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Abstract

Melatonin is present in mammalian follicular fluid and plays an important role in regulating
steroidogenesis in follicular cells. In this study, we report the effect of melatonin on steroidogenesis
in the theca interna (TI) in small bovine follicles and theca cells (TCs) cultured in vitro. Treatment
with melatonin significantly increased the expression of steroidogenic acute regulatory protein
(STAR) and the production of progesterone in both Tl and in TCs. Melatonin stimulated the
phosphorylation of AKT but not ERK1/2, and the addition of luzindole (a nonspecific MT1 and MT2
inhibitor) or 4P-PDOT (specific MT2 inhibitor) reduced melatonin-induced STAR expression,
progesterone secretion, and PI3K/AKT pathway activation. The effect of melatonin on the Tl in
follicles was more obvious than on the TCs in vitro. Results indicate that melatonin stimulates the
steroidogenesis of TCs mainly via the activation of the PI3K/AKT pathway by MT1 and MT2.
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Introduction

In mammals, melatonin (5-methoxy-N-
acetyltryptamine) is mostly produced from the pineal
gland, although enzymes for its synthesis are present
widely in other organs as well [1]. Melatonin plays a
vital role in the regulation of many important
physiological activities that are related to circadian
rhythm and reproduction [2]. It exists in the follicular
fluild and has a dose-dependent effect on
steroidogenesis and follicle growth [3]. Furthermore,
melatonin can maintain normal follicle function and
promote progesterone secretion [4].

Previous research has established that
exogenous melatonin may improve the maturation of
porcine oocytes [5] and modulate the steroidogenesis
of ovarian theca cells (TCs) via its effects on the
expression of cholesterol side-chain cleavage
cytochrome P450 (CYP11A) and 17a-

hydroxylase/C17-20  lyase  cytochrome  P450
(CYP17A1) in porcine antral follicles [6]. In mammals,
melatonin-mediated responses are principally exerted
via native melatonin receptors, MT1 and MT2 [7].
Several studies have been performed on the effect of
melatonin on granulosa cells (GCs). In porcine GCs in
vitro, melatonin has been shown to mediate
steroidogenesis predominantly via its membrane
receptor MT2 [8]. In bovine GCs, melatonin-
stimulated progesterone production via both MT1
and MT2 [9]. On the basis of the expression of a
luteinizing hormone receptor (LHR), steroidogenic
acute regulatory protein (STAR), and steroidogenesis
enzymes including 3p-hydroxysteroid dehydrogenase
(HSD3B1), CYP11A1l, and CYP17A1, the TCs of the
theca interna (TI) synthesize androgens and
progesterone. Although the effect of melatonin on the
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TCs of large bovine follicles (8.0-22.0 mm) has been
reported by Feng et al. (2017), the specific regulation-
and signaling pathway-related molecular
mechanisms of melatonin that affect TCs from small
bovine follicles (3.0-4.0 mm) have not yet been
clarified.

The PI3K/AKT and ERK1/2 signaling pathways
play critical roles in the development and
steroidogenesis of ovarian follicles [10]. In human
GCs, TGF-p1 was shown to decrease progesterone
production and STAR expression via the ERK1/2
signaling pathway [11]. In bovine TCs, luteinizing
hormone (LH) was shown to stimulate androgen
production and CYP17A1 expression via the
activation of the PI3K/AKT pathway [12]. Our
previous study on goat follicle TCs also suggested
that the  PI3K/AKT  pathway  regulates
steroidogenesis in TCs [13]. Several studies suggest
that melatonin may regulate the activation of both of
these pathways [14, 15, 16]. The basic framework of
the PI3K and ERK1/2 pathways is well documented,
but their influence on reproductive biology remains
unclear. Despite their obvious importance, little
attention has been paid on whether they are linked to
the effects of melatonin on bovine TCs in small
follicles.

Follicles contain follicular fluid and many types
of cells that support oocyte growth and development
until ovulation. The intricate network of
communication between the oocyte, GCs, and TCs
plays an important role in follicle formation and
development. Furthermore, TCs, which synthesize
androgens and progesterone and affect the function of
GCs and oocytes [17], require multicellular
interactions between the oocyte and GCs to maintain
their function [18]. Ovarian steroid production is
regulated by a complex signaling network between
GCs and TCs. The results of previous studies have
shown that treating TCs alone, GCs and TCs in
coculture, or whole follicles has different effects on
the function of TCs [19, 20, 21]. The present study
aims to investigate the effects of melatonin on
steroidogenesis in the TI in small follicles by treating
small bovine follicles (3.0-4.0 mm) or isolated TCs, or
TCs co-cultured with GCs in vitro using melatonin
and to clarify whether the PI3K/AKT or ERK1/2
signaling pathways are involved in
melatonin-induced steroidogenesis.

Materials and Methods

Reagents

For this study, DMEM/F12 medium, fetal bovine
serum (FBS), BSA, and antibiotic-antimycotic solution
were obtained from GIBCO (Grand Island, NY, USA).

Rabbit anti-FSHR and Goat anti-LHR antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Rabbit anti-CYP17Al1, anti-STAR,
anti-HSD3B1 and anti-GAPDH antibodies were from
Abcam (Cambridge, MA, USA). Rabbit anti-CYP11A1
was from Bioss (Woburn, MA, USA). Goat anti-rabbit
secondary antibody, DAPI Staining Solution, protease
inhibitors, QuickBlock™ Blocking Buffer for Western
Blot and radioimmunoprecipitation assay buffer were
obtained from Beyotime Institute of Biotechnology
(Shanghai, China). Trizol reagent was obtained from
Invitrogen (Carlsbad, CA, USA). SYBR PrimeScript
reverse transcription-polymerase chain reaction
(RT-PCR) Kit and SYBR Premix ExTaq II were from
TaKaRa Inc (Shiga Prefecture, Japan). Coomassie
brilliant blue was from TransGen Biotech (Beijing,
China). Anti-total-AKT, anti-phospho-AKT,
anti-total-ERK1/2 and anti-phospho-ERK1/2
antibodies were from Cell Signaling Technology, Inc
(Beverly, MA). ELISA kit of progesterone was from
Wuxi Donglin Sci & Tech Development Co.Ltd;
(China). ELISA kit of androstenedione was from
Cloud-Clone Corp., (Houston, USA). LY294002,
wortmannin, luzindole and 4P-PDOT were from
Sigma-Aldrich Inc., (St.Louis, MO, USA).

Separation and selection of follicles

A local abattoir in Xi’An, China, provided bovine
ovaries from slaughtered mature cows. Ovaries
without large follicles (>8 mm) or corpus lutea were
washed three times with PBS and then cultured in
DMEM/F12 medium (GIBCO, Grand Island, NY,
USA). Following Wang et al.’s procedure, the follicles
(3.0-4.0 mm) were dissected using two surgical
tweezers and then observed under a stereomicroscope
(Nikon, Tokyo, Japan). Only follicles with highly
vascularized theca, complete GC walls, and clear
follicular fluid were selected for research [22]. We also
chose medium (5.0-6.0 mm) and large (>8.0 mm)
follicles from which to isolate the TI.

Isolation and purification of TCs

The follicles were cut into two halves by using
two aseptic needles, and a stereomicroscope (Nikon)
was used to peel away the TI. Thereafter, a scalpel
was used to dislodge the GCs inside the TI. The GCs
were pelleted by centrifugation (1000 x g for 10.0 min)
in DMEM/F12 medium (GIBCO).

The TI was shaken three times in DMEM/F12
medium (GIBCO) and then minced for RNA
extraction and TCs culture. We used the 1.0 mg/mL
collagenase (170.0 U/mg, type 4; GIBCO) to isolate
the TCs as described previously [13]. Thereafter, TCs
were cultured in DMEM/F12 medium (GIBCO) in
24-well plastic plates (Corning Incorporated; Corning,
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NY, USA) with 10.0% FBS (GIBCO), 0.1% BSA
(GIBCO), and 1% antibiotic-antimycotic solution
(GIBCO).

The purity of TCs was evaluated as follows: TCs
were incubated with rabbit anti-CYP17A1 (1:200;
Abcam; Cambridge, MA, USA) and rabbit anti-FSHR
(1:200; Santa Cruz Biotechnology; Santa Cruz, CA,
USA) overnight at 4 °C. After washing three times
with PBS, TCs were incubated with Alexa Fluor
555-labeled goat anti-rabbit secondary antibody
(1:500; Beyotime Institute of Biotechnology; Shanghai,
China) at room temperature for 1 h. Thereafter, TCs
were washed three times with PBS and incubated
again with DAPI staining solution (Beyotime Institute
of Biotechnology) at room temperature for 3 min.
After washing the TCs three times with PBS, a
fluorescence microscope (Nikon) was used to detect
the TCs.

Treatment of follicles and TCs

One follicle was cultured per well in 24-well
plastic plates (Corning Incorporated) with 1 mL
DMEM/F12 medium (GIBCO) containing 1.0% FBS
(GIBCO), 0.1% BSA (GIBCO), and 1%
antibiotic-antimycotic solution (GIBCO). The follicles
were treated with vehicle (0.01% DMSO), different
doses of melatonin or LH for 48h with or without
pretreatment with vehicle (0.01% DMSO), or the
inhibitors of PI3K (LY294002, wortmannin, Sigma)
and MTRs (luzindole and 4P-PDOT, Sigma) for 30
min. The medium was removed every 24h. After 48 h
of incubation, the medium was stored at -20 °C by
centrifugation (1000 x g for 20.0 min). The TI was
minced for RNA and protein isolation. All
experiments were repeated three times for follicles
from independent batches.

After being cultured for 48h, the TCs medium
was replaced with DMEM/F12 medium (GIBCO)
containing 1.0% FBS (GIBCO) [23], 0.1% BSA (GIBCO)
and 1% antibiotic-antimycotic solution (GIBCO). The
TCs were treated with vehicle (0.01% DMSO) or
melatonin for 48h with or without pretreatment with
vehicle (0.01% DMSO) or inhibitors of PI3K
(LY294002, Sigma) and MTRs (luzindole and
4P-PDOT, Sigma) for 30 min. The medium was
removed every 24h. After 48 h of incubation, the
medium was stored at -20 °C by centrifugation (1000 x
g for 20.0 min). The TCs were used for RNA isolation.
All the experiments were repeated three times for TCs
from independent batches of follicles.

A coculture of GCs and TCs was established in a
polyester membrane Transwell-clear insert (Corning
Incorporated) as  previously described [20].
Approximately 3 x 105 TCs were cultured alone or
cocultured with 1 x 105> GCs from the same batch of

follicles with vehicle (0.01% DMSO) or melatonin for
another 48 h. The medium was removed every 24h.
After 48 h of incubation, the medium was stored at -20
°C by centrifugation (1000 x g for 20.0 min). The TCs
were used for RNA isolation. All the experiments
were repeated three times for TCs from independent
batches of follicles.

Hormone assays

By using the respective ELISA kit according to
the manufacturer’s protocol, the concentrations of
progesterone (Wuxi Donglin Sci & Tech Development
Co., Ltd.; China) and androstenedione (Cloud-Clone
Corp., Houston, USA) in the liquid supernatant of the
culture medium were determined. The inter- and
intra- assay coefficients of variation (CVs) were all
<12%. All the experiments were repeated three times
for TCs from independent batches of follicles.

Reverse transcription and quantitative
real-time polymerase chain reaction

According to the manufacturer’s instructions,
total RNA was extracted from the TI and TCs by using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
was reverse transcribed by the SYBR PrimeScript
RT-PCR Kit (TaKaRa Inc., Shiga Prefecture, Japan).
The cDNA was used for polymerase chain reaction
(PCR) and Real-time quantitative PCR (RT-qPCR)
analyses.

Table 1.Sequences for gene primers

Gene Primers (5'- 3") The size of amplimers

STAR AGCTGGAAGACCCTCTCTAC 164
CACGTCAGGGATCACTTTACTC

LHR ACTATCACTCACCTATCTCCCTATC 130
GTTGTCAAAGGCATTAGCTTCTATC

CYP11A1 AGACTTGGAGGGACCATGTA 120
GGATGCCTGGGTAATTCCTAAA

CYP17A1 TTCTGAGCAAGGAAGTTCTGTITAG 169
TGCAGCAAGTTAGTGATGGAAT

HSD3B1 CCATCATGAACGTCAATGTGAAAG 93
CTATGGTGCTGGTGTGGATAAA

MT1 GGAGGGTGAAACCTGACGAC 99
CCCAGCAAATGGCAAAGAGG

MT2 TAGCCTTGTACCCCTACCCG 138
CGATGGCGGTGATGTTGAAG

GAPDH GTGAAGGTCGGAGTGAACGG 245

ATGTTGGCAGGATCTCGCTC

The purpose of the PCR analyses was to assess
the expressions of CYP17A1 and FSH receptor (FSHR)
in the TI. Furthermore, the RT-qPCR analyses were
used to assess the relative abundance of MT1, MT2,
CYP11A1, CYP17A1, HSD3B1, STAR, and LHR
mRNA. GAPDH was used as an internal control.
Table 1 lists the specific primer sequences. The
StepOne Plus PCR system (Applied Biosystems Inc.,
Carlsbad, CA, USA) was used for q-PCR using SYBR
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Premix Ex Taq Il (TaKaRa Inc.) under the previously
described conditions [13].

Cell protein extracts and Western blot
analyses

The TI tissue was ground in a mortar, collected
in 1.5 mL microfuge tubes, and lysed using
radioimmunoprecipitation assay buffer (Beyotime
Institute of Biotechnology) with 1 x protease
inhibitors (Beyotime Institute of Biotechnology) on ice
for 30 min.

Thereafter, the lysates were centrifuged at 13000
x g for 15 min, and the protein content was assayed
using 20 pL liquid supernatant with 200 pL
Coomassie brilliant blue (TransGen Biotech, Beijing,
China) in 96-well plates (Corning Incorporated) at an
absorbance of 595 nm. The remaining supernatant
samples were stored at =80 °C after boiling in a water
bath at 100 °C for 10 min with an equal volume of 2 x
SDS.

The samples were separated by 10% acrylamide
sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes. By
using a slightly modified method, the PVDF
membranes (Millipore, Bedford, MA, USA) were
incubated with primary antibodies overnight at 4 °C
after blocking in moderate blocking buffer
(QuickBlock™ blocking buffer for western blot
analysis, Beyotime Institute of Biotechnology) for 30
min [13]. The primary antibodies used were rabbit
anti-total-AKT, rabbit anti-phospho-AKT, rabbit
anti-total-ERK1/2,  rabbit  anti-phospho-ERK1/2
(1:1000, Cell Signaling Technology, Inc., Beverly, MA),
rabbit anti-STAR, rabbit anti-CYP17A1, rabbit
anti-HSD3B1, rabbit anti-GAPDH antibody (1:1000,
Abcam), rabbit anti-CYP11A1 (1:500; Bioss), goat
anti-LHR antibody (1:500; Santa) and incubated
overnight at 4 °C. A chemiluminescence reagent
(BeyoECL Moon, Beyotime Institute of Biotechnology)
was added to the membranes after incubation with
the secondary goat anti-rabbit antibody and donkey
anti-goat antibody (1:1000, Beyotime Institute of
Biotechnology) for 2 h, and analysis was performed
using the ChemiDoc™ MP Imaging System
(BIO-RAD, USA) with Image Lab™ software. The
membranes were cut to show the full area of the
probed membrane.

Statistical analyses

All data were analyzed by one- or two-way
analysis of variance wusing SPSS 20.0 (IBM
Corporation, Armonk, NY, USA). The values are
presented as means + S.EM. Differences were
considered significant when P < 0.05 or P < 0.01. All

experiments were repeated three times by using
independent follicle batches.

Results

Effects of melatonin on steroidogenesis in Tl in
small follicles

By using PCR analyses, we found that that
CYP17A1 but not FSHR was expressed in TI (Fig. 1A),
thus indicating that the TI was not mixed with GCs.
According to real-time qPCR, the expression of MT1
and MT2 mRNA in the TI was markedly higher in
small follicles than in medium or large follicles (Fig.
1B). Small follicles were treated for 48 h with different
doses of melatonin or LH. There was a significant
increase in progesterone production upon treatment
with 10 ng/mL melatonin, but no effect was observed
in other doses; however, androstenedione production
was unaffected (Figs. 1E, F). Total RNA was extracted
from the TI. The mRNA expression of MT1 and MT2
in the TI in small follicles significantly increased upon
treatment with 10 ng/mL melatonin (Figs. 1C, D) or
01 IU/mL LH (Figs. 2A, B). Additionally, LH
increased CYP17A1 mRNA expression in the TI (Figs.
20).

Small follicles were treated with 10ng/mL
melatonin and 0.1 IU/mL LH alone or in combination.
The expression of STAR and LHR mRNA and protein
was significantly increased by melatonin alone but
increased further upon treatment with melatonin in
combination with LH (Figs. 2D, H, I). Neither the
combined treatment nor the melatonin alone
significantly affected the CYPI11A1, HSD3BI1, or
CYP17A1 mRNA and protein expression (Figs. 2E, F,
G, D).

Expression of STAR in different follicles

RT-gPCR and western blotting were used to
quantify the expression of STAR in TI of small (3.0-4.0
mm), medium (5.0-6.0 mm) and large (>8.0 mm)
follicles. STAR expression was markedly higher in
small follicles than in medium and large follicles (Fig.
3).

Role of MT1/MT2 in melatonin-induced
regulation of steroidogenesis in Tl in small
follicles

Small follicles were left untreated or were treated
for 48 h with 10 ng/mL melatonin alone or in
combination with the MTR inhibitors luzindole (a
nonspecific inhibitor of MT1 and MT2) or 4P-PDOT (a
specific MT2 inhibitor). Combined treatment with
melatonin and luzindole significantly reduced the
expression of MT1 and MT2 mRNA in the TI in small
follicles, whereas 4P-PDOT treatment decreased only
the MT2 mRNA expression (Fig. 4A). Combined
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Figure 1. Dose-dependent effect of melatonin on Tl in small follicles. (A) The expression of CYPI7A] and FSHR was determined by PCR. (B) Differences in MT1 and
MT2 mRNA expression in Tl of different follicles. Relative abundance of mRNA of (C) MT1 and (D) MT2, and (E) production of androstenedione and (F) progesterone in small
follicles. Total RNA was extracted from TI. The mRNA expression of MT] and MT2 was measured by RT-qPCR. The expression of GAPDH level was used as a standard. Small
follicles were treated for 48 h with different doses of melatonin (0, 1, 10, 100 ng/mL). The concentration of androstenedione and progesterone was measured by ELISA. The
results are the mean * SEM of three independent experiments. *P < 0.05, **P < 0.01. n.s.: not significant; S: small follicles; M: medium follicles; L: large follicles.

treatment with melatonin and luzindole significantly
decreased the melatonin-mediated increases in
progesterone production (Fig. 4B), as well as the
STAR, LHR protein (Figs. 4C, D), and mRNA
expressions (Figs. 4E, F), in the TI in small follicles.
Treatment with 4P-PDOT decreased STAR and LHR
expressions with no significant decrease in
progesterone production.

Effects of melatonin on the PI3K/AKT and
MAPK- ERK1/2 pathways

Treated the small follicles with 10ng/mL
melatonin, we investigated the phosphorylation of
AKT and ERK1/2 in TI at different times from O to 4h.
The phosphorylation of AKT peaked at 1 h (Fig. 5A)
with no effect on MAPK activation (Fig. 5A). The
treatment of small follicles with LY294002 or
wortmannin  (inhibitors of  PI3K) inhibited
melatonin-induced AKT phosphorylation in the TI
with no effect on the total level of AKT protein (Figs.

5B, C). To investigate whether the activation of AKT
by melatonin was required for MT1 or MT2
expression, we treated small follicles with melatonin
alone or in combination with MTR inhibitors,
luzindole, or 4P-PDOT for 1 h. Melatonin combined
with  luzindole significantly = decreased the
melatonin-induced AKT phosphorylation in TI and
the 4P-PDOT but with a lower inhibition ratio than
luzindole (Fig. 5D).

Effects of PI3K/AKT on the melatonin-induced
upregulation of progesterone production and
STAR expression in Tl in small follicles

Small follicles were left untreated or treated with
10 ng/mL melatonin alone or in combination with
LY294002 or wortmannin for 48 h. The addition of
LY294002 or wortmannin significantly decreased
melatonin-mediated  increases in progesterone
production and STAR mRNA and protein expressions
in the TI (Fig. 6).
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10 ng/mL melatonin for 0 min, 30 min, 1 h, or 4 h with or without pretreatment with a combination of inhibitors, 25 yM LY294002, 0.1 uM wortmannin, 10 uM luzindole, or 10
UM 4P-PDOT for 30 min. Tl lysates were subjected to SDS-PAGE/immunoblotting for p-AKT, total AKT, p-ERK1/2, and total ERK1/2 analysis. The results are the mean + SEM
of three independent experiments. The relative density ratio was calculated on the basis of a control group value of one. *P < 0.05, **P < 0.01. LY: LY294002; W: wortmannin;
LZ: luzindole; 4P: 4P-PDOT.
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Figure 6. Role of the PI3K/AKT pathway in the melatonin-induced production of progesterone (A, B), STAR mRNA expression (E, F), and protein expression
(C, D) in the Tl in small follicles. Small follicles were treated for 48 h with 10 ng/mL melatonin alone or in combination with an inhibitor, 25 yM LY294002 or 0.1 uM wortmannin.
Total RNA was extracted from Tl. The mRNA expression of STAR was measured by RT-qPCR. GAPDH expression was used as a standard. Progesterone concentration was
measured by ELISA. Tl lysates were subjected to SDS-PAGE/immunoblotting for STAR and GAPDH analysis. The relative density ratio was calculated on the basis of a control
group value of one. The results are the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01. LY: LY294002; W: wortmannin.
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Figure 7. Effects of melatonin on the relative abundance of STAR mRNA and progesterone production in TCs. (A) Immunohistochemical analysis showed that
the CYP17AI (A1), not the FSHR (BI), expressed in the TCs and DAPI (A2, B2) indicated the nucleus (100%, scale bar = 100 um). (B) Immunohistochemical analysis indicated
that TCs accounted for 97.35 * 1.05% of all cells. (C) TCs were untreated or treated with 10 ng/mL melatonin and cultured alone or cocultured with GCs for 48 h. (D, E) TCs
were treated with 10 ng/mL melatonin alone or in combination with inhibitors, 25 uM LY294002, 10 uM luzindole, or 10 uM 4P-PDOT for 48 h. Total RNA was extracted from
TCs. The mRNA expression of STAR was measured by RT-qPCR. GAPDH expression was used as a standard. Progesterone concentration was measured by ELISA. The results
are the mean * SEM of three independent experiments. *P < 0.05, **P < 0.01. LY: LY294002.

Effects of melatonin on progesterone and cultured them in vitro as described in the
production and STAR expression in TCs in Materials and Methods section. Immunohisto-
vitro chemical analysis indicated that TCs accounted for

97.35 £1.05% of all the cells (Figs. 7A, B).

TCs were left untreated or treated with
melatonin for 48 h and were cultured either alone, or
with GCs as described in the Materials and Methods

On the basis of our observations on the effect of
melatonin on the TI in small follicles, we investigated
the ability of melatonin to induce steroidogenesis in
TCs in vitro. First, we isolated TCs from small follicles
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section. Treated by melatonin when TCs were
co-cultured with GC, the expression of STAR mRNA
was significantly higher than when TCs were cultured
alone (Fig. 7C). Furthermore, TCs were treated with
melatonin for 48 h in the presence or absence of
LY294002 or the MTR inhibitor luzindole or 4P-PDOT.
Melatonin combined with luzindole or LY294002

Discussion

The estrous cycle of bovine has 2-3 follicular
waves. Under the regulation of gonadotropin FSH
and LH, follicles undergo recruitment, selection and
dominance processes until ovulation [24]. In a
previous study, antral follicles that are less than 4 mm
in diameter were assumed to be responsive to but
independent of gonadotropin [25]. Follicles greater
than 4 mm in diameter depend on gonadotropins for
the recruitment (4-5 mm), selection, and dominance
processes (>8 mm). Several reports have shown that
melatonin exists in the follicular fluid and that MTRs
(MT1 and MT2) are expressed in various types of
ovarian cells [26,27]. Performing a comparison of
melatonin concentration and receptor expression in
follicles with different sizes is wuseful for
understanding the role of melatonin in follicular
development. It has previously been reported that the
concentration of melatonin decreased with the follicle
diameter increase in porcine follicular fluid [5].
Furthermore, TCs also contain the membrane
receptors MT1 and MT2, which are expressed at
higher levels in secondary follicle TCs than in tertiary
follicle TCs. The present study first sought to
determine the expression of MT1 and MT2 in the TI of
bovine follicles with different sizes. The receptor
expression was markedly higher in small follicles than
in medium or large follicles. These results suggest that
melatonin may affect the function of TCs in small
follicles.

A two-cell, two-gonadotropin model has been
used to explain the role of TCs and GCs in
steroidogenesis [28]. Under the regulation of LH, cells
in the TI express genes that are involved in
steroidogenesis, including STAR, CYP11A1, CYP17A1
and HSD3B1, which regulate the production of
androstenedione and progesterone. For the present
study, we selected small follicles (3.0-4.0 mm) that are
assumed to be in the gonadotropin-independent stage
[20]; thus, we did not add FSH to the follicular
medium [6]. The second question in this study sought
to determine the effect of melatonin on TI
steroidogenesis in small follicles. Unlike previous
studies, the present research sought first to study the
effect of melatonin on TI steroidogenesis in the
follicular environment by treating small follicles with
melatonin. In agreement with previous studies,

significantly decreased the melatonin-
mediated increases in progesterone production and
STAR mRNA expression in TCs (Figs. 7D, E). As
shown above, 4P-PDOT treatment also decreased
STAR expression with a lower inhibition ratio than
luzindole. However, 4P-PDOT treatment did not
affect progesterone production in TCs.

melatonin significantly increased MT1 and MT2
expressions and progesterone production in a
dose-dependent  manner [3,6,9,29]. However,
androstenedione production was not significantly
increased by melatonin possibly because CYP17A1
expression is unaffected by melatonin or because
androstenedione is used for estradiol synthesis by
GCs in small follicles. By contrast, Adriaens et al.
(2006) found that melatonin increased
androstenedione secretion in mouse follicles. This
difference might be explained in part by the
differences in species and the cell culture conditions
which could have greatly affected the findings.

In the experiments, both MT1 and MT2 mRNA
expressions were significantly increased after
treatment with LH. This finding is contrary to those of
previous studies that found that only MTI mRNA
expression was significantly increased after treatment
with LH [30]. This difference might also be explained
in part by the differences in species and experimental
treatments. The present study did show a certain
degree of inhibition of but not a significant decrease in
CYP17A1 and CYP11A1 mRNA expressions in TI
treated with melatonin, in contrast to an earlier study
on the TI of porcine follicles [6]. This result may also
be explained by the differences in species and
melatonin dose.

The STAR protein transports cholesterol into the
mitochondria in TCs, and this process is a key
rate-limiting step in the initialization of the
steroidogenesis process [32]. LH plays an important
role in follicular development and luteinization by
binding to its receptor, namely, LHR. One interesting
finding from the present study is that STAR and LHR
mRNA and protein expressions were significantly
increased by treatment with melatonin alone and
were further increased upon treatment with
melatonin in combination with LH. A possible
explanation for this might be that the mRNA
expression of MTRs was increased by LH. This
supports a previous observation that melatonin
significantly increased STAR and LHR expressions in
sheep germ cells [31]. Similar results have been
previously observed in bovine GCs wherein
melatonin significantly promoted LHR expression
and progesterone secretion [33,34]. This finding is
consistent with that of Nakamura [35], who observed
that melatonin treatment increased the expression of
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the STAR gene, which was decreased by BMP-6.
Another important finding of the present study was
that the expression of STAR decreases as the diameter
of the follicle increases; this result is consistent with
the trend observed in MTRs. This finding supports the
hypothesis that melatonin regulates the function of
STAR in TCs, which may be the reason that melatonin
promotes progesterone synthesis.

Melatonin acts mainly via the membrane
receptors MT1 and/or MT2, both of which are G
protein-coupled receptors [36]. MT1 and MT2 can
form homo- and heterodimers, and MT1 can also
interact with other membrane proteins to enhance or
inhibit the activity of downstream signaling pathways
[16]. Luzindole is a competitive MT2 receptor
antagonist that inhibits the expression of MT1 and
MT2, and 4P-PDOT is a selective MT2 receptor
antagonist [2]. Similar to the present study, previous
studies used only luzindole and 4P-PDOT to inhibit
MT1 and MT2 expression to research the function of
MTRs [14,37,38,39]. Therefore, luzindole and
4P-PDOT were used as melatonin receptor inhibitors
in this study. The expression of STAR and LHR
decreased with the addition of luzindole or 4P-PDOT.
In agreement with a previous study on the corpus
lutea of pregnant sows, melatonin-stimulated STAR
expression via MT1 and MT2 [40]. However, the
inhibition of both MT1 and MT2 (but not MT2 alone)
inhibited the effect of melatonin on progesterone
production in small follicles in the present study. This
result may be explained in part by the complex
downstream signaling pathways regulated by MT1
and MT2.

Thereafter, this study sought to determine the
effect of MTRs and their downstream signaling
pathways on TI steroidogenesis in small follicles. The
PI3K and MAPK pathways are two major signaling
pathways that are regulated by melatonin in follicular
cells [12]. In the present study, melatonin activated
the PIBK pathway without affecting the
phosphorylation of ERK1/2; thus, we chose the
PI3BK/AKT pathway as the subject of our study and
did not perform subsequent experiments with an
ERK1/2 pathway inhibitor. This result was similar to
that of previous reports on mouse GCs [30]. LY294002
and wortmannin were used as specific inhibitors of
the PI3K/AKT pathway in this study. By inhibiting
the PI3K via LY294002 or wortmannin, we found that
the melatonin-stimulated STAR expression and
progesterone  production  were  significantly
decreased. These results were consistent with those of
earlier studies [41,42]. Furthermore, we found that the
inhibition of MT1 and MT2 or MT2 alone inhibited
AKT phosphorylation, thus indicating that melatonin
activated the AKT pathway via MT1 and MT2. These

results are consistent with the result that melatonin
regulates the function of bovine GCs and sertoli cells
via MT1 and MT?2 in previous studies [9,29]. In mouse
GCs, pancreatic islets, and embryonic stem cells,
melatonin activated the AKT pathway via MT1
[14,30,43]. A possible explanation for this may be that
MT2 was abundantly present only in TCs even though
MT1 was reported to be highly expressed in TCs and
GCs [44]. This means that MT2 may play an important
role in TCs. We did not detect the activation of the
ERK pathway, and this finding may be related to the
melatonin concentration we used and the fact that the
expression of MTRs and the signaling pathways that
they regulate vary among tissues and cells [45]. On
the basis of our data, we can infer that
melatonin-stimulated STAR expression in the TI and
that progesterone production in small follicles may
occur via the activation of the PI3K/AKT pathway via
MT1 and MT2.

The findings above show the effect of melatonin
on the TI of small follicles. STAR expression may be
somewhat influenced by other follicular cells, and the
contents of the follicular fluid. The above tests
detected the progesterone secreted by follicles, but
GCs interfered with the results. Thus, we assessed the
effect of melatonin in TCs cultured in vitro. As
previously reported [46,47], we used CYP17A1 and
FSHR as marker genes for TCs. The results of the
present study indicate that when TCs were cultured
alone, STAR expression was increased by melatonin
to a similar degree, similar to that when TCs were
cocultured with GCs. In agreement with a previous
study of goat TCs, coculture with GCs did not
significantly increase the expression of steroidogenic
genes in TCs [20]. In a previous study on bovine TCs
from large follicles (8.0-22.0 mm), melatonin inhibited
the LH+IGFl-induced expression of STAR mRNA
[48]. A possible explanation for this might be that the
melatonin concentration used (10 mM = 2.3 pg/mL)
was much higher than that used in the present study
(10 ng/mL). Alternatively, the discrepancy could be
attributed to different follicular development stages
and the effect of LH and IGF1 on the function of
melatonin. Surprisingly, in the present study, STAR
expression in the TI was significantly increased
(4.31-fold) by melatonin; this was a significantly
greater increase than when TCs were treated in vitro
with melatonin, as shown above. Similarly, it was
previously observed in mouse GCs that the MT1
surges in vivo were significantly higher than those in
vitro [30]. There are several possible explanations for
this result: it may not be possible to simulate the
follicular environment in vitro, or other follicle cells or
follicular fluid components may affect the function of
melatonin. Finally, the present research aimed to
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determine the effect of melatonin on progesterone
production and STAR expression in TCs in vitro.
Melatonin was found to stimulate STAR expression
and progesterone production in TCs in vitro possibly
via the activation of the PI3K/AKT pathway by MT1
and MT2. This finding indicates that the effect of
melatonin on TCs cultured in vitro is essentially the
same as that on the TI in small follicles.

In summary, the present study aimed to
demonstrate of the effects of melatonin on TI
steroidogenesis in bovine small follicles and TCs
cultured in vitro, and also the specific regulation
mechanisms. The results indicated that melatonin
stimulates STAR expression and progesterone
production in TCs via the activation of the PI3K/AKT
pathway by MT1 and MT2. One interesting finding
was that the effect of melatonin on the TI in follicles
was more obvious than that on TCs in vitro. This
result may be related to the enhanced regulation of
melatonin by other follicle cells or follicular fluid
components. Our findings support the key role of
melatonin in the regulation of TC steroidogenesis.
Further research should be undertaken to investigate
potential mediators in follicular fluid that could affect
the function of melatonin.
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