
HAL Id: hal-04638003
https://hal.inrae.fr/hal-04638003v1

Submitted on 8 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Folliculogenesis and steroidogenesis alterations after
chronic exposure to a human-relevant mixture of

environmental toxicants spare the ovarian reserve in the
rabbit model

Sara El Fouikar, Nathalie van Acker, Virginie Héliès, François-Xavier Frenois,
Frank Giton, Véronique Gayrard, Yannick Dauwe, Laila Mselli-Lakhal,

Delphine Rousseau-Ralliard, Natalie Fournier, et al.

To cite this version:
Sara El Fouikar, Nathalie van Acker, Virginie Héliès, François-Xavier Frenois, Frank Giton, et al..
Folliculogenesis and steroidogenesis alterations after chronic exposure to a human-relevant mixture of
environmental toxicants spare the ovarian reserve in the rabbit model. Journal of Ovarian Research,
2024, 17, �10.1186/s13048-024-01457-6�. �hal-04638003�

https://hal.inrae.fr/hal-04638003v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

El Fouikar et al. Journal of Ovarian Research          (2024) 17:134 
https://doi.org/10.1186/s13048-024-01457-6

Journal of Ovarian Research

*Correspondence:
Roger Léandri
leandri.r@chu-toulouse.fr

Full list of author information is available at the end of the article

Abstract
Background Industrial progress has led to the omnipresence of chemicals in the environment of the general 
population, including reproductive-aged and pregnant women. The reproductive function of females is a well-known 
target of endocrine-disrupting chemicals. This function holds biological processes that are decisive for the fertility 
of women themselves and for the health of future generations. However, insufficient research has evaluated the risk 
of combined mixtures on this function. This study aimed to assess the direct impacts of a realistic exposure to eight 
combined environmental toxicants on the critical process of folliculogenesis.

Methods Female rabbits were exposed daily and orally to either a mixture of eight environmental toxicants (F 
group) or the solvent mixture (NE group, control) from 2 to 19 weeks of age. The doses were computed from previous 
toxicokinetic data to reproduce steady-state serum concentrations in rabbits in the range of those encountered in 
pregnant women. Ovarian function was evaluated through macroscopic and histological analysis of the ovaries, 
serum hormonal assays and analysis of the expression of steroidogenic enzymes. Cellular dynamics in the ovary were 
further investigated with Ki67 staining and TUNEL assays.

Results F rabbits grew similarly as NE rabbits but exhibited higher total and high-density lipoprotein (HDL) 
cholesterol levels in adulthood. They also presented a significantly elevated serum testosterone concentrations, 
while estradiol, progesterone, AMH and DHEA levels remained unaffected. The measurement of gonadotropins, 
androstenedione, pregnenolone and estrone levels yielded values below the limit of quantification. Among the 7 
steroidogenic enzymes tested, an isolated higher expression of Cyp19a1 was measured in F rabbits ovaries. Those 
ovaries presented a significantly greater density/number of antral and atretic follicles and larger antral follicles without 
any changes in cellular proliferation or DNA fragmentation. No difference was found regarding the count of other 
follicle stages notably the primordial stage, the corpora lutea or AMH serum levels.
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Background
Humans are inevitably exposed to a plethora of environ-
mental chemicals throughout their life. Among these, 
approximately one thousand are suspected to possess 
endocrine disrupting properties [1]. Notably, female 
reproductive function is a significant target of endo-
crine disruptors [2] because of the determinant role the 
ovary [3] and the hormonal signals play in its regulation 
through the hypothalamus-pituitary-ovarian (HPO) axis 
and possibly also through the hepato-ovarian axis [4]. 
Laboratory and clinical studies have provided abundant 
evidence that these chemicals have deleterious impacts 
on the ovaries and more generally on the female repro-
ductive organs, including the uterus and the vagina [2]. 
However, obstacles remain in reprotoxicity assessment 
due to the complexity of women’s exposomes. The lat-
ter is characterized by combined [5] and evolutive [6–8] 
exposure to xenobiotics. However, most existing studies 
have investigated the effects of individual compounds. 
Although these studies are informative and contrib-
ute to deciphering mechanistic pathways, their direct 
applicability to real-world scenarios of human exposure 
to a combination of environmental chemicals may be 
limited. In fact, the additivity of chemical effects can-
not be assumed because interactions can occur within a 
mixture. Few in vivo reproductive toxicity studies have 
investigated mixtures of chemicals, most of which have 
focused on chemicals from the same families, such as 
phthalates [9–11], brominated flame retardants [12–14], 
pesticides [15, 16] or fertilizers [17, 18]. They confirm 
the threat of mixtures exposure for the ovary on different 
levels (see exhaustive review [19]) but additional stud-
ies need to be performed on mixtures combining com-
pounds from different chemical families. Currently, the 
literature dealing specifically with the female reproduc-
tive effects of combined mixtures is limited [20–30] and 
lacks relevance in terms of tested doses, thus limiting its 
usefulness for extrapolating to human health.

The period of folliculogenesis was targeted in this study 
because it constitutes a crucial biological process for 
female reproductive capability as follicles serve as the 
ovary’s functional unit and fulfil essential roles through 
their development. The initial pool of primordial fol-
licles represents the ovarian reserve (OR) which shapes 
the length of reproductive life. As they develop, follicles 
then contribute to ovarian steroidogenesis and therefore 

hormone regulation within the HPO axis. Moreover, fol-
liculogenesis is tightly linked to oogenesis [31] culmi-
nating in the release of a fully mature fertilizable oocyte 
upon completion of follicular development [32]. Since 
folliculogenesis spans from before birth to menopause 
[33] it can be challenged by women life events and envi-
ronmental fluctuations. Given the major implications of 
folliculogenesis mentioned above, the impacts of expo-
sure to xenobiotics need to be assessed to protect wom-
en’s reproductive capacity. Especially because ovarian 
function is regulated by genetic, paracrine, and endocrine 
factors and the latter are directly threatened by xenobiot-
ics with endocrine disrupting properties.

The present study aimed to evaluate the consequences 
of an oral exposure during folliculogenesis to a mixture 
of eight environmental contaminants. This study was part 
of a research project named FEDEXPO (Folliculogenesis 
and Embryo Development EXPOsure to a mixture of 
toxicants) whose entire protocol has been previously pre-
sented [34]. The evaluation was carried out using a rab-
bit model because it is a relevant model for toxicological 
studies and has interesting characteristics regarding fol-
liculogenesis and preimplantation embryo development 
[35]. Notably, in this specie, the assembly of primordial 
follicles ends approximately two weeks after birth, allow-
ing us to study the effects of a direct in vivo exposure 
during the entire folliculogenesis process [36]. Previ-
ous toxicokinetic data enabled our team to compute the 
oral doses to be administered to rabbits to reproduce the 
serum concentrations of environmental chemicals in the 
range of those encountered in pregnant women [37]. This 
experimental strategy constitutes the novelty of the study 
since, to our knowledge, it is the first to investigate such 
relevant doses of a highly diverse mixture of toxicants 
during folliculogenesis. To decipher the impact of expo-
sure during folliculogenesis, on adult ovarian functions, 
we studied after ovulation induction, parameters assess-
ing both folliculogenesis and steroidogenesis. Classical 
ovarian histology will allow to study the dynamic between 
the different follicular stages. Immunohistochemistry will 
complete these data by further investigating cellular pro-
liferation and DNA fragmentation within ovarian regions 
of interest. Biochemical dosages will evaluate the ovarian 
hormones profile while gene expression analysis of ste-
roidogenic enzymes will help identifying potential endo-
crine disruptions. Finally, a macroscopic ovarian analysis 

Conclusion Folliculogenesis and steroidogenesis seem to be subtly altered by exposure to a human-like mixture 
of environmental toxicants. The antral follicle growth appears promoted by the mixture of chemicals both in their 
number and size, potentially explaining the increase in atretic antral follicles. Reassuringly, the ovarian reserve 
estimated through primordial follicles number/density and AMH is spared from any alteration. The consequences of 
these changes on fertility and progeny health have yet to be investigated.

Keywords Combined exposure, Folliculogenesis, Ovarian function, Endocrine disruptors
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post ovulation will give answers regarding ovulating abil-
ities after exposure to the mixture.

Materials and methods
Chemicals
All the materials for the preparation of the solutions 
were made of glass or polypropylene. 2,2’,4,4’-Tet-
rabromodiphenyl ether (BDE-47) and hexachloro-
benzene (α-HCB) were purchased from Toronto 
Research Chemicals (North York, Ontario, Canada). 
Perfluorooctanesulfonic acid (PFOS), di-(2-ethyl-
hexyl) phthalate (DEHP), perfluorooctanoic acid 
(PFOA), p,p′-dichlorodiphenyldichloroethylene (DDE), 
β-hexachlorocyclohexane (β-HCH), and bisphenol 
S (BPS) potassium salt were purchased from Sigma‒
Aldrich (St. Louis, MO, USA).

Animals
The animal experiments were authorized by the French 
Ministry of Research under the number APAFIS No. 
14787-201804201607003 v3 and responded to the local 
ethical committee approval, including the rules of the 
directive 2010/63/EU, notably ensuring the 3R rules. 
Thirty-two nulliparous New Zealand White rabbit 
females (INRA 1777 line) from the Experimental Unit 
PECTOUL (Pompertuzat, France) were included in this 
study. The animals were housed and bred to avoid unin-
tentional contamination with potential endocrine-dis-
rupting chemicals, as described in the FEDEXPO study 
protocol [34]. The rabbits were fed ad libitum commer-
cial feed (Stabifibre, Terrya, Rignac, France) and water, 
the latter being supplied by glass bottles with a stain-
less-steel pipette. The light cycle was 12HL:12HD, and 

the room temperature was maintained at approximately 
18  °C. The females included in this study were 2 weeks 
old. From weaning to 10 weeks of age, the females were 
bred in the same cages by group of 3. After 10 weeks of 
age, they were dispatched one per cage.

Experimental design
This study is part of the FEDEXPO project (see project 
details in [34]). Here, the goal was to evaluate the effects 
of 17 weeks of exposure to a mixture of human-relevant 
xenobiotics. The females in the exposed group (F group, 
N = 16) were exposed to the toxicant mixture for 17 
weeks, while the control group (NE group, N = 16) con-
sisted of females exposed to the solvent mixture only. 
Oral exposure to the mixture or the vehicle, depending 
on the group, was performed daily and started at 2 weeks 
of age, i.e., at the beginning of folliculogenesis in rab-
bits [36], and ended at 19 weeks of age (Fig.  1). At this 
time, females were injected with a bolus of GnRH ana-
log (Receptal®, MSD Animal Health, Brussels) to trigger 
ovulation and artificially inseminated with semen from 
nonexposed males. The slaughter of the animals was per-
formed 80  h after insemination by electronarcosis and 
bleeding, allowing blood collection. The ovaries were 
recovered immediately after the bleeding. The liver, thy-
roid, brain, peri-ovarian adipose tissue, oviducts, uterine 
horns and preimplantation embryos were also harvested 
for further investigations. For each group of 16 animals, 
the exposure start was staggered over 4 weeks per groups 
of 2 animals (8 repeats i.e. 2 groups starting the exposure 
on 2 consecutive days per week).

Fig. 1 Experimental design. The study includes two groups of female rabbits. Oral and daily exposure lasted 17 weeks, from 2 to 19 postnatal week. The 
control group (NE group) was exposed to the mixture vehicle (corn oil with 20% or 5% ethanol) while the exposed group (F group) was exposed to the 
mixture. Females were artificially inseminated with nonexposed semen at sexual maturity (19 weeks) and were sacrificed at 80 h post insemination to 
recover different biological samples
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Toxicant mixture and exposure
The mixture included BDE-47, α-HCB, PFOS, DEHP, 
PFOA, DDE, β-HCH and BPS. The rationale for this 
selection has been previously published [34]. Briefly, the 
eight compounds were chosen according to data taken 
from the HELIX cohort [38–40] and combined with data 
from two other cohorts [41, 42]. The goal was to resemble 
the exposomes of pregnant European women. Toxicants 
were chosen nature-wise by selecting representatives of 
major chemical family biomonitored, and concentration-
wise by reproducing relevant human serum concentra-
tions in a rabbit model that equalled ten times the 95th 
(or 90th) percentile (for details, see [34]).

Our team conducted a preliminary pharmacokinetic 
study to determine the loading and daily maintenance 
doses of the eight compounds to be simultaneously 
administered by the oral route in a mixture. The target 
serum concentrations are detailed in Table  1 [37]. The 
first-day dosing solution and the maintenance solution 
were prepared by dissolving the compounds in corn oil 
(Sigma-Aldrich, St. Louis, MO, USA) containing 20% 
and 5% ethanol (Sigma-Aldrich, St. Louis, MO, USA), 
respectively (Table 1). First-day dosing and maintenance 

solutions were administered orally at 4 and 1 mL/kg, 
respectively, and the volume was adjusted weekly to the 
mean bodyweight estimated weekly from the known pat-
tern of growth of the INRA 1777 rabbit line. This proto-
col allowed us to obtain ratios between the observed and 
targeted serum concentrations ranging from 0.77 to 1.21 
depending on the xenobiotic treatment, as previously 
described [37].

Serum analysis
After collection, the blood samples were left in an upright 
position for at least 30  min at ambient temperature to 
allow clot formation. Then, the samples were centrifuged 
at 3500 rcf for 15  min to recover the supernatant, i.e., 
the serum. Serum samples were aliquoted and frozen at 
-20 °C prior to analysis.

Testosterone, dehydroepiandrosterone (DHEA), 
estrone, estradiol (E2), Δ4-androstenedione, progester-
one, and pregnenolone were measured simultaneously 
by gas chromatography coupled to mass spectrometry 
according to the protocol described by Giton et al. [43], 
with minor modifications yet used for the rabbit species 
[44, 45]. Saline water and twice charcoal dextran-stripped 
aged female rabbit serum (1/1, v/v) was used as negative 
and positive quality control standards respectively, and 
the later as the matrix for calibrators. Limits of quanti-
fication and analytical control validation are detailed in 
a supplemental (Table S1). Luteinizing hormone (LH), 
follicle stimulating hormone (FSH) and anti-Mullerian 
hormone (AMH) serum levels were assessed with an 
Elabscience® Rabbit LH ELISA kit (Houston, TX, USA), 
an Elabscience® Rabbit FSH ELISA kit (Houston, TX, 
USA) and a Beckman Coulter AMH Gen II ELISA (Beck-
man Coulter, Villepinte, France) yet used for the rabbit 
species [45]. ELISA kits for rabbit LH and FSH dosages 
both had a sensitivity of 0.94 mIU/mL and detection 
range between 1.56 and 100 mIU/mL. The AMH ELISA 
kit reliably detected concentrations as low as 0.08 ng/
mL with a 95% probability but the minimum detectable 
dose with an imprecision rate of 20% is 0.16 ng/mL. Lev-
els over the limit of quantification were obtained for all 
NE rabbits for DHEA, E2, AMH, and only n = 13 NE rab-
bits for testosterone and progesterone. In the F exposed 
group, measurements were over the limit for all animals 
for DHE, AMH while only 15 measures were yield for E2 
and 12 for testosterone and progesterone. Serum levels 
of cholesterol (total and HDL cholesterol), triglycerides, 
insulin, glucose, aspartate aminotransferase (ASAT) and 
alanine aminotransferase (ALAT) were measured for 
n = 15 NE animals and n = 14  F animals using Beckman 
Coulter equipment similar to that used in a previous 
study [46].

Table 1 Concentrations of the compounds in the exposure 
solutions required to reach the target concentrations in the 
rabbit model. The targeted serum concentrations were reached 
by using a loading dosing solution on the first day and a 
maintenance solution during the following days. The first-
day dosing solution contained the 8 compounds in corn oil 
containing 20% ethanol and was administered at 4 mL/kg. The 
maintenance solutions contained the test compounds in corn oil 
containing 5% ethanol and were administered at 1 mL/kg
Compounds First-

day 
dosing 
solution

Mainte-
nance 
solution

Targeted 
serum 
concentration

References 
for humans 
95th or 90th 
percentiles

BDE-47 2.5 µg/
mL

1.1 µg/mL 0.156 ng/mL  [38]

BPS 38.5 µg/
mL

122 µg/mL 1 ng/mL  [41]

HCB 46 µg/
mL

5.6 µg/mL 2.4 ng/mL  [38]

β-HCH 44 µg/
mL

10 µg/mL 4.410 ng/mL  [39]

DDE 287 µg/
mL

96 µg/mL 21.18 ng/mL  [38]

PFOA 4.9 µg/
mL

10 µg/mL 53 ng/mL  [38]

DEHP 258 µg/
mL

770 µg/mL 60 ng/mL**  [42]

PFOS 14 µg/
mL

1 µg/mL 200 ng/mL  [38]

Perfluorooctanesulfonic acid (PFOS); perfluorooctanoic acid (PFOA); 
dichlorodiphenyldichloroethylene (DDE); hexachlorobenzene (HCB); 
β-hexachlorocyclohexane (β-HCH); 2,2′4,4′-tetrabromodiphenyl ether (BDE-
47); di(2-ethylhexyl) phthalate (DEHP); bisphenol S (BPS);

** Targeted MEHP serum concentrations following oral administration of DEHP
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Macroscopic analysis
Ovaries were weighed and checked under a magnifying 
glass to establish a macroscopic count of corpora lutea 
(CL), enabling us to check that ovulation did occur. Such 
parameters were measured for both ovaries in n = 11 NE 
animals and n = 12 F animals. The right ovaries were sub-
jected to molecular biology and sectioned into two parts: 
one frozen in RNAlater (Invitrogen by Thermo Fisher 
Scientific, MA, USA) and the other snap frozen in liquid 
nitrogen. The left ovaries were intended for histological 
and immunohistochemical analysis. The left ovaries were 
included in cassettes and preserved in formaldehyde 
solution (4% buffered pH 7) for up to three days before 
inclusion in paraffin.

Ovarian histology and immunohistochemistry
Each left ovary was first transversely sectioned in three 
equal portions. The three portions were embedded 
closely together in paraffin, with the cutting plane facing 
down. The sectioning (3 μm) was organized around three 
sublevels equally distributed over each third of the ovary. 
This multilevel sectioning method of tri-partitioned 
blocks was selected because rabbit ovaries are generally 
larger than those of rodents. This repartition of nine lev-
els across the ovary is considered enough to be represen-
tative of the ovary.

Hematoxylin and eosin (HE) histology
Deparaffinized and rehydrated ovarian sections were 
stained with hematoxylin (5 min) and eosin (1 min 20 s) 
(both from Avantor (VWR), PA, USA) using a TissueTek 
Prisma Film automated stainer (Sakura FineTek Europe 
B.V., Villeneuve d’Ascq, France). Whole hematoxylin-
eosin-stained slides were digitized with a Pannoramic 
250 Flash II digital microscope (3DHISTECH, Budapest, 
Hungary) equipped with a Zeiss Plan-Apochromat 20X 
NA 0.8 objective and a CIS VCC-FC60FR19CL 4-mega-
pixel CMOS sensor (unit cell size 5.5 × 5.5 μm) mounted 
on a 1.6X optical adaptor to achieve a scan resolution of 
0.24 μm/pixel in the final image (corresponding to 41.1X 
magnification at the highest optical resolution in tradi-
tional microscopy). The left ovary was analysed through 
seven complete HE sections among the nine prepared per 
ovary for 13 ovaries from the NE group (n = 91 sections), 
and 12 ovaries from the F group (n = 84 sections). The 
sections were blindly analysed using SlideViewer soft-
ware (3DHISTECH, Budapest, Hungary) by one opera-
tor. The histological analysis aimed to detect changes in 
the different populations of follicles potentially caused by 
the exposure. Analyses were performed using the adja-
cent section as a reference to avoid double counting the 
same follicle. On the analysed section, we counted only 
follicles containing an oocyte whose nucleus and nucle-
oli appeared clearer than those on the adjacent section. 

In this way, follicles were counted across the entire sec-
tion from the left up to the right down. Each follicle was 
staged as primordial, primary, secondary or antral as 
previously described [15]. Atretic follicles were counted 
among secondary and antral follicles according to the 
criteria of Grzesiak et al. [47] with minor modifications 
i.e. follicles containing at least 1 (secondary follicles) or 
5 (antral follicles) cells exhibiting pyknotic nuclei. The 
surface area of each section was measured with the anno-
tation tools of the SlideViewer software. For each fol-
licle category, we calculated the density, i.e., the number 
of follicles per surface unit. We also estimated the total 
number of follicles per whole ovary. For one ovary, the 
estimated total count T was calculated with the following 
equation: T = n∗N

S  (n is the follicle count in S complete 
sections, N is the total number of 3 μm sections and S is 
the number of complete sections analysed). Surface area 
of antral follicles, along with the surface areas of granu-
losa and thecal compartment were measured similarly to 
whole sections area. Values were obtained only for ova-
ries with antral follicles i.e. n=10 NE ovaries and n = 11 F 
ovaries.

Cellular proliferation assessment with Ki67 
immunohistochemical (IHC) staining
IHC was automated using a Discovery ULTRA (ROCHE 
Diagnostics, Tucson, USA) staining platform. Ovar-
ian tissue sections were deparaffinized, rehydrated and 
heated pre-treated at 98 °C using CC1 pre-treatment buf-
fer (pH 9, 32  min; ROCHE Diagnostics, Tucson, USA). 
The slides were subsequently blocked using peroxidase 
blocking agent and incubated with anti-rabbit Ki67 
(32 min, 1/100 in DAKO Flex Antibody Diluent (Agilent 
Technologies, CA, USA), clone 8D5, Cell Signaling Tech-
nologies, Ozyme, France). The antibody-target complex 
was then visualized using OmniMap anti-mouse-HRP 
secondary antibodies (24  min, Ready-to-use, ROCHE 
Diagnostics, Tucson, USA) and a ChromoMap DAB 
detection kit (ROCHE Diagnostics, Tucson, USA). The 
slides were finally counterstained using hematoxylin fol-
lowed by Bluing reagent (ROCHE Diagnostics, Tucson, 
USA) and mounted using xylene-based mounting agent 
(Sakura FineTek Europe B.V., Villeneuve d’Ascq, France). 
Whole-IHC-stained slides were scanned at high reso-
lution as mentioned above and analysed using Defini-
ens Tissue Studio 4.4.3 (Definiens Developer XD 2.7.0, 
Munich, Germany). The analysis was performed on 9 sec-
tions per ovary for 16 females (n = 144 sections per condi-
tion). A two-step semiautomated algorithm was used to 
measure the ratio of Ki67-positive nuclei, and a qualita-
tive analysis of the staining was performed. The first step 
allowed us to manually define 4 regions of interest (ROIs) 
in tissue sections, namely whole ovary, medulla, fol-
licles and corpora lutea, by manually outlined the entire 
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ovarian section, all follicles (from primary to antral), or 
corpora lutea using the tracing tool of the software. The 
ROI ‘medulla’ was obtained by subtracting the sum of fol-
licles and corpora lutea ROI areas from the whole ovary 
ROI area. The second step consisted of setting thresholds 
for immunohistochemistry detection and nuclear size 
to define a nucleus as marked. These settings relied on 
a training set of 12 sections chosen randomly and were 
saved in an analysis profile that was later batch applied to 
all slides.

DNA damage assessment with the TUNEL assay
Nuclei with DNA fragmentation were revealed with a 
terminal-deoxynucleotidyl transferase-mediated nick 
end labelling (TUNEL) assay. Deparaffinized and rehy-
drated ovarian sections were manually treated following 
the manufacturer’s instructions (In Situ Cell Death Kit 
TMR Red, ROCHE Diagnostics, Tucson, USA) with the 
addition of Hoechst nuclear counterstain. Two-channel 
spectral imaging was performed as previously described 
[48] using a Pannoramic 250 Flash II whole-slide scan-
ner (3DHISTECH, Budapest, Hungary) equipped with 
a Zeiss Plan-Apochromat 20X NA 0.8 objective, with 
appropriate narrow bandpass excitation and emis-
sion filters and specific dichroic mirrors (Semrock Inc., 
Rochester, NY, USA), and with a multichannel solid-
state light engine (Lumencor Spectra 7, Lumencor, Inc., 
Beaverton, OR, USA). Analog to digital image sampling 
was performed at 8-bit (256 Gy levels, 37 000:1 dynamic 
range) with a high-resolution scientific complemen-
tary metal oxide semiconductor (sCMOS sensor with 
2048 × 2048 cells of size 6.5 × 6.5 μm each) Peltier-cooled 

monochrome camera (PCO.edge 4.2, PCO AG, Kelheim, 
Germany) to achieve a final scan resolution of 0.32 μm/
pixel. Object-oriented whole-slide image analysis was 
carried out using the Halo® framework version 3.4 (Indica 
Labs, Albuquerque, New Mexico, USA). The analysis was 
performed on 3 sections per ovary on 13  F and 12 NE 
females (n = 75 sections in total). Like in the Ki67 analy-
ses, the ROIs (whole ovary, secondary follicles, antral fol-
licles) were delimited manually by one operator blinded 
to the exposure groups. HE- and Ki67-stained sections 
were used as a reference for identifying structures. In 
the Halo® HighPlex algorithm, nuclear contour detection 
and segmentation were optimized based on the Hoechst 
counterstain as well as various parameters and mor-
phological features in real-time fine-tuning mode using 
graphical overlays (signal intensity and contrast, nuclear 
size and roundness, segmentation aggressiveness). Indi-
vidual cell objects were then simulated by growing nuclei 
object boundaries, and the TUNEL signal intensity was 
detected within cell nuclei objects by thresholding gray-
level signal intensities.

Steroidogenic enzyme gene expression using real-time 
PCR
Total RNA was extracted from frozen samples via clas-
sic phenol/chloroform extraction. RNAs were then sus-
pended in nuclease-free water before their concentration 
and quality were measured with a NanoDrop® (Thermo 
Scientific, Waltham, MA, USA) and an Agilent 4200 
TapeStation. RNAs were reverse transcribed using a 
High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Courtaboeuf, France). Reverse (R) and 
forward (F) primers for SYBR Green assays were con-
structed using the NCBI primer design tool https://www.
ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on Sep-
tember 14, 2023) and purchased from Eurogentec (Sera-
ing, Belgium). The sequences are available in Table  2. 
Amplifications were performed on a Bio-Rad CFX96X™ 
Real-Time System. The data were recovered using Bio-
Rad CFX Manager software (version 3.1.1517.0823). 
Baseline determination of the mean PCR efficiency and 
related parameters was performed with LinRegPCR soft-
ware (version 2021.2). Measurements were obtained for 
n = 14 NE ovaries for 3βhsd, 5αr2, 17βhsd4, Cyp11a1, 
Cyp17a1, Star and n = 13 NE ovaries for Cyp19a1 versus 
n = 15  F ovaries for 3βhsd, 5αr2, Cyp19a1 and n = 16  F 
ovaries for 17βhsd4, Cyp11a1, Cyp17a1, Star.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism for Windows v9.4.1 (GraphPad Software, San 
Diego, CA, USA). An unpaired t test was used to compare 
the control and exposed groups if the data sets followed a 
normal distribution. In that respect, Shapiro–Wilk tests 

Table 2 List of the primers used for RT‒qPCR on rabbit ovaries. 
All primers used were designed except for the housekeeping 
gene GAPDH, which was previously described by Mahmoud et 
al. [49]
Primer Accession number Sequence (5’-3’)
Gadph NM_001082253.1 F  A G A C A C G A T G G T G A A G G T C G

R  T G C C G T G G G T G G A A T C A T A C
Cyp19a1 NM_001170921.2 F  A C A C T C A T T A T C A G C A A G T C C T

R  A G A T C G C C A C C A T C T G A A C A
3βhsd XM_008248712.2 F  G G C C C T T T C C T C T G G G T T T T A

R  C T T G G T C T T G T T C T G G A G C T T T G A A
17βhsd4 XM_008254935.3 F  G G C C T G G C A A A T A C G C T T T

R  C A T C C T G C T C C A A C C T C A A A C A
5αr2 XM_002709931.4 F  G G A T C T A A G G T T T A G C C T G G G T A T

R  C A G C C C A A G G A A A C A C A G A G A
Cyp17a1 XM_002718585.4 F  T C C C C T G G C T G A A G A T T T T T C C

R  G G T C C T G G C T G G C A T T G T T A T
Cyp11a1 XM_051834661.1 F  T C A C G A G T A C T A C C G G A G G C

R  G A T G T C G C C T G A G A A C A C C C
Star XM_017350353.2 F  T A G C G A C G T T C A A G C T G T G T

R  T A G A G A G T C T C C T C C A G C C G

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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were performed beforehand. Otherwise, the data were 
analysed via the nonparametric Mann‒Whitney test. A p 
value less than 0.05 was considered to indicate statistical 
significance. The results from the weight follow-up were 
analysed via two-way ANOVA to evaluate the interaction 
between age and exposure factors.

Results
A chronic exposure to a mixture of environmental 
toxicants does not impact the growth of females but does 
disrupt serum cholesterol levels
Bodyweight did not differ between the two groups during 
the experiment (Fig. 2A). Classic biochemical analysis of 
the serum was also performed to assess the overall health 

of the females (Fig. 2B-I). Most of the serum parameters, 
i.e., triglyceride, insulin, glucose, alanine aminotransfer-
ase, and aspartate aminotransferase levels, did not signif-
icantly differ. However, cholesterol levels, whether it was 
total, high-density lipoprotein (HDL) or non-HDL cho-
lesterol, were increased in exposed females (Fig. 2B-D).

A chronic exposure to a mixture of environmental 
toxicants increases the populations of antral and atretic 
follicles without impacting cell proliferation, DNA 
fragmentation or the ovarian reserve of primordial follicles
HE staining allowed the assessment of the different fol-
licular stages and the CLs on the ovarian sections (Fig. 3). 
Macroscopic analysis of the two ovaries (n = 24 ovaries 

Fig. 2 Effect of a folliculogenesis exposure on bodyweight and serum biochemistry at adulthood. (A) Bodyweight was weekly measured from birth to 
19 weeks (n = 16 for both conditions). All biochemical parameters, i.e., serum concentrations of (B) total cholesterol, (C) HDL cholesterol, (E) triglycerides, 
(F) insulin, (G) glucose, (H) alanine aminotransferase and (I) aspartate aminotransferase were measured except for (D) non-HDL cholesterol which was 
calculated using the following equation: non-HDL cholesterol = (Total cholesterol) − (HDL cholesterol). Data are presented as mean ± SD for F (mixture-
exposed, n = 13–14) and NE (control, n = 12–15) groups. **: p < 0.01 for F vs. NE
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per condition) revealed a similar number of CLs in both 
groups (Fig. 4A) and a similar weight (Fig. 4B). Histologi-
cal evaluation of HE sections revealed no significant dif-
ference between exposed and control ovaries in terms of 
the density of follicles at preantral stages, i.e., primordial, 
primary and secondary follicles (Fig. 4C). The mean den-
sity for the primordial stage was 2.23 ± 0.43 follicles/mm² 
for the control NE group versus 2.33 ± 0.96 follicles/mm² 
for the exposed F group (NS). For the primary and sec-
ondary stages, the results were 0.11 ± 0.06 and 0.05 ± 0.02 
follicles/mm², respectively, in the NE ovaries versus 
0.09 ± 0.05 and 0.05 ± 0.03 follicles/mm², respectively, 
in the F ovaries (NS). However, analysis revealed an 
increased density of antral follicles in the exposed group 
(0.030 ± 0.02 in F versus 0.017 ± 0.01 mm² in NE, p = 0.04; 
Fig. 4C).

Similarly, the density of atretic follicles was signifi-
cantly increased in the exposed group than in the control 
group (p = 0.03; Fig. 4C). Specifically, F ovaries displayed 
a mean density of 0.009 ± 0.009 atretic follicles/mm² ver-
sus 0.0027 ± 0.007 in NE ovaries. The follicle counts also 
served to estimate follicular populations throughout the 
ovary (Fig. 4D). The results showed significantly greater 
counts of antral follicles (p = 0.02) and atretic follicles 
(p = 0.03). Furthermore, when assessing the size of the 
antral follicles, we observed that the antral follicles of the 
exposed females were significantly larger than those of 
the controls (0.25 ± 0.14 mm² in F versus 0.14 ± 0.089 mm² 
in NE, p = 0.03; Fig.  5A). The mean granulosa area was 
also significantly greater in F antral follicles than in NE 

follicles (p = 0.03; Fig.  5B). However, the theca surface 
area remained similar under both conditions, as did the 
ratio of granulosa/theca area (Fig. 5C-D).

Histological analyses were completed with immuno-
histochemistry to study cellular proliferation and DNA 
fragmentation. Cellular proliferation assessment via Ki67 
staining relied on the analysis of Ki67-positive nuclei 
stained brown among the different ovarian elements 
(Fig. 6A-B). The two groups showed very similar percent-
ages of Ki67-positive nuclei regardless of the ROI stud-
ied. When working with the whole ovary, 21.9 ± 3.8% of 
cells in the control group had Ki67-positive nuclei, while 
21.7 ± 5.4% of cells in the exposed group had Ki67-posi-
tive nuclei (Fig.  6C). Similarly, the percentages of Ki67-
positive nuclei in the medulla, follicles and CL were 
similar in both groups (NS; Fig. 6D-F).

DNA fragmentation was revealed by visualizing both 
Hoechst and TUNEL staining (Fig. 7A-C). Only second-
ary and antral follicles were analysed via TUNEL staining 
since they are the main targets of TUNEL staining. No 
fluorescence was detected in the medulla or in the CL. 
When TUNEL staining was performed on whole ovarian 
sections, no significant difference was detected between 
the two groups (Fig.  7D). The percentage of TUNEL-
positive nuclei in the control group was 0.44 ± 0.32%, 
whereas it was 0.42 ± 0.18% in the F group (NS). The same 
conclusions were obtained for the follicles (Fig. 7E), even 
when the secondary and antral follicles were studied sep-
arately (Fig. 7F-G). Interestingly, while exposed antral fol-
licles displayed an increased size when measured on HE 

Fig. 3 Representative images of HE-stained ovarian section. HE-stained ovarian section
 allowed to distinguish (A) primordial, (B) primary, (C) secondary, (D) antral follicles and (E) corpora lutea
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Fig. 5 Effect of a folliculogenesis exposure on surfaces of antral follicles. Histological analysis of HE-stained ovarian sections provided the (A) mean sur-
face of antral follicles with detailed measurements of (B) granulosa, (C) theca surface and (D) their ratio. Data are presented as mean ± SD for F (mixture-
exposed, n = 10) and NE (control, n = 11) groups. *: p < 0.05 for F vs. NE

 

Fig. 4 Effect of a folliculogenesis exposure on ovarian parameters assessed through macroscopic and microscopic measurements. (A) CL number and 
(B) ovarian weight were measured at sacrifice (n = 12 for F (mixture-exposed) and n = 11 for NE (control). Histological analysis of HE-stained sections 
reported the density of follicles (C) at each stage based on 7 complete sections. The results were also presented as estimated total count in whole ovary 
(D) for F (n = 12) and NE (n = 13) groups. Data are presented as mean ± SD. *: p < 0.05 for F vs. NE
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sections compared to control, the mean number of cells 
(Hoechst positive nuclei) per antral follicles were remark-
ably similar between the groups (1566 ± 240 for NE vs. 
1529 ± 212 for F; NS).

Folliculogenesis exposure disrupts steroidogenesis
The measurements of LH, FSH, androstenedione, preg-
nenolone and estrone yielded values under the limit of 
quantification that are not presented. The mean (± SD) 
serum concentrations of AMH, progesterone, DHEA, 
testosterone, and E2 are presented in Fig.  8. Statistical 
analysis revealed a significant increase in the testosterone 
concentration in the serum of exposed females (Fig. 8C).

We subsequently measured the expression of several 
genes encoding key steroidogenesis enzymes. Expo-
sure did not alter the expression of the Star or Cyp11a1 
genes (Fig. 9A-B), which encode respectively for the ste-
roidogenic acute regulatory protein (StAR) and the cho-
lesterol side-chain cleavage enzyme (cytochrome P450 
scc) respectively. These enzymes play crucial roles at the 
beginning of steroidogenesis by mediating cholesterol 
transfer and converting the latter to pregnenolone. Simi-
larly, intermediate enzymes such as cytochrome P450 
17A1 and dehydrogenases (Fig.  9C-E) were not differ-
ent in terms of gene expression. Cyp19a1 expression was 

significantly greater in F ovaries than in control ovaries. 
This gene encodes an enzyme responsible for androgen-
to-estrogen conversion, aromatase. Finally, the expres-
sion of the 5αr2 gene, which encodes steroid-5-alpha 
reductase, remained similar in both groups. The latter 
enzyme is not involved in steroidogenesis but is impor-
tant for testosterone homeostasis because it converts tes-
tosterone into dihydrotestosterone (DHT), a more potent 
form of testosterone.

Discussion
Folliculogenesis is a crucial process for female repro-
duction, and the study of the impacts of exposure to 
xenobiotics during this process seems relevant. To our 
knowledge, the present article is the first to report the in 
vivo effects of realistic exposure to a mixture of environ-
mental contaminants on ovarian function. We showed 
that combined 17 weeks of exposure to 8 compounds at 
serum levels relevant for women induced slight altera-
tions in some parameters of folliculogenesis without 
affecting the ovarian reserve. Firstly, analysis of ovarian 
sections revealed no change in preantral follicles popula-
tions but an increase in the density, total number and size 
of antral follicles. Secondly, exposed animals displayed 
more atretic follicles but no changes in cell proliferation 

Fig. 6 Effect of a folliculogenesis exposure on cellular proliferation in ovaries assessed via Ki67 immunostaining. Ki67-positive nuclei are stained in brown 
as shown in (A) follicles and (B) corpora lutea zooms. Bar plots detail the percentages of Ki67-positive cells in (C) whole ovaries, (D) medulla, (E) follicles 
and (F) corpora lutea for F (mixture-exposed) and NE (control) female ovaries. Data are presented as mean ± SD for F (mixture-exposed, n = 16) and NE 
(control, n = 16) groups
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or DNA fragmentation. Thirdly, serum analysis showed 
no effect on the levels of most steroids analysed, with 
the exception of a higher testosterone levels in exposed 
females, while the expression of genes encoding key ste-
roidogenic enzymes were similar except for an increase 
in Cyp19a1 gene expression.

The first objective of our study was to investigate the 
effects of the mixture on the dynamic of folliculogenesis. 

Evaluations of follicular populations, especially primor-
dial and antral pools, are almost mandatory steps in 
ovarian toxicological studies and provide two important 
pieces of information regarding the dynamics of follicu-
logenesis. The primordial pool represents the foundation 
of follicular populations and is therefore a determining 
factor for the quality and duration of fertility [50]. On 
the other hand, the antral follicle count (AFC) reflects 

Fig. 8 Effect of a folliculogenesis exposure on serum hormone concentrations. Bar plots present concentrations of (A) progesterone, (B) dehydroepian-
drosterone, (C) testosterone, (D) estradiol and (E) Anti-Mullerian Hormone. Data are presented as mean ± SD for F (mixture-exposed, n = 12–16) and NE 
(control, n = 13–16) groups. *: p < 0.05 for F vs. NE

 

Fig. 7 Effect of a folliculogenesis exposure on DNA fragmentation in ovaries assessed via TUNEL assay. DNA fragmentation is evidenced in nuclei colocal-
izing Hoechst (blue) and TUNEL (orange) marking. TUNEL marking was punctual in ovarian sections in both groups, primarily targeting secondary and 
antral follicles as shown in (A-C) zooms. Bar plots detail the percentages of TUNEL-positive cells in (D) whole ovaries, (E) follicles including (F) secondary 
and (G) antral stages. Data are presented as mean ± SD for F (mixture-exposed, n = 13) and NE (control, n = 12) groups
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active and developed follicles that can potentially be 
ovulated. During this study, ovarian histological analysis 
was assessed 80 h after ovulation induction and artificial 
insemination. We did not reveal differences in terms of 
density or total number of primordial, primary or sec-
ondary follicles nor corpora lutea while the density and 
estimated total number of antral follicles were signifi-
cantly greater in the exposed ovaries. Similar results for 
primordial and antral follicles were reported by Lefèvre 
et al. [12], who studied the ovaries of rats fed a diet sup-
plemented with a mixture of brominated flame retardants 
(BFRs) before mating and during gestation. Lea et al. did 
not observe differences in the number of antral follicles 
in the fetal ovaries of ewes exposed to sludge fertilizer 
during gestation; however, they reported a greater num-
ber of primordial follicles in the group exposed during 
late gestation [18]. Other studies reported no significant 
changes in either parameter following perinatal exposure 
to various mixtures [21, 22]. One last study reported a 
decrease in the number of antral follicles in ovaries from 
mice exposed from conception to the adult stage to a 
mixture of phthalates and alkylphenols [51]. The results 
mentioned above vary unsurprisingly considering the 

differences in terms of species, exposure timing, mix-
ture composition and concentrations, making any com-
parison difficult. We emphasize that one strength of our 
study is the use of a solid methodology for ovarian histol-
ogy analysis, as indicated by the number of experiments, 
animals, ovarian sections per animal and the blindness of 
the evaluation. It is quite reassuring to note that the cur-
rent exposure to a mixture of 8 toxicants usually found 
in women of child-bearing age does not alter the stock of 
primordial follicles. Alterations in the primordial follicle 
stock can induce premature ovarian insufficiency during 
female life, with significant consequences for women’s 
reproductive health and quality of life [52]. Our data are 
consistent with a previous study by our team on the ovar-
ian effects of a mixture of pesticides at low doses using a 
mouse model [15]. Any discrepancies with other studies 
in the scientific literature are probably linked to the use 
of high doses. For example, a study carried out by Johans-
son et al. [21] demonstrated that perinatal exposure of 
rat pups to an androgenic mixture induced a significant 
reduction in primordial follicles; however, the doses used 
were 100 to 450 times greater than what is considered 
high human exposure. To our knowledge, there are no 

Fig. 9 Effect of a folliculogenesis exposure on gene expression of steroidogenesis enzymes tested by qRT‒PCR. Bar plots present fold change for (A)Star, 
(B)Cyp11a1, (C)Cyp17a1, (D)3βhsd, (E)17βhsd, (F)Cyp19a1, (G) 5αr2 genes. Data are presented as mean ± SEM for F (mixture-exposed, n = 15–16) and NE 
(control, n = 13–14) groups. *: p < 0.05 for F vs. NE
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animal data demonstrating the harmful effects of expo-
sure to a mixture of xenobiotics at human-relevant doses 
on the ovarian primordial follicle reserve. Given that our 
model was not designed to take into account exposure 
during the initiation of meiosis in the female germ line 
or the assembly of primordial follicles (corresponding 
to maternal exposure during pregnancy in humans), we 
cannot exclude any effect of our mixture of toxicants on 
the fetal ovary and its primordial follicles.

To further investigate the increase in antral follicles 
density and estimated total number, we analyzed cell pro-
liferation by Ki67 staining. Strikingly, we did not observe 
difference regarding cell proliferation in follicles between 
control and exposed rabbits. One major limit of this anal-
ysis is the inclusion of all follicle types, from primary to 
antral, within the follicle ROI. Even though primary fol-
licles were poorly marked by Ki67, secondary and antral 
follicles were both subjected to a relatively important 
staining. Such analysis needs to be reiterated distinguish-
ing secondary from antral follicles to assess if the increase 
in antral follicles number is associated with an increased 
cell proliferation in secondary follicles in exposed ova-
ries. Furthermore, the size of antral follicles is signifi-
cantly higher in exposed rabbits due to a larger granulosa 
compartment. Nonetheless, caution is warranted since 
the measurements of granulosa compartment included 
antral cavities. We cannot deny the contribution of 
antrum in the increased granulosa compartment since 
TUNEL data showed that antral follicles had the same 
number of cells in both groups. Granulosa cells express 
AMH which serum concentration is considered a reliable 
marker of ovarian reserve in humans and domestic ani-
mals [53–58] and is generally closely positively associated 
with the ultrasound AFC i.e. antral follicles. However, in 
the rabbit, no correlation between serum AMH and AFC 
was evidenced in a recent study [59] where AMH was 
correlated with secondary follicles only. Therefore, the 
lack of difference in the proportion/number of secondary 
follicles between exposed and control groups can explain 
their similar serum AMH levels.

Apart from studying the impact of the mixture on fol-
licular populations, we looked at its impacts on follicular 
cell death using both visual and TUNEL analysis. Hae-
matoxylin and eosin analysis demonstrated a significant 
increase in the density/total number of antral atretic folli-
cles in the exposed ovaries. Using the same approach, Lea 
et al. reported an increase in atretic primordial follicles 
in the fetal ovary of ewes whose mothers were exposed 
to sewage sludge-treated pastures during the gesta-
tion period (offspring follicle formation), but not in fol-
licles at preantral and antral stages combined [18]. Two 
studies did not show significant differences in follicular 
(stages not specified) atresia when adult female rats were 
exposed to a mixture of BFRs during gestation [12] or 

perinatally to a high-dose mixture of endocrine disrup-
tors [21], and two other studies did not investigate atretic 
follicles [22, 51]. Our TUNEL assay did not reveal differ-
ences in DNA fragmentation, suggesting that the occur-
rence of nuclear apoptosis was similar in both groups 
while the number of atretic follicles increased in exposed 
ovaries. These results are not contradictory since nuclear 
apoptosis is not the only mechanism leading to follicu-
lar atresia. Although the literature is still scarce [60], 
autophagy and necrosis appear to be alternative pathways 
of nuclear cell death in ovarian follicles. In mice, necrosis 
appears to be predominant for small follicles [60], which 
could explain the lack of TUNEL labelling in our early-
stage follicles if it is similar in rabbit. In larger follicles, all 
three cell death pathways appeared to occur in equal pro-
portions in the mouse model [61]. Leopardo et al. dem-
onstrated that autophagy is one mechanism of cell death 
in atretic follicles of hares ovary [62]. The increase in 
atretic follicles in our exposed females could therefore be 
due to autophagy in granulosa cells and/or mitochondrial 
apoptosis that is also a cell death pathway for granulosa 
cells [63]. In summary, the current findings indicate that 
a chronic human-relevant exposure to a mixture of toxi-
cants through folliculogenesis promotes the late follicle 
development, as evidenced by higher density, estimated 
total number and size of antral follicles in exposed ani-
mals. However, this is occurring alongside the increase 
of atretic antral follicles without affecting the number of 
CL. These observations suggest that the supernumerary 
antral follicles in exposed ovaries do not reach ovulation, 
potentially due to atresia for which the exact mecha-
nism have not been elucidated in this work. Interestingly, 
another research group also showed a stimulation of late 
follicular development with increased incidence of atre-
sia after a neonatal exposure to BPA [64].

Finally, the last aim of our study tackled the effect of 
our mixture exposure on the sex hormone profile. Some 
hormonal dosages yielded values under the LOQ for 
the gonadotropins and some steroids. In most cases, 
the low levels are probably a consequence of the timing 
of blood collection. LH and FSH serum levels 80 h after 
ovulation trigger are supposed to be very low since the 
gonadotropins peak in the first hours following post 
coitus [65]. Resources providing levels of all steroids 
throughout pregnancy in rabbit are rare, or non-existent 
for the case of pregnenolone and androstenedione. One 
study reported a peak in androstenedione peripheral 
level occurring at 4 h post ovulation trigger and low but 
measurable dosages in the 9 h following GnRH stimulus 
[66]. We found only one study providing data for estrone 
plasma level in pregnant rabbits [67]. On the day 3 of 
pregnancy, the authors reported values largely included 
in our detection range, i.e. about 20pg/mL of estrone in 
arterial plasma. The reliability of these reported results in 
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pregnant rabbits can be questioned due to factors such as 
the age of the rabbits (that was not specified) and the uti-
lization of radioimmunoassay and its limitations, includ-
ing cross-reactivity with other steroids and reduced 
accuracy compared to GC-MS. GC-MS measurements 
revealed a significant increase in the serum testosterone 
concentration in the exposed group. Although it is cir-
culating and not intrafollicular (could be less informa-
tive when examining oocyte and ovarian issues [68, 69]), 
the testosterone concentration is a relevant reproductive 
endpoint and plays an important role in ovarian, uter-
ine [70–72] and oocyte health [73]. An increase in tes-
tosterone levels after exposure to a xenobiotic mixture 
has been reported in vivo in previous studies [12, 18] 
and in vitro in porcine granulosa and thecal cells cocul-
tured with a mixture of PBDEs [26]. In the latter study, 
the results differed when DDT and DDE were present in 
the mixture, clearly illustrating the complexity of mixing 
molecules, even within the same chemical family. Differ-
ent compounds isolated from our mixture have also been 
associated with increased testosterone levels in the litera-
ture, including PFOA [74], DEHP [75] and BDE-47 [76]. 
In these studies, as in our study, adrenal participation 
has not been investigated, although it could have pro-
vided valuable information given the role of adrenals in 
steroid homeostasis [77, 78]. Mechanistically, an increase 
in testosterone can be associated with different param-
eters, such as cholesterol and precursor hormone lev-
els, as well as with qRT‒PCR results for steroidogenesis 
enzymes. Although we detected an increase in the serum 
cholesterol concentration, no changes were observed in 
Cyp11a1 and Star gene expression, both encoding for 
enzymes important in the first step of steroidogenesis 
and cholesterol absorption. Lefevre et al. highlighted that 
Cyp17a1 was downregulated in the ovaries of rat dams 
exposed to the highest dose of BFRs, but we did not reach 
a similar conclusion via qRT‒PCR in rabbits. Our analysis 
revealed an increase in the expression of the gene encod-
ing the aromatase enzyme in the ovary. Patiño-García et 
al. reported a decrease in relative Cyp19a1 mRNA lev-
els in mice prenatally and postnatally exposed to a mix-
ture of phthalates and alkylphenols (including DEHP) 
[50]. On the other hand, compounds such as PFOA and 
BDE-47 have occasionally been associated with increased 
expression of Cyp19a1 [74, 79] alongside disturbances in 
estrogen levels [74] and activity [79].

Although exposed animals showed increased tes-
tosterone levels and Cyp19a1 expression in ovaries, 
we demonstrated no difference in the serum estradiol 
concentration. We hypothesized that this higher gene 
expression of Cyp19a1 may be related to both the ovar-
ian response to increased testosterone production and an 
endocrine disrupting effect of the mixture on aromatase 
activity, which would affect estradiol secretion. The larger 

size of the granulosa compartment in antral follicles may 
reflect a compensatory mechanism for this decreased 
aromatase activity. We cannot confirm this hypothesis 
since our study did not include an evaluation of aroma-
tase activity. Furthermore, if confirmed, enzymatic inhi-
bition could be linked to a direct effect of the mixture 
or indirectly via an increase in testosterone secretion 
since it has been demonstrated in vitro that testosterone 
decreases aromatase activity in uncultured human granu-
losa cells in a dose-dependent manner [80].

Finally, the biochemical results opened another ave-
nue of investigation. Significantly higher cholesterol 
levels were measured in the serum of exposed females, 
although their bodyweight remained the same as that 
of the control group. Few of the compounds studied are 
known (BPS, DDE [81], DEHP, or PFOA [82]) or sus-
pected obesogens but the present study was not designed 
to investigate metabolic disruption in depth. It remains 
a relevant question to study in the future, especially 
since metabolism and reproductive functions are closely 
linked. Although some phenotypic changes observed in 
exposed females, such as elevated testosterone levels and 
antral follicle numbers or dyslipidaemia, may be remi-
niscent of a PCOS-like phenotype, their similar weight 
and larger antral follicles do not correspond to a typical 
PCOS phenotype. Furthermore, according to Jakimiuk et 
al., Star, Cyp11a and Cyp17 are overexpressed in PCOS 
follicles [83], and the aromatase gene is under expressed 
in PCOS-granulosa cells [84], which is the opposite of 
our findings.

Gathering our ovarian results, we can attempt to draw 
a cascade of events induced by our mixture of 8 xenobi-
otics. The exposure does not affect folliculogenesis until 
the antral follicle stage, preserving the ovarian reserve 
of primordial follicles and maintaining serum AMH 
levels since secondary follicles are the main contribu-
tors to serum AMH in the rabbit species [59]. AMH is 
a well-known regulator of the initiation of folliculogen-
esis from the primordial pool, we can postulate that this 
pool is preserved from any effect of the mixture: neither 
a direct cytoxic effect nor an indirect depletion through 
AMH regulation. From the antral stage onward, we spec-
ulate that the mixture of xenobiotics induces an endo-
crine disrupting effect on Cyp19a1 enzymatic activity, 
whose mechanism is not elucidated, leading to increased 
serum testosterone levels. To cope with the lower ability 
to convert testosterone to estradiol, granulosa cells would 
overexpress the Cyp19a1 gene allowing to maintain nor-
mal serum estradiol levels. A compensatory response at 
antral stage could also explain the development of more 
and bigger antral follicles with a preferential development 
of the granulosa compartment (including the antral cav-
ity). However, these more numerous antral follicles in 
exposed ovaries undergo more atresia, the mechanism of 
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which is not nuclear apoptosis according to our TUNEL 
results. Further studies are needed to identify its exact 
mechanism and evaluate whether or not it is consecutive 
to an endocrine disruption. This atresia would maintain 
the same number of pre-ovulatory follicles, explaining 
why we observed, 80 h post ovulation, equivalent num-
bers of corpora lutei, no difference in serum progester-
one and the same number of collected embryos (data 
not shown). The question of whether the quality of these 
embryos is affected, due to oocyte-driven alterations post 
exposure to the mixture, is currently under investigation 
within the FEDEXPO project.

Our study presents some limits. Rabbit are reflex ovu-
lators therefore the mechanisms inducing ovulation post-
coitus, although not fully elucidated [85], are different 
from cycling species like Humans. We also did not evalu-
ate the effects of the mixture on adult folliculogenesis i.e. 
long after the end of exposure since our window of expo-
sure started once the primordial follicle pool is assembled 
and ended at sexual maturity (equivalent to post puber-
tal stage of a young woman). Therefore, complementary 
studies are needed to confirm these results. Lastly, our 
experimental design includes a solvent-exposed con-
trol. Even though it is a common practice in order to 
reduce animals number, it constitutes a limit compared 
to a true negative control i.e. non-exposed to vehicle and 
toxicants since it prevents to fully isolate and understand 
the vehicle’s influence and its sole impacts on evaluated 
parameters.

Conclusion
In conclusion, our data show that a complex woman-
relevant exposure to environmental chemicals during 
folliculogenesis induced alterations of final folliculogen-
esis and ovarian steroidogenesis in the rabbit species. As 
show for some isolated xenobiotics, the mixture resulted 
in alterations of aromatase expression, a key ovarian 
steroidogenic enzyme, associated with increased testos-
terone in blood i.e. an endocrine disrupting effect. Fur-
thermore, the xenobiotics mixture induced a cytotoxic 
effect on antral follicles. Importantly, no impact on the 
primordial follicles pool nor ovulation capacities were 
shown. As far as we know, using a mixture of 8 xenobiot-
ics from 5 different chemical families is unique regarding 
xenobiotics impacts on mammalian female reproduction. 
The nuanced effects observed illustrate the difficulty to 
decipher how the real-life, multiple, low-doses chemical 
environment of women could affect their reproductive 
potential. Such strategy using in vivo exposure to com-
plex mixtures is necessary to assess other reproductive 
endpoints, such as development and implantation of the 
embryo, but also the health of future descendants.
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