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STUDY QUESTION: What are the changes in serum concentration of total and cleaved anti-Mulillerian hormone (AMH) molecular
forms and of androgens before and throughout pregnancy in women with and without polycystic ovary syndrome (PCOS) in a longitudinal
follow-up investigation?

SUMMARY ANSWER: Serum levels of total and cleaved AMH are higher from preconception to the third trimester of pregnancy in
women with PCOS as compared to controls, whereas testosterone and androstenedione levels are higher in women with PCOS than in
control women before pregnancy and during the second and third trimester of pregnancy.

WHAT IS KNOWN ALREADY: Cross-sectional or partial longitudinal studies have shown higher AMH and androgen levels in pregnant
women with PCOS as compared with non-PCOS women. To date, no complete longitudinal dynamic monitoring of the circulating forms
of AMH and androgens from pre-conception to the third trimester of pregnancy have compared women with and without PCOS.

STUDY DESIGN, SIZE, DURATION: This systematic prospective quarterly longitudinal monocentric study was a comparative
follow-up of 30 women with PCOS and 29 controls before and during pregnancy from April 2019 to July 2022.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Women aged |8-43years with a pre-conception measurement of AMH
were included during the first trimester of a singleton pregnancy. The PCOS group was defined according to the Rotterdam diagnostic
criteria. The control group patients included in the study had normal ovarian reserves. Circulating total and cleaved AMH, and serum
estradiol, LH, and androgen levels were measured during the first, second, and third trimester of pregnancy in all study participants.
MAIN RESULTS AND THE ROLE OF CHANCE: Before pregnancy, patients with PCOS had higher levels of AMH than controls. The
total and cleaved AMH forms were significantly higher in women with PCOS than controls from pre-conception to the third trimester
of pregnancy (all P<0.001). Androgens (total testosterone and androstenedione) were higher in women with PCOS than controls from
mid-pregnancy onwards.

LIMITATIONS, REASONS FOR CAUTION: Our control population was a population of infertile women with no ovarian problems
but most of them had undergone ART treatments to achieve pregnancy.
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WIDER IMPLICATIONS OF THE FINDINGS: These results strengthen the hypothesis that gestational hyperandrogenism as well as
exposure to elevated AMH levels in utero could be driving forces predisposing female progeny to develop PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is the most common gyneco-
endocrine disorder affecting between 5% and 18% of women world-
wide (Teede et al, 2018). It is defined, according to the Rotterdam
criteria, by the presence of at least two of the following features: men-
strual irregularities, hyperandrogenism, and polycystic-appearing ova-
ries on ultrasound evaluation (Rotterdam ESHRE/ASRM-Sponsored
PCOS consensus workshop group, 2004; Teede et al., 2018). Besides
reproductive disorders, women with PCOS frequently have other
long-term metabolic health-related repercussions, including obesity,
hyperinsulinemia, insulin resistance, and type 2 diabetes (Fauser et al.,
2012; Teede et al., 2018; Gomez et al., 2022; Guan et al., 2022;
Joham et al., 2022).

Although not yet included among the PCOS diagnostic criteria, se-
rum anti-Mutillerian hormone (AMH) levels are higher in most women
with PCOS as compared to control women because they closely reflect
the follicle excess (Cook et al., 2002; Pigny et al., 2003). In addition, in-
creased serum AMH levels are associated with the ovulation disorder
and the hyperandrogenism of the syndrome, suggesting its role in the
disturbed folliculogenesis of PCOS (Homburg and Crawford, 2014;
Dewalilly et al., 2020). Interestingly, the receptor for AMH, AMHR2, is
also expressed outside the ovaries, on a subset of hypothalamic GnRH
neurons in mice and humans (Cimino et al., 2016) as well as in the mu-
rine (Tata et al., 2018) and human placenta (Novembri et al., 2015). In
adult mice, AMH activates GnRH neuron firing and stimulates LH se-
cretion (Cimino et al., 2016; Tata et al., 2018). In addition, exposure to
excessive AMH during late gestation in mice causes an inhibition of aro-
matase gene expression in the placenta, leading to an increase in mater-
nal and, presumably, fetal serum testosterone concentration (Tata
et al, 2018). These data are supported by clinical investigations showing
that aromatase activity is significantly reduced in the placenta of women
with PCOS as compared with controls (Maliqueo et al., 2013). Based
on this evidence, it has been proposed that AMH may contribute to
the etiology of PCOS through extragonadal actions affecting the brain
and the placenta (Cimino et al., 2016; Tata et al., 2018).

AMH is a glycoprotein, secreted by granulosa cells of preantral and
small antral follicles, which is synthesized as a 140 kDa homo-dimeric
pro-hormone (proAMH) that must undergo proteolytic cleavage to
become biologically active (Pepinsky et al, 1988; di Clemente et al.,
2010). The cleavage gives rise to two homodimers of |10kDa
(AMHY)) and 25kDa (AMHc), which remain associated in the blood
by a non-covalent bond (AMHy ) (Pepinsky et al., 1988; Nachtigal
and Ingraham, 1996) but only the C-terminal portion of the hormone
(AMHc) is biologically active, binding its specific AMH receptor,
AMHR?2. Circulating AMH is thus a mixture of both AMHy c and

proAMH (Pankhurst and MclLennan, 2013) and commercial AMH
ELISAs, used in daily clinical practice, provide an aggregate measure of
two AMH species (total AMH) since they do not distinguish between
proAMH and AMH\ c.

Several preclinical investigations have proposed that prenatal
hyperandrogenemia as well as exposure to elevated AMH levels in
utero could be key factors predisposing female progeny to develop
PCOS (Homburg, 2009; Tata et al., 2018; Teede et al, 2018).
Moreover, two recent studies report that PCOS-like reproductive and
metabolic traits are passed on to third-generation female mouse off-
spring after prenatal dihydrotestosterone or AMH exposure (Risal
et al., 2019; Mimouni et al., 2021). This evidence, together with recent
findings that daughters of women with PCOS are five times more likely
to be diagnosed with PCOS than those from mothers without PCOS
(Risal et al., 2019), suggests an adverse maternal-fetal environment
(i.e. high androgens and high AMH) that may act through epigenetic
mechanisms in concert with susceptibility variants to produce PCOS
phenotypes (Dapas and Dunaif, 2022).

Maternal circulating androgen levels have been documented to be in-
creased in pregnant women with PCOS, however those investigations
were either not, or only partially, longitudinal as they did not follow-up
the entire evolution of androgen levels from pre-conception to the third
trimester of pregnancy (Sir-Petermann et al., 2002; Maliqueo et dl., 2013,
2015; Glintborg et dl., 2018; Piltonen et al., 2019; Sun et dl., 2020).

Cross-sectional or partial longitudinal studies have also shown higher
AMH levels in the second trimester of pregnancy and at the time of
delivery in women with PCOS compared to control women (Koninger
et al, 2018; Tata et al., 2018; Detti et al., 2019; Piltonen et al., 2019;
Valdimarsdottir et al., 2019); however, to date, no systematic longitu-
dinal dynamic monitoring of AMH molecular forms have been per-
formed to compare women with and without PCOS before and
throughout pregnancy.

To fill this gap in knowledge, we performed the first longitudinal in-
vestigation to evaluate the temporal evolution of serum levels of AMH
molecular forms (total and cleaved AMH) and of serum androgens in
a population of singleton pregnant women with PCOS and to compare
these values with those of control women before and during the entire
course of pregnancy.

Materials and methods

Population

The patients were recruited at the Jeanne de Flandre Gynecology
Hospital (Lille University Hospital) at the first pregnancy ultrasound
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(between 5 and |0 gestational weeks (GW)) from April 2018 to July
2022. The inclusion criteria for the study were as follows: (i) aged
1843 years, (i) having a pre-conceptional infertility assessment in the
Gynecology-Endocrinology Department of the Lille University Hospital
(with at least a measurement of AMH) before pregnancy, (iii) having a
singleton pregnancy obtained spontaneously, after induction of ovula-
tion or after ARTs, and (iv) willingness to be monitored and give birth
in the Jeanne de Flandre maternity ward.

The women were then divided into two groups: the PCOS or
control groups.

The group with PCOS was defined according to the modified
Rotterdam criteria (2003 then 2011) (Rotterdam ESHRE/ASRM-
Sponsored PCOS consensus workshop group, 2004; Dewailly et al.,
2011) by at least two of the following three criteria: (i) menstrual
cycles irregularities, defined by oligo-spaniomenorrhea or amenorrhea,
(ii) clinical or biological hyperandrogenism (total testosterone (TT)
>0.39ng/ml and/or androstenedione assay >1.75ng/ml and/or
Ferriman and Gallwey score >6 or severe acne in at least two areas
of the body), and (iii) morphological appearance of polycystic ovaries
on ultrasound (PCOM), i.e. ovarian volume >10cm?® or ovarian sur-

face area >5.5 cm?

or at least 20 follicles of 2-9mm per ovary
(Dewailly et al., 201 1), after excluding all other causes of ovulatory dis-
orders or hyperandrogenism, such as hyperprolactinemia, hypogonad-
ism hypogonadotropic, non-congenital adrenal hyperplasia, Cushing
syndrome, adrenal, or ovarian tumor.

In the control group, the patients had male or tubal infertility, no cy-
cle disorder, and normal ovarian reserve (FSH <101U/|, estradiol (E2)
<50pg/ml, AMH >7, and <35pmol/l, and an antral follicle count
(AFC) >5 and <20 per ovary on D2-D5 of the cycle). These were
women without personal ovarian pathology, as their fertility problem
was of another origin. This population has also been used as a control
for ovarian function for many years and has proven itself in numerous
studies (Pigny et al., 2016).

Patients with a multiple pregnancy, pregnancy after oocyte donation,
insufficient ovarian reserve (AMH < 7 pmol/I, FSH > 121U/1, or AFC
< 5 before pregnancy), an isolated PCOM, long-term drug treatment
(excluding usual pregnancy supplements), diabetes prior to pregnancy,
a history of bariatric surgery, or ovulatory infertility of central or idio-
pathic origin were excluded.

Study objectives

The main objective of our study was to compare maternal serum
AMH levels in the third trimester of pregnancy between women with
PCOS and control women.

Our secondary objectives were to compare during pregnancy be-
tween PCOS women and control women: (i) the evolution of serum
total AMH, (ii) the evolution of the different molecular forms of AMH
(proAMH and cleaved forms), and (iii) the evolution of LH, estradiol,
dehydroepiandrosterone sulfate (DHEAS), androstenedione, and TT.

A supplementary comparison according to fetal sex was performed.
Lastly, we wanted to study the link between the levels of AMH molec-
ular forms and androgen levels at the end of pregnancy.

Investigations

During pregnancy monitoring, in the first (Tl: 5-10GW), second
(T2: 1826 GW), and third trimesters (T3: 30-39 GW), additional

blood samples were taken in addition to those of the usual pregnancy
check-up. Blood samples were mainly collected at the time of system-
atic obstetrical ultrasound assessment in the first (T1: 7—-10 GW),
second (T2: 20-23GW), and third trimesters (T3: 32-34GW).
Before pregnancy proAMH was measured in bio-banked serum from
the pre-conceptional fertility assessment.

Weight and BMI were collected at each time of the follow-up to
assess the evolution of the patient’s weight during pregnancy.
Information about the delivery route, the sex of the child, and its birth
weight were also collected.

Total AMH was assayed by an immunometric method on an
Access-Dxi automatic analyzer (Beckman Coulter, USA). FSH, E2, LH,
TT, and fasting serum insulin levels (I) were measured by immunoassay
using an automatic analyzer (Architect, Abbott Laboratories, USA).
Sex hormone-binding globulin (SHBG) and DHEAS were measured by
immunoassay using the Immulite analyzer (Siemens, Germany) or the
Dxi-analyzer (Beckman Coulter, USA), respectively. Cross-reactivity of
hCG in the LH Architect immunoassay varied from 0.01% to 0.03%.
Androstenedione levels were determined by LC-MS-MS. Glycemia
was performed in the central biochemistry department of the hospital
using routine assays on Roche analyzers. Inter-assay coefficients of vari-
ation, limits of detection, and reference ranges for each of the assays
reported are detailed in Supplementary Table SI.

Finally, proAMH was measured as detailed previously (Peigné et dl.,
2020). Briefly, a phosphate buffer saline (phosphate-buffered saline
(PBS), 0.02M, pH=6.8, 37°C) was added to a first serum sample of
|50 pl (control) and, in another sample, desoxycholate (DOC) (0.23%
final concentration) diluted in PBS was added. After incubation for
30min (in 2 times) at 37°C, the samples were analyzed for the AMH
assay by the Access-Dxi automatic analyzer (Beckman Coulter, USA).
The control sample treated with PBS gave the result of total AMH
while the sample pre-treated with DOC allowed the measurement of
proAMH alone. Results are reported as the total AMH or as the sub-
traction of the proAMH value from the total AMH to obtain the value
of cleaved AMH (= total AMH — proAMH).

Sample size calculation

Our first hypothesis was that total AMH is still higher in women with
PCOS in the third trimester of pregnancy. In study by Pigny et al.
(2006) before pregnancy, the serum AMH level was 72.1 pmol/I
(£38.2) in women with PCOS versus 19.9 pmol/I (£5.8) in control
women. Because of the difference in the baseline measurement, we
expected a large effect also at the end of pregnancy. According to
Cohen (Cohen, 1992), a standardized difference (effect size) of | is
considered large. To demonstrate this effect size with 90% power and
5% first-species risk, it was necessary to include 23 subjects per arm.
In order to take into account a loss of follow-up rate of 20%, 29
patients had to be recruited per group (58 patients in total).

Analysis method and strategy

Continuous variables are reported as mean (SD) in the case of normal
distribution or median (25th percentile to 75th percentile) otherwise.
Categorical variables are reported as frequency (percentage).
Normality of distributions was assessed using histograms.

To evaluate the magnitude of differences of patient characteristics
before pregnancy between women with PCOS and controls women,
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absolute standardized differences were calculated; an absolute stan-
dardized differences >20% was interpreted as a meaningful imbalance
(Cohen, 1962).

Clinical and biological measures during pregnancy were compared
between women with PCOS and controls women using linear mixed
models including group, trimester and the interaction group * trimester
as fixed effect. Those models allowed performing an ANOVA for re-
peated measures taking into account the correlation between the re-
peated measures. The choice of the covariance model was based on
the Akaike information criterion. Post hoc analysis at each trimester
was performed using linear contrasts, after applying a Bonferroni cor-
rection for multiple comparisons. Normality of the models’ residuals
was checked. If normality of model residuals was not satisfied (except
if a logarithmic transformation could be applied), nonparametric analy-
ses were used and physical and biological measures at each trimester
were compared using Mann—Whitney U test.

Biological parameters measured before and during pregnancy were
compared between women with PCOS and controls women using the
same methodology as described above. Pre-specified confounding fac-
tors, namely age at the beginning of pregnancy, BMI at the beginning
of pregnancy, week of gestation at each sampling time, and type of
conception (i.e. spontaneous, ovulation induction (Ol) or ARTs) were
introduced as fixed effects and adjusted mean and theirs 95% confi-
dence intervals at each time were derived from models.

For the third trimester, the association between total AMH and
cleaved AMH and BMI, testosterone total, androstenedione, estradiol,
and weight gain (compared to that before pregnancy) was assessed by
using the spearman test and correlation coefficient to take into ac-
count the non-normality of the variables.

All statistical tests were done at the two-tailed a-level of 0.05 using
the SAS software version 9.4 (SAS Institute, Cary, NC, USA).

Ethical and legal considerations

An information note was given to each patient and her written
consent was obtained. The trial was conducted in accordance
with the approved protocol, Public Health Code, EU GCP, and
applicable regulatory requirements. The trial is registered on the
ClinicalTrials.gov public database: NCT03483792 and has received
the agreement of the Committee for the Protection of Persons
(CPP) (2017-A02628-45).

Results

Description of populations before and
during pregnancy

Inclusions began on April 2018 and ended on September 2021, and
the follow-up of the women is shown in Fig. |. The pre-pregnancy de-
scription of our PCOS and control populations is detailed in Table |
and their description during pregnancy is shown in Table Il. The time
interval between the pre-pregnancy evaluation and the occurrence of
pregnancy ranged from 2 months to 2 years (median |.05 years).

At the initial check-up before pregnancy, patients with PCOS were
younger and had higher levels than controls for total AMH, LH, TT,
androstenedione, fasting insulinemia, and baseline antral follicular count

(Table I). For women with PCOS, the phenotypes were mainly A
(43.3%) and D (50%).

At the beginning of pregnancy, patients with PCOS were significantly
younger than the controls and their BMIs were not significantly differ-
ent (Table I).

AMH and its molecular forms throughout
pregnancy

The levels of total AMH and cleaved AMH decreased throughout
pregnancy but they remained significantly higher in women with PCOS
than in control women before pregnancy and at each trimester
(P<0.001; Table Ill and Fig. 2). Also, the overall dynamic for each
measure was significantly different between the two groups (P inter-
action =0.007 and 0.019, respectively).

Estradiol, LH, and androgens levels
throughout pregnancy

The estradiol levels increased throughout pregnancy and they were
not significantly different between women with PCOS and controls at
any time of the follow-up (P=0.96) (respectively in PCOS and con-
trols groups as mean (Cl 95%), at T0: 40.5pg/ml (34.0-48.3) vs
37.8pg/ml (31.0-46.2), P=1.0; at T1: 1406.0 pg/ml (1146.0-1724.1)
vs 1381.8pg/ml (1125.0-1696.1), P=1.0; at T2: 7778.4pg/ml
(6596.0-9172.1) vs 7500.4pg/ml (6361.0-8843.1), P=1.0; at T3:
[4514.0pg/ml (1227.0-1716.1) vs 13476.0pg/ml (1141.0-1591.1),
p=1.0). The overall decreasing trend of the LH levels was not differ-
ent between the two groups but there was a significant difference be-
fore pregnancy with a higher level for women with PCOS (1.95, Cl
95% 0.15 to 24.74 vs .19, Cl 95% 0.09 to 15.281U/I; P=0.026)
(Table lll). The frequency of non-measurable LH was not different be-
tween the women with PCOS and controls (64.3% vs 82.1% in the
second trimester; P=0.46 and 57.7% vs 66.7% in the third trimester;
P=1.00) (Table II).

After adjustment, the TT level and the androstenedione level did
not have an overall evolution significantly different between women
with PCOS and controls (P interaction = 0.58 and 0.20, respectively).
However, TT and androstenedione levels were higher in women with
PCOS than in control women during the second and third trimester of
pregnancy (Table Ill and Fig. 3). SHBG and albumin levels were not sig-
nificantly different between the two groups at each time of the follow-
up, expect albumin in the first trimester, which was higher in women
with PCOS (Tables Il and Ill). DHEAS levels were not significantly dif-
ferent between the two groups at each time of the follow-up, but the
overall evolution was found to be significantly different (P<0.001)

(Table IlI).

Evolution according to fetal sex and PCOS
status

Among the 35 women carrying a boy, there were |6 patients with
PCOS and 19 controls. Among the 21 women carrying a girl, there
were 12 women with PCOS and 9 controls. Regardless of the fetal
sex, AMH, cleaved AMH and androgen levels appeared to remain
higher  throughout patients with PCOS
(Supplementary Table SII).

pregnancy in the
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PCOS CONTROLS

/

T1 30 patients
(29 measurements/COVID lockdown)

14 patients with serum
before pregnancy available

24 patients with serum
before pregnancy available

29 patients

26 patients 27 patients

2 LOF*
1 LOF*/ COVID
| 28 patients 28 patients lockdown who
came back
2 LOF* 2 LOF*

T3 |

LOF*: loss of follow up

Figure |. Flowchart of the follow-up throughout pregnancy in the PCOS and control groups. PCOS: polycystic ovary syndrome;
COVID: due to Coronavirus |9; T1: first trimester of pregnancy; T2: second trimester of pregnancy; T3: third trimester of pregnancy; LOF*: loss of

follow-up.

Table I Description of the overall population before pregnancy in women with PCOS and controls.

N PCOS N Control ASD (%)
N=30 N=29

Age at initial check-up (years) 30 28.0 (25.0 t0 31.0) 29 31.0 (28.0 to 33.0) 53.08
BMI at initial check-up (kg/m?) 30 24.5 (21.6 10 30.9) 29 24.5 (22210 29.4) 6.07
Total antral follicular count D2 28 52.5(42.0 to 75.0) 25 25.0 (18.0t0 29.0) 244.49
FSH D2 (1U/1) 29 5.0(441t05.8) 22 5.8 (4.6t07.0) 44.86
LH D2 (1u/1) 28 5.7(3.9t08.0) 17 34(29t04.7) 95.10
Estradiol D2 (pg/ml) 29 38.0 31.0 t0 52.0) 22 35.5(29.0 to 50.0) 18.63
Total AMH (pmol/I) 30 59.0 (42.0 t0 85.7) 29 18.4 (15.0t0 23.2) 320.29
Total testosterone, TT (ng/ml) 27 0.35 (0.27 to 0.46) 16 0.29 (0.23 t0 0.37) 64.52
Androstenedione (ng/ml) 27 1.3(0.9to 1.6) 16 1.0(0.7to I.1) 76.61
DHEAS (umol/1) 8 54 (4.1 t0 6.4) 5 4.0(3.7t0 5.4) 66.80
|7 OH progesterone (ng/ml) 27 0.6 (0.3t0 0.8) 16 0.4 (0.3t00.8) 22.02
Fasting glycemia (g/1) 9 0.9 (0.8t0 0.9) 4 0.9 (0.8 to 1.0) NA
Fasting insulinemia (mUI/1) 8 13.7 (8.7to 17.5) 5 72(5.0t07.4) 119.91
Age at the beginning of pregnancy (years) 30 28.0 (27.0 to 33.0) 29 33.0 (28.0 to 35.0) 53.12
BMI at the beginning of pregnancy (kg/m?) 28 25.0 (22.3t0 29.5) 29 274 (21.0to 31.9) 6.07
Type of conception 30 29 NA

Spontaneous 5(16.7) 2 (6.9)

Ovulation induction 16 (53.3) 0(0.0)

ART 9 (30.0) 27 (93.1)

To evaluate the magnitude of differences of patient characteristics before pregnancy between women with PCOS and controls women, absolute standardized differences were calcu-
lated; an absolute standardized difference (ASD) >20% (in bold) was interpreted as a meaningful imbalance (i.e. difference). Values are presented as n (percentage) or as median
(IQR). IQR: interquartile range; N: number of available observations; NA: not applicable; AMH: anti-Miillerian hormone; PCOS: polycystic ovary syndrome; D2: Day 2 of the menstrual
cycle; DHEAS: dehydroepiandrosterone sulfate.
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Table Il Description of the overall population during pregnancy in women with PCOS and controls.

N PCOS N Control P
N=30 N=29

Gestational age at follow-up (GW)

TI 30 8.5 (8.0t09.0) 29 9.0 (8.0to 10.0) 0.45

T2 28 22.0 (20.5 to 23.0) 28 22.0 (20.5 to 22.5) 1.00

T3 26 34.0 (32.00 to 34.0) 27 33.0 (32.0 to 34.0) 0.30
Weight (kg)

TI 28 70.5+15.0 28 7454152 1.00

T2 27 747+ 142 25 77.1 £ 139 091

T3 26 79.1 £ 14.0 27 83.0+ 142 0.8l
Weight gain (kg)

TI 28 0.7+2.6 28 1.0+23 1.00

T2 27 4.6+3.1 25 5.1+42 1.00

T3 26 8.8+43 27 9.4+6.5 1.00
Albumin (g/1)

TI 24 41.0+238 23 38.8+£26 0.012

T2 28 344+£22 28 344+£23 1.00

T3 23 31.8£22 25 31.96+2.0 1.00
Non-measurable LH (yes)

TI 29 I (3.4) 29 I (3.4) NA

T2 28 18 (64.3) 28 23 (82.1) 0.46

T3 26 15 (57.7) 27 18 (66.7) 1.00
Sex of the fetus 28 28 0.58*

Girl - 12 (42.9) - 9 (32.1) -

Boy - 16 (57.1) - 19 (67.9) -

Values are presented as median (IQR), as mean =+ SD or as n (percentage). P-values were corrected by Bonferonni except for newborn’s gender which has only one occurrence. P-val-
ues in bold refer to statistically significant values. IQR: interquartile range; N: number of available observations; P: P-value; NA: not applicable; PCOS: polycystic ovary syndrome; T1:

first trimester of pregnancy; T2: second trimester of pregnancy; T3: third trimester of pregnancy; GW: gestational week. *Fisher’s exact text.

Correlations

In the whole population, in the third trimester of pregnancy, only a sig-
nificant but weak positive correlation between total AMH and andro-
stenedione (r=0.31; P=0.023) was found (Table V).

Discussion

In this systematic prospective longitudinal monocentric comparative
follow-up investigation of women with PCOS and controls from pre-
conception to the third trimester of pregnancy, we have shown that
serum levels of AMH are higher in women with PCOS as compared
to controls before pregnancy and until the third trimester of gestation.
Serum androgen levels are also higher in women with PCOS com-
pared to controls before pregnancy and from the middle of gestation.
The major strength of the current study is the inclusion of a pre-
pregnancy time point which allows us to appreciate the full magnitude
of the pregnancy-related change in circulating AMH.

These findings confirm and extend previous cross-sectional or partial
longitudinal studies, showing that AMH levels are higher in patients
with PCOS than in controls in the second trimester of pregnancy and
at term (Koninger et al., 2018; Tata et al., 2018; Detti et al., 2019;
Piltonen et al, 2019; Valdimarsdottir et al., 2019). However, cross-

sectional studies of total AMH levels are statistically less powerful than
longitudinal studies, due to the large inter-person variation in ovarian
reserve. In addition, this is the first study exploring the molecular
forms of circulating AMH during pregnancy in women with PCOS. As
mentioned in the introduction, commercial AMH immunoassays, used
in clinical practice, provide an aggregate measure of two AMH species
(total AMH) since they do not distinguish between proAMH and
AMHy c. The goal of this study was thus to evaluate the evolution of
total (mix of inactive and bioactive) and cleaved (bioactive) AMH in
the circulation of patients before and throughout pregnancy. Our data
provide compelling evidence that both total and cleaved AMH levels,
remain significantly higher in PCOS women than in controls through-
out pregnancy.

It is well known that AMH level decreases during gestation
(Lutterodt et al., 2009; Nelson et al., 2010), a physiological situation of
ovarian suppression, with a maximal decrease observed in the third tri-
mester of pregnancy, followed by a gradual increase of AMH levels af-
ter delivery to return to pre-pregnancy values (Pankhurst et al., 2016,
2021; McCredie et al., 2017). In agreement with previous longitudinal
studies in healthy women (Nelson et al., 2010; Koninger et al., 2015;
Pankhurst et al., 2016), we observed a progressive decline in circulat-
ing AMH during pregnancy in control women. We detected a similar
decline in total and cleaved AMH also in the population of women
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Table 111 Comparison of the global evolution of the characteristics of the patients between the beginning of the pregnancy

and the third trimester.

N PCOS
N=30
Total AMH (pmol/I)
TO 30 35.1 [22.9-53.7]°
TI 29 30.0 [23.5-38.2]*
T2 28 30.8 [23.7-39.9]*
T3 26 28.9 [17.4-47.8]°
Cleaved AMH (pmol/I)
TO 14 23.7[13.8-40.6]*
TI 26 19.0[13.9-25.8]*
T2 28 18.5[14.2-24.1*
T3 25 16.2 [9.4-27.8]
LH (1U/1)
TO 28 1.95[0.15-24.74]*
TI 29 0.34 [0.09-1.22]°
T2 28 0.03 [0.01-0.097*
T3 26 0.08 [0.00-1.33]*
Total T, TT (ng/ml)
TO 27 0.43 [0.27-0.67]*
TI 29 0.87[0.67-1.15]*
T2 28 0.79 [0.64—1.00]*
T3 26 0.76 [0.47-1.23]*
SHBG (nmol/I)
TO 8 150.5 [-8.1-309.3]
TI 24 250.0 [155.3-344.7]
T2 28 381.0[339.3-422.7]
T3 25 399.2[274.7-523.7]
DHEAS (umol/I)
TO 8 3.35[1.43-5.29]
TI 24 3.53[2.21-4.86]
T2 28 3.42[2.714.13]
T3 25 3.63[2.25-5.03]
Androstenedione (ng/ml)
TO 27 1.19 [0.66-2.15]*
TI 27 2.14[1.52-3.03]*
T2 28 2.13[1.65-2.77]*
T3 25 237 [1.29-4.36]°

N Control P P interaction
N=29
0.007
29 10.7 [6.8-16.8]" <0.001*
29 1.2 [8.4-14.9T* <0.001*
28 12.2 [8.9-16.7]7 <0.001*
27 I1.2[6.7-18.8]° <0.001*
0.019
24 6.8[3.9-11.97° <0.001*
29 7.1 [5.0-10.07" <0.001*
28 7.1 [5.2-9.7° <0.001%
27 6.1 [3.5-10.4]° <0.001*
0.85
17 .19 [0.09-15.28]* 0.026°
29 0.25 [0.07-0.88]* 0.90°
28 0.01 [0.00-0.06]* 0.517
27 0.05 [0.00-0.717* 1.00?
0.58
16 0.33 [0.20-0.53]* 0.10?
29 0.69 [0.51-0.93]* 0.28°
28 0.53 [0.41-0.707* 0.017¢
27 0.50[0.32-0.817* 0.034°
0.29
5 163.9 [5.5-322.4] 1.00
29 289.6 [196.4-382.8] 0.37
28 381.8 [336.5-427.2] 1.00
25 416.2 [294.3-538.0] 1.00
<0.001
5 2.79 [0.82-4.77] 1.00
29 3.93[2.55-5.33] 1.00
28 3.34[2.45-4.23] 1.00
25 3.57[2.11-5.03] 1.00
0.20
16 0.91 [0.49-1.70]* 0.26°
28 1.94 [1.35-2.79]* 1.00?
28 |48 [1.11-1.98]* 0.054*
27 1.47 [0.81-2.67]* 0.025%

Values are presented as mean [Cl 95%] adjusted. Values and P-values were adjusted for pre-specified confounding factors, namely age at the beginning of pregnancy, BMI at the begin-
ning of pregnancy, week of gestation at each sampling time, and conception method (i.e. spontaneous, ovulation induction (Ol) or ART). P values for each time were corrected by
Bonferroni. P-values in bold refer to statistically significant values. *Calculated after log-transformation. NA: not applicable; P: P-value; N: number of available observations; TO: before
pregnancy; T|: first trimester of pregnancy; T2: second trimester of pregnancy; T3: third trimester of pregnancy; AMH: anti-Midillerian hormone; PCOS: polycystic ovary syndrome;

Cleaved AMH: (total AMH — proAMH Measurement); SHBG: sex hormone-binding globulin; DHEAS: dehydroepiandrosterone sulfate.

with PCOS included in this study. Mechanistically, it has been pro-
posed (La Marca et al., 2013) that the increase in plasma volume dur-
ing pregnancy leads to hemodilution of total AMH levels, although this
could explain the initial decline in AMH levels but not that observed
during late gestation, as the increase in plasma volume is nearly com-
plete by the second trimester of pregnancy (Pivarnik et al., 1994;
Faupel-Badger et al., 2007), while AMH levels continue to decline.

One likely explanation for the pregnancy-related decline in AMH levels
could be found in the significant changes in circulating hormones, such
as LH, FSH, progesterone, prolactin, activin, and inhibin, which are
also altered during pregnancy and that could impinge on the physiolog-
ical state of the follicles and/or AMH synthesis. Moreover, inhibition
of follicular recruitment due to placental estrogen and progesterone
secretion has been postulated (Kuijper et al., 2013).
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Figure 2. Individual evolution of molecular forms of AMH throughout pregnancy in women with PCOS and controls. (A) Total
AMH (pmol/l); (B) cleaved AMP (pmol/I) = (total AMH — pro AMH). Each plot in red (controls) or in green (PCOS) represent an individual mea-
surement of AMH. For each time of the follow-up, median, QI, Q3, minimum, and maximum are presented. PCOS: polycystic ovary syndrome;
*P < 0.001; P interaction: comparison of the evolution of hormones levels between women with PCOS and controls.

The sex of the fetuses was recorded in this study, as several re-
search groups have postulated an effect of fetal sex on maternal AMH
and androgen levels (Massagué, 2012; Caanen et al., 2016; Piltonen
et al., 2019), while others have not found this association (Vanky and
Carlsen, 2012; Detti et al., 2019). In our study, no gender-related dif-
ference in maternal AMH levels was found. However, these conclu-
sions need to be taken with caution since our sample size was not
large enough to prove this point statistically.

Our data showing that higher bioactive AMH levels are present in
women with PCOS as compared to controls throughout pregnancy
strengthen our previous preclinical findings suggesting that prenatal
exposure to an AMH-enriched environment could predispose the off-
spring to develop PCOS in later life, through changes in DNA methyl-
ation landmarks and in hypothalamic circuits regulating reproduction
and metabolism (Tata et al., 2018; Mimouni et al., 2021). Indeed, we
previously demonstrated that AMH has extragonadal functions with
AMHR?2 being shown to regulate GnRH neuron activity and LH pulsa-
tility, contributing to high LH levels in mice (Cimino et al., 2016).
Here, we found a significant increase in LH levels in women with
PCOS as compared to controls before pregnancy, further substantiat-
ing the neuroendocrine alterations typical of the syndrome (Rebar
et al, 1976), but not during pregnancy, when LH levels drop to al-
most undetectable levels in all women; hence, there is no evidence
that AMH induces maternal LH secretion during human pregnancy.

We recently suggested a possible role for AMH in transgenerational
PCOS pathogenesis because high gestational AMH levels in mice
resulted in a hyperandrogenic and metabolic PCOS-like phenotype in
adult female offspring (Tata et al., 2018; Mimouni et al., 2021I).
Mechanistically, our previous preclinical studies (Tata et al, 2018)
demonstrated Amhr2 expression in the placenta and decreased placen-
tal aromatase expression in mice exposed to high AMH levels during
late pregnancy, resulting in high androgen levels in the dams and in fe-
male offspring in adulthood. Importantly, AMHR2 is also expressed in
the human placenta (Novembri et al., 2015). Despite the absence of
modification in the expression of the aromatase (Maliqueo et al.,
2015), its activity has been reported to be decreased in placentas of
women with PCOS as compared to controls (Maliqueo et al., 2013).
Based on this evidence, we can speculate that the excessive androgen
levels in pregnant women with PCOS in the second and third trimes-
ters result from placental aromatase activity inhibition by excessive
AMH levels. At the fetus level, this aromatase defect may lead to even
greater androgen excess, leading to epigenetic reprogramming, espe-
cially during the critical period of the second trimester, as shown by
animal studies (Risal et al., 2019; Mimouni et al., 2021).

The hypothesis that higher AMH levels in utero could be at the ori-
gin of the maternal hyperandrogenism in women with PCOS is rein-
forced by previous studies showing a positive correlation between
AMH and androgens (TT and androstenedione) in the serum of
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Table IV Spearman coefficient correlations (r) between molecular forms of AMH and hormonal and metabolic parameters

in the whole population in the third trimester of pregnancy.

Total AMH (pmol/l) Cleaved AMH (pmol/l)
r P r P
BMI (kg/m?) —0.22 0.13 —0.12 0.42
Total testosterone, TT (ng/ml) 0.24 0.086 0.20 0.15
Androstenedione (ng/ml) 0.31 0.023 0.21 0.13
Estradiol (pg/ml) 0.08 0.59 0.10 0.47
LH (1U/1) 0.08 0.56 0.08 0.59
Weight gain (kg) —0.04 0.79 0.03 0.84

AMH: anti-Miillerian hormone; Cleaved AMH: (total AMH — proAMH Measurement); P: P-value. P-values in bold refer to statistically significant values.

pregnant women in the second trimester of pregnancy and at term
(Piltonen et al., 2019; Valdimarsdottir et al., 2019). In this work, we
also found that in our study population (comprising both control and
PCOS women), there was a significant but small positive correlation
between total AMH and androstenedione, which was detectable dur-
ing the third trimester of pregnancy (r=0.31; P=0.023).

In light of these findings, it is possible that a link between high AMH
levels in utero and gestational hyperandrogenism exists in some
women, although future studies are warranted to investigate the role
of AMH in placental function in humans.

Since the late 1990s, it has been shown that exposure to androgen
excess in different animal models consistently replicates a wide range
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of PCOS symptoms observed in humans; this has provided strong evi-
dence that hyperandrogenism is a major driver in PCOS pathogenesis
(Dumesic et al, 1997; Abbott et al., 1998; Stener-Victorin et dl,
2020). In agreement with this, previous clinical studies have reported
higher circulating levels of androgens in women with PCOS than in
control women during pregnancy (Sir-Petermann et al, 2002;
Maliqueo et al, 2013, 2015; Glintborg et al., 2018; Piltonen et dl,
2019; Sun et al, 2020). However, these studies were either cross-
sectional or only partially longitudinal. Moreover, human studies
attempting to find evidence of a link between circulating levels of
androgens in the child at birth and in the mother with PCOS have pro-
vided conflicting results since some cord blood androgen levels from
female infants of women with PCOS have been reported to be in-
creased (Barry et al., 2010; Mehrabian and Kelishadi, 2012; Daan
et al.,, 2017; Sun et al., 2020), decreased (Maliqueo et al., 2013; Duan
et al., 2020), or unchanged (Hickey et al., 2009; Caanen et al., 2016;
Detti et al., 2019; Duan et al., 2020). However, the circulating levels
of steroids in children at birth are not very representative of what hap-
pens in utero because of the inactive gonadotropic axis of the fetus at
birth. The analysis of amniotic fluid during pregnancy is the best way
to evaluate steroid secretion in the fetus. No correlation was found
between the levels of androgens in the amniotic fluid in the second tri-
mester of pregnancy and the levels of androgens in the cord blood at
birth (van de Beek et al., 2004). The only study that measured testos-
terone in the amniotic fluid of daughters of women with PCOS
showed that it was increased compared to control women (Palomba
et al., 2012).

To our knowledge, our study is the first longitudinal investigation of
the evolution of androgen levels (TT, DHEAS, and androstenedione)
in women with and without PCOS from a pre-pregnancy state to the
third trimester of pregnancy. We report that women with PCOS have
higher levels of TT and androstenedione than control women from
mid-gestation.

Our study has some limitations, including the small population sam-
ple and the paucity of information regarding the incidence of gesta-
tional diabetes which could favor maternal hyperandrogenism,
although, during the first trimester of pregnancy, fasting blood glucose
did not differ between our two groups. In addition, most women in-
cluded in the study were women whose pregnancies were the result
of ovarian stimulation and/or ART treatments, which could introduce
a bias in the interpretation of hormonal measurements. However, this
applies for both groups of women who underwent this procedure and
we controlled our results as a function of the type of conception (i.e.
spontaneous, Ol or ART). Lastly, we could not measure serum free
testosterone routinely because of the complexity of the method, nor
by calculation since the standard calculation formula of free testoster-
one based on TT, albumin, and SHBG levels is not applicable to preg-
nant women (Vermeulen et al., 1999).

Another hormone that we could not measure is kisspeptin, because
we did not collect our samples specifically for this kind of measure-
ment, which requires a standardized sample collection method to con-
trol all preanalytical variables such as collection tube type, processing
times, and storage conditions (Ramachandran et al., 2008). Kisspeptin
levels have been documented to rise with gestational age during preg-
nancy, but relatively low circulating levels of kisspeptin have been seen
in pregnancies complicated by preeclampsia compared to normal preg-
nancies, showing an association of low levels of plasma kisspeptin with

increased risks of miscarriage (Horikoshi et al., 2003; Jayasena et al.,
2014; Matjila et al., 2016). Despite the vast body of literature on
PCOS endocrinology, no studies have focused so far on kisspeptin se-
cretion in women with PCOS during pregnancy. Considering the puta-
tive pathophysiological implications of kisspeptin in PCOS (Witchel
and Tena-Sempere, 2013), it would be thus of interest to assess kiss-
peptin levels in future longitudinal investigations of pregnant women
with PCOS.

To conclude, in this first longitudinal follow-up investigation through-
out pregnancy of women with and without PCOS, we found that total
AMH and cleaved-bicactive AMH remained higher in women with
PCQOS than in controls, as did androgen levels from mid-pregnancy on-
ward. More evidence in humans is needed to demonstrate whether
AMH has a causative role in modulating steroidogenesis in the placenta
of female fetuses that will eventually develop PCOS, but these data
strengthen the hypothesis of a potential implication of aberrant hor-
monal signaling in the womb in the etiology of PCOS.
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