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ABSTRACT
Background. Communication between oocytes and granulosa cells ultimately dictate
follicle development or atresia. Melatonin is also involved in follicle development. This
study aimed to investigate the effects of melatonin and its receptor antagonists on
hormone secretion, as well as gene expression related to hormone synthesis, TGF-β
superfamily, and follicle development in bovine granulosa cells, and assess the effects
of melatonin in the presence of 4-P-PDOT and luzindole.
Methods. Bovine ovaries were collected from a local abattoir and follicular fluid (follicle
diameter 5–8mm)was collected for granulosa cell isolation and culture. Granulosa cells
and culture medium were collected 48 h after treatment with melatonin at high dose
concentrations (10−5M)and lowdose concentrations (10−9M) in the absence/presence
of 4-P-PDOT and luzindole (10−5 M or 10−9 M). Furthermore, the expression level
of genes related to hormonal synthesis (CYP11A1, CYP19A1, StAR, and RUNX2),
TGF-β superfamily (BMP6, INHA, INHBA, INHBB, and TGFBR3), and development
(EGFR, DNMT1A, and FSHR) were detected in each experimental group by real-time
quantitative PCR. In addition, the level of hormones in culture medium were detected
using ELISA.
Results. Both 10−5 M and 10−9 Mmelatonin doses promoted the secretion of inhibin
A and progesterone without affecting the production of inhibin B and estradiol. In
addition, both promoted the gene expression of INHA, StAR, RUNX2, TGFBR3, EGFR,
andDNMT1A, and inhibited the expression ofBMP6, INHBB,CYP11A1,CYP19A1, and
FSHR.When combinedwith different doses of 4-P-PDOT and luzindole, they exhibited
different effects on the secretion of inhibin B, estradiol, inhibin A, and progesterone,
and the expression ofCYP19A1,RUNX2, BMP6, INHBB, EGFR, andDNMT1A induced
by melatonin.
Conclusion. High and low dose melatonin receptor antagonists exhibited different
effects in regulating hormone secretion and the expression of various genes in response
tomelatonin. Therefore, concentration effectsmust be consideredwhenusing luzindole
or 4-P-PDOT.
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INTRODUCTION
A female animal’s follicle pool is established before and after birth (Chen et al., 2020).
Subsequently, most of the follicles undergo atresia, and less than 1% of follicles eventually
reach the preovulatory stage during the reproductive period (Kaipia & Hsueh, 1997). It is
well known that cross talk with the hypothalamic–pituitary–gonadal (HPG) axis plays a
crucial role in follicular development and folliculogenesis. FSH and LH play essential roles
in folliculogenesis and determining ovulatory capacity (Craig et al., 2007; George, Dille &
Heckert, 2011). Additionally, ovary granulosa cells are involved in modulating follicular
development. Oocytes are surrounded by granulosa cells and their follicular growth and
atresia are closely related to granulosa cell function (Jiang et al., 2003; Choi et al., 2011).
Granulosa cells’ functional changes affect follicular growth and atresia (Matsuda et al., 2012;
Li & Albertini, 2013; Wang et al., 2017a). The follicular development process is complex
with many factors involved, and ultimately ends in the final stage of folliculogenesis. How
to improve follicular development and the maturation of oocytes is still a problem that
is worthy of attention. Previous studies have focused on granulosa cells’ role in follicular
development.

Granulosa cells are the target of FSH and LH, which mainly regulate granulosa
cell proliferation and functional differentiation and responds to stimulation via LH
surge, thereby absorbing a large amount of fluid to expand the follicular antrum and
acquire ovulatory capacity (Chen et al., 2020). On the other hand, ovary endocrine and
local autocrine/paracrine systems also play an essential role in folliculogenesis. When
accompanied by granulosa cells undergoing functional differentiation, the synthesis
of estradiol, progesterone, inhibin, activin, and other hormones also change during
follicular development. One of the major characteristics is that the estradiol level within
the dominant follicles and potential ovulatory follicles is higher compared with that of
subordinate follicles and atretic follicles (Ireland & Roche, 1982; Ireland & Roche, 1983).
Estradiol synthesized by CYP19A1 in granulosa cells is related to follicle maturation and
is essential for follicle development, ovulation, and inhibiting granulosa cell apoptosis
(Sahmi et al., 2019; Okamoto et al., 2016). In addition, inhibins, a negative feedback of
FSH secretion, suppress the further development of follicles through the pituitary-gonadal
system (Xu et al., 2020). In contrast, activin promotes the activity of FSH (Bilezikjian
et al., 2006). Therefore, granulosa cell hormone secretion is also a key regulator that is
essential in mediating ovarian follicle maturation and ovulation (Chowdhury et al., 2016).
Communication between the granulosa cells and oocytes within follicles ultimately dictate
follicle development or atresia, and the factors synthesized by granulosa cells are closely
related to the follicle development process (Matsuda et al., 2012; Chang, Qiao & Leung,
2016; Kidder & Vanderhyden, 2010). BMP6, a member of the transforming growth factor
beta (TGF-β) superfamily derived by granulosa cells, plays a critical role in follicular
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development and steroidogenesis (Lochab & Extavour, 2017; Otsuka, Moore & Shimasaki,
2001). Therefore, granulosa cells play important roles in modulating ovary physiological
functions via local paracrine and autocrine mechanisms.

In addition to the above-mentioned factors, melatonin is another hormone produced
by granulosa cells that has an important role in modulating follicular development.
Melatonin is well known as a regulator of antioxidant activity, antiapoptosis, circadian
rhythm, and other aspects of reproduction (Tamura et al., 2009; Rosen et al., 2012; Takada
et al., 2012). Melatonin was initially considered to be derived from the pineal gland, but
now research has shown that it can be widely produced by many tissues including the
reproductive organs, granulosa cells, and oocytes (Tamura et al., 2009; Acuña Castroviejo
et al., 2014). Melatonin as a hormone has a broad spectrum of sources synthesized through
multiple cells. Interestingly, melatonin concentration in follicular fluid is higher than
in serum and is positively correlated with increasing follicular diameter (Li et al., 2019;
Tamura et al., 2013). These findings confirm the importance of melatonin in regulating
reproductive functions, such as inducing oocyte maturation, protecting granulosa cells,
stimulating the hormone secretion of granulosa cells, and promoting embryo development
(Tamura et al., 2013; Tian et al., 2014; Wang et al., 2012; Wang et al., 2017b). Melatonin
can also stimulate aromatase expression and estradiol production in human granulosa
cells (Cheng et al., 2020). Moreover, melatonin induces progesterone production in human
granulosa-lutein cells through the upregulation of StAR expression, and melatonin levels
in human follicular fluid are positively correlated with progesterone levels in serum (Fang
et al., 2019). Multiple enzymatic reactions are involved in the complex steroidogenesis
process (Fang et al., 2019; Devoto et al., 1999), and melatonin plays a part in the process
of producing steroid hormones, such as estradiol and progesterone (Cheng et al., 2020;
Fang et al., 2019). However, the mechanism of melatonin’s mediation of steroid hormone
secretion remains unclear, especially regarding different concentrations of melatonin
within its receptor antagonists.

MT1 andMT2 are consideredmelatonin receptors andmediate melatonin function, and
both MT1 and MT2 belong to G-protein-coupled receptors (Dubocovich & Markowska,
2005).Melatonin andMT1 signalingmodulate hamster reproductive function (Prendergast,
2010), are involved in the downstream reaction of luteinizing hormone, take part in the
luteinization of granulosa cells (He et al., 2016a), and further modulate bovine embryo
development (Wang et al., 2014). In addition, melatonin and MT2 participate in porcine
granulosa cell steroidogenesis (He et al., 2016b). Moreover, melatonin and MT2 can
improve egg-laying rates by increasing hen’s serum estradiol and decreasing ovarian
gonadotropin-inhibitory hormone receptor expression (Jia et al., 2016). Therefore,
melatonin and its receptors, MT1 and MT2, are involved in regulating complex
reproductive mechanisms. However, evidence has showed that MT1 and MT2 could
also act as complements to mediate the function of melatonin. Melatonin modulates cell
survival and apoptosis through interactions with MT1 and MT2 in spermatozoa (Espino
et al., 2011), human leucocytes (Espino, Rodríguez & Pariente, 2013), and bovine granulosa
cells (Wang et al., 2012). Further, melatonin targets MT1 and MT2 and is involved in
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regulating ovarian function and stimulating the progesterone production of granulosa cells
(Dubocovich & Markowska, 2005;Wang et al., 2012).

Luzindole and 4P-PDOT are widely used to antagonize melatonin receptors, MT1 and
MT2, and are considered the gold standards in the pharmacological research on melatonin
receptors (Dubocovich et al., 1998; Liu et al., 2016; Browning et al., 2000). However, they
exhibit different affinities for MT1 and MT2. The affinity of luzindole for MT2 is 25-fold
higher than for MT1. Therefore, luzindole, a nonselective MT1 and MT2 antagonist,
competitively blocks MT1 and MT2. 4P-PDOT has 1,300-fold higher affinity for MT2
than MT1, and 4P-PDOT is a selective MT2 antagonist that can competitively block MT2
(Dubocovich et al., 1997).

There have been numerous studies on melatonin regulating the functions of granulosa
cells. However, the effects of different concentrations of melatonin and its receptor
antagonists on mediating the hormone synthesis of bovine granulosa cells are still
unclear. Therefore, this study explored whether granulosa cells exposed to different
concentrations of melatonin and its receptor antagonists would experience alterations
in hormone synthesis and the expression of related genes required for normal function.
We aimed to further investigate the molecular adaptation of bovine granulosa cells
under different concentrations of melatonin and its receptor antagonists by detecting
gene expression related to hormonal synthesis (CYP11A1, CYP19A1, StAR, and RUNX2);
TGF-β superfamily (BMP6, INHA, INHBA, INHBB, and TGFBR3); development (EGFR,
DNMT1A, and FSHR); and the hormone section of progesterone, estradiol, inhibin A,
inhibin B, and activin B.

MATERIAL AND METHODS
Bovine granulosa cell isolation and culture
Granulosa cell isolation and collection were carried out following our previously described
protocol with minor revisions (Wang et al., 2012; Wang et al., 2017a; Wang et al., 2018;
Wang et al., 2021). Bovine ovaries were collected from a local abattoir in Bengbu (Anhui,
China) and sent back to the laboratory within three hours in a thermos cup. The obtained
follicular fluid (follicle diameter 5–8 mm) was centrifugated at 1,500 rpm for 5 min and
the cell pellets were collected and digested by 0.25% trypsin with 0.025% EDTA (Gibco,
Grand Island, NY, USA) for 5 min. After being digested, the cell pellets were centrifugated
again and dispersed in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT,
USA) and antibiotics including streptomycin (50 µg/ml), penicillin (50 IU/ml) (Pen-Strep,
Invitrogen, Carlsbad, CA, USA), and plasmocin (25 µg/ml; Invitrogen, San Diego, USA).
Finally, the separated cells were seeded into 60-mm cell culture dishes. The granulosa cells
were finally cultured in an incubator at 37 ◦C and containing 5% CO2. The experimental
protocols in this study were reviewed and approved by the Anhui Science and Technology
University Institutional Committee on Animal Care and Use. Three independent repeats
were performed for all experiments.
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Cell treatment
Melatonin with luzindole or 4-P-PDOT was diluted in DMSO to a concentration of 0.01
M and further diluted to 10−5 M and 10−9 M, respectively. The final concentration of
DMSO was adjusted to 0.2% in all dilutions, and 0.2% DMSO was set as the control.
Then, granulosa cells were distributed into four groups as follows: the control group (the
untreated cells that were incubated with culture medium containing 0.2% DMSO), the
melatonin group (the cells that were exposed to 10−5 M and 10−9 Mmelatonin treatment,
respectively), the melatonin plus luzindole group (the cells that were pretreated with 10−5

M and 10−9 M luzindole for 30 min and then exposed to 10−5 M and 10−9 M melatonin,
respectively), and the melatonin plus 4-P-PDOT group (the cells that were treated with
10−5 M and 10−9 M 4-P-PDOT for 30 min prior to 10−5 M and 10−9 M melatonin
treatment, respectively). One day before treatment, 2 − 5 × 105 cells were cultured in a
12-well plate to reach 70–80% confluence at the time of treatment, and the medium was
replaced with fresh medium containing melatonin in the presence or absence of luzindole
or 4-P-PDOT. The bovine granulosa cells were harvested 48 h after treatment. Three
independent repeats were performed for all experiments.

RNA extraction
Granulosa cells were cultured and treated with melatonin in the presence or absence of
luzindole or 4-P-PDOT for 48 h, and then collected, respectively. The total RNA was
extracted using RNAprep pure cell Kit (Tiangen, Beijing, China), quantified by using
Nanodrop One (Thermo Fisher Scientific, Waltham, MA, USA) at 260 nm and stored
at −80 ◦C until use. RNA was reverse-transcribed into first strand cDNA using a cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) with RNase-free DNaseI to
remove the genome DNA.

Real-time PCR
Granulosa cells collected 48 h after melatonin treatment with or without 4P-PDOT
or luzindole were used to measure the gene expression related to hormonal synthesis
(CYP11A1, CYP19A1, StAR, and RUNX2), TGF-β superfamily (BMP6, INHA, INHBA,
INHBB, and TGFBR3), and development (EGFR, DNMT1A, and FSHR). Briefly,
quantitative real-time PCR was run using LightCycler 480 SYBR Green I Master Mix
on LightCycler 480 II Real-Time PCR System (Roche, Penzberg, Germany) according to
our previously reported method (Wang et al., 2012; Wang et al., 2017a; Wang et al., 2018;
Wang et al., 2021). The primer pairs designed for detection are listed in Table 1. The
quantitative real-time PCR reactions included LightCycler 480 SYBR Green I Master Mix
(5 µL), specific primer (0.5 µM for each primer), reverse transcribed cDNA (2 µL), and
RNase and DNase-free water ddH2O (2 µL). Amplification obtained was as follows: 95 ◦C
for 5 min, 40 cycles at 95 ◦C for 20 s, annealing at particular temperatures for 20 s, 72 ◦C for
20 s; and a melting curve analysis was performed from 65 ◦C to 95 ◦C to confirm specific
PCR products. Normalization was performed using β-actin in each sample as a control.
Finally, the expression levels of each target gene were analyzed using the 2−11CT method
(Livak & Schmittgen, 2001).
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Table 1 Sequences of primer pairs for quantitative real-time PCR.

Gene Forward Primer sequence (5′→3′) Reverse Primer sequence (5′→3′) Length

CYP11A1 ATGCTGGAGGAGACAGTGAACC GCAGTAGAGGATGCCTGGGTAA 249
CYP19A1 CACCCATCTTTGCCAGGTAGTC ACCCACAGGAGGTAAGCCTATAAA 78
StAR GTG GAT TTT GCC AAT CAC CT TTATTG AAA ACG TGC CAC CA 203
RUNX2 AAGGCAAGGCTAGGTGGAAT AGAGGGGCACAGACTTTGAA 189
DNMT1A ACGAATGGTGGATTGCTGGT CACGTCTTCGTAGGTGGAGTC 197
EGFR CACTCATGCTCTATGACCCTACC CTCACCGATTCCTATTCCGTTAC 176
BMP6 TACGCTGCCAACTACTGTGAC GATGGCGTTCAGTTTCGTG 153
INHA GCACCCTCCCAGTTTCATCT GGTTGGGCACCATCTCATACT 230
INHBA GCAGTCGCACAGACCTTTCCT CTCACAGTAGTTGGCGTGGTAGC 196
INHBB CCTCATCGGCTGGAACGACTGG TGGACATGGTGCTCAGCTTGGTG 114
FSHR GAAGAAAGCAGGTGGATGGA GGCAGAGGAAAACTCCGTTA 126
TGFBR3 ACTGTTGCCCCACCATAGAG CCTGGAAATCTTAGCCCTCA 103
β-actin CATCGGCAATGAGCGGTTCC CCGTGTTGGCGTAGAGGTCC 145

Western blot
Western blot was performed as previously described (Wang et al., 2017b;Wang et al., 2018;
Wang et al., 2021). Granulosa cells were collected after 48 h of treatment, lysed in RIPA
buffer (Thermo Fisher Scientific, Waltham, MA, USA), then denatured by boiling for 5
min with SDS-PAGE protein sample loading buffer, and frozen at −80 ◦C. The proteins
were separated using 10% polyacrylamide gel electrophoresis and then transferred to
polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). First, the membranes
were incubated with mouse monoclonal antibody (Runx2 (1:300), StAR (1:300), Inhibin
β-B (1:300), and β-actin (1:500) (Santa Cruz, Dallas, TX, USA)) and rabbit polyclonal
antibody (CYP11A1 (1:500) and BMP6 (1:500) (Bioss, Woburn, MA, USA)). Later, the
secondary antibody with HRP labeled (goat anti-rabbit or goat anti-mouse; 1:5000; Santa
Cruz, Dallas, TX, USA) was used to incubate the membranes. Finally, the membranes were
detected using an ECL detection kit (Bio-Rad Laboratories, Hercules, CA, USA).

Endocrine secretion detection
To assess the hormone level in granulosa cells treated with melatonin combined with
4-P-PDOT or luzindole, the culture medium was collected 48 h after the granulosa cell
treatment with melatonin, melatonin plus 4-P-PDOT, or melatonin plus luzindole at
the concentrations of 10−5 M or 10−9 M. The cell culture supernatants were collected
and centrifuged at 1000 × g for 15 min. Finally, the supernatants were frozen at −80 ◦C
until use. The measurement of progesterone, estradiol, inhibin A, inhibin B, and activin B
were carried out according to the manufacturer’s protocols of the bovine enzyme-linked
immunosorbent assay (ELISA) kits (Shanghai Bogoo Biological Technology Co., Ltd,
Shanghai, China). The sensitivity of estradiol, inhibin, and activin B kits was 1.0 pg/ml and
progesterone was 0.1 ng/ml.
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Study design
Granulosa cells and culture medium were collected 48 h after granulosa cell treatment with
melatonin at high dose concentrations (10−5 M) and low dose concentrations (10−9 M) in
the absence/presence of 4-P-PDOT or luzindole. Melatonin was applied to the medium at
10−5 M and 10−9 M to further investigate the molecular adaptation of bovine granulosa
cells under different concentrations of melatonin, as well as to confirm whether different
concentrations of melatonin receptor antagonists modulated granulosa cell function
induced by melatonin, and the diversity across different concentrations of melatonin
receptor antagonists. Therefore, experimental groups were designed depending on the
addition of 4-P-PDOT, luzindole, or melatonin: control (melatonin), melatonin plus
4-P-PDOT, or melatonin plus luzindole. Furthermore, the expression level of genes related
to hormonal synthesis (CYP11A1, CYP19A1, StAR, and RUNX2), TGF-β superfamily
(BMP6, INHA, INHBA, INHBB, and TGFBR3) and development (EGFR, DNMT1A,
and FSHR) were detected in each experimental group by real-time quantitative PCR. In
addition, we also detected the hormone level in granulosa cell culture medium treated with
melatonin in the absence/presence of 4-P-PDOT or luzindole. Melatonin, 4-P-PDOT, and
luzindole were first dissolved in DMSO, and then the final concentration of melatonin,
4-P-PDOT, and luzindole were diluted to 10−5 M or 10−9 M in the DMEM (Gibco, Grand
Island, NY, USA). Moreover, the same concentration of DMSO acted as a control.

Statistical analysis
All data were subjected to Statistical Analysis Systems (SAS Inc., Cary, NC, USA). Analysis
of significant difference was performed and compared using one-way ANOVA with the
General Linear Models Procedure, followed by Duncan’s multiple comparisons. Data were
reported as mean ± SEM of triplicate experiments (n= 3). P < 0.05 was considered a
significant difference.

RESULTS
Effects of melatonin and its receptor antagonist supplementation on
endocrine related gene expression
To assess the characteristics of bovine granulosa cells treated with high concentrations
(10−5 M) and low concentrations (10−9 M) of melatonin in the absence/presence of its
receptor antagonists, 4-P-PDOT or luzindole, hormone related gene (StAR, CYP19A1,
CYP11A,1 and RUNX2) expression was investigated by real-time PCR. Moreover, we
also analyzed whether different concentrations of melatonin modulated granulosa cell
function via its receptors. High concentrations (10−5 M) and low concentrations (10−9

M) of melatonin both significantly promoted the expression of StAR compared to control
(Fig. 1A). However, high or low doses had different effects in the absence/presence of
the receptor antagonists, 4-P-PDOT and luzindole. StAR expression was inhibited in
the melatonin plus 4-P-PDOT group and melatonin plus luzindole group with low
concentrations (10−9 M) compared to the melatonin group and control (Fig. 1A). Its
expression was lower in the melatonin plus 4-P-PDOT group than the melatonin group
(Fig. 1A), and there was no difference between the melatonin plus luzindole group and
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melatonin group at a high dose (10−5 M) (Fig. 1A, p> 0.05). The expression of RUNX2
was significantly upregulated in the melatonin group, melatonin plus luzindole group,
and melatonin plus 4-P-PDOT group compared to the control group (Fig. 1B), and
no significant difference was observed after the melatonin treatment in the presence of
4-P-PDOT or luzindole at low concentrations (10−9 M) (Fig. 1B). Moreover, melatonin
had a significantly higher expression of RUNX2 compared to the control, and the RUNX2
expression in melatonin plus 4-P-PDOT or luzindole groups was lower than that of the
melatonin group at a high dose (10−5 M) (Fig. 1B). Melatonin significantly decreased the
expression ofCYP11A1while increasing its expression inmelatonin treated with 4-P-PDOT
or luzindole compared to the control at low concentrations (10−9 M) (Fig. 1C). Similarly,
CYP11A1 expression was significantly downregulated in the melatonin group compared
to the control and upregulated in the melatonin plus 4-P-PDOT and melatonin plus
luzindole groups compared to the melatonin group at high concentrations (10−5 M) (Fig.
1C). High concentrations (10−5 M) of melatonin in the absence/presence of 4-P-PDOT or
luzindole significantly suppressed the expression of CYP19A1 (Fig. 1D) and there was no
difference across the melatonin group, melatonin plus 4-P-PDOT group, and melatonin
plus luzindole group (Fig. 1D). In contrast, melatonin combined with 4-P-PDOT or
luzindole significantly promoted the expression of CYP19A1 and its expression was lower
in the melatonin group at low concentrations (10−9 M) (Fig. 1D). Taken together, high
concentrations (10−5 M) of melatonin receptor antagonists affected the melatonin’s ability
to regulate the expression of RUNX2 andCYP11A1, as well as its effect onmodulating StAR,
CYP11A1, and CYP19A1 at low concentrations (10−9 M). Moreover, high concentrations
(10−5 M) and low concentrations (10−9 M) ofmelatonin receptor antagonists did not affect
the melatonin’s ability to regulate the expression of CYP19A1 and RUNX2, respectively.
Therefore, high and low concentrations of melatonin have the same effect on regulating
the expression of StAR, RUNX2, CYP11A1, and CYP19A1. However, in the presence of
4-P-PDOT or luzindole, high and low concentrations of melatonin receptor antagonists
exhibit different antagonistic effects against melatonin modulating endocrine related gene
expression in granulosa cells.

Effects of melatonin and its receptor antagonists’ supplementation
on TGF-β superfamily related gene expression
The TGF-β superfamily, including BMP6, TGFBR3, INHA, INHBA, and INHBB, related
gene expression were assessed following melatonin treatment with or without 4-P-PDOT
or luzindole. 10−9 M and 10−5 M melatonin both significantly inhibited the expression of
BMP6, INHA, and INHBB, and induced the expression of TGFBR3 (Fig. 2). However, the
expression of INHBA was not changed in the 10−5 M melatonin group and improved in
the 10−9 M group. The granulosa cells’ response to melatonin was also investigated when
combined with 4-P-PDOT or luzindole. The expression of BMP6 was not affected in the
melatonin combined with 4-P-PDOT or luzindole compared to that melatonin in the 10−9

Mdose (Fig. 2A). In the 10−5 Mdose, there was no significant difference in the influence of
4-P-PDOT on the role of melatonin in the expression of BMP6, which was improved in the
presence of luzindole (Fig. 2A). The changes in TGFBR3 and INHBBwere not significant in
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Figure 1 Effects of high dose (10−5 M) and low dose (10−9 M)melatonin andmelatonin receptor
antagonist supplementation on endocrine related gene expression (StAR, RUNX2, CYP11A1, and
CYP19A1). The mRNA levels of StAR (A), RUNX2 (B), CYP11A1 (C), and CYP19A1 (D) were examined
by real-time PCR in granulosa cells 48 h after melatonin supplementation in the absence/presence of
luzindole or 4-P-PDOT. (E) Protein abundance was detected by Western blot. The quantity of mRNA was
normalized to that of β-actin. The statistical differences were performed using one-way ANOVA. P < 0.05
was considered significant difference. The experiment was repeated three times independently.

Full-size DOI: 10.7717/peerj.14612/fig-1

the granulosa cells treated with melatonin plus 4-P-PDOT when compared with melatonin
in the 10−9 M dose (Fig. 2BE). In addition, 10−9 M of luzindole significantly reversed the
effect of melatonin on increasing the expression of TGFBR3 and inhibiting the expression
of INHBB (Fig. 2BE). Conversely, TGFBR3 and INHBB expression exhibited different
characteristics in the 10−5 M dose, and they decreased and increased in the granulosa cells
treated with melatonin when combined with 4-P-PDOT or luzindole, respectively, when
compared to the melatonin group (Fig. 2BE). Moreover, both 10−9 M and 10−5 M of
4-P-PDOT and luzindole combined with melatonin promoted the expression of INHA
compared to that in the melatonin group (Fig. 2C). This meant that 10−9 M and 10−5

M of 4-P-PDOT and luzindole had the same role in reversing the melatonin’s effect on
INHA expression in granulosa cells. In regards to INHBA, only 10−9 M and 10−5 M of
4-P-PDOT could affect the melatonin’s role on INHBA expression (Fig. 2D), and luzindole
did not mediate the expression of INHBA induced by melatonin (Fig. 2D). Therefore, both
high doses (10−5 M) and low doses (10−9 M) of melatonin produced consistent effects on
regulating TGF-β superfamily-related gene expression. High and low concentrations of
melatonin receptor antagonists produced different effects.

Effects of melatonin and its receptor antagonist supplementation on
the development of related gene expression
DNMTA, EGFR, and FSHR expression were also evaluated after melatonin treatment
with or without 4-P-PDOT or luzindole. The expression of DNMT1A was significantly
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Figure 2 Effects of high dose (10−5 M) and low dose (10−9 M)melatonin andmelatonin receptor an-
tagonist supplementation on TGF-β superfamily related gene expression, including (BMP6, TGFBR3,
INHA, INHBA, and INHBB). The mRNA abundance of BMP6 (A), TGFBR3 (B), INHA (C), INHBA
(D), and INHBB (E) were examined by real-time PCR at 48 h after melatonin supplementation in the ab-
sence/presence of luzindole or 4-P-PDOT. (F) Protein abundance was detected by Western blot. mRNA
abundance was normalized to that of β-actin. The statistical differences were performed using one-way
ANOVA. P < 0.05 was considered significant difference. The experiment was repeated three times inde-
pendently.

Full-size DOI: 10.7717/peerj.14612/fig-2

upregulated in the melatonin treatment group in the absence/presence of 4-P-PDOT or
luzindole compared to the control (Fig. 3A), and there was no significant difference among
the melatonin group, melatonin plus 4-P-PDOT group, and melatonin plus luzindole
group in the low concentrations (10−9 M) (Fig. 3A). However, melatonin significantly
increased the expression of DNMT1A when compared to the control group (Fig. 3A) and
melatonin treatment in the presence of 4-P-PDOT or luzindole significantly decreased
the expression of DNMT1A in the high concentrations (10−5 M) (Fig. 3A). Moreover, the
expression of EGFR significantly increased in the melatonin group compared to the control
while EGFR expression decreased in the melatonin plus 4-P-PDOT group compared to
the melatonin group at concentrations of 10−9 M and 10−5 M (Fig. 3B). Melatonin plus
luzindole did not affect the expression of EGFR at the low concentrations (10−9M) (Fig. 3B)
and downregulated the EGFR expression at the high concentrations (10−5 M) compared
to the melatonin group (Fig. 3B). In regards to FSHR, melatonin significantly inhibited its
expression (Fig. 3C), while there was no significant difference among the melatonin group,
melatonin plus 4-P-PDOT group, and melatonin plus luzindole group (Fig. 3C) at high
concentrations (10−5 M) (Fig. 3C). Only 4-P-PDOT could reverse the melatonin’s effect
on inhibiting FSHR expression at the low concentrations (10−9 M) (Fig. 3C).

Effects of melatonin and its receptor antagonist supplementation on
t hormone secretions
The levels of estradiol, progesterone, Inhibin A, Inhibin B, and Activin B were measured
48 h after melatonin treatment in the absence/presence of 4-P-PDOT and luzindole. The
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Figure 3 Effects of high dose (10−5 M) and low dose (10−9 M)melatonin andmelatonin receptor an-
tagonist supplementation on development related genes expression (DNMT1A, EGFR, and FSHR). The
mRNA abundance of DNMT1A (A), EGFR (B), and FSHR were examined by real-time PCR 48 h after
melatonin supplementation in the absence/presence of luzindole or 4-P-PDOT. mRNA abundance was
normalized to that of β-actin. The statistical differences were performed using one-way ANOVA. P < 0.05
was considered significant difference. The experiment was repeated three times independently.

Full-size DOI: 10.7717/peerj.14612/fig-3

concentration of estradiol was not altered after melatonin treatment compared to the
control group (Fig. 4A) and significantly decreased in the melatonin plus 4-P-PDOT
group and melatonin plus luzindole group compared to the melatonin group (Fig. 4A)
at the low concentrations (10−9 M). Estradiol concentrations did not significantly differ
after melatonin treatment in the absence/presence of 4-P-PDOT or luzindole (Fig. 4A)
at the high concentrations (10−5 M). Progesterone levels were higher than that of the
control group (Fig. 4B) but subsequently decreased following melatonin treatment in the
absence/presence of 4-P-PDOT or luzindole compared to the melatonin group (Fig. 4B) at
the low concentrations (10−9 M). In the high concentrations (10−5 M), progesterone levels
were higher in themelatonin group than in the control and bothmelatonin treatments with
4-P-PDOT and luzindole significantly promoted progesterone levels compared with the
melatonin group (Fig. 4B). Compared to the control group, Inhibin A abundance increased
in the melatonin plus 4-P-PDOT group, melatonin plus luzindole group, and melatonin
group compared to the control group in the low (10−9 M) and high concentrations (10−5

M) (Fig. 4C). Moreover, there was no significant difference across the melatonin plus
4-P-PDOT group, melatonin plus luzindole group, and melatonin group (Fig. 4C) in the
low (10−9 M) concentrations, while Inhibin A abundance was higher in the melatonin plus
4-P-PDOT group and melatonin plus luzindole group than in the melatonin group at the
low concentrations (10−9 M) (Fig. 4C). The concentrations of inhibin B showed no change
in the melatonin group (Fig. 4D) at the low (10−9 M) and high concentrations (10−5 M).
Both themelatonin plus 4-P-PDOT group andmelatonin plus luzindole group significantly
reduced the concentrations of inhibin B compared to the melatonin group (Fig. 4D) in the
low concentrations (10−9 M). Inhibin B levels did not significantly differ after melatonin
treatment in the absence/presence of luzindole compared tomelatonin (Fig. 4D) in the high
concentrations (10−5 M). Activin B was also tracked after melatonin supplementation in
the absence/presence of 4-P-PDOT or luzindole (Fig. 4E). Activin B was indeed enhanced
after melatonin supplementation and lower in the melatonin plus 4-P-PDOT group than
in the melatonin group (Fig. 4E, p< 0.05) in the low concentrations (10−9 M). However,
melatonin inhibited the activin B levels (Fig. 4E) in the high concentrations (10−5 M).
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Figure 4 Effects of high dose (10−5 M) and low dose (10−9 M)melatonin andmelatonin receptor an-
tagonist supplementation on hormone secretions (estradiol, progesterone, Inhibin A, Inhibin B, and
Activin B). Abundance of estradiol (A), progesterone (B), inhibin A (C), inhibin B (D) and activin B (E)
were measured 48 h after melatonin supplementation in granulosa cell medium in the absence/presence of
luzindole or 4-P-PDOT. The statistical differences were performed using one-way ANOVA. P < 0.05 was
considered significant difference. The experiment was repeated three times independently.

Full-size DOI: 10.7717/peerj.14612/fig-4

Melatonin plus 4-P-PDOT did not affect the activin B level and melatonin plus luzindole
significantly reduced the activin B level (Fig. 4E) compared to the melatonin group in the
high concentrations (10−5 M).

DISCUSSION
Follicular development, growth and maturation of oocytes, and ovulation are important
events for reproduction. However, the follicular development process is complex, and
many factors are involved in this process. Granulosa cells have exhibited important roles
in follicular development and maturation of oocytes. One of the beneficial aspects is that
many growth factors can be produced by granulosa cells and the hormones secreted by
granulosa cells alsomediate follicular development, such as estradiol, progesterone, inhibin,
activin, and melatonin. The roles of melatonin in follicular development andmaturation of
oocytes have been well established in many animals. However, howmelatonin mediates the
hormone secretin remains unclear. In the present study, we investigated whether different
concentrations of melatonin and its receptor antagonists alter both hormone synthesis and
the related gene expression. The objective was to further explore the molecular adaptation
of bovine granulosa cells on the hormone secretion of progesterone, estradiol, inhibin A,
inhibin B, and activin B, and the gene expression related to hormonal synthesis (CYP11A1,
CYP19A1, StAR, and RUNX2), TGF-β superfamily (BMP6, INHA, INHBA, INHBB, and
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Figure 5 Melatonin andmelatonin combined with its receptor antagonist mediated effects on bovine
granulosa cells.

Full-size DOI: 10.7717/peerj.14612/fig-5

TGFBR3), development (EGFR, DNMT1A, and FSHR) under different concentrations of
melatonin and its receptor antagonists (Fig. 5).
Local ovary paracrine and autocrine mechanisms are involved in follicular development

and many factors are secreted into the follicular fluid by granulosa cells in order to
modulate the ovary physiological functions, especially follicular development and oocyte
maturation (Chowdhury et al., 2016). The factors synthesized by granulosa cells provide
communication between the granulosa cells and oocytes, which are closely related to oocyte
maturation and also ultimately dictate follicle development (Matsuda et al., 2012; Chang,
Qiao & Leung, 2016; Kidder & Vanderhyden, 2010). In the follicular fluid, the abundance
of estradiol and progesterone are also crucial to promote follicular development and
oocyte maturation. Estradiol and progesterone are synthesized in the granulosa cells by
CYP19A1 and CYP11A1, respectively (Pan et al., 2012). Additionally, StAR and RUNX2
are also involved in mediating the synthesis of steroidogenesis and progesterone (Fang et
al., 2019; Park et al., 2010). However, it is poorly understood how melatonin affects the
secretion of estradiol and progesterone by granulosa cells, as well as the effect of different
dosages of melatonin with or without its antagonists. In this study, we found that both
low doses (10−9 M) and high doses (10−5 M) of melatonin significantly promoted the
secretion of progesterone and did not influence the synthesis of estradiol while stimulating
the expression of StAR and RUNX2 and suppressing CYP19A1 and CYP11A1 expression.
Melatonin induced progesterone production through the upregulation of StAR expression
in human granulosa-lutein cells (Devoto et al., 1999), pregnant sow corpus luteum (Zhang
et al., 2018), and bovine theca cells (Wang et al., 2019), which corresponded with the
results of our study. Our previous study also indicated that 1,200 pg/ml of melatonin
induced progesterone secretion and StAR and RUNX2 expression (Wang et al., 2018).
Therefore, melatonin mediates the secretion of progesterone by stimulating StAR and
RUNX2 expression. Moreover, CYP19A1 and CYP11A1 expression was not consistent
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with the production of estradiol and progesterone. In agreement with a previous study,
CYP11A1 had a downregulating expression pattern after melatonin treatment, in spite
of a promotion in progesterone production, and StAR may be promoted in response
to lower levels of CYP11A1 (Zhen et al., 2014; Tanavde & Maitra, 2003). Therefore, the
high concentration of progesterone secreted in granulosa cells by inducing melatonin acts
as a negative feedback regulator of CYP11A1 transcription (Wang et al., 2018; Pan et al.,
2012; Zhen et al., 2014; Tanavde & Maitra, 2003). The estradiol level was not changed in
granulosa cells in the presence of melatonin. However, a decrease in the expression of
CYP19A1 was observed after 48 h of melatonin treatment. A possible explanation might be
that melatonin induced the secretion of estradiol in the first 24 h after melatonin treatment
(unpublished data) and afterward acted as a negative feedback regulator of CYP19A1
expression.

Both luzindole and 4-P-PDOT aremelatonin receptor antagonists; however, they exhibit
different role in inhibiting MT1 and MT2 receptors. Luzindole has antagonism to MT1
and MT2, but 4-P-PDOT is only a MT2 receptor antagonist (Wang et al., 2014; Emet et
al., 2016). Curiously, there was a difference between the high and low concentrations of
luzindole and 4-P-PDOT (10−9 M or 10−5 M) on influencing the effects of melatonin
on hormone secretion and related gene expression. 10−9 M luzindole or 4-P-PDOT
significantly inhibited the secretion of progesterone, decreased the expression of StAR,
and increased the transcription of CYP11A1 by blocking the effects of melatonin. This
indicated that melatonin could mediate the progesterone secretion and related gene
expression through MT1 and MT2. Previous studies indicated that melatonin stimulated
StAR expression and progesterone production in bovine theca cells, human granulosa-
lutein cells, and the corpus lutea of pregnant sows via MT1 and MT2 using the melatonin
receptor antagonists, luzindole and 4-P-PDOT (Fang et al., 2019; Zhang et al., 2018; Wang
et al., 2019). 10−9 M luzindole or 4-P-PDOT in combination with melatonin significantly
decreased the level of estradiol and increased the expression of CYP19A1. This means
that 10−9 M luzindole and 4-P-PDOT could change the effects of melatonin on estradiol
secretion, but not the expression of RUNX2 induced by melatonin. The probable reason
for this is that the level of estradiol is negatively associated with RUNX2 expression in
human cumulus cells, and porcine and bovine granulosa cells (Wang et al., 2018; Zhen et
al., 2014; Papamentzelopoulou et al., 2012). The 10−5 M luzindole and 4-P-PDOT exhibited
different effects compared with the 10−9 M luzindole and 4-P-PDOT. 10−5 M luzindole and
4-P-PDOT altered the role of melatonin in the expression of CYP11A1, StAR, and RUNX2,
and enhanced melatonin regulation of the secretion of progesterone without changing
melatonin’s role in the secretion of estradiol. This suggests that luzindole or 4-P-PDOT
could mediate the melatonin’s effect on steroid synthesis and related gene expression
depending, in part, on MT1 and MT2. Meanwhile, the active effects of high doses of
luzindole or 4-P-PDOT on MT1 and MT2 should be considered. A higher concentration
of luzindole or 4-P-PDOT (100 nM and above) can activate the melatonin receptors by
coupling to G protein with or without their ligand and exhibit a constitutively active form
acting as an inverse agonist (Browning et al., 2000;Witt-Enderby & Dubocovich, 1996; Roka
et al., 1999; Dubocovich & Markowska, 2005).
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Communication between oocytes and granulosa cells can influence oocyte competence
and quality, and the members of the TGF-β superfamily are responsible for this
communication process and play an essential role in folliculogenesis (De Conto, Matte
& Cunha-Filho, 2021). Among them, BMP-6 plays important roles in the growth of
healthy follicles, dominant follicle selection, steroidogenesis, follicle atresia, and cell–cell
communication between oocytes and granulosa cells (Lochab & Extavour, 2017; Otsuka,
Moore & Shimasaki, 2001; Wu et al., 2019). Moreover, the abnormal expression of BMP-6
alters granulosa cell function in peritoneal women (Wu et al., 2019). Furthermore, genetic
deletion of the Bmp6 gene in female mouse result in reduced litter size, lower ovulation
rate, poor oocyte quality, and decreased fertilization rate (Sugiura, Su & Eppig, 2010).
Inhibins and activins acting in an analogous manner regulate the production and secretion
of follicle-stimulating hormone and control ovarian follicle development, inducing the
proliferation, differentiation, apoptosis, and luteinization of granulosa cells in primary and
secondary follicles (De Conto, Matte & Cunha-Filho, 2021; Da Broi et al., 2018; Xu et al.,
2020). In this study, we found that both the 10−9 M and 10−5 M melatonin significantly
promoted the level of inhibin A without affecting the abundance of inhibin B. However,
10−9 M melatonin increased the concentration of activin B while 10−5 M melatonin
decreased the concentration of activin B. The expression of hormone related genes was
also further elucidated after melatonin treatment. In accordance with the alternation of
inhibin A and activin B, both the 10−9 Mand 10−5 Mmelatonin significantly promoted the
expression of INHBA and TGFBR3, except for INHBA expression in the 10−5 Mmelatonin.
In addition, the expression of INHA, INHBB, and BMP6 was significantly inhibited after
10−9 M and 10−5 M melatonin treatment. Previous research showed that the reduced
expression of INHA accompanied by a down-regulated expression of TGFBR3, which may
block inhibin-TGFBR3 signaling and therefore act as a negative feedback regulator of FSH
abundance in the rat anterior pituitary cells (Han et al., 2013). Although Inhbb expression
is up-regulated, the secretion of Inhibin B is still decreased, indicating the importance
of their co-production (Wang et al., 2017b; Han et al., 2013). Interestingly, the fertility
and ovulation rates are improved in sheep, cattle, and rats when the inhibin activity is
attenuated using the inhibin vaccines (Takedomi et al., 2005; Han et al., 2008; Dan et al.,
2016). In the local microenvironment of follicular fluid, the interaction of factors involved
in mediating follicular development is complex, and the level of melatonin in follicular
fluid is positively correlated with increasing follicular diameter (Li et al., 2019; Tamura
et al., 2013). Therefore, melatonin regulating the expression of the TGF-β superfamily,
especially the inhibin, maybe present a variety of patterns.

When combined with luzindole or 4-P-PDOT, the high (10−5 M) and low (10−9 M)
doses played different roles in mediating the melatonin’s effect of regulating the secretion
of inhibin A, inhibin B, and activin B, and the expression of INHA, INHBA, INHBB,
TGFBR3, and BMP6. 10−9 M 4-P-PDOT mostly reversed these effects, significantly
down-regulating INHBA, up-regulating INHA expression, not affecting the expression
of INHBB, BMP6, and TGFBR3, and significantly decreasing inhibin B and activin B
secretion. 10−9 M luzindole mostly influenced these effects, significantly increasing INHBB
and INHA, decreasing TGFBR3 expression, not affecting the expression of INHBA and
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BMP6, and significantly inhibiting inhibin B and activin B secretion. In addition, both 10−9

M 4-P-PDOT and luzindole significantly promoted the effects of melatonin on inducing
the production of inhibin A. 10−5 M 4-P-PDOT mostly reversed the effects of melatonin
on granulosa cells, significantly promoting INHA and INHBB and suppressing INHBA
and TGFBR3 expression, without affecting the expression of BMP6, and significantly
increasing inhibin A secretion. Moreover, 10−5 M luzindole mostly showed antagonism
to melatonin, significantly up-regulating INHA, INHBB, and BMP6, inhibiting TGFBR3
expression, but not affecting the expression of INHBA, while significantly inhibiting activin
B secretion, but not inhibin B secretion. Melatonin receptor antagonists exhibited different
characteristics when blocking the melatonin role via luzindole and 4-P-PDOT. Consistent
with the present results, our previous study found that MT1, MT2, or MT1 and MT2
working together could modulate the melatonin-dependent responses in bovine granulosa
cells, particularly inhibin and activin levels, and therefore regulate follicular development
using RNAi (Wang et al., 2017b; Wang et al., 2018). However, the concentration effects
must be considered when using luzindole or 4-P-PDOT. Although these are the initial
findings, the possible mechanism among inhibins, activins, melatonin, and melatonin
receptor antagonists during follicular development needs to be further explored.

DNMT1A, EGFR, and FSHR play important roles in modulating granulosa cell function
during follicular development. Both 10−5 M and 10−9 Mmelatonin significantly promoted
the expression of DNMT1A and EGFR while decreasing the expression of FSHR. The level
of 10−9 M 4-P-PDOT and luzindole did not affect the role of melatonin in promoting
the expression of DNMT1A, and only 4-P-PDOT affected the melatonin’s effect on
EGFR and FSHR expression. Moreover, 10−5 M 4-P-PDOT and luzindole altered the
melatonin’s effect on regulating DNMT1A and EGFR without affecting FSHR expression.
In agreement with the present study, melatonin significantly stimulated DNMT1A and
EGFR expression involved in oocyte maturation, signal transduction, and epigenetic
reprogram promoting bovine oocyte maturation (Tian et al., 2014). In addition, melatonin
produced the same effects on DNMT1A expression in bovine embryonic development,
sheep oocyte maturation, and EGFR in sheep cumulus cells (Tian et al., 2017; Wang et
al., 2014). The presence of melatonin receptors and FSHR may be directly involved in
melatonin and FSH promotion of the in vitro development of caprine follicles (Saraiva
et al., 2011; Barros et al., 2013). The present study indicated that both the high and low
concentrations of melatonin affected the expression of DNMT1A, FSHR, and EGFR.
Moreover, the melatonin receptors, MT1 and MT2, were not the only signaling pathway
mediating the melatonin effects on the regulation of granulosa cell signal transduction,
epigenetic reprogram, and promotion of oocyte maturation.

CONCLUSION
In this study, we demonstrated the effects of high and low levels of melatonin treatment on
hormone secretion and gene expression related to hormonal synthesis, TGF-β superfamily,
and development in bovine granulosa cells. Additionally, we further investigated the
difference of high and low concentrations of melatonin receptor antagonists, 4-P-PDOT
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and luzindole, in affecting melatonin in granulosa cells. The results indicated that the
high concentrations (10−5 M) and low concentrations (10−9 M) of melatonin could both
modulate hormone synthesis of progesterone, inhibin A, inhibin B, and activin B in bovine
granulosa cells. Furthermore, the specific responses were involved in modulating gene
expression related to hormonal synthesis (CYP11A1, CYP19A1, StAR, and RUNX2), TGF-
β superfamily (BMP6, INHA, INHBA, INHBB, and TGFBR3), and development (EGFR,
DNMT1A, and FSHR) in granulosa cells. Our study also emphasized that high dose and
low dose melatonin receptor antagonists exhibited different characteristics in regulating
hormonal synthesis, the related genes of the TGF-β superfamily, and development when
blocking the melatonin’s role via luzindole and 4-P-PDOT in granulosa cells. Therefore,
the concentration effects must be considered when using luzindole or 4-P-PDOT. We
aimed to understand the function of melatonin and its receptor antagonists on modulating
granulosa cells physiological functions. Also, this study presents a potential mechanism
of MT1, MT2, or MT1 and MT2 working together to modulate melatonin-dependent
responses in bovine granulosa cells.
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