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Context: Anti-Müllerian hormone (AMH) and AMH type II receptor (AMHR2) are overexpressed in
granulosa cells (GCs) from women with polycystic ovary syndrome (PCOS), the most common cause
of female infertility.

Objective: The aim of the study was to compare the regulation of the AMH/AMHR2 system by 5a-
dihydrotestosterone (5a-DHT) and estradiol (E2) inGCs from control subjects andwomenwith PCOS.

Design, Setting, Patients: Experiments were performed on follicular fluids (FF) andGCs fromwomen
undergoing in vitro fertilization.

Main Outcome Measures: FF steroid levels were measured by mass spectrometry, and messenger
RNA (mRNA) accumulation was quantified by reverse transcription real-time polymerase chain
reaction.

Results: Total testosterone (T), free T, and 5a-DHT FF levels were significantly higher (P , 0.001) in
womenwith PCOS than in controls. However, E2 and sex hormone–binding globulin concentrations
were comparable between the two groups. In GCs from control women, the AMH and AMHR2
expression were not affected by 5a-DHT treatment, whereas AMH mRNA levels were upregulated
by 5a-DHT inGCs frompatientswith PCOS (2.3-fold, P, 0.01) overexpressing the androgen receptor
(1.4-fold, P, 0.05). E2 downregulated theAMH andAMHR2 expression in GCs from control women
(1.4-fold, P, 0.001 and 1.8-fold, P, 0.01, respectively) but had no effect on these genes in GCs from
women with PCOS. This differential effect of E2 was associated with a higher estrogen receptor 1
expression in GCs from women with PCOS (1.9-fold, P , 0.05).

Conclusions: In GCs from women with PCOS, the regulation of AMH and AMHR2 expression is
altered in away that promotes the overexpression of theAMH/AMHR2 system, and could contribute
to the follicular arrest observed in these patients. (J Clin Endocrinol Metab 102: 3970–3978,
2017)
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AMH type II receptor; AR, androgen receptor; CV, coefficient of variation; E2, estradiol;
ESR, estrogen receptor; FF, follicular fluid; FSH, follicle-stimulating hormone; GC,
granulosa cell; IVF, in vitro fertilization; LH, luteinizing hormone; mRNA, messenger RNA;
PCOS, polycystic ovary syndrome; PCR, polymerase chain reaction; T, testosterone.
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Anti-Müllerian hormone (AMH), also calledMüllerian
inhibiting substance, is a 140-kDa glycoprotein, well

known for its role during male sexual differentiation (1).
AMH needs to be cleaved to be active, and it exerts its
effects by binding to a specific AMH type II receptor
(AMHR2). In females, AMH is secreted by granulosa
cells (GCs) at a low level in the postnatal period, and levels
surge at the time of puberty, before gradually declining
throughout reproductive life until menopause (2). Initiated
in primary follicles, the AMH expression is strongest in
preantral and small antral follicles and decreases sub-
sequently up to ovulation, becoming nearly undetectable
except in cumulus cells (3). AMH is no longer detected in
luteal bodies and atretic follicles. AMHR2 is coexpressed
with AMH in GCs of growing follicles (4). During folli-
culogenesis, AMH inhibits the initial recruitment of pri-
mordial follicles and reduces the sensitivity of growing
follicles to follicle-stimulating hormone (FSH), inhibiting in
particular the aromatase activity (2). In addition, AMH is
now recognized as an important clinical marker of the size
of the ovarian follicle pool and as a predictor of the ovarian
response to controlled ovarian hyperstimulation (5).

Polycystic ovary syndrome (PCOS) is the most common
cause of female infertility, affecting 5% to 10%ofwomen of
reproductive age worldwide (6). The 2003 Rotterdam cri-
teria for the diagnosis of PCOS are based on at least two
of the following features: an irregular ovulatory function
(oligomenorrhea or amenorrhea), the evidence of hyper-
androgenism (biological or clinical), and the presence of a
polycystic ovarian morphology (7). In addition, other en-
docrine disorders, including the hypersecretion of luteinizing
hormone (LH) and insulin resistance, are observed in pa-
tients with PCOS (8). Both serum and follicular fluid (FF)
AMH levels are increased inwomenwith PCOS (9), and are
correlated with the severity of the disease (10). We have
shown that they are also associated with increased levels of
cleaved AMH (11) and an enhancement of the AMHR2
expression (12), supporting the hypothesis that AMH is
most likely involved in the follicular arrest observed in
women with PCOS. The rise of serum AMH concentration
observed in these patients is due to the large number of small
antral follicles, as well as to the enhancement of AMH
production per GC (12, 13). In addition, we have shown
that a dysregulation of AMH and AMHR2 genes by LH
could contribute to their overexpression. Indeed, LH stim-
ulates theAMH expression inGCs frompatientswith PCOS
(13, 14), but has no effect in GCs collected from control
women. Moreover, AMHR2 messenger RNA (mRNA)
levels are not modulated by LH in GCs from women with
anovulatory PCOS (14), whereas they are downregulated in
GCs from control women. Other hormones dysregulated in
women with PCOS such as steroids might also be involved.

In keeping with this hypothesis, we and others have pre-
viously demonstrated that the androgen receptor (AR) (12)
and the estrogen receptor (ESR) 2 (15) are differentially
expressed in GCs from control women and women with
PCOS.

The aim of this work was to compare the regulation of
the AMH and AMHR2 genes by 5a-dihydrotestosterone
(5a-DHT), a nonaromatic androgen, and by estradiol
(E2) in GCs from control patients and patients with
PCOS. In addition, we related our results to the ex-
pression levels of AR, ESR1, and ESR2 genes by GCs in
these two groups of patients.

Materials and Methods

Subjects
Women undergoing in vitro fertilization (IVF) were included

in this study: 48 in the control group and 37 in the PCOS group.
All women in the control group met the following inclusion
criteria: (1) age between 20 and 40 years; (2) both ovaries
present, with no morphological abnormalities, adequately vi-
sualized by transvaginal ultrasound scans; (3) menstrual cycle
length range between 26 and 30 days; (4) no current or past
diseases affecting the ovaries or gonadotropin and sex steroid
secretion, clearance, or excretion; (5) no clinical signs of
hyperandrogenism; and (6) no polycystic ovary morphology at
ultrasonography. Infertility was due either to tubal or sperm
abnormalities. Women with PCOS were selected according to
the Rotterdam criteria (7): ovulatory disturbance, mainly oli-
gomenorrhea and amenorrhea; polycystic ovary morphology at
ultrasonography or hyperandrogenism. Based on our previous
findings that the AMH/AMHR2 system is dysregulated by LH
only in GCs of women with anovulatory PCOS with polycystic
ovary morphology (14), we decided to include only these pa-
tients. The investigation received the approval of our internal
institutional review board, and all women signed an informed
consent before participating.

Collection and culture of human mural lutein GCs
After oocyte isolation, FF from every patient was centrifuged

separately to isolate GCs, as previously described (14). The
supernatants were stored at 280°C, and the cells contained in
the pellet were purified on a Percoll gradient to remove red
blood cells. Resuspended cells were counted and stored
at 220°C in RLT buffer (Qiagen, Valencia, CA) for RNA
extraction.When the number of cells was sufficient, part of GCs
was seeded at 33 105 cells/well in six-well plates in Dulbecco’s
modified Eagle medium/F12 (Invitrogen, Carlsbad, CA) con-
taining 10% fetal calf serum (Invitrogen), and antibiotics
(100 U/mL penicillin and 100 mg/mL streptomycin; Invitrogen).
The next day, GCs were serum starved during 3 hours and then
treated for 48 hours with 5a-DHT (1026 M or 33 1028 M) or
with E2 (1026 M) (stock solutions at 6 3 1023 M in ethanol,
diluted in the culture medium to the wanted final concentra-
tion), or the same volume of ethanol, in Dulbecco’s modified
Eagle medium/F-12 without phenol red (Invitrogen) and fetal
calf serum. Depending on the number of cells, we performed a
single treatment (control medium and 5a-DHT or E2) or two
treatments (control medium, 5a-DHT, and E2).
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RNA analysis
Total RNAs were extracted from GCs using the RNA Plus

extraction kit (Qiagen). Reverse transcription was performed
in a total volume of 20 mL with the Omniscript reverse tran-
scription kit (Qiagen) using 1 mg RNA, Omniscript reverse
transcription, and both oligo-dT primers and random hexam-
ers, as recommended by the manufacturer.

The quantification ofAMH, AMHR2, ESR1, ESR2, AR, and
housekeeping gene (Ribosomal protein L13a, RPL13a) mRNAs
was performed by real-time polymerase chain reaction (PCR)
using TaqMan PCR method in noncultured GCs from control
women and women with PCOS (n = 19 for both groups). The
AMH expressionwas alsomeasured inGCs from control women
treated with 5a-DHT (1026 M, n = 13 or 33 1028 M, n = 4) or
E2 (1026 M) and in GCs from women with PCOS treated with
5a-DHT (1026M, n = 8 or 33 1028M, n = 4) or with E2 (1026

M, n = 10). TheAMHR2 expression was quantified in GCs from
control women and women with PCOS treated with 5a-DHT
(1026M, n = 10 and n = 9, respectively) orwith E2 (1026M, n = 8
and n = 9, respectively). The primers and the Universal ProbeLi-
brary probes (Roche Diagnostics, Indianapolis, IN) used to amplify
these genes are indicated in Supplemental Table 1. Real-time PCR
was performed in duplicates with one-fifth dilution of the com-
plementary DNAs using the LightCycler 480 Probes Master kit
(RocheDiagnostics). The PCRprotocolwas the same, as previously
described (14). Data were obtained as Ct values (Ct = cycle number
at which logarithmic PCR plots cross a calculated threshold line)
and used to determine DCt values [DCt = (Ct of the target gene)2
(Ct of the reference gene)]. Results between control women and
women with PCOS were compared using 22DDCt method (16).

Hormonal measurements in serum and FF
Serum and FF assays were performed for all the women

included into the study (n = 48 for controls; n = 37 for women
with PCOS). Serum hormone assays were performed at cycle
day 3 at the biomedical analysis laboratory of Antoine Béclère
Hospital (17).

The 5a-DHT and testosterone (T) FF concentrations were
assayed simultaneously by gas chromatography-mass spectrom-
etry, according to the protocol described by Giton et al. (18). In
short, 5a-DHT and T were derivatized with pentafluorobenzoyl
chloride (Sigma-Aldrich, St. Louis, MO). Final extracts were
reconstituted in iso-octane and transferred for injection into a

6890N GC system (Agilent Technologies, Les Ulis, France) using
a 50% phenylmethylpolysiloxane VF-17MS capillary column
(Agilent Technologies). A HP5973 (Agilent Technologies) quad-
rupole mass spectrometer equipped with a chemical ionization
source and operating in single-ion monitoring mode was used for
detection. The linearity of steroid measurement was confirmed by
plotting the ratio of the steroid peak response/internal standard
peak response, to the concentration of steroid for each calibration
standard. Under our study conditions, the low limits of quantifi-
cation of these steroidswere in ng/mL: 0.002 (5a-DHT), 0.010 (T),
with coefficients of variation (CVs) (17 runs) between 7% and
12.5%. The interassay CVs (17 runs) of the control sera of low
concentrations (in ng/mL) of 5a-DHT (0.19) and T (0.48) were
between 3.2% and 4.7%. The interassay CVs (17 runs) of the
control sera ofmiddle concentrations (in ng/mL) of 5a-DHT (0.48)
and T (2.47) were between 2.4% and 4.1%. The interassay CVs
(17 runs) of the control sera of high concentrations (in ng/mL) of
5a-DHT (1.49) and T (5.95) were between 2.2% and 3.9%.

The sex hormone–binding globulin concentration was mea-
sured using an immunoradiometric assay (Beckman Coulter
Immunotech, Marseille, France). The interassay CVs (13 runs)
were 4.7%, 3.9%, and 3.8%, respectively, for serum control
levels 20.4 nM, 57.5 nM, and 89.4 nM. The free T levels were
calculated as previously described (19). The results were nor-
malized with the total FF protein content (17).

Statistics
Statistical analyses were performed with the GraphPad Prism

6.0 software (GraphPad Software, La Jolla, CA). A Mann–
Whitney U test was used to compare the clinicopathological
features, and the AMH, AMHR2, ESR, and AR mRNA ex-
pression of control and women with PCOS. Spearman rank
correlation test was used to determine the correlation between
AMHserumconcentration and theESR1/ESR2mRNAratio. The
nonparametric Wilcoxon signed-rank test was used to compare
the differences of mRNA expression between cells cultured in
control medium and with 5a-DHT or E2, in both groups.

Results

Population
The main clinical, biological, and ultrasonographic

characteristics of control and women with anovulatory

Table 1. Main Clinical Parameters in Control Women and Women With Anovulatory PCOS

Control Women (n = 48) Med (25–75th)
Women With PCOS (n = 37)

Med (25–75th) P

Age (years) 34.0 (32–36.0) 31.0 (28.5–34.0) a

Clinical parameters BMI (kg/m2) 21.64 (20.10–23.55) 22.48 (20.40–25.24) ns
Day 3 AFC 16.0 (13.0–20.0) 39.0 (31.0–54.0) b

E2 (pg/mL) 41.50 (28.00–52.75) 47.00 (30.0–67.0) ns
LH (IU/L 4.30 (3.80–5.50) 7.30 (4.95–9.87) b

Serum (day 3) FSH (IU/L) 6.95 (6.20–8.375) 5.75 (4.50–6.85) b

LH/FSH ratio 0.62 (0.53–0.79) 1.30 (0.90–1.84) b

AMH (ng/mL) 2.60 (2.01–3.73) 8.78 (6.57–14.95) b

Results were analyzed by Mann–Whitney U test for unpaired comparisons between control and women with PCOS.

Abbreviations: AFC, antral follicular count; BMI, body mass index; day 3, hormonal dosage on day 3 of the menstrual cycle; Med, median (25–75th
percentile); ns, not significant.
aP , 0.01.
bP , 0.001.
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PCOS (n = 48 for controls and n = 37 for women with
PCOS) are summarized in Table 1. The two groups were
comparable for body mass index, but the median age of
women with PCOSwas significantly lower than controls.
At day 3 of the menstrual cycle, women in the PCOS
group had a significantly higher antral follicular count, as
well as higher serum FSH, LH, and AMH concentrations,
and LH/FSH ratio. However, day 3 serum E2 levels were
comparable between the two groups (Table 1).

We also measured steroid levels in FF using gas
chromatography–mass spectrometry to determine the
steroid environment of GCs. Mean T, 5a-DHT, and free
T concentrations were significantly higher in PCOS pa-
tients than in controls. However, sex hormone–binding
globulin concentrations between the two groups were
comparable (Table 2).

Comparison of the AMH, AMHR2, AR, ESR1, and
ESR2 mRNA content in GCs from control and women
with PCOS

We studied the expression of AMH, AMHR2, and
steroid receptors in noncultured GCs collected from
control women and women with PCOS (n = 19 for both
groups) by real-time reverse transcription PCR. As pre-
viously described (12), AMH, AMHR2, and AR mRNA
levels were significantly upregulated in GCs from patients
with PCOS (7.2-, 3-, and 1.4-fold increases, respectively)
(Fig. 1A, 1B, and 1E). Interestingly, the ESR1 mRNA
expression was higher (1.9-fold) in GCs from women
with PCOS compared with controls (Fig. 1C), whereas
the ESR2 mRNA levels were similar in both groups
(Fig. 1D). Consistent with this result, the ESR1/ESR2
mRNA expression ratio was significantly increased in
patientswithPCOScomparedwith controlwomen (3.86
0.38 versus 2.54 6 0.39, P , 0.05, respectively).
The Spearman rank test showed no correlation be-

tween the expression of AR and serum AMH levels in
patients with PCOS. However, a significant positive
linear correlation was observed between serum AMH
levels and the ESR1/ESR2 ratio in women with PCOS
(Fig. 1F).

Effect of 5a-DHT and E2 on the AMH and AMHR2
mRNA expression by GCs from control and women
with PCOS

We then compared the effects of androgens andE2on the
AMH andAMHR2 expressionbyGCs fromcontrolwomen
and women with PCOS. To discriminate the effects of these
steroids, we used 5a-DHT, a nonaromatic androgen. A
48-hour treatmentwith 5a-DHT (1026Mand331028M)
had no effect on the AMH expression by GCs from control
women (n = 13 and n = 4, respectively) (Fig. 2A and 2B),
but a significant increase ofAMHmRNA levels inGCs from
patientswith PCOSwasobtainedwith both a high (1026M)
and a lower concentration of 5a-DHT (3 3 1028 M) (2.3-
fold increase, n = 8, Fig. 2A and 1.4-fold increase, n = 4,
Fig. 2B, respectively). As previously described by our group
(20), AMH mRNA levels decreased significantly in control
women in the presence of E2 (1.4-fold decrease; n = 13,
Fig. 2C) at 1026 M, which corresponds to the steroid
concentration present in the fluid of mature follicles (18). In
contrast, E2 treatment of GCs from women with PCOS
(n = 10) had no effect (Fig. 2C). We also investigated the
regulation of AMHR2 mRNA levels by 5a-DHT and E2.
The 5a-DHT had no effect on the AMHR2 expression
by GCs from control women (n = 10) and women with
PCOS (n = 9) (Fig. 3A). Interestingly,AMHR2mRNA levels
significantly decreased inGCs fromcontrolwomen (n=8) in
the presence of E2 (1.8-fold decrease) (Fig. 3B). In contrast,
E2 treatment had no effect on the AMHR2 expression by
GCs from PCOS patients (n = 9) (Fig. 3B).

Discussion

The aim of our study had been to assess whether steroids
are involved in the overexpression of the AMH/AMHR2
system in GCs from women with PCOS. We have shown
that 5a-DHT has no effect on the AMH and AMHR2
expression in GCs from control women but upregulates
AMH mRNA levels in GCs from patients with PCOS.
In addition, the inhibitory effect of E2 on the AMH
and AMHR2 expression, normally observed in control
women, is not found in GCs from women with PCOS. In

Table 2. FF Steroid Concentrations in Control Women and Women With Anovulatory PCOS

Control Women (n = 48) Med (25–75th) Women With PCOS (n = 37) Med (25–75th) P

Total T (ng/g) 2.94 (1.51–7.64) 18.30 (7.30–46.46) a

FF Free T (pg/g) 9.58 (3.35–22.45) 67.68 (20.73–167.7) a

5a-DHT (ng/g) 0.07 (0.04–0.17) 0.27 (0.10–0.69) a

SHBG (mg/g) 376.8 (234.5–458.5) 301.8 (206.6–405.1) ns
E2 (ng/g) 6156 (4298–8764) 6291 (4144–7684) ns

Results were expressed per gram FF proteins. Results were analyzed byMann–WhitneyU test for unpaired comparisons between control andwomenwith
PCOS.

Abbreviations: Med, median (25–75th percentile); ns, not significant; SHBG, sex hormone–binding globulin.
aP , 0.001.
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keeping with this differential effect of androgens and E2
on the AMH/AMHR2 system between the two groups of
patients, the AR and ESR1 are overexpressed in GCs
from women with PCOS.

All of the patients with PCOS selected for our study
were diagnosed according to the Rotterdam criteria.

However, on the basis of our previous findings that
the AMH/AMHR2 system is dysregulated by LH only
in GCs of women with anovulatory PCOS with poly-
cystic ovary morphology (14), we chose to include only
these patients. One limitation of our study is that we
used luteinized mural GCs from women undergoing IVF

Figure 1. Comparison of (A) AMH, (B) AMHR2, (C) ESR1, (D) ESR2, and (E) AR mRNA expression in noncultured GCs from control women (n =
19) and women with PCOS (n = 19). mRNA expression levels are presented as 22DCt normalized to RPL13a and are compared between control
women and women with PCOS using the 22DDCt method. The horizontal lines correspond to the mean and standard error of the mean. Results
were analyzed by Mann–Whitney U test for unpaired comparisons; *P , 0.05; **P , 0.01; ***P , 0.001 versus control medium. (F) Scatterplot
representing the relationship between the individual AMH serum concentrations and ESR1/ESR2 mRNA levels in 19 women with PCOS. Correlation
coefficient (r) and the significance level of the Spearman rank test (P) are shown in the upper left corner.
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treatment, which poorly expressed AMH and AMHR2
mRNAs. However, they are quantifiable by real-time
reverse transcription PCR (12), and the cells are re-
sponsive to steroids (20). Cumulus GCs removed from
oocytes before intracytoplasmic sperm injection could
represent a better model, but, due to the fact that we
selected women with anovulatory PCOS, they generally
do not also need intracytoplasmic sperm injection.

Most studies report the existence of a relationship
between androgens and AMH. In rodents and in humans,
T treatment has been shown to decrease the AMH ex-
pression in vivo (19, 21). However, the observed effect
could be mediated by E2, produced via aromatization of

Figure 2. Effect of 5a-DHT and E2 on AMH mRNA levels in GCs
from control women and women with PCOS. The expression of
AMH in GCs after 48 hours of culture in control medium, with (A)
5a-DHT (1026 M), (B) 5a-DHT (3 3 1028 M), or (C) E2 (1026 M),
was studied by reverse transcription and real-time PCR. AMH mRNA
expression levels are presented as 22DCt normalized to RPL13a and
are compared between control women and women with PCOS
using the 22DDCt method. The horizontal lines correspond to the
mean and standard error of the mean. n represents the number of
women. Results were analyzed by the Wilcoxon signed-rank test for
paired comparisons; *P , 0.05; **P , 0.01 versus control medium.

Figure 3. Effect of 5a-DHT and E2 on AMHR2 mRNA levels in GCs
from control women and women with PCOS. The expression of
AMHR2 in GCs after 48 hours of culture in control medium, with
(A) 5a-DHT (1026 M) (A) or with (B) E2 (1026 M), was studied by
reverse transcription and real-time PCR. AMHR2 mRNA expression
levels are presented as 22DCt normalized to RPL13a and are
compared between control women and women with PCOS using
the 22DDCt method. The horizontal lines correspond to the mean
and standard error of the mean. n represents the number of
women. Results were analyzed by the Wilcoxon signed-rank test for
paired comparisons; **P , 0.01 versus control medium.
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T in GCs. In patients with PCOS, a positive correlation
between androgens and AMH levels has been reported by
several authors (22). However, because androgens are
suspected to be responsible for the enhanced recruitment
of primordial follicles, the increased AMH levels could be
due to the subsequent enhanced number of follicles.
Altogether, in vivo studies do not discriminate between a
direct and an indirect effect of androgens on the AMH
and AMHR2 expression. Therefore, we decided to ad-
dress this question using an in vitro model. We have
shown that 5a-DHT has no effect on AMH and AMHR2
mRNA levels in GCs from control women, whereas 5a-
DHT upregulates the AMH expression in GCs from
women with PCOS. In contrast, Crisosto et al. (23)
reported a decrease of AMHmRNA levels by T in bovine
GCs from small follicles. More recently, Zhang et al. (24)
observed a stimulatory effect of T on AMHmRNA levels
in GCs taken from mouse antral follicles. These con-
tradictory results could be explained by an estrogen effect
due to the use of T, and by the stage of GC differentiation
because the AR is more expressed by GCs of growing
follicles (12, 25). We have also confirmed a higher ex-
pression level of the AR in GCs collected from patients
with PCOS (12), a finding already reported in GCs taken
from monkeys treated with androgens (25). This could
explain the differential effect of androgen between con-
trol and PCOS GCs. In keeping with the stimulatory
effect of 5a-DHT on the AMH expression observed in
PCOS GCs, the positive correlation between serum an-
drogens and AMH is mainly observed in women with
PCOS (22). Furthermore, in oligo-anovulatory women
with polycystic ovarian morphology, serum AMH con-
centrations are higher in hyperandrogenic women com-
pared with the ones with normal androgen levels (26),
and androgen-lowering treatments decrease AMH levels
(27). Therefore, our study suggests that androgens could
participate in the overexpression ofAMH in women with
PCOS, by enhancing the recruitment of primordial fol-
licles and by stimulating the AMH expression by GCs.

In vivo studies have shown a repressing effect of E2 on
the AMH expression (4), but the finding can be con-
founded by the fact that FSH by increasing E2 production
can also impact the AMH expression. Our in vitromodel
confirmed that E2 reduces theAMH expression in GCs of
control women (20) and showed that it also has a re-
pressive effect on AMHR2 mRNA levels. In contrast, E2
does not regulate these genes in GCs from women with
PCOS. We had previously shown in the KK1 mouse GC
line that E2 represses the AMH transcription when the
ESR1/ESR2 expression ratio is ,1, whereas it has an
opposite effect when the ESR1/ESR2 ratio is .1 (20).
Similarly, the regulation of the AMH expression by E2
might depend upon a certain ESR1/ESR2 expression

ratio in vivo. In GCs from control women, the ESR1/
ESR2 ratio possibly induces a negative effect of E2 on the
AMH expression, whereas in GCs from women with
PCOS the overexpression of ESR1 prevents this in-
hibitory effect of E2 on AMH mRNA levels. In keeping
with this result, our study showed that serum AMH
concentration in patients with PCOS is positively cor-
related with the ESR1/ESR2mRNA ratio. Jakimiuk et al.
(15) also reported an increase of the ESR1/ESR2 ratio in
GCs from PCOS, due to a downregulation of the ESR2
expression. This discrepancy could be explained by the
use of GCs from women in the follicular phase of their
menstrual cycle who mainly express ESR2 (28), whereas,
in our GC model, ESR1 is predominant under the action
of exogenous gonadotropins used in the IVF protocol.

The frequent dysregulation of reproductive hormones
in women with PCOS might also participate in the
overexpression of the AMH/AMHR2 system in their
GCs. We have previously shown that both the rise of LH
levels often encountered in women with PCOS and the
inhibition of LH repressive action on the AMH/AMHR2
system participate in its overexpression in GCs (14).
Interestingly, in this study, the LH/FSH ratio is higher in
PCOS patients than in control women. Androgen and E2
production are also often dysregulated in women with
PCOS (22). Hyperandrogenia, one of the diagnostic
criteria of PCOS, is the consequence of thecal cell hy-
perplasia and an increase of their steroidogenic enzyme
activity (29), which is amplified by the LH excess (30).
The inhibition of FSH-induced ovarian E2 production
by GCs from women with PCOS observed in large an-
tral follicles (22) is due to both the high T levels that
repress aromatase activity (31) and the overexpression of
AR, which increases their sensitivity to androgens. The
overexpression of theAMH/AMHR2 system inGCs from
women with PCOS could thus be due to the respective
increased and reduced serum androgens and FF E2 levels
often encountered in these patients, and to the dysre-
gulation of their effects on GCs. Serum androgen levels
are not part of the routine workup of PCOS patients at
our IVF center, but the measurement of free and total T
concentrations in FF indicates that androgen levels are
higher in women with PCOS. Finally, because AMH has
been shown to inhibit E2 production (2) and to increase
gonadotropin releasing hormone-dependent LH pulsa-
tility and secretion (32), its overexpression could further
intensify this vicious cycle (Fig. 4).

There is strong evidence to suggest that the over-
expression of the AMH/AMHR2 system could dis-
turb follicle selection and induce anovulation in women
with PCOS. Indeed, by inhibiting follicle sensitivity to
FSH, and by repressing the aromatase and LHR ex-
pression (33), AMH could prevent follicles from reaching
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dominance, thus causing anovulation. In keeping with
this hypothesis, the decline in the AMH and AMHR2
expression during late follicular growth phase corre-
sponds to the increase of E2 production and the selection
of follicles for dominance (34). The fact that the AMH/
AMHR2 system is dysregulated by LH only in GCs from
anovulatory women with PCOS, and the fact that serum
AMH levels are lower in women who have PCOS with a
hyperandrogenic normo-ovulatory phenotype compared
withwomenwith a nonhyperandrogenic oligo-anovulatory
phenotype, indicate that the factors involved in the regu-
lation ofAMH are related tomenstrual disorders in patients
with PCOS.

In summary, our study revealed a dysregulation of
the androgen and estrogen receptor expression in GCs

collected from women with PCOS. The resulting modi-
fied receptivity of GCs to androgen and E2 leads to
an overexpression of the AMH/AMHR2 system. When
present, a dysregulation of LH, androgens, and E2
synthesis could further exacerbate the phenomenon. The
subsequent absence of inhibition of the AMH/AMHR2
system during follicle maturation could prevent dominant
follicle selection, and lead to anovulation in women with
PCOS. Although many aspects of the AMH/AMHR2
system regulation are still to be elucidated, our study
provides new insights into the dysregulation of that
system in patients with PCOS.
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Lamark, 5ème etg., Pièce 538, 3 rue M.A. Lagroua Weill-
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chemical study of anti-Müllerian hormone in sheep ovarian follicles
during fetal and post-natal development. J Reprod Fertil. 1987;
80(2):509–516.

4. Baarends WM, Uilenbroek JTJ, Kramer P, Hoogerbrugge JW, van
Leeuwen EC, Themmen AP, Grootegoed JA. Anti-Müllerian hor-
mone and anti-Müllerian hormone type II receptor messenger
ribonucleic acid expression in rat ovaries during postnatal devel-
opment, the estrous cycle, and gonadotropin-induced follicle
growth. Endocrinology. 1995;136(11):4951–4962.

5. Dewailly D, Andersen CY, Balen A, Broekmans F, Dilaver N,
Fanchin R, Griesinger G, Kelsey TW, La Marca A, Lambalk C,
Mason H, Nelson SM, Visser JA, Wallace WH, Anderson RA. The
physiology and clinical utility of anti-Mullerian hormone in
women. Hum Reprod Update. 2014;20(3):370–385.

6. Dewailly D. Diagnostic criteria for PCOS: is there a need for a
rethink? Best Pract Res Clin Obstet Gynaecol. 2016;37:5–11.

7. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Work-
shop Group. Revised 2003 consensus on diagnostic criteria and
long-term health risks related to polycystic ovary syndrome
(PCOS). Hum Reprod. 2004;19(1):41–47.

8. Baskind NE, Balen AH. Hypothalamic-pituitary, ovarian and
adrenal contributions to polycystic ovary syndrome.Best Pract Res
Clin Obstet Gynaecol. 2016;37:80–97.

Figure 4. Diagram illustrating the regulation of the AMH/AMHR2
system in women with PCOS. In women with PCOS, the AMH
expression increases with rising levels of LH and T and as the result
of the stimulatory effects of these as well as the absence of the
inhibitory effect of E2. Likewise, the AMHR2 mRNA levels increase
in the absence of LH and E2 repressive actions. The overexpression
of AMH intensifies the vicious cycle by inhibiting E2 production and
by stimulating gonadotropin releasing hormone-dependent LH
pulsatility and secretion.

doi: 10.1210/jc.2017-00308 https://academic.oup.com/jcem 3977

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/102/11/3970/4082864 by guest on 19 M
ay 2023

mailto:chrystele.racine@univ-paris-diderot.fr
mailto:chrystele.racine@univ-paris-diderot.fr
http://dx.doi.org/10.1210/jc.2017-00308
https://academic.oup.com/jcem


9. Dewailly D, Gronier H, Poncelet E, Robin G, Leroy M, Pigny P,
Duhamel A, Catteau-Jonard S. Diagnosis of polycystic ovary
syndrome (PCOS): revisiting the threshold values of follicle count
on ultrasound and of the serum AMH level for the definition of
polycystic ovaries. Hum Reprod. 2011;26(11):3123–3129.

10. Piouka A, Farmakiotis D, Katsikis I, Macut D, Gerou S, Panidis D.
Anti-Mullerian hormone levels reflect severity of PCOS but are
negatively influenced by obesity: relationship with increased
luteinizing hormone levels. Am J Physiol Endocrinol Metab. 2009;
296(2):E238–E243.

11. Pierre A, Racine C, Rey RA, Fanchin R, Taieb J, Cohen-Tannoudji
J, Carmillo P, Pepinsky RB, Cate RL, di Clemente N. Most cleaved
anti-Müllerian hormone binds its receptor in human follicular fluid
but little is competent in serum. J Clin Endocrinol Metab. 2016;
101(12):4618–4627.

12. Catteau-Jonard S, Jamin SP, Leclerc A, Gonzales J, Dewailly D, di
Clemente N. Anti-Müllerian hormone, its receptor, FSH receptor
and androgen receptor genes are overexpressed by granulosa cells
from stimulated follicles inwomenwith polycystic ovary syndrome.
J Clin Endocrinol Metab. 2008;93:4456–4461.

13. Pellatt L, Hanna L, Brincat M, Galea R, Brain H, Whitehead S,
Mason H. Granulosa cell production of anti-Müllerian hormone is
increased in polycystic ovaries. J Clin Endocrinol Metab. 2007;
92(1):240–245.
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