat log # 74104) used for
RNA extraction as per the manufacturer’s protocol. We quantified the total RNA by NanoPhotometer
N50 Touch (IMPLEN GMBH, Germany). cDNA (Complementary DeoxyriboNucleic Acid) was
prepared by using 2 µg RNA, 1 µL Oligo(dT)18 Primer (Thermo scientific, Europe) and water-DEPC
(Sangon Biotech, Shanghai, China) to make 15 µL total volume then put in Proflex PCR machine
(temperature 75 ◦C, 5 min, single cycle; applied biosystem®, Singapore). Afterward, 1 µL dNTP Mix
10 mM (invitrogen, USA), 1 µL recombinant RNase Inhibitor (TaKaRa, Shiga, Japan), 1 µL reverse
transcriptase M-MLV (RNase H-; TaKaRa, Shiga, Japan), 5 µL 5× M-MLVT Buffer (TaKaRa, Shiga,
Japan) and 2 µL water-DEPC were added and then put in Proflex PCR machine (temperature 42 ◦C,
60 min, single cycle).

The qRT-PCR reactions were set-up by using a CFX96 Real-Time System (Bio-Rad Laboratories,
Inc. CA, USA). A total 15 µL volume was used for performing amplification reaction, containing 2 µL
cDNA, 0.35 µL each forward and reverse primers, 7.5 µL SYBR and 4.8 µL nuclease-free water. Cycle
amplifications were comprised of an initial denaturation step at 95 ◦C for 10 min, followed by 39 cycles
at 95 ◦C for 15 sec and 60 ◦C for 60 sec. The relative expression of nominated genes was calculated by
2-∆∆Ct method [32]. Specific primer sequences were synthesized by Sangon Biotech (Beijing, China).
The primer sequences used for qRt-PCR are shown in Table 1.

Table 1. Primers sequence for qRT-PCR.

Gene Symbol Gene ID. Oligo Primer Sequence (5′–3′)

AMH NM_173890 Forward
Reverse

CAGGGAAGAAGTCTTCAGCA
AAGGTGGTCAAGTCACTCAG

AMHR ll NM_001205328 Forward
Reverse

AGCTGTGCTTCTCCCAGGTCATA
AAAGCGGACAATGTGGTCATGCTG

BMP2 NM_001099141 Forward
Reverse

TGTCCAAACTCTGGTCAACTC
CTCGACAACCATGTCCTGATAG

BMP6 XM_005192966 Forward
Reverse

CGCCAGCGACACCACAAAGAGT
CCCAGCAGAAACAGGTCCGAGTC

CYP19A1 NM_174305.1 Forward
Reverse

GGCTATGTGGACGTGTTGACC
TGAGAAGGAGAGCTTGCCATG

FSHR NM_174061 Forward
Reverse

AGGCAAACGTGTTCTCCAAC
CGGAGGTTGGGAAGGTTCTG

LHCGR NM_174381 Forward
Reverse

TGAACTGAGTGGCTGGGATT
AGGACAGTCACATTTCCCGT

BAX NM_173894 Forward
Reverse

AACATGGAGCTGCAGAGGAT
CAGTTGAAGTTGCCGTCAGA

GAPDH NM_001034034.1 Forward
Reverse

CACCCTCAAGATTGTCAGCA
GGTCATAAGTCCCTCCACGA

ACTB NM_173979.3 Forward
Reverse

GTGACATCAAGGAGAAGCTCTG
TTGAAGGTAGTTTCGTGAATGC

2.7. Hormonal Assay

After collecting GCs, the intrafollicular fluid was stored at −80 ◦C for the determination of AMH,
FSH, and LH. Similarly, the medium after culturing (FSH treatment) was stored for AMH assay.
All commercial ELISA kits were purchased from CUSABIO TECHNOLOGY LLC. The concentrations
of AMH (Cat no. CSB-YP001666BO1), FSH (Cat no. CSB-E15856B), and LH (Cat no. CSB-E12826B)
were determined according to manufacturer protocols. Each treatment was performed in triplicate.
The absorbance was measured by infinite M200 PRO (TECAN, Germany) at 450 nm.
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2.8. Statistical Analysis

The data were subjected to statistical analysis using IBM SPSS (Statistical Package for Social
Sciences) software version 26.0 Armonk, NY, USA. Analysis of variance was performed, and means
were compared using Tukey’s honestly significant difference (HSD) test at 5% level of significance
(α = 0.05). The correlation between different variables was analyzed using Pearson’s correlation
co-efficient with regression analysis at a 5% level of significance using RStudio software version
1.2.5001.

3. Results

GCs were collected from different sized follicles based upon follicle deviation. Analyses considered
the undifferentiated status of GCs of 3–8 mm follicles (small), onset of deviation from nine to 12 mm
follicles (medium), and post deviation, or luteinized GCs from 13–24 mm follicles (large). We used
two reference genes, GAPDH and ACTB, while relative expression in the whole experiment were
standardized with GAPDH (p < 0.05). All the data represented in figures are expressed as mean ± S.E.
Data were normalized for graphical representation of the small size follicle group and cultured
undifferentiated GCs with the control group. To confirm the abundance of GC specific transcriptome,
we measured CYP19A1 expression owing to the fact that the GC-specific gene is involved in the
steroidogenic pathway.

3.1. Abundance and Regulation of FSHR and LHCGR in Bovine GCs

The abundance of FSHR mRNA in bovine GCs was highest in 9–12 mm follicles and lowest in
undifferentiated GCs isolated from 3–8 mm follicles (p < 0.05; Figure 1A). LHCGR mRNA expression
in bovine GCs increased with follicle size. The minimum level of transcript abundance was found
between 3 to 8 mm follicles, and maximum abundance was between 13 to 24 mm follicles (p < 0.05;
Figure 1B).
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and expressed as fold difference ± standard error of mean compared with 3 to 8 mm follicles.
Means without common letters are significantly different (p < 0.05; n = 5 per follicle size group).
FSHR = Follicle Stimulating Hormone Receptor. LHCGR = Luteinizing Hormone/Choriogonadotropin
Receptor. AMH = Anti-Mullerian Hormone. AMHR-II = Anti-Mullerian Hormone Receptor type-II.
BMP2 = Bone Morphogenetic Protein 2. BMP6 = Bone Morphogenetic Protein 6.

Compared to control, FSH stimulation increased FSHR (p < 0.05; Figure 2E) and decreased LHCGR
(p < 0.05; Figure 2F) transcript levels. The undifferentiated status of 3–8 mm follicle GCs prior and
subsequent to culture was confirmed by finding the elevated FSHR level and declined LHCGR level
(near to undetectable).
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3.2. Abundance and Regulation of AMH and AMHR-II in Bovine GCs

The abundance of AMH transcript in bovine GCs was greatest in 9 to 12 mm follicles and decreased
in 13 to 24 mm follicles (p < 0.05; Figure 1C). However, transcript AMHR-II abundance declined with
increasing follicle size and a high level of abundance was found in 3–8 mm follicles. The lowest level
of abundance was found in 13–24 mm follicles (p < 0.05; Figure 1D).

Bovine GCs from 3–8 mm follicles were cultured for 48 h with increasing concentrations of FSH (1,
5, 10, 25, and 50 ng/mL) to evaluate the effects of FSH on GC function. No significant differences in AMH
mRNA levels were found at 1 and 5 ng/mL FSH doses compared to control. AMH mRNA abundance
increased upon treatment with 10 and 25ng/mL, while mRNA abundance declined at maximum dose
(50ng/mL) and was comparable to the control group (p < 0.05; Figure 2A). The transcript abundance of
AMHR-II was significantly increased till 10 ng/mL FSH (p < 0.05; Figure 2B). Meanwhile, at higher
concentrations (25 and 50 ng/mL) of FSH, the abundance of AMHR-II started to decline.

3.3. Abundance and Regulation of BMP2 and BMP6 in Bovine GCs

The transcript abundance of BMP2 was significantly increased in 9–12 mm follicles as compared
to small (3–8 mm) and large (13–24 mm) follicles. No difference was found between small and large
group follicles (p < 0.05; Figure 1E), whereas BMP6 transcript abundance was highest in 13–24 mm and
lowest in 9–12 mm follicles (p < 0.05; Figure 1F).

In cultures of undifferentiated GCs isolated from 3–8 mm follicles, BMP2 abundance showed
gradual increasing trend up to 25 ng/mL dose. Moreover, BMP2 abundance decreased at maximum
dose (50 ng/mL; p < 0.05; Figure 2C). The high level of BMP6 abundance was found at 25 ng/mL dose
and the lowest transcript level at 10 ng/mL treatment (p < 0.05; Figure 2D).

3.4. Effect of FSH on Survival and Apoptosis of GCs

Initially, the effect of FSH was observed on the viability of GCs from bovine follicles, acquired
from a local abattoir. After 24 h of culture development, GCs were incubated at the rate of 1, 5, 10,
25, and 50 ng/mL FSH for 48 h along with control (no FSH) (Figure 3G). Significant high viability
was found by the addition of 10 and 25 ng/mL FSH as compared to control (p < 0.05), while no
significant difference was observed between 1 or 5 ng/mL FSH and control. Markedly, at 50 ng/mL
FSH, significantly low viability was detected as compared to the untreated group.

To evaluate the time course of FSH treatment on cell viability, GCs were treated with 25 ng/mL
FSH at different time points, i.e., 0, 6, 12, 24, and 48 h. GCs viability increased in a time-dependent
manner, and it was highest at 24 h, while a decreasing trend was observed at 48 h (Figure 3H).

We then evaluated the qualitative and quantitative effects of FSH on apoptosis in GCs. Quantitative
study revealed that the highest significant number of apoptotic cells were found after addition of
50 ng/mL FSH as compared to control, then 25 and 10 ng/mL FSH respectively. However, none of the
other doses (1 and 5 ng/mL FSH) altered the rate of apoptosis (Figure 4A,B). We also measured BAX
mRNA abundance, which revealed that various FSH concentrations had different impacts on BAX
mRNA abundance. For instance, BAX mRNA abundance was slightly decreased at lower doses of FSH
(1 and 5 ng/mL) but increased significantly at 25 and 50 ng/mL, as compared to control (Figure 4C).
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Figure 3. Effect of Follicle Stimulating Hormone (FSH) on apoptosis, death, and viability of cultured
granulosa cells. Fluorescence microscope pictures 40X) of dead (red) and apoptotic (green) cells
after staining with FITC/PI dye. (A) control; (B) 1 ng/mL FSH; (C) 5 ng/mL FSH; (D) 10 ng/mL FSH;
(E) 25 ng/mL FSH; and (F) 50 ng/mL FSH. Granulosa Cells were challenged after 24 h of culture with
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FSH for the time given in right panel (H). Cell viability assay was done by using CCk-8 assay kit after
treatment and data are represented as mean ± S.E. of five independent cultures. Each panel without
common letters is significantly different (p < 0.05).
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Figure 4. Effects of Follicle Stimulating Hormone (FSH) on the apoptosis in bovine granulosa cells.
Granulosa Cells were challenged with increasing doses of FSH for 48 h starting on day two of culture.
(A) The apoptotic cells were detected by flow cytometry. (B) Quantitative result of granulosa cells
apoptosis as shown in A, ** p < 0.01. (C) Abundance of mRNA encoding BAX, * p < 0.05. Data are
means ± SEM of five independent replicates. For each treatment, means without common letters are
significantly different (p < 0.05). BAX = Bcl-2-associated X Protein.

3.5. Quantification of Hormones in Follicular Fluid and Culture Medium

Pooled follicular fluid was separated from GCs by centrifugation and used to quantify the level
of AMH, FSH, and LH in a group of follicles of different sizes. The level of AMH in follicular
fluid of different size follicles of 3–8 mm, 9–12 mm and 13–24 mm were 81.03 ± 5.81, 84.14 ± 5.41,
and 79.49 ± 2.48 ng/mL, respectively. The concentration of AMH in follicular fluid was highest
at 9–12 mm follicles than in 3–8 mm while the lowest level was found in 13–24 mm size follicles
(p < 0.05; Figure 5A). In the follicular fluid, the concentration of FSH in different sized follicular groups,
3–8 mm, 9–12 mm and 13–24 mm, were 7.49 ± 0.26, 7.44 ± 0.26, and 7.21 ± 0.14 (mIU/ml), respectively.
FSH revealed a gradually decreasing trend with increasing follicular diameter, 3–8 mm, 9–12 mm size
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follicles showed highest level of FSH protein and 13–24 mm follicles showed lowest concentration in
follicular fluid (p < 0.05; Figure 5C). The amount of LH in follicular fluid at different sizes (i.e., 3–8 mm,
9–12 mm and 13–24 mm), large follicles (13–24 mm) showed the highest level of LH in contrast to small
and medium ones (p < 0.05; Figure 5B).
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Figure 5. Concentration of AMH (ng/mL; A), FSH (mIU/ml; B) and LH (ng/mL; C) in follicular fluid of
different size follicles. (D) AMH secretion (ng/2 × 106 cells) in cultured media with increasing treatment
of FSH (0, 1, 5, 10, 25, and 50 ng/mL). Data are represented as mean ± S.E. Means without common
letters are significantly different (p < 0.05; n = 5 per follicle size or independent five culture medium).
FSH = Follicle Stimulating Hormone. LH = Luteinizing Hormone. AMH = Anti-Mullerian Hormone.

After culturing GCs (2 × 106 cells per well), the medium was stored at −80 ◦C for the quantification
of AMH. AMH level decreased gradually after the 5 ng/mL FSH dose. The minimum level was found
at 50 ng/mL FSH treatment medium, while 1 and 5 ng/mL doses showed no significant difference as
compared to control (p < 0.05; Figure 5D).

3.6. Association Between mRNA Abundance and Hormone (Protein) Level

The association between hormone level (AMH, FSH and LH) in follicular fluid and transcript
abundance (AMH, AMHR II, BMP2, BMP6, FSHR, and LHCGR) in GCs shown in Table 2.
The concentration of AMH in follicular fluid was positively associated with mRNA FSHR abundance
(r = 0.44, r2 = 0.1967; Figure 6D). The transcript abundance of AMH (r = 0.41, r2 = 0.1663; Figure 6G)
and AMHR-II (r = 0.45, r2 = 0.2015; Figure 6I) was positively associated with levels of FSH, and there
was a lower linear relationship between them. Meanwhile, transcript LHCGR abundance showed a
negative association with the concentration of FSH (r = −0.44, r2 = 0.1970; Figure 6L). The transcript
BMP6 abundance and LH level showed a significant and negative relationship, but 39.48% data showed
the linear relationship between both variables (r = −0.63, r2 = 0.3948; Figure 6N). None of the other
variables showed any relationship between them. Figure 6 illustrates the relationship according to
regression analysis between the level of hormone in follicular fluid and transcript abundance of genes.
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Table 2. Correlation between hormone levels and mRNA expression in different size follicles.

mRNA Expression › AMH AMHR II BMP2 FSHR LHCGR BMP6

AMH (ng/mL)

r value 0.22 −0.21 0.5 0.44 −0.03 −0.12
p value 0.4295 0.4632 0.0569 0.0977 0.9184 0.6777
r2 value 0.0486 0.0421 0.2514 0.1967 0.0008 0.0137

AdjR2 value −0.0245 −0.0316 0.1938 0.1349 −0.0760 −0.0621

LH (ng/mL)

r value −0.21 −0.05 0.05 −0.04 0.14 −0.63 *
p value 0.4473 0.8619 0.8514 0.8844 0.6197 0.0121
r2 value 0.0451 0.0024 0.0028 0.00168 0.0194 0.3948

AdjR2 value −0.0283 −0.0743 −0.0739 −0.0751 −0.0559 0.3482

FSH (mIU/mL)

r value 0.41 0.45 0.1 −0.06 −0.44 −0.11
p value 0.1313 0.0932 0.7179 0.8401 0.1036 0.6839
r2 value 0.1663 0.2015 0.0104 0.0032 0.1907 0.0132

AdjR2 value 0.1022 0.1401 −0.0657 −0.0734 0.1285 −0.0627

Significant * p < 0.05, highly significant ** p < 0.001.
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Figure 6. Correlation with linear regression model among level of hormone in follicular fluid and
transcript abundance of genes. Relationship between (A) AMH level and mRNA expression of AMH,
(B) AMH level and mRNA expression of BMP6, (C) AMH level and mRNA expression of AMHR-II,
(D) AMH level and mRNA expression of FSHR, (E) AMH level and mRNA expression of BMP2,
(F) AMH level and mRNA expression of LHCGR, (G) FSH level and mRNA expression of AMH,
(H) FSH level and mRNA expression of BMP6, (I) FSH level and mRNA expression of AMHR-II,
(J) FSH level and mRNA expression of FSHR, (K) FSH level and mRNA expression of BMP2, (L) FSH
level and mRNA expression of LHCGR, (M) LH level and mRNA expression of AMH, (N) LH level
and mRNA expression of BMP6, (O) LH level and mRNA expression of AMHR-II, (P) LH level and
mRNA expression of FSHR, (Q) LH level and mRNA expression of BMP2, (R) LH level and mRNA
expression of LHCGR, (* p < 0.05, ** p < 0.001). AMH = Anti-Mullerian Hormone. FSH = Follicle
Stimulating Hormone. LH = Luteinizing Hormone. FSHR = Follicle Stimulating Hormone Receptor.
LHCGR = Luteinizing Hormone/Choriogonadotropin Receptor. AMHR-II = Anti-Mullerian Hormone
Receptor type-II. BMP2 = Bone Morphogenetic Protein 2. BMP6 = Bone Morphogenetic Protein 6.
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An association among the transcript abundance (AMH, AMHR-II, BMP2, BMP6, FSHR and
LHCGR) of cultured undifferentiated GCs collected from 3–8 mm follicles and the level of AMH
in culture media shown in Table 3. The level of AMH in culture medium exhibited a negative but
significant association with mRNA abundance of AMHR-II (r = −0.48, r2 = 0.2293; Figure 7B) and a
22.93% variation in AMH can be explained the linear relationship between the AMH and AMHR-II.
Furthermore, a 22.93% regression line represents the data. BMP2 (r = −0.35, r2 = 0.1227; Figure 7C)
showed a negative association with AMH and a 12.27% linear relationship. BMP6 (r =−0.60, r2 = 0.3599;
Figure 7D) abundance showed a highly significant negative association with AMH and 35.99% variance
was calculated between both variables. Furthermore, positive association was found between level of
AMH in culture medium and mRNA LHCGR abundance (r = 0.31, r2 = 0.0975; Figure 7F) but variance
is very low (9.75%) between variables. A linear relationship according to regression analysis among
the concentration of AMH in media and mRNA abundance of AMH, AMHR II, BMP2, BMP6, FSHR,
and LHCGR is described in Figure 7A–F, respectively.

Table 3. Correlation relationship with regression analysis among the expression of culture GC genes
and AMH levels in media.

mRNA Expression › AMH AMHR-II FSHR LHCGR BMP2 BMP6

AMH (ng/2 × 106 cells)

r value −0.15 −0.48 * −0.47 0.31 −0.35 −0.60 **
p value 0.5645 0.0444 0.051 0.207 0.1541 0.0085
r2 value 0.0212 0.2293 0.2176 0.0975 0.1227 0.3599

AdjR2value −0.0399 0.1811 0.1687 0.0411 0.0679 0.3198

Significant * p < 0.05, highly significant ** p < 0.001.
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Figure 7. Relationship according to regression line between level of hormone in culture medium
and transcript abundance of genes. Relationship between (A) AMH level and mRNA expression
of AMH, (B) AMH level and mRNA expression of AMHR-II, (C) AMH level and mRNA
expression of BMP2, (D) AMH level and mRNA expression of BMP6, (E) AMH level and mRNA
expression of FSHR, (F) AMH level and mRNA expression of LHCGR, (* p < 0.05, ** p < 0.01,
*** p < 0.001). AMH = Anti-Mullerian Hormone. FSHR = Follicle Stimulating Hormone Receptor.
LHCGR = Luteinizing Hormone/Choriogonadotropin Receptor. AMHR-II = Anti-Mullerian Hormone
Receptor type-II. BMP2 = Bone Morphogenetic Protein 2. BMP6 = Bone Morphogenetic Protein 6.
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4. Discussion

The molecular mechanisms regulating follicular growth and dominance in mono-ovulatory
species have not been completely elucidated. However, AMH is shown to be expressed in GCs [11],
and the regulation of AMH and its receptor AMHR-II has not been systematically investigated during
follicular deviation and the selection of the dominant follicle in mono-ovulatory species. In this
study, cow ovaries were used to investigate the regulation of AMH and its receptor AMHR-II at
follicular, cellular, and endocrine levels and in response to FSH supplementation in vitro. The mRNA
AMH level was found to be higher in bovine GCs onset to follicle deviation and significantly
decreased after selection of dominant follicle by using follicular selection and deviation model during
folliculogenesis [33–35]. Other studies observed a similar trend in the follicular fluid concentration of
AMH during follicle deviation and selection. Our findings are in accordance with the previous research
in bovines, reflecting the highest level of AMH from pre-antral to early antral stage follicles [11,36–38].
In rats, the expression of AMH has been described to be decreased in the final stage of follicle
development [39]. Our findings are in agreement with already reported studies in women, revealing
a decline trend of AMH expression in GCs after follicle selection and deviation [40–42]. On behalf
of the aforementioned studies, we propose that mRNA abundance and the concentration of AMH
in GCs are similarly regulated during follicle selection and deviation in mono and poly-ovulatory
species. In the present study, the transcript abundance of AMH and AMHR-II were in same manner.
AMHR-II also has high expression before the selection of the dominant follicle, while the highest level
of expression was in pre and early antral follicle GCs. These findings are in line with the finding
from cattle ovaries, collected from the slaughterhouse, presenting lower levels of AMH mRNA in
atretic follicles as compared to healthy follicles [10,36]. All these studies mentioned above propose that
AMH abundance might be regulated by FSH during follicle growth. Our study was also conducted at
the in vitro GC level with undifferentiated GCs isolated from 3–8 mm follicle size and culture under
the different supplementary doses of FSH (1, 5, 10, 25 and 50 ng/ul) along with control. The mRNA
expression of its cognate FSH receptor also increased which confirms the success of treatment under
high FSH concentrations. AMH mRNA abundance was most significantly increased by 25 ng/mL
FSH and 10 ng/mL also showed a slight increase in mRNA abundance, while extreme lower or higher
concentrations had a non-significant impact on the mRNA abundance of AMH. Similarly, AMHR-II
mRNA abundance was most significantly enhanced at 10 ng/mL FSH, followed by 5 and 25 ng/mL FSH,
while other FSH concentrations had a less significant impact on the mRNA abundance of AMHR-II.
Our results coincide to the findings of in vitro GC cultures [43,44] and are also in contrast to the in vivo
findings of Ilha et al. [37]. FSH has an inhibitory effect on AMH and AMHR-II transcript abundance in
rats at the time of follicle deviation from early antral to late/large antral follicles [39]. Additionally,
FSH signaling decreases the abundance of AMH in chicken GCs [45] and serum concentration in
humans [46]. The versatile role of FSH on AMH production between all these reports may be ascribed
to the stage of follicle, source of GCs, and/or length or duration of culture [38,47]. Furthermore,
Durlinger et al. found AMH suppress the FSHR and aromatase expression in rat and murine GCs
respectively [47–49]. Similarly, Chang et al. [50] found that AMH declines the CYP19A1 expression
and ultimately estrogen synthesis in human granulosa-lutein cells.

Additionally, a stimulatory role of BMPs on AMH abundance has been established in human,
poultry, bovine and ovine GCs [22,38,45,51,52]. Due to the significance of BMP system in regulating
the reproductive system, further studies have emphasized the molecular mechanism, revealing
the involvement of BMPs in the ovarian process [53]. During folliculogenesis, the abundance of
BMP2 increases in GCs of early antral follicles. Given the results of our research are according to
the findings of Diaz et al. [54], the expression of BMP2 in GCs was higher in antral follicles [54].
The expression pattern is concordant with the previously illustrated expression pattern of BMP2 in
the ovarian somatic cells [24]. In vitro, BMP2 expression increased under the treatment of FSH, as
reported by Glister et al. [55]. In vitro, BMP6 expression did not exhibit a specific manner, similarly
to AMH, AMHR-II, and BMP2 expressions observed in in vitro culturing of GCs from 3–8 mm
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follicles. Unlike BMP2, BMP6 does not support FSH stimulation [56,57]. Our results also depict a
varying expression trend of BMP2 and BMP6 in vitro. Other studies also show that BMP6 has an
inhibitory role during in-vivo folliculogenesis, i.e., AMH inhibits GC proliferation and later ultimately
reduces aromatase expression [38,48]. FSH decreases the cell cycle and suppresses mitophagy via the
PINK1-Parkin (PTEN-induced kinase 1) cascade to promote GC survival [58,59]. Initially, Cell viability
increased with the concentration of FSH, but significantly decreased at high doses (50 ng/mL FSH).
Multiple biological functions of FSH have been demonstrated. Nuclear factor-kappa B (NF-κB) is a
nuclear transcription factor that regulates the expression of a large number of genes that are critical for
the regulation of apoptosis [60]. After PKa (protein kinase a) activates FSH, gsK-3β (glycogen synthase
kinase 3 beta) activity is downregulated, which induces the inactivation of the NF-κB pathway to
activate cell apoptosis [58]. As per our findings, apoptosis markedly increased at 25 and 50 ng/mL FSH
doses as compared to control.

The level of AMH in intrafollicular fluid in bovines are reported variable ranged from 400
to 800 ng/mL in 3–5 mm follicles, but to a lesser extent in in 7–10 mm follicles (approximately
200–400 ng/mL) [10,36,37,48,61]. In this study, our AMH concentration is near to the above-mentioned
level of AMH. In-vitro, AMH protein levels showed a significant negative association with mRNA
AMHR-II. However, a similar relationship was also reported by Ilha et al. [37]. In contrast, many studies
in humans showed positive associations between mRNA AMH of GCs and hormone levels of AMH
in follicular fluid [42]. In bovines, the concentration of AMH was decreased with an increasing
size of follicle, while a difference in transcript level of GC is not always parallel with the hormone
concentration of follicular fluid [10,36]. AMH inhibits FSH-dependent follicle growth and estrogen
production in follicles, while BMP6 has the opposite effect [56,57]. As per the above discussion, BMPs
play an important role at the FSH–AMH nexus in bovine GCs to modulate folliculogenesis [48,55].

5. Conclusions

In the present study, our findings revealed that AMH, AMHR-II and BMP2 mRNA levels increased
before follicle deviation and selection, whereas they decreased after the follicle deviation. During short
term exposure (48 h), low doses of FSH increased the transcript abundance of AMH, AMHR-II,
and BMP2. We found an optimum level of FSH (25 ng/mL) which can significantly enhance AMH and
BMP2 abundance. The relationship between mRNA expression and protein level appeared to be quite
variable among in vivo and in vitro studies, which might be due to the involvement of autocrine and
paracrine factors. Further in vivo field studies using large animal groups are necessary to elucidate
this antagonistic relationship between FSH and AMH, and its implications towards the improvement
of fertility and ART outcomes in bovines.
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Monniaux, D. Determination of anti-Mllerian hormone concentrations in blood as a tool to select Holstein
donor cows for embryo production: From the laboratory to the farm. Reprod. Fertil. Dev. 2012, 24, 932–944.
[CrossRef]

17. Umer, S.; Zhao, S.J.; Sammad, A.; Sahlu, B.W.; Yunwei, P. AMH: Could It Be Used as A Biomarker for Fertility
and Superovulation in Domestic Animals? Genes 2019, 10, 1009. [CrossRef]

18. Baarends, W.M.; Van Helmond, M.J.; Post, M.; van Der Schoot, P.J.; Hoogerbrugge, J.W.; de Winter, J.P.;
Uilenbroek, J.T.; Karels, B.; Wilming, L.G.; Meijers, J.H. A novel member of the transmembrane
serine/threonine kinase receptor family is specifically expressed in the gonads and in mesenchymal cells
adjacent to the mullerian duct. Development 1994, 120, 189–197.

http://dx.doi.org/10.4061/2010/192787
http://www.ncbi.nlm.nih.gov/pubmed/20981298
http://dx.doi.org/10.1073/pnas.1519061113
http://www.ncbi.nlm.nih.gov/pubmed/27354521
http://dx.doi.org/10.1051/rnd:2002046
http://www.ncbi.nlm.nih.gov/pubmed/12625424
http://dx.doi.org/10.1016/S0015-0282(01)02893-X
http://dx.doi.org/10.1016/j.theriogenology.2013.09.007
http://dx.doi.org/10.1016/S0093-691X(01)00479-4
http://dx.doi.org/10.1071/RD11919
http://dx.doi.org/10.1530/rep.0.1210503
http://dx.doi.org/10.1111/j.1365-2265.2006.02533.x
http://dx.doi.org/10.1095/biolreprod.108.072157
http://dx.doi.org/10.1071/RD12270
http://www.ncbi.nlm.nih.gov/pubmed/23244824
http://dx.doi.org/10.1093/biolre/iox181
http://www.ncbi.nlm.nih.gov/pubmed/29293939
http://dx.doi.org/10.1530/JOE-18-0005
http://www.ncbi.nlm.nih.gov/pubmed/29540452
http://dx.doi.org/10.1152/ajpendo.90684.2008
http://dx.doi.org/10.1093/humrep/dei203
http://dx.doi.org/10.1071/RD11290
http://dx.doi.org/10.3390/genes10121009


Genes 2019, 10, 1038 17 of 19

19. Orvis, G.D.; Jamin, S.P.; Kwan, K.M.; Mishina, Y.; Kaartinen, V.M.; Huang, S.; Roberts, A.B.; Umans, L.;
Huylebroeck, D.; Zwijsen, A.; et al. Functional Redundancy of TGF-beta Family Type I Receptors and
Receptor-Smads in Mediating Anti-Müllerian Hormone-Induced Müllerian Duct Regression in the Mouse1.
Biol. Reprod. 2008, 78, 994–1001. [CrossRef]

20. Sèdes, L.; Leclerc, A.; Moindjie, H.; Cate, R.L.; Picard, J.Y.; Di Clemente, N.; Jamin, S.P. Anti-Müllerian
hormone recruits BMPR-IA in immature granulosa cells. PLoS ONE 2013, 8, e81551. [CrossRef]

21. Visser, J.A. The Serine/Threonine Transmembrane Receptor ALK2 Mediates Mullerian Inhibiting Substance
Signaling. Mol. Endocrinol. 2001, 15, 936–945. [PubMed]

22. Estienne, A.; Pierre, A.; Di Clemente, N.; Picard, J.Y.; Jarrier, P.; Mansanet, C.; Monniaux, D.; Fabre, S.
Anti-müllerian hormone regulation by the bone morphogenetic proteins in the sheep ovary: Deciphering a
direct regulatory pathway. Endocrinology 2015, 156, 301–313. [CrossRef] [PubMed]

23. Pierre, A.; Estienne, A.; Racine, C.; Picard, J.Y.; Fanchin, R.; Lahoz, B.; Alabart, J.L.; Folch, J.; Jarrier, P.;
Fabre, S.; et al. The bone morphogenetic protein 15 up-regulates the anti-müllerian hormone receptor
expression in granulosa cells. J. Clin. Endocrinol. Metab. 2016, 101, 2602–2611. [CrossRef] [PubMed]

24. Glister, C.; Satchell, L.; Knight, P.G. Changes in expression of bone morphogenetic proteins (BMPs), their
receptors and inhibin co-receptor betaglycan during bovine antral follicle development: Inhibin can
antagonize the suppressive effect of BMPs on thecal androgen production. Reproduction 2010, 140, 699–712.
[CrossRef]

25. Hosoya, T.; Otsuka, F.; Nakamura, E.; Terasaka, T.; Inagaki, K.; Tsukamoto-Yamauchi, N.; Hara, T.; Toma, K.;
Komatsubara, M.; Makino, H. Regulatory role of BMP-9 in steroidogenesis by rat ovarian granulosa cells.
J. Steroid Biochem. Mol. Biol. 2015, 147, 85–91. [CrossRef]

26. Otsuka, F. Multifunctional bone morphogenetic protein system in endocrinology. Acta Med. Okayama 2013,
62, 75–86.

27. Shimasaki, S.; Zachow, R.J.; Danmei, L.I.; Kim, H.; Iemura, S.I.; Ueno, N.; Sampath, K.; Chang, R.J.;
Erickson, G.F. A functional bone morphogenetic protein system in the ovary. Proc. Natl. Acad. Sci. USA 1999,
96, 7282–7287. [CrossRef]

28. Erickson, G.F.; Shimasaki, S. The spatiotemporal expression pattern of the bone morphogenetic protein
family in rat ovary cell types during the estrous cycle. Reprod. Biol. Endocrinol. 2003, 1, 9. [CrossRef]

29. Inagaki, K.; Otsuka, F.; Miyoshi, T.; Yamashita, M.; Takahashi, M.; Goto, J.; Suzuki, J.; Makino, H.
P38-mitogen-activated protein kinase stimulated steroidogenesis in granulosa cell-oocyte cocultures: Role of
bone morphogenetic proteins 2 and 4. Endocrinology 2009, 150, 1921–1930. [CrossRef]

30. Otsuka, F.; McTavish, K.J.; Shimasaki, S. Integral role of GDF-9 and BMP-15 in ovarian function.
Mol. Reprod. Dev. 2011, 78, 9–21. [CrossRef]

31. Lerner, A.A.C.; Salamone, D.F.; Chiappe, M.E.; Barañao, J.L. Comparative studies between freshly
isolated and spontaneously immortalized bovine granulosa cells: Protein secretion, steroid metabolism,
and responsiveness to growth factors. J. Cell. Physiol. 1995, 164, 395–403. [CrossRef] [PubMed]

32. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2-∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

33. Ferreira, R.M.; Ayres, H.; Chiaratti, M.R.; Ferraz, M.L.; Araújo, A.B.; Rodrigues, C.A.; Watanabe, Y.F.;
Vireque, A.A.; Joaquim, D.C.; Smith, L.C.; et al. The low fertility of repeat-breeder cows during summer heat
stress is related to a low oocyte competence to develop into blastocysts. J. Dairy Sci. 2011, 94, 2383–2392.
[CrossRef] [PubMed]

34. Gasperin, B.G.; Ferreira, R.; Rovani, M.T.; Bordignon, V.; Duggavathi, R.; Buratini, J.; Oliveira, J.F.C.;
Gonçalves, P.B.D. Expression of receptors for BMP15 is differentially regulated in dominant and subordinate
follicles during follicle deviation in cattle. Anim. Reprod. Sci. 2014, 144, 72–78. [CrossRef]

35. Gasperin, B.G.; Rovani, M.T.; Ferreira, R.; Ilha, G.F.; Bordignon, V.; Gonçalves, P.B.D.; Duggavathi, R.
Functional status of STAT3 and MAPK3/1 signaling pathways in granulosa cells during bovine follicular
deviation. Theriogenology 2015, 83, 353–359. [CrossRef]

36. Rico, C.; Médigue, C.; Fabre, S.; Jarrier, P.; Bontoux, M.; Clément, F.; Monniaux, D. Regulation of Anti-Müllerian
Hormone Production in the Cow: A Multiscale Study at Endocrine, Ovarian, Follicular, and Granulosa Cell
Levels1. Biol. Reprod. 2011, 84, 560–571. [CrossRef]

http://dx.doi.org/10.1095/biolreprod.107.066605
http://dx.doi.org/10.1371/journal.pone.0081551
http://www.ncbi.nlm.nih.gov/pubmed/11376112
http://dx.doi.org/10.1210/en.2014-1551
http://www.ncbi.nlm.nih.gov/pubmed/25322464
http://dx.doi.org/10.1210/jc.2015-4066
http://www.ncbi.nlm.nih.gov/pubmed/27070094
http://dx.doi.org/10.1530/REP-10-0216
http://dx.doi.org/10.1016/j.jsbmb.2014.12.007
http://dx.doi.org/10.1073/pnas.96.13.7282
http://dx.doi.org/10.1186/1477-7827-1-9
http://dx.doi.org/10.1210/en.2008-0851
http://dx.doi.org/10.1002/mrd.21265
http://dx.doi.org/10.1002/jcp.1041640220
http://www.ncbi.nlm.nih.gov/pubmed/7622585
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.3168/jds.2010-3904
http://www.ncbi.nlm.nih.gov/pubmed/21524528
http://dx.doi.org/10.1016/j.anireprosci.2013.12.002
http://dx.doi.org/10.1016/j.theriogenology.2014.09.026
http://dx.doi.org/10.1095/biolreprod.110.088187


Genes 2019, 10, 1038 18 of 19

37. Ilha, G.F.; Rovani, M.T.; Gasperin, B.G.; Ferreira, R.; de Macedo, M.P.; Neto, O.A.; Duggavathi, R.;
Bordignon, V.; Gonçalves, P.B.D. Regulation of Anti-Müllerian Hormone and Its Receptor Expression
around Follicle Deviation in Cattle. Reprod. Domest. Anim. 2016, 51, 188–194. [CrossRef]

38. Poole, D.H.; Ocón-Grove, O.M.; Johnson, A.L. Anti-Müllerian hormone (AMH) receptor type II expression
and AMH activity in bovine granulosa cells. Theriogenology 2016, 86, 1353–1360. [CrossRef]

39. Baarends, W.M.; Hoogerbrugge, J.W.; Post, M.; Visser, J.A.; Rooij, D.G.D.; Parvinen, M.; Themmen, A.P.N.;
Grootegoed, J.A. Anti-müllerian hormone and anti-müllerian hormone type ii receptor messenger ribonucleic
acid expression during postnatal testis development and in the adult testis of the rat. Endocrinology 1995, 136,
4951–4962. [CrossRef]

40. Weenen, C.; Laven, J.S.E.; von Bergh, A.R.M.; Cranfield, M.; Groome, N.P.; Visser, J.A.; Kramer, P.;
Fauser, B.C.J.M.; Themmen, A.P.N. Anti-Müllerian hormone expression pattern in the human ovary:
Potential implications for initial and cyclic follicle recruitment. MHR Basic Sci. Reprod. Med. 2004, 10, 77–83.
[CrossRef]

41. Grøndahl, M.L.; Nielsen, M.E.; Dal Canto, M.B.; Fadini, R.; Rasmussen, I.A.; Westergaard, L.G.;
Kristensen, S.G.; Yding Andersen, C. Anti-Müllerian hormone remains highly expressed in human cumulus
cells during the final stages of folliculogenesis. Reprod. Biomed. Online 2011, 22, 389–398. [CrossRef]
[PubMed]

42. Jeppesen, J.V.; Anderson, R.A.; Kelsey, T.W.; Christiansen, S.L.; Kristensen, S.G.; Jayaprakasan, K.;
Raine-Fenning, N.; Campbell, B.K.; Yding Andersen, C. Which follicles make the most anti-Mü llerian
hormone in humans? Evidence for an abrupt decline in AMH production at the time of follicle selection.
Mol. Hum. Reprod. 2013, 19, 519–527. [CrossRef] [PubMed]

43. Scheetz, D.M.; Folger, J.K.; Smith, G.W.; Ireland, J.J. Regulation of Anti-Mullerian Hormone (AMH) Production
by Bovine Granulosal Cells. Biol. Reprod. 2009, 81, 533. [CrossRef]

44. Scheetz, D.; Folger, J.K.; Smith, G.W.; Ireland, J.J. Granulosa cells are refractory to FSH action in individuals
with a low antral follicle count. Reprod. Fertil. Dev. 2012, 24, 327–336. [CrossRef]

45. Ocón-Grove, O.M.; Poole, D.H.; Johnson, A.L. Bone morphogenetic protein 6 promotes FSH receptor and
anti-Müllerian hormone mRNA expression in granulosa cells from hen prehierarchal follicles. Reproduction
2012, 143, 825–833. [CrossRef]

46. Dumesic, D.A.; Lesnick, T.G.; Stassart, J.P.; Ball, G.D.; Wong, A.; Abbott, D.H. Intrafollicular antimüllerian
hormone levels predict follicle responsiveness to follicle-stimulating hormone (FSH) in normoandrogenic
ovulatory women undergoing gonadotropin releasing-hormone analog/recombinant human FSH therapy
for in vitro fertilization and embryo transfer. Fertil. Steril. 2009, 92, 217–221.

47. Durlinger, A.L.L.; Kramer, P.; Karels, B.; De Jong, F.H.; Uilenbroek, J.T.J.; Anton Grootegoed, J.;
Themmen, A.P.N. Control of primordial follicle recruitment by anti-mullerian hormone in the mouse
ovary. Endocrinology 1999, 140, 5789–5796. [CrossRef]

48. Durlinger, A.L.L.; Gruijters, M.J.G.; Kramer, P.; Karels, B.; Kumar, T.R.; Matzuk, M.M.; Rose, U.M.; de
Jong, F.H.; Uilenbroek, J.T.J.; Grootegoed, J.A. Anti-Mullerian hormone attenuates the effects of FSH on
follicle development in the mouse ovary. Endocrinology 2001, 142, 4891–4899. [CrossRef]

49. Durlinger, A.L.L.; Gruijters, M.J.G.; Kramer, P.; Karels, B.; Ingraham, H.A.; Nachtigal, M.W.; Uilenbroek, J.T.J.;
Anton Grootegoed, J.; Themmen, A.P.N. Anti-Müllerian hormone inhibits initiation of primordial follicle
growth in the mouse ovary. Endocrinology 2002, 143, 1076–1084. [CrossRef]

50. Chang, H.M.; Klausen, C.; Leung, P.C.K. Antimüllerian hormone inhibits follicle-stimulating
hormone-induced adenylyl cyclase activation, aromatase expression, and estradiol production in human
granulosa-lutein cells. Fertil. Steril. 2013, 100, 585–592. [CrossRef]

51. Ogura-Nose, S.; Yoshino, O.; Osuga, Y.; Shi, J.; Hiroi, H.; Yano, T.; Taketani, Y. Anti-Mullerian hormone
(AMH) is induced by bone morphogenetic protein (BMP) cytokines in human granulosa cells. Eur. J. Obstet.
Gynecol. Reprod. Biol. 2012, 164, 44–47. [CrossRef] [PubMed]

52. Shi, J.; Yoshino, O.; Osuga, Y.; Koga, K.; Hirota, Y.; Hirata, T.; Yano, T.; Nishii, O.; Taketani, Y. Bone
morphogenetic protein-6 stimulates gene expression of follicle-stimulating hormone receptor, inhibin/activin
β subunits, and anti-Müllerian hormone in human granulosa cells. Fertil. Steril. 2009, 92, 1794–1798.
[CrossRef]

http://dx.doi.org/10.1111/rda.12662
http://dx.doi.org/10.1016/j.theriogenology.2016.04.078
http://dx.doi.org/10.1210/endo.136.11.7588229
http://dx.doi.org/10.1093/molehr/gah015
http://dx.doi.org/10.1016/j.rbmo.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21353640
http://dx.doi.org/10.1093/molehr/gat024
http://www.ncbi.nlm.nih.gov/pubmed/23562944
http://dx.doi.org/10.1093/biolreprod/81.s1.533
http://dx.doi.org/10.1071/RD11020
http://dx.doi.org/10.1530/REP-11-0271
http://dx.doi.org/10.1210/endo.140.12.7204
http://dx.doi.org/10.1210/endo.142.11.8486
http://dx.doi.org/10.1210/endo.143.3.8691
http://dx.doi.org/10.1016/j.fertnstert.2013.04.019
http://dx.doi.org/10.1016/j.ejogrb.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22682966
http://dx.doi.org/10.1016/j.fertnstert.2009.05.004


Genes 2019, 10, 1038 19 of 19

53. Rossi, R.O.D.S.; Costa, J.J.N.; Silva, A.W.B.; Saraiva, M.V.A.; Van Den Hurk, R.; Silva, J.R.V. The bone
morphogenetic protein system and the regulation of ovarian follicle development in mammals. Zygote 2016,
24, 1–17. [CrossRef] [PubMed]

54. Díaz, P.U.; Hein, G.J.; Belotti, E.M.; Rodríguez, F.M.; Rey, F.; Amweg, A.N.; Matiller, V.; Baravalle, M.E.;
Ortega, H.H.; Salvetti, N.R. BMP2, 4 and 6 and BMPR1B are altered from early stages of bovine cystic ovarian
disease development. Reproduction 2016, 152, 333–350. [CrossRef] [PubMed]

55. Glister, C.; Satchell, L.; Knight, P.G. Granulosal and thecal expression of bone morphogenetic protein- and
activin-binding protein mRNA transcripts during bovine follicle development and factors modulating their
expression in vitro. Reproduction 2011, 142, 581–591. [CrossRef]

56. Zhu, G. Bone morphogenetic proteins (BMP) 2, 4, 6 and 7 affect ovarian follicular development through
regulation of follicle-stimulating hormone receptor (FSHR) and luteinizing hormone receptor (LHR)
expression in goat granulosa cells. J. Cell Biol. Genet. 2013, 3, 14–21. [CrossRef]

57. Faure, M.O.; Nicol, L.; Fabre, S.; Fontaine, J.; Mohoric, N.; McNeilly, A.; Taragnat, C. BMP-4 inhibits
follicle-stimulating hormone secretion in ewe pituitary. J. Endocrinol. 2005, 186, 109–121. [CrossRef]

58. Shi, X.; Qiu, S.; Zhuang, W.; Wang, C.; Zhang, S.; Yuan, N.; Yuan, F.; Qiao, Y. Follicle-stimulating hormone
inhibits cervical cancer via NF-κb pathway. Onco Targets Ther. 2018, 11, 8107–8115. [CrossRef]

59. Shen, M.; Jiang, Y.; Guan, Z.; Cao, Y.; Sun, S.C.; Liu, H. FSH protects mouse granulosa cells from oxidative
damage by repressing mitophagy. Sci. Rep. 2016, 6, 38090. [CrossRef]

60. Cheng, X.; Shi, W.; Zhao, C.; Zhang, D.; Liang, P.; Wang, G.; Lu, L. Triptolide sensitizes human breast cancer
cells to tumor necrosis factor-α-induced apoptosis by inhibiting activation of the nuclear factor-κB pathway.
Mol. Med. Rep. 2016, 13, 3257–3264. [CrossRef]

61. Gobikrushanth, M.; Purfield, D.C.; Colazo, M.G.; Butler, S.T.; Wang, Z.; Ambrose, D.J. The relationship
between serum anti-Müllerian hormone concentrations and fertility, and genome-wide associations for
anti-Müllerian hormone in Holstein cows. J. Dairy Sci. 2018, 101, 7563–7574. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1017/S096719941400077X
http://www.ncbi.nlm.nih.gov/pubmed/25613521
http://dx.doi.org/10.1530/REP-15-0315
http://www.ncbi.nlm.nih.gov/pubmed/27486268
http://dx.doi.org/10.1530/REP-11-0150
http://dx.doi.org/10.5897/JCBG12.004
http://dx.doi.org/10.1677/joe.1.05988
http://dx.doi.org/10.2147/OTT.S173339
http://dx.doi.org/10.1038/srep38090
http://dx.doi.org/10.3892/mmr.2016.4931
http://dx.doi.org/10.3168/jds.2017-13940
http://www.ncbi.nlm.nih.gov/pubmed/29729909
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Animals and Tissue Collection 
	Granulosa Cells and Follicular Fluid Collection 
	Culturing of Granulosa Cells 
	Cell Proliferation Assay 
	Apoptotic Assay 
	RNA Purification, cDNA Preparation and Real-Time Quantitative PCR (qRT-PCR) 
	Hormonal Assay 
	Statistical Analysis 

	Results 
	Abundance and Regulation of FSHR and LHCGR in Bovine GCs 
	Abundance and Regulation of AMH and AMHR-II in Bovine GCs 
	Abundance and Regulation of BMP2 and BMP6 in Bovine GCs 
	Effect of FSH on Survival and Apoptosis of GCs 
	Quantification of Hormones in Follicular Fluid and Culture Medium 
	Association Between mRNA Abundance and Hormone (Protein) Level 

	Discussion 
	Conclusions 
	References

