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Abstract

Purpose Anti Miillerian Hormone (AMH) has a negative and
inhibitory role in many functions of human granulosa-lutein cells
(hGCs) including notoriously the reduction of the aromatase
CYP19A1 expression induced by follicle-stimulating hormone
(FSH). No data have been provided on the possible role of AMH
in modulating the response to luteinizing hormone (LH) (alone
or combined with FSH) as well as its effect on other enzymes
involved in steroidogenesis including aromatase P450scc. The
aim of this study was to investigate the role of AMH as regulator
of the basal and stimulated steroids production by hGCs.
Methods Primary culture of hGCs were incubated with hor-
mones AMH, LH, and FSH, alone or in combination. The
CYP19A1 and P450scc messenger RNA (mRNA) expres-
sion, normalized by housekeeping ribosomal protein S7
(RpS7) gene, was evaluated by reverse transcriptase quantita-
tive PCR (RT-gPCR). Each reaction was repeated in triplicate.
Negative controls using corresponding amount of vehicle con-
trol for each hormone treatment were performed.

Capsule In granulosa cells in vitro, the AMH prevented the stimulatory
effect of FSH and LH on the expression of the key enzymes of
steroidogenesis, aromatase and P450scc, hence confirming a general
inhibitory role for this glycoprotein on ovarian function.
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Result AMH did not modulate the basal mRNA expression of
both aromatase genes at any of the concentrations tested.
Meanwhile, the strong mRNA induction of CYP19A1 and
P450scc generated by a 24-h gonadotropin treatment (alone
and combined) was suppressed by 20 ng/ml AMH added to
culture medium.

Conclusions These findings contribute in clarifying the rela-
tionship between hormones regulating the early phase of ste-
roidogenesis confirming that AMH is playing a suppressive role
on CYP19A1 expression stimulated by gonadotropin in hGCs.
Furthermore, a similar inhibitory effect for AMH was observed
on P450scc gene expression when activated by gonadotropin
treatment.

Keywords AMH - Steroidogenesis - Aromatase - P450scc -
Ovarian enzyme

Introduction

Anti-Miillerian hormone (AMH) is a dimeric glycoprotein, a
member of the transforming growth factor-beta (TGF-{3) su-
perfamily, which is expressed in the ovary by granulosa cells
surrounding the growing follicles, from early antral to the
selection stage. In humans, this occurs when the follicles are
at the stage of 4-6 mm in diameter [1, 2].

In the mouse, AMH exerts an inhibitory role on the devel-
opment of ovarian follicles in the early stages of follicular
development [3, 4], confirmed by both in vitro and in vivo
experiments in which the absence of AMH enhanced the tran-
sition from primordial into growing follicles with subsequent
early depletion of the primordial follicle pool [5]. This in-
creased rate of recruitment from the primordial pool in
AMH knockout mice was already evident before the initiation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-015-0615-y&domain=pdf

96

J Assist Reprod Genet (2016) 33:95-100

of the estrous cycle when the ovaries of 4-month-old AMH
knockout mice compared with their wild-type littermates
showed three times as many small non-atretic growing folli-
cles and a reduced number of primordial follicles [6]. Since
AMH null mice have low levels of follicle-stimulating hor-
mone (FSH), and yet increased numbers of growing follicles,
it has been hypothesized that follicles are more sensitive to
FSH in the absence of AMH. The possible inhibitory effect of
AMH on follicular sensitivity to FSH could play a role in the
process of follicular selection [6, 7]. Diminished expression of
AMH within the growing follicles would reduce the threshold
level for FSH, allowing follicles to continue growing and to
ovulate in the next cycle [5, 8].

Current theories also suggest a role for AMH as a co-
regulator of steroidogenesis in granulosa cells, as AMH is
related to estradiol levels in follicular fluid from small antral
follicles [9]. This was confirmed by a recent study which
showed that polymorphisms in the gene for AMH or AMH
receptor type Il were related to estradiol levels, demonstrating
a role for AMH in human ovarian steroidogenesis [10].

Indeed, several studies have clearly showed a direct effect
of AMH in modulating aromatase gene expression [11-13]. In
human, AMH significantly decreased FSH-stimulated aroma-
tase expression in granulosa cells (GC) [14, 15] and also re-
duced FSH receptor messenger RNA (mRNA) expression
[15], hence showing a relevant effect of AMH in modulating
ovarian follicular responses to gonadotropins.

While studies have largely confirmed the role of AMH in
inhibiting basal and FSH induced aromatase expression, no re-
search has been conducted on the possible role of AMH in
modulating P450 cholesterol side-chain cleavage enzyme
(P450scc), another key enzyme involved in the ovarian steroido-
genesis. This enzyme is typically expressed in steroidogenic
theca cells and in granulosa-luteinized cells, and its main func-
tion is to catalyze the conversion of cholesterol to pregnenolone,
a fundamental substrate for successive steroidogenesis [16].

Finally, since the steroidogenesis is influenced not only by
FSH but also by luteinizing hormone (LH), we aimed to in-
vestigate the role of AMH in modulating the ovarian response
to both the gonadotropins.

Materials and methods

Patients selected (n=7) for this study had a mean age of 36
(£6). They had regular menstrual cycles and were otherwise
healthy. They underwent in vitro fertilization (IVF) because of
male infertility. Clinical exclusion criteria were as follows:
previous ovarian surgery, positivity for Chlamydia antibody
testing (CAT), presence of ovarian cysts, history of pelvic
inflammatory disease (PID), any known metabolic or endocri-
nological disease.
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The patients underwent IVF cycles according the gonadotro-
pin releasing hormone (GnRH) antagonist protocol. The GnRH
antagonist protocol was based on the administration of recom-
binant FSH (Gonal-f, Merck Serono, Italy or Puregon, MSD
Organon, Italy) at a dose of at least 150 IU/day subcutaneously
from days 2 or 3 of a spontaneous menstrual cycle. The GnRH
antagonist, Ganirelix (Orgalutran, Schering-Plough) or
Cetrorelix (Cetrotide, Merck Serono, Italy), was next adminis-
tered daily by s.c. injection (0.25 mg/day) from the day of the
stimulation cycle when the first follicle reached 14 mm in size to
the day of human chorionic gonadotropin (hCG) administration.
When follicles reached >18 mm, 10,000 IU of hCG was admin-
istrated intramuscularly and 34-36 h later, the follicles were
aspirated under patient sedation.

Granulosa-lutein cells preparation

Human granulosa-lutein cells (hGCs) were isolated from ovarian
follicles of women undergoing oocyte retrieval for IVF protocol.

All patients gave written informed consent at the time of
the IVF cycle for recording and the use of laboratory and
clinical data related to their medical history for clinical re-
search purpose. Institutional review board (IRB) approval
for this study was obtained.

Granulosa-lutein cell isolation and primary cell culture

The hGCs were purified through a discontinuous Percoll
(Amersham, Sweden) gradient as indicated in Nordhoff et al.
[17], and cultured in a 24-well plate (50x10° cells/well) in
McCoy SA medium (Carlo Erba, Italy) supplemented with
5 % fetal bovine serum (FBS) South America (EU Approved,
Carlo Erba, Italy), 2 mML-Glutamine, 1 % penicillin/strepto-
mycin, and 1 % amphotericin B (Sigma Aldrich, St. Louis,
MO, USA). hGC primary culture were maintained at 37 °C
under a controlled atmosphere of 5 % CO, for 6 days to avoid
side effect due to IVF hormones treatment and subjected to
medium changes with fresh culture medium daily.

Treatments

The hGC primary cultures were initially incubated in starva-
tion medium for 12 h to synchronize cells before the treat-
ments. The hGCs were then incubated for 24 h with 5 ng/ml
of thFSH (Gonal-f, Merck Serono, Italy) or thLH (Luveris,
Merck Serono, Italy) or both in combination. Gonadotropins
were dissolved into a starvation medium (McCoy 5A medium
supplemented with 0.1 % FBS South America) without anti-
biotics. Treated hGCs were further incubated with an increas-
ing dosage from 2 to 200 ng/ml of thAMH (R&D Systems,
Minneapolis, MN, USA) for 24 h. Negative controls using the
corresponding amount of vehicle control for each gonadotro-
pin or AMH treatment were performed. Comparison between
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negative controls performed and untreated cells showed no
differences in terms of cells vitality, toxic effects, or impaired
gene expression caused directly by the vehicle in which hor-
mones were resuspended.

Evaluation of gene expression by RT-qPCR

Collected hGCs after each treatment were immediately
processed for total RNA extraction using commercial
product Tri-Reagent® (Sigma Aldrich, St Louis, MO,
USA) following the manufacturer protocol. After an op-
tional DNase I (Promega, Madison, WI, USA) digestion
of 30 min at 37 °C, the extracted RNA was evaluated and
quantified by spectrophotometry using Nanodrop ND-1000
(Thermo Fisher Scientific, Waltham, MA, USA), and 2 pug
of RNA of each sample was reverse transcribed to cDNA
using iScript™ cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA) according to datasheet. Two microliters of
cDNA of each sample was tested in triplicate in reverse
transcriptase quantitative PCR (RT-qPCR) using
SsoAdvanced Universal SYBR® Green Supermix (Bio-
Rad, Hercules, CA, USA) following the conditions sug-
gested by the manufacturer’s protocol. The primers used
(listed in Table 1) in the qPCR reaction were designed,
where possible, across the intron to avoid genomic DNA
(gDNA) contaminant amplification. All primers used has
similar melting temperature, so the general thermal profile
of the reaction is for all the genes tested 30 s at 95 °C to
initially activate the enzyme followed by 40 cycles of
95 °C for 5 s and 60 °C for 20 s for each cycle. The
Results were normalized by using housekeeping constitu-
tively expressed ribosomal protein S7 (RpS7) gene. The
specificity of each assay was validated by dissociation
curve analysis, and amplicons were separated by gel elec-
trophoresis and imaged. Assay performance was validated
by evaluating amplification efficiencies by means of cali-
bration curves, and ensuring that the plot of log input
amount versus DCq (also known as DCr) has a slope.
Each reaction was repeated in triplicate. Negative control
reactions omitted templates.

Statistical analysis

Statistical analysis was performed using Software GraphPad
Prism applying student ¢ test, as appropriate (p<0.05) set for
statistical significance. The relative expression of each gene
has been evaluated using the 27AAC method [3] and was
calculated as the relative ratio in comparison to the first con-
trol sample, set arbitrarily to 1.

Results

P450scc and CYP19A1 basal gene expression is not
affected by rhAMH

The hGCs retrieved from seven patients who underwent IVF
were purified and individually cultured then incubated for
24 h with increasing concentration of thAMH, showing no
changes in AMH gene expression (data not shown) at any of
the concentrations tested.

To investigate a possible role of hAMH as modulator of
P450scc and CYP19A41 expressions, the hGC primary culture
were treated with different concentrations of rhAMH in the
absence of gonadotropins for 24 h and the gene activation,
expressed as ratio normalized by a housekeeping gene on
gPCR assay, was studied (Fig. 1). Of all concentrations tested,
rhAMH alone did not produced changes in both aromatase
genes expression.

LH and FSH alone or combined induced P450scc
and CYP19A1 gene expression

The addition of FSH (5 ng/ml) or LH (5 ng/ml) was associated
to a significant activation of gene expression of both
CYP19A1 and P450scc. Expectantly, the LH was significantly
more effective in inducing the two genes when compared to
FSH (Fig. 2a, b).

The combination of the two gonadotropins led to a signif-
icant increase of the two gene expressions as per LH stimula-
tion (Fig. 2¢).

Table 1  Primers’ list used in RT-qPCR
Gene Protein name Sequence 5’-3' Amplicon length (bp) NCBI ref.
sequence

RpS7 Ribosomal protein S7 F: AATCTTTGTTCCCGTTCCTCA 135 NM 001011.3
R: CGAGTTGGCTTAGGCAGAA

AMH Anti-Miillerian hormone F: TACACCTGGAGGAAGTGACC 107 NM_000479.3
R: AGGGTACAGCACCAGCAG

CYP1941 Aromatase F: CCCTTCTGCGTCGTGTCAT 86 NM_000103.3
R: GATTTTAACCACGATAGCACTTTCG

P450scc (CYP1141) Cholesterol side-chain cleavage enzyme F: ACCAAGAACTTTTTGCCCCT 127 NM 000781.2

R: ATGTCCCCCGAGTAATTTCC
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Discussion

The present study showed that AMH may modulate ovar-
ian response to both the gonadotropins, namely, FSH and
LH. In particular, AMH prevent the activation of key
genes for steroidogenesis such as CYP1941 and P450scc.

The finding that AMH regulates ovarian steroidogenesis
has been recently reported. In the study by Grossman et
al., it has been shown that AMH inhibits FSH-dependent
aromatase expression and estradiol production [12]. The
negative relationship between AMH and aromatase activity
has also been confirmed in studies reporting that AMH
gene expression and follicular fluid concentration of
AMH were negatively related to estradiol concentration
[18] and to CYPI1941 mRNA expression in the corre-
sponding granulosa cells [19].

AMH inhibits FSH activity by binding its specific recep-
tor since knockdown of the AMH type II receptor reversed
the negative effect of AMH on aromatase enzyme [14].

@ Springer

Fig. 2 Effect of rhFSH (5 ng/ml) (a), of rhLH (5 ng/ml) (b), and of
rhFSH (5 ng/ml)+rhLH (5 ng/ml) (¢) on aromatase expression.
Significant differences versus the respective controls were marked by
*p<0.05, Student’s ¢ test

The recent study by Pellat and coworkers [15] largely
contributed in clarifying the pathway of AMH regula-
tion of steroidogenesis. Indeed, they showed that AMH
reduced GC sensitivity to FSH by decreasing the FSH-
stimulated aromatase expression and activity through in-
hibition of promoter II activity and through a reduction
in FSH receptors number.

P450scc is a member of the superfamily of cytochrome
P450 enzymes (family 11, subfamily A, polypeptide 1). The
gene name is CYP1IAI. The cytochrome P450 proteins are
monooxygenases which catalyze many reactions involved in
synthesis of cholesterol and steroids. It is localized in the
mitochondrial inner membrane and catalyzes the conversion
of cholesterol to pregnenolone. Together with aromatase
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Fig. 3 Effect of thAMH (20 ng/ml) on gonadotropin-induced aromatase
expression (a) and on gonadotropin-induced P450scc expression (b).
Significant differences were marked by *p<0.05 versus the respective
untreated cells controls or **p<0.05 versus respective gonadotropin-
treated cells, Student’s ¢ test

CYP19A1, cytochrome P450scc is necessary to regulate es-
tradiol and progesterone production within the ovary.

The stimulation of GC with FSH caused a P450scc mRNA
accumulation in both porcine [4] and human [20] granulosa
cells, presumably mediated by increased P450scc gene tran-
scription. Indeed, incubation with hCG, FSH, and dibutyryl
cAMP increased mRNA accumulation and progesterone se-
cretion [20].

The two gonadotropins seem to act differently at the two
gene levels. Indeed, it has been shown that both FSH and LH
strongly stimulated CYP1941 mRNA expression and estradi-
ol production in mature granulosa cells, while P450scc
mRNA expression and progesterone synthesis were only
weakly induced by FSH. Indeed, the maximal synthesis oc-
curred only in the presence of LH [21]. However, the mature

granulosa lutein cells may not reflect the in vivo condition
since these cells do not secrete AMH anymore, and they are
only exposed to low levels of AMH from the preovulatory
follicle fluid.

In the present study, we found a similar action of FSH and
LH in activating genes, especially the P450scc gene. More-
over, AMH prevent the gonadotropin-induced expression of
CYP19A1 and P450scc.

The relevant effect of AMH on steroidogenesis supports
that AMH may have a strong role in modulating
folliculogenesis itself.

Modification in AMH production may in some way be
related to abnormal folliculogenesis, as in the case as polycys-
tic ovary syndrome (PCOS). The high concentration of AMH
observed in anovulatory PCOS women would be the cause of
the exaggerated inhibitory effect on the follicular growth [15].

From a physiological point of view, the rapid decline in
AMH expression that occurs at the time of follicular selection
for dominance has been put in casual relation with the transi-
tion of follicle from a low to high estrogen producing state.
The high estradiol content is a necessary condition for a folli-
cle in order to become dominant, because of the positive effect
of estradiol on FSH receptor expression. In other words, AMH
seems to act as a gatekeeper, reducing the rate of follicles
developing to the stage of selected follicles [22].

In conclusion, in our study, the primary cultures of hGCs
were used to study the direct effect of AMH and gonadotro-
pins on steroidogenic gene expression. Our results showed
that AMH alone did not modulate the basal mRNA expression
of AMH gene and of both aromatase genes at any of the con-
centrations tested. Meanwhile, the strong mRNA induction of
CYP19A1 and of P450scc after 24 h of treatment with gonad-
otropins (alone and combined) was suppressed when AMH
was added to the culture medium.
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