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ARTICLE INFO ABSTRACT

Keywords: Pregnant women are daily exposed to environmental contaminants, including endocrine disruptors that can
Placenta impact the offspring’s health. This study aimed to evaluate the effects of maternal oral exposure to a mixture of
DOHaD

Endocrine disruptors
Fetal programming
Mixture exposure

contaminants at a dose mimicking women’s exposure, during folliculogenesis and/or preimplantation period
(FED and ED groups, respectively) on the fetoplacental phenotype in a rabbit model. The mixture (DEHP,
pp’DDE, B-HCH, HCB, BDE-47, BPS, PFOS, PFOA) was defined based on data from HELIX and INMA cohorts. FED

Rabbit model and ED females or unexposed females (control) were inseminated, their embryos were collected and transferred
to unexposed control recipient rabbits at 80 h post-insemination. The effects of maternal FED and ED exposure
were evaluated on fetoplacental growth and development by ultrasound, fetoplacental biometry, fetal meta-
bolism, placental structure and function. The results demonstrated that the mixture weakly affected ultrasound
measurements, as only placental volume increased significantly in FED vs ED. Analysis of placental structure
demonstrated that the volume fraction of the maternal blood space was increased in FED vs control. Pre- and/or
periconception exposure did not affect biometric at the end of gestation, but affected FED fetal biochemistry.
Plasma triglyceride concentration was reduced compared to control. However, total cholesterol, urea, ASAT and
ALAT in fetal blood were affected in both exposed groups. Multiple factor analysis, including biometric,
biochemical, and stereological datasets, indicated that the three groups were significantly different. Additionally,
several placental genes were differentially expressed between groups, compared two by two, in a sex-specific
manner, with more difference in females than in males. The differentially expressed genes were involved in
lipid, cholesterol, and drug/xenobiotic metabolism in both sexes. These results indicate that maternal exposure
to environmental contaminants during crucial developmental windows only mildly impaired fetoplacental
development but disturbed fetal blood biochemistry and placental gene expression with potential long-term

effects on offspring phenotype.
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Funding sources and approval of experiments

This study is part of the FEDEXPO project, " Folliculogenesis and
Embryo Development EXPOsure” to a mixture of toxicants, supported by
Agence Nationale de la Recherche, France [grant no. ANR-17-CE34-
0015].

Animal experimentation was authorized by the French Ministry of
Research under APAFIS no. 14787-201804201607003 v3). In addition,
ARRIVE guidelines (Animal Research: Reporting of the In Vivo Experi-
ments available at http://arriveguidelines.org/) were followed for this
experiment.

1. Introduction

The general population is exposed daily by ingestion, inhalation, or skin
contact with various chemical compounds that may have endocrine-
disrupting activities (Nappi et al., 2016). These compounds include the
families of organochlorine pesticides, bisphenols, perfluoroalkyl substances,
phthalates, and flame retardants. Organochlorine pesticides include hexa-
chlorobenzene (HCB) as well as dichloro-diphenyl-trichloro-ethane (DDT),
which are two pesticides and persistent organic pollutants (POPs) currently
found in the environment (Fernandez-Rodriguez et al., 2015; Paiga et al.,
2021). Bisphenols and phthalates are endocrine-disrupting plasticizers
widely used in the manufacture of food packaging, toys, or cosmetics
(Kirchnawy et al., 2020; Koniecki et al., 2011; Zlatnik, 2016). Bisphenol A
(BPA) has been banned in many products (Alharbi et al., 2022), but has been
replaced by chemically related compounds such as bisphenol S (BPS)
(Fouyet et al., 2021). Perfluoroalkylated substances, common in textile
manufacture and various household and food products, can also accumulate
in the body (Abercrombie et al., 2019; Brusseau et al., 2020). Finally, many
industrial and consumer products have used the polybrominated diphenyl
ether (PBDE) family, which are brominated flame retardants (Alaee, 2003).

The developmental origins of health and disease (DOHaD) are based
on the observation that the maternal environment influences offspring
development and long-term phenotype (Barker et al., 1989). Maternal
nutritional status during pregnancy was first demonstrated as a major
environmental factor favouring the onset of non-communicable diseases
in adulthood such as hypertension, diabetes, or coronary heart disease
(Osmond and Barker, 2000; Fernandez-Twinn and Ozanne, 2010). This
concept has then been extended to any deleterious maternal environ-
ment during the preconception period shown to negatively influence
offspring’s risk of developing non-communicable diseases in adulthood.
Preconception period included folliculogenesis. During this period, the
primordial follicles pool is established in the fetal ovary (Kerr et al.,
2013). Then, this pool is continually depleted due to both initiation of
the process of folliculogenesis and atresia (Kerr et al., 2013). From pu-
berty to menopause, the folliculogenesis can lead to the ovulation of a
mature and fertilizable oocyte. So, the oocyte quality is linked to the
folliculogenesis period, which is sensitive to chemical environment
(Johansson et al., 2017; Land et al., 2022). After fertilisation, the zygote
and the preimplantation embryo are submitted to several molecular
events leading to embryonic genome activation (Marcho et al., 2015).
The preimplantation period seems to be a period of vulnerability, but in
humans, this period is not easy to investigate and the potential impact of
environmental contaminants during this short window has hardly been
studied.

The placenta, located at the interface of mother and fetus, has
endocrine, metabolic, and immune functions and ensures the control of
fetal growth through the supply of nutrients. It is considered as the
programming agent of fetal phenotype (Longtine and Nelson, 2011). In
response to maternal environmental disturbances, the placenta adapts to
ensure fetal survival, interfering with fetal metabolic programming
(Maltepe and Fisher, 2015), and thus affecting the individual’s future
health (Gingrich et al., 2020; Vrooman et al., 2016). The placenta is an
organ of dual origin: maternal and embryonic. On the embryonic side, it
is the trophectoderm, an outer epithelium of the blastocyst, which
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differentiates to form the placental trophoblasts. In contrast, the other
placental and extra-placental structures come from the embryo itself
(Maltepe and Fisher, 2015). The embryonic origin of the placenta is
derived from the functionality of the two parent gametes. An environ-
mental disturbance during either spermatogenesis or folliculogenesis
can have consequences for embryonic and fetal development, with
long-term repercussions on the offspring’s phenotype (Capobianco and
Pirrone, 2023; Jorge et al., 2023). In addition, the preimplantation
embryo is also sensitive to environmental perturbation (Reik et al.,
2001; Velazquez et al., 2023).

The general population is not exposed to a single contaminant but to
a multitude of compounds, contributing to the human exposome (Buck
Louis et al., 2017). In mixtures, contaminants could interact synergis-
tically or antagonistically (Martin et al., 2021), justifying the need for
studies on the effect of exposure to mixtures that better reflect the reality
of exposure. Indeed, the HOME human cohort demonstrated that high
exposure to a combination of contaminants (POPs, phenols, and
phthalates) during gestation affects fetal development and growth
associated with decreased gestational length (Kalloo et al., 2020). This
study is part of the FEDEXPO project (“Folliculogenesis and Embryo
Development EXPOsure to a mixture of toxicants”) that was designed to
mimic in an animal model a complex exposure to environmental con-
taminants at levels described in women of childbearing age (El Fouikar
et al., 2023).

The present study aims to evaluate, using a rabbit model, the
fetoplacental effects of maternal exposure to a mixture of eight
environmental contaminants, representative of the different families of
endocrine disruptors mentioned above, during two critical windows in
reproduction, namely folliculogenesis in females and preimplantation
development. To ensure our study will focus on observing the effects of
the mixture during these two developmental windows only, embryos
from these exposed females were transferred into synchronized
non-exposed females. The mixture of environmental contaminants was
defined based on the characterization of exposomes from the HELIX
(Human Early Life Exposome) consortium of mother-child cohorts
(Maitre et al., 2018), including the INMA (Infancia y Medio Ambiente)
(Guxens et al., 2012; Robinson et al., 2015) cohort, dedicated to the
follow-up of growth and development of the progeny related to maternal
contaminant exposure during pregnancy. Human exposure doses were
adapted to the rabbit animal model and validated after carrying out a
toxicokinetic study (Gayrard et al., 2021). The rabbit model was chosen
as it offers several physiological advantages (Brewer, 2006), such as a
discoid and haemochorial placentation closer to that of humans than
that of rodents (Fischer et al., 2012), and for its use in toxicology studies
(Foote and Carney, 2000; Theunissen et al., 2016). The objectives of the
present study were to explore the effects of maternal exposure during the
two windows of interest described above on middle and late gestation
fetoplacental growth and development, fetal metabolism, placental
structure, and function.

2. Materials and methods
2.1. Experimental protocol

The experiment was authorized by the French Ministry of Research
(APAFIS number No. 14787-201804201607003 v3). The authors com-
plied with the ARRIVE guidelines (Animal Research: Reporting of the In
Vivo Experiments available at http://arriveguidelines.org/). Sixteen
New Zealand white female rabbits (INRA1777 line) were exposed daily
by oral route (feeding metal cannula) to a mixture of 8 environmental
chemicals dissolved in corn oil (0.5 ml/kg of body weight per day). This
cannula was attached to a syringe containing the volume of solution
concerned, taking into account the dead volume of the cannula. It was
not a force-feeding procedure, the syringe was gently pushed into the
deep mouth so that the solution was swallowed. A first group has been
exposed to the contaminant mixture during folliculogenesis (between 2
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and 19 weeks of age) and during the pre-implantation period, corre-
sponding to the group of folliculogenesis and early embryo development
(FED, n = 6). A second group was exposed to corn oil during folliculo-
genesis and then exposed to the contaminant mixture during the pre-
implantation period (from 19 weeks of age when artificial insemination
takes place, and up to 80 h after insemination), corresponding to the
group of early embryo development (ED, n = 6). Controls received corn
oil daily during folliculogenesis and preimplantation period (0.5 ml/kg
of body weight, non-exposed group (CON, n = 4), as described else-
where (El Fouikar et al., 2023). Rabbits were reared in groups of 3 per
cage until 10 weeks of age, then divided into individual cages after 10
weeks. Rabbits were fed ad libitum (Stabifibre commercial feed) and tap
water was given ad libitum in a glass bottle. Levels of background
exposure of rabbits via water and food were also measured (Table S1).
Rabbits were housed and reared in such a way as to avoid unintentional
contamination by potentially endocrine-disrupting substances (El
Fouikar et al., 2023). Animals were bred in rooms isolated from other
rabbit holdings via a dedicated airlock with independent systems of
air-handling, heating and watering. To reduce the rabbits’ exposure to
potential other endocrine disruptors, they were housed in cages fully
made of galvanized steel and water was supplied using glass bottles with
a threaded stainless-steel pipette. The ambient temperature of the rabbit
housing was maintained at around 18 °C throughout the protocol, and
the lighting cycle was 12h night:12h daylight. The rabbits were handled
daily to accustom them to humans and limit stress. According to the
scoring grids available for this species, the procedures did not induce
any pain, suffering, or distress throughout the experimental protocol.

To mimic the daily exposure of women, the exposure doses were
adapted to the rabbit model (Gayrard et al., 2021) to approximate plasma
concentrations observed in two mother-infant cohorts HELIX (Maitre
et al., 2018) and INMA (Guxens et al., 2012; Robinson et al., 2015). The
concentrations to be reached for BDE-47 (2,2'4,4"-tetrabromodiphenyl
ether), pp’DDE, HCB, PFOS (perfluorooctanesulfonic acid), and
PFOA (perfluorooctanoic acid) were established according to the
Tamayo-Uria study (Tamayo-Uria et al., 2019). The target concentrations
for BPS, B-HCH, and DEHP were based on results from Gerona
(Gerona et al., 2018), Vrijheid (Vrijheid et al., 2012), and Assens
(Assens et al., 2019), respectively. These eight contaminants were
selected to include at least one substance from each family of pollutants
detected in 90% of the pregnant women in the cohorts, and because of
their associations with fetoplacental and neonatal health effects. In order
to implement the project, Gayrard and colleagues have modelized and
validated the exposure scheme in the female rabbit. This scheme
encompasses a loading dose administered on the first day to rapidly reach
serum equilibrium concentration. A daily maintenance doses were given
in the subsequent days in order to maintain daily stability of the targeted
serum concentrations (Gayrard et al., 2021). In the loading dose, BDE-47,
pp’'DDE, HCB, B-HCH, PFOA, PFOS, DEHP, and BPS were diluted in
corn oil at the concentrations of 8.9, 1051, 180, 165, 9.9, 56.7, 262 and
32 pg/kg-d, respectively. For the maintenance dose, the concentrations
were 1.1, 96, 5.6, 10, 9.8, 1.0, 770 and 122 pg/kg-d, respectively, to
achieve serum concentrations 10 times higher than the 90-95th percen-
tile concentrations observed in women (El Fouikar et al., 2024; Gayrard
et al., 2021) (Table S2). This high dose mimics the highest or maximum
exposures to these chemicals that have been observed in mother-child
cohorts, internationally.

At 19 weeks of age, ovulation of rabbit donors (n = 16) was induced
by intramuscular injection of a GnRH agonist (Fertagyl®, MSD Animal
Health, Brussels) and rabbits were artificially inseminated with pool of 4
fresh semen from the same 4 unexposed adult males known for their
fertile potential (n = 4). To target the two vulnerability windows of
interest (i.e. folliculogenesis and/or pre-implantation), 11 recipient
rabbits were synchronized with the donors for embryo transfer, as
described elsewhere (Rousseau-Ralliard et al., 2019, 2021). Briefly, 80 h
after insemination, female rabbits were euthanized, and
pre-implantation embryos (stage 80h post-insemination) were collected
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from oviducts by flushing and transferred in uterine horn in anaes-
thetized recipient rabbits after laparotomy. The mean number of
recovered embryos per female was 8, 9 and 6 in the FED, ED and CON
groups, respectively. Before transfer, health of embryos was evaluated as
the proportion of embryos at the blastocyst stage at the time of their
recovery, which was not different among groups. Four recipients
received embryos from the ED group, 4 from the FED group, and 3 re-
cipients received embryos from the CON group. One recipient rabbit
received embryos form on or two donors. The mean number of embryos
transferred per recipient was 9, 10 and 8 for FED, ED and CON embryos,
respectively. Recipient dams were never exposed to the mixture nor
during gestation. At 28 dpi (days post-insemination), i.e., 3 days from
term, recipient rabbits were sedated (intramuscular injection of Torbu-
gesic, 20 min prior euthanasia) and then euthanized by electronarcosis
followed by exsanguination and fetoplacental units were collected for
biometric measurements and blood and tissue sampling for further an-
alyses (Fig. 1). On average, 96% of embryos transferred resulted in a
fetus at 28 dpi for the control group (CON), versus 81% for the ED group
and 77% for the FED group.

2.2. Ultrasound and Doppler monitoring

During gestation, recipient dams were examined at 14 and 28 dpi by
ultrasonography using a Voluson E8 (GE Medical Systems) and an 8-16
MHz linear volume probe (RSP6-16). B-mode was performed trans-
abdominally on 34 fetoplacental units per dam, 2 conceptuses per uterine
horn sufficiently spaced apart to ensure that the same ones are not
measured twice (i.e.,n = 24 FED, n = 23 ED, and n = 16 CON fetoplacental
units). At 14 dpi, body length and width, head length, biparietal diameter,
fetal diameter and circumference, placental volume, and fetal heart rate
were measured. At 28 dpi, 2/3D Doppler scans were performed
transabdominally on 60 fetoplacental units (i.e., n = 21 FED, n = 23 ED,
and n = 16 CON fetoplacental units) to measure cerebral and umbilical
blood flows, as described elsewhere (Valentino et al., 2015), including the
following parameters: systolic velocity (SV), diastolic velocity (DV),
systolic/diastolic velocity ratio (SDV), resistance index (RI), pulsatility
index (PI), umbilical and cerebral pulse (UP and CP, respectively).
Placental volume was measured after 3D reconstruction, and placental
perfusion was evaluated according to three indices: i) the vascularization
index (VI) representing the vascular density, ii) the flow index (FI)
representing the average blood flow intensity, and iii) the vascularization
flow index (VFI), a combination of the first two representing placental
perfusion (Lecarpentier et al., 2012; Valentino et al., 2015).

2.3. Feto-placental biometry

At 28 dpi, fetoplacental units (i.e., n = 27 FED, n = 31 ED, and n = 22
CON fetoplacental units) were weighed. Head length and biparietal
diameter of the head (BIP) were measured with an electronic calliper.
Abdominal circumference was measured using a string that encircles the
fetus at the umbilicus without compressing it. The string was held in
place by a clamp, and the distance between the clamp and the end of the
string was plotted on a double decimeter. To measure the length of the
fetuses, photos were taken on graph paper and loaded into image J
software to measure the crown-to-rump length.

Fetuses were sexed by visual examination of the gonads as previously
described (Valentino et al., 2015). The fetal brain, lungs, heart, liver,
and kidneys were collected and weighed. Whole placentas were weighed
and dissected out to separate and individually weigh labyrinth and
decidua.

2.4. Biochemistry assays
Classical biochemistry (glycaemia, triglycerides, cholesterol, urea,

creatinine, ASAT (aspartate aminotransferase) and ALAT (alanine
aminotransferase)) was assayed on fetal plasma (n = 27 FED, n = 31 ED



J. Bozec et al. Environmental Research 262 (2024) 119829

Q Exposed 2 weeks 19 weeks 80h post Al Hirgroung
donor dams I o Q Unexposed 14 dpi 28 dpi
o i I
N=4 unexposed G H i

n=6ED donors n=4ED

H 3| Embryos Collection of

2 Group FED, n=6 transfers fetoplacental

- H H units at 28
n =6 FED donors : n=4FED H H dpi

- > 31 dpi
n=4 CON donors Pre-imple ) n=3 CON

Folliculogenesis re-implantation Gestational period

development

Fig. 1. Experimental protocol. Sixteen donor rabbits were exposed to the mixture of eight contaminants in corn oil: 6 donor does were exposed either during
folliculogenesis and pre-implantation development (from 2 to 19 weeks of age when artificial insemination occurred, and up to 80 h post-insemination, FED group), 6
donor does exposed only during pre-implantation development (ED group) but exposed to corn oil only during folliculogenesis. Four donor controls (group of CON)
were exposed to corn oil only from 2 weeks of age. Exactly 80 h after insemination, embryos were collected and transferred to synchronized recipient females. Each
recipient received 6 embryos per horn, to obtain n = 4 FED, n = 4 ED, and n = 3 CON recipient groups. Ultrasound monitoring was performed at 14 and 28 days post-
insemination (dpi). Pregnant females were euthanized at 28 dpi (3 days from term) to collect fetoplacental units.

and n = 22 CON fetuses) using a classical automated biochemistry embedded in paraffin. Vimentin immunodetection was performed on 7
analyzer (AU 5800 Beckman Coulter equipment). Plasma insulin was pm sections to stain fetal vessels as previously described (Lecarpentier
performed with chemiluminescent immunoassay using paramagnetic et al., 2012; Tarrade et al., 2014; Valentino et al., 2015) using a mouse
particles on an automaton analyzer (DXi Beckman Coulter equipment). monoclonal anti-vimentin antibody (IgG1, Clone V9, Sigma Aldrich,

1:200 in 2% BSA) and a biotinylated donkey anti-mouse secondary
antibody (Jackson Immunoresearch, 1:500 in 2% BSA). Reaction

2.5. Placental immunohistochemistry and stereological analysis amplification was performed using the ABC kit (Vector Laboratories,
L USA) containing avidin coupled to horse radish peroxidase (HRP).
The placental labyrinthine area of two males and two females per Staining of anti-vimentin sites was revealed with diaminobenzidine

litter were randomly selected (n = 16 FED, n = 15 ED, and n = 12 CON (DAB at 667 ng/ml) and 2% nickel ammonium, generating a black
placentas). Samples of the labyrinthine area were fixed and then
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Fig. 2. Histology and immunohistochemistry of the rabbit placenta at 28 dpi. (A) Histological section of the placenta after immunodetection of vimentin. The
rabbit placenta is composed of the labyrinthe zone (LZ) on the fetal side where exchanges take place, the decidua (Dd) on the maternal side, and the junctional zone
(JZ) located between the other. Scale bar: 500 pm. (B) Negative control of vimentin immunodetection on a section (7 pm) of the labyrinthe zone of a rabbit placenta.
Scale bar: 50 pm. (C) Immunodetection of a histological section of the labyrinthe zone of a rabbit placenta to stain fetal vessels (FV) and distinguish maternal blood
space (MBS) and trophoblast (TB). Scale bar: 50 pm. (D) Stereological quantification of the three cellular structures that make up the labyrinthine zone: trophoblast
(TB, blue bar), fetal vessels (FV, yellow bar) and maternal blood space (MBS, pink bar).
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precipitate. The nuclei were stained with 0.1% toluidine blue. After
scanning the slides (Nanozoomer, Hamamatsu™), the volume fraction
(Vv) and the surface density (Sv) of the labyrinthine zone including
trophoblast, maternal blood space, and fetal vessels (Fig. 2) were
quantified using Mercator software and the One Stop Stereology tool as
previously described (Favaron et al., 2013; Tarrade et al., 2014; Val-
entino et al., 2015).

2.6. RNA isolation and integrity

Total RNAs were extracted from 44 samples of labyrinthine area (i.e.,
n =16 FED,n =16 ED, n = 12 CON placentas; 2 males and 2 females per
litter and per group) according to the method of Chomczynski and
Sacchi (1987) using trizol (Fisher Scientific™). Total RNAs were
collected and precipitated. RNA purification was then performed using
the ISOLATE II RNA mini kit (Bioline, Meridian Bioscience).

2.7. Transcriptomic analysis

Transcriptomic analysis was performed using an Illumina NextSeq
500 sequencer (Illumina Inc.) with paired-end sequencing at an average
depth of 45 million reads (n = 16 ED, n = 15 FED and n = 12 CON
samples). The sequencing data were available in the NCBI BioProject
database under accession number PRJINA1070544.

Descriptive analyses and analyses of differentially expressed genes
according to group and sex were performed using the DESeq2 package
(Love et al., 2014) of R software (version 4.1.2), resulting in 12 com-
parisons: (i) between each group (3 comparisons; n = 16 ED vs. n = 12
CON;n=15FEDvs. n=12 CON; n = 15FED vs. n = 16 ED), (ii) between
males and females within each group (3 comparisons); n = 6 CON fe-
males vs. n = 6 CON males; n = 8 ED females vs. n = 8 ED males; n = 7
FED females vs. n = 8 FED males) (iii) between treatment groups in
males and females (2 comparisons); n = 8 FED males vs. n = 8 ED males;
n = 7 FED females vs. n = 8 ED females), (iv) between each treatment
group and controls, in males and females separately (4 comparisons); n
= 8 ED males vs. n = 6 CON males; n = 8 ED females vs. n = 6 CON
females; n = 8 FED males vs. n = 6 CON males; n = 7 FED females vs. n =
6 CON females). The rabbit genome was mapped using the OryCun2
assembly version, while gene definition and annotation were based on
Ensembl version 105. Genes with an adjusted p-value <0.05 (Benjamini
Hochberg method) and a Fold Change >1.5 or <1/1.5 were considered
differentially expressed.

Gene Set Enrichment Analysis (GSEA) was carried out to identify
enrichments in induced or repressed gene networks in response to
exposure. For these analyses, five databases were used: i) GO BP (Gene
Ontology - Biological Process), ii) GO CC (Gene Ontology - Cellular
Component), iii) GO MF (Gene Ontology - Molecular Function), iv)
KEGG (Kyoto Encyclopaedia of Gene and Genomes) and v) REACTOME.
The normalized enrichment score (NES>|1.6|) obtained from the GSEA
analysis, the False Discovery Rate (FDR<O0.25), and the raw p-value
(<0.05) were used to identify the most deregulated gene networks in the
placenta in response to exposure to a mixture of eight environmental
contaminants about the DEGs obtained.

2.8. Quantitative real-time polymerase chain reaction

One microgram RNA samples (N = 15 FED, N = 16 ED, and N = 11
CON placentas) were reverse transcribed into single-stranded cDNA in a
15 pL reaction mixture (Invitrogen). Real-time PCR was performed in a
15 pL reaction volume containing 10 pL of SYBR Green Mix (Applied
Biosystems, USA), 5 pL template cDNA, and 300 nM primers using the
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Ther-
mocycling conditions were, for 40 cycles, 95 °C for 15 s followed by
60 °C for 1min, and ended with a gradual rise to 95 °C. The results were
analyzed using the StepOnePlus software (Applied Biosystems, USA).
Melting curve analysis was performed to verify the amplification of a
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single product. The mRNA levels of each gene of interest were normal-
ized and quantified using QbasPLUS software (Biogazelle). EIF4A2
(Eukaryotic translation initiation factor 4E family member 2), RPL18
(Ribosomal protein L18) and SDHA (Succinate dehydrogenase complex
flavoprotein subunit A) mRNA levels were chosen as reference genes as
their expression was not affected by treatment or sex. The primers used
are listed in Table S3. They were synthesized by Eurogentec and stan-
dard curves were generated to calculate their efficiency.

2.9. Statistical analysis

Data are expressed as median [1st quartile; 3rd quartile]. Statistical
analysis was performed using R software (version 4.1.2). Linear
mixed-effects models were applied for biometric, biochemical, and
stereological datasets using the nlme package (Pinheiro et al., 2022;
Pinheiro and Bates, 2000), followed by type IIIl ANOVA (Anova function
in the car package (Weisberg and Fox, 2019)) with the recipient dam as a
random effect, with treatment and fetal sex adjustment. For biometric,
stereological, and biochemical data, the linear model was also applied
with sex and litter size as fixed effects. If data distribution did not follow
a normal distribution, a Permutation test was used (pgirmess package)
(Giraudoux, 2022). When the group effect was statistically significant
(p<0.05), a pairwise comparison (Tukey post-hoc test) of the three
groups was performed using the Ismeans package (Lenth, 2016). Before
applying the linear models, outliers were identified using the Rosner test
(EnvStats package) (Millard, 2013).

Principal component analysis (PCA) and multiple factor analysis
(MFA) of the different data sets (ultrasound, stereological, biometric,
and biochemical) and their graphical representations were performed
using the FactoMineR (Le et al., 2008) and factoextra (Kassambara and
Mundt, 2020) packages.

Because the normality of the RT-qPCR data was not validated,
nonparametric statistical analyses were performed to compare the three
exposed groups (i.e. FED, ED, and CON), taking into consideration fetal
sex, using the Kruskal-Wallis test (stats package (R Core Team, 2022)),
followed by pairwise comparison using Dunn’s Kruskal-Wallis Multiple
Comparisons test with Benjamini-Hochberg adjustment (FSA package
(Ogle et al., 2023)) when the difference between groups was significant
(p<0.05).

3. Results
3.1. Fetoplacental development and growth

Contaminant exposure during the FED and ED periods had no sig-
nificant effect on the different ultrasound measurements at 14 dpi
compared to CON group (Table S4).

At 28 dpi, maternal exposure to contaminants during the FED and ED
periods had no significant effects on umbilical and cerebral blood flow
compared to CON group (Table S5). Placental volume was not signifi-
cantly different between the two exposed groups (FED and ED)
compared to CON group. In contrast, a significant increase in placental
volume (+14.63%, p = 0.035) was observed between groups of FED and
ED, but placental perfusion indices were not statistically different be-
tween groups (Fig. 3).

3.2. Fetal and placental biometry

Exposure during folliculogenesis and/or pre-implantation had no
significant effect on 28 dpi fetoplacental biometric data, nor on fetal
morphometry or organ biometry, relative organ biometry, placental
biometry, and placental efficiency defined as the gram of fetus produced
per gram of placenta i.e. the fetal-to-placental weight ratio compared to
CON group (Table S6).

Principal component analysis (PCA) of the fetoplacental biometric
measurements demonstrated a difference between the ED and FED
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Fig. 3. Ultrasound monitoring of the rabbit placenta at 28 dpi. Quantitative 3D Doppler was performed to determine placental volume (A), vascularization (B),
flow (C), and flow vascularization index (D). CON control group (n = 22); ED, exposed during preimplantation development (n = 31); FED, exposed during fol-
liculogenesis and preimplantation development (n = 27). Significant differences between conditions are indicated by * (p-value <0.05).

groups and the CON group, with distinct confidence ellipses (Fig. S1A).
The separation of the exposed groups (FED and ED) from the CON group
is partly explained by the quantitative variable “fetal length”, which was
greater for the CON group. Additionally, the ED group was separated
from the other groups by the brain weight, whereas the deciduae and
labyrinthine weights separated the FED group from the others. When
fetal sex was considered, however, confidence ellipses overlapped
(Fig. S1B), erasing the small group effects.

3.3. Fetal biochemistry

Fetal biochemistry was largely affected by maternal exposure
(Table 1). First, fetal plasma triglyceride concentrations (p = 0.001)
significantly differed when comparing the three groups. Pairwise com-
parison showed that fetal FED concentrations were significantly lower
(—=15.09%, p = 0.035) than CON group (Fig. S2A). Both FED and ED
exposure significantly affected total cholesterol, urea, ASAT, and ALAT
in fetal plasma (p = 0.027, p = 0.022, p = 0.015, and p = 0.032,
respectively) compared to CON group, but the pairwise comparison did
not reach statistical significance between groups (Figs. S2B, D, E and F).
Plasma HDL cholesterol concentrations were significantly lower
(—17.28%, p = 0.028) in FED fetuses compared to ED fetuses (Fig. S2C).
Exposure did not affect glycaemia, plasma insulin, or non-HDL choles-
terol or plasma creatinine concentrations in fetuses. No sex effects were
observed for the measured biochemical parameters.

PCA of fetal biochemical data (Fig. S3) showed that FED fetuses were
different from the other two groups with distinct ellipses. The FED fe-
tuses differed from the ED and CON fetuses on dimension 5, in terms of
plasma creatinine, urea, and glucose concentrations. The ED and FED

Table 1

fetuses differed on dimensions 2 and 5, because a high glycaemia and
plasma urea concentrations described the ED fetuses (Fig. S3A). When
considering the sex of the fetuses (Fig. S3B), PCA showed that there was
no sex-specific effect within the same group but that a sex-specific
response to exposure occurred in females with the ellipses of the
group of FED females that were clearly separated from those of the
group of ED females. Thus, this sex-specific response occurred in fe-
males, according to the exposure period, in terms of plasma insulin and
non-HDL cholesterol concentrations, as seen in dimension 5.

3.4. Placental morphometry

No effect of exposure was observed on fetal vessels and trophoblast
volume fractions, nor on the surface density of the three cellular struc-
tures composing the labyrinth, whatever the group (Table S7). The
maternal blood space volume fraction was significantly decreased in the
FED labyrinthine compared to controls (—12.49%, p = 0.036).

3.5. MFA combining biometric, stereological, and biochemical datasets

The MFA combining biometric, biochemical, and stereological data
sets from the same individuals at 28 dpi indicated significant differences
between the three groups (i.e. FED, ED, and CON) as well as between
males and females within the same group, with distinct confidence
ellipses (Fig. 4A). The combination of the three data sets enabled the
grouping of the fetoplacental units into 3 main clusters, specific to each
exposure (Fig. 4B). These clusters could be explained by differences in
biometric, biochemical, and stereological measurements characterizing
each group (Fig. 4C). The effect of the exposure period was represented

Effects of maternal exposure to a mixture of contaminants, during preimplantation (ED) or folliculogenesis and preimplantation period (FED) periods, compared to

control rabbit (CON), on fetal biochemistry at 28 dpi, in rabbit.

Biochemical assay Number of fetuses Median [Q1; Q3] p-value
CON ED FED CON ED FED
Glycaemia (mmol/L) 22 31 26 3.68 [3.34; 3.91] 3.45 [2.89; 3.83] 3.49 [3.05; 3.79] 0.255
Insulin (mUI/L) 22 31 27 2.53 [1.95; 3.24] 2.24 [1.37; 3.10] 3.11 [1.99; 3.94] 0.433
Triglycerides (mmol/L) 22 31 27 1.06 [0.93; 1.32] 0.99 [0.90; 1.09] 0.90 [0.76; 1.02]a 0.001*
Cholesterol total (mmol/L) 22 31 27 2.52 [2.26; 2.84] 2.71 [2.46; 3.02] 2.54 [2.23; 2.73] 0.027*
HDL cholesterol (mmol/L) 22 31 26 0.74 [0.67; 0.84] 0.81 [0.71; 0.89] 0.67 [0.60; 0.79]b 0.001*
LDL cholesterol (mmol/L) 22 31 27 1.80 [1.60; 2.00] 1.84 [1.77; 2.07] 1.78 [1.60; 2.05] 0.556
Urea (mmol/L) 20 31 25 4.95 [4.62; 5.07] 5.15 [4.99; 5.40] 4.48 [3.88; 4.75] 0.022*
Creatinine (pmol/L) 22 31 27 66.20 [64.48; 69.58] 69.60 [64.70; 72.70] 70.80 [67.00; 76.20] 0.121
ASAT (UI/L) 22 31 25 159.5 [114.7; 198.3] 132.1 [115.4; 152] 158.2 [145.9; 190.1] 0.015*
ALAT (UI/L) 22 31 26 12.85 [8.60; 17.63] 9.50 [7.70; 11.60] 14.05 [9.73; 15.98] 0.032*

Data are expressed as: Median [1st quartile; 3rd quartile]. The statistical analysis of the data was performed by applying linear mixed effects models, followed by type
III ANOVA. ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase. When the group effect was statistically significant (*p < 0,05), a pairwise comparison
was performed by least-squares means test. a indicates a significant difference compared to the CON group. b indicates a significant difference compared to the ED

group.
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on dimension 1, with the two exposed groups (FED and ED), positively
and negatively correlated, respectively to that dimension. FED fetuses
differed from the CON fetuses by the decidua weight. The ED fetuses
differed from those in the CON group by the fetal length and placental
efficiency. In contrast, the ED group differed from FED group in terms of
placental efficiency, relative brain weight, plasma lipids and urea. The
graph of the variable groups of the MFA (Fig. 4D) highlighted that the
data variabilities were mainly explained by the maternal effect, followed
by the effect of exposure (i.e. FED, ED, or CON) and then by the effect of
exposure according to the sex (i.e. FEDF, FEDM, EDF, EDM, CONF or
CONM), which are the qualitative variables most correlated with the
dimensions represented (R? > 0.75). Indeed, a sex-specific effect was
observed on dimension 5 (data not shown, see Fig. 4E), with females and
males positively and negatively correlated, respectively, whatever the
exposure group.

3.6. Placental function

3.6.1. Overall PCA analysis

PCA of placental transcriptome from the CON, ED, and FED groups
showed that there is a significant difference between the exposed pla-
centas (ED and FED) compared to the CON placentas as well as between
the two exposed groups (ED and FED). Indeed, the confidence ellipses of
the three groups (CON, ED, and FED) are distinct in the plane delimited
by the dimensions 2 and 4 (Fig. 5A). The expression of all placental
genes therefore seems to be specific to each group. Furthermore, when
groups are compared considering fetal sex, only males of each group
CON, ED, and FED are different from each other, with well-separated
ellipses (Fig. 5B). Thus, considering fetal sex, differential analysis
showed that maternal exposure to contaminants dysregulated placental
gene expression in a sex-specific manner whatever the comparison
(Table 2).

3.6.2. Differential gene expression analysis

3.6.2.1. ED vs control. Comparison between the groups of ED and CON
revealed 7 differentially expressed genes (DEGs, underexpressed in ED
vs CON) in males (Table 2, Fig. 6A) and 39 in females (9 overexpressed
genes and 30 underexpressed genes; Table 2, Fig. 6B).

In males, DEG were underexpressed and involved in lipids and
atherosclerosis like PLA2G4E (Phospholipase A2 group IVE, underex-
pressed) and TLR6 (Toll-like receptor 6, underexpressed).

In females, TLR6 was also underexpressed, and CYP1B1 (Cytochrome
P450 family 1 subfamily B member 1), involved in AhR (Aryl hydro-
carbon Receptor) signaling pathways was overexpressed.

TRL6 was underexpressed both in females and males in the ED group
compared to those in the control group (CON F and CON M, respec-
tively). However, this underexpression was similar in males and females
of each group.

3.6.2.2. FED vs control. Fifty-nine DEGs (17 overexpressed and 42
underexpressed) were identified in FED compared to CON males
(Table 2, Fig. 6C), whereas 219 genes were differentially expressed in
females (166 overexpressed and 53 underexpressed) (Table 2, Fig. 6D).

In males, DEG were involved in drug/xenobiotic metabolism, such as
TK1 (Thymidine kinase 1, overexpressed).

In females, HMGCS1 (3-hydroxy-3-methylglutaryl-CoA synthase 1),
MMP1 (matrix metallopeptidase 1) and ILIRN (Interleukin 1 receptor
antagonist) genes were overexpressed, as well as the PLAIA (Phospho-
lipase A1 member A) gene that is involved in glycerophospholipid
metabolism. In contrast, CPTIB (Carnitine palmitoyl transferase 1B)
involved in the PPAR (Peroxisome proliferator-activated receptor)
signaling pathway, was underexpressed. Other DEGs were involved in
drug/xenobiotic metabolism, such as FMO1 (Flavin containing dime-
thylaniline monooxygenase 1; underexpressed) and RRM2
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(Ribonucleotide reductase regulatory subunit M2; overexpressed).

3.6.2.3. FED vs ED. Regarding the comparison between groups of FED
and ED males, 20 genes were differentially expressed (12 overexpressed
and 8 under-expressed in FED compared to ED; Table 2, Fig. 6E) while
222 genes (184 overexpressed and 38 under-expressed) were differen-
tially expressed between females (Table 2, Fig. 6F).

In males only, the TKI gene involved in drug and xenobiotic
metabolism was overexpressed. SLC27A2 (Solute carrier family 27
member 2), MMP1, and IL1RN genes were overexpressed in females, as
well as DGKG (Diacylglycerol kinase gamma) and PLA1A genes involved
in lipid metabolism and PPAR signaling pathway. Genes involved in
drug and xenobiotic metabolism such as GSTA5 (Glutathione S-trans-
ferase Yc), RRM2 and ALDHIA1 (Aldehyde dehydrogenase 1 family
member A1) were overexpressed, as well as the ILI1B gene involved in
lipid and atherosclerosis. In contrast, the CYP1BI gene involved in the
AhR signaling pathway was underexpressed.

3.6.3. RT-gPCR

The results of the transcriptomic analysis were confirmed by RT-
qPCR for 12 genes of interest involved in the PPAR or AhR signaling
pathways (SLC27A2, HMGCS1, CPTI1B), in lipid metabolism (DGKG,
PLA1A), in the inflammatory response. (IL1B, TLR6) or in drug and
xenobiotic metabolism (FMO1, GSTA5, TK1, RRM2, ALDH1A1) (Fig. S4,
Table S8).

3.6.4. Gene set enrichment analysis

The GSEA analysis was carried out on the entire groups, including
males and females, and aimed to study the deregulation of specific gene
networks during the different exposure windows.

3.6.4.1. ED vs control. For ED placentas, enrichment analysis revealed
112 modulated gene networks, across all databases, including 54
depleted and 57 enriched gene networks compared with the CON
placentas.

Among the depleted gene networks, three ("NAD + nucleosidase
activity", "antigen processing of cross-presentation" and the "regulation
of TLR by endogenous ligands") included the under-expressed TLR6 gene
identified in the comparison of ED versus CON placental gene expression
(Fig. 7A). The SLC27A2 and ALDH8A1 genes, which were not deregu-
lated in this comparison but overexpressed in FED placentas, were also
identified in 4 gene networks enriched here (“complement and coagu-
lation cascades", “tryptophan metabolism”, “peroxisomal lipid meta-
bolism”, and “integral component of endoplasmatic reticulum

membrane”).

3.6.4.2. FED vys control. Across all databases, the enrichment analysis
showed that 279 gene networks were altered in FED vs CON placentas.
Of these gene networks, 208 were enriched and 71 were depleted.

Among the enriched gene networks (Fig. 7B), two include the over-
expressed HMGCS1 gene ("cholesterol biosynthesis" and PPAR signaling
pathways"). This latter gene network also includes the CPT1B gene, that
is underexpressed in this comparison (FED versus CON). This gene is also
found in the "signaling by retinoic acid" enriched network. The "MMPs
activation" enriched gene network obviously includes the MMP9 gene
previously identified as being over-expressed in the FED group
compared with the control.

3.6.4.3. FED vs ED. Altogether, 419 gene networks were deregulated in
the FED placentas compared to the ED placentas. Of these gene net-
works, 252 were enriched and 167 were depleted.

Enriched gene networks included the "PPAR signaling pathway" with
the overexpressed MMP1 gene and the "lipid and atherosclerosis"
network with the overexpressed IL1B and MMP1 genes. The DEGs
globally involved in drug and xenobiotic metabolism, identified above
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(FMO1, RRM2, ALDH1A1, ALDH8A1, CYP1B1, GSTA5), were also found
in several enriched gene networks, such as: "phase I functionalization of
compounds", "drug metabolism - other enzymes", glutathione metabolic
process" and “monooxygenase activity. Among the enriched gene net-
works identified in this comparison (Fig. 7C) were "retinol metabolism",
"diseases of metabolism", "regulation of lipid metabolism by PPAR«" and

"metabolism of steroids" gene networks.

Environmental Research 262 (2024) 119829

4. Discussion

Most studies relating maternal exposure to environmental contami-
nants and adverse effects in infants used maternal biomonitoring data
during pregnancy. However, the exposure of women within human co-
horts begins well before pregnancy and even before the parental desire
to conceive the future child, because chemical pollution of our envi-

ronment is omnipresent. Since the first publication of Barker’s hypoth-
esis (Barker et al., 1989), several publications have pointed out the
importance of the periconception period in the process of DOHaD,
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Fig. 4. Multiple factor analysis (MFA) of data sets including biometric, stereological, and biochemical measurements of fetoplacental units at 28 dpi from
groups of ED, FED, and CON fetuses (on the plane defined by dimensions 1 and 2). (A) Multiple factor analysis (MFA) map of individuals. Fetoplacental units from
control dams (CON; n = 22) are shown in dark green (females) and light green (males). Fetoplacental units from rabbits exposed during folliculogenesis and pre-
implantation development (FED; n = 27) are shown in red (females) and orange (males) and those of rabbits exposed only during preimplantation development (ED;
n = 31) are shown in blue (females) and purple (males). Dimensions 1 and 2, presented here, explain 25.6% of the variability in the data. Qualitative factor analysis
shows that the groups of CON males and females are positively correlated with dimension 2 (v.test = |3,79| > 2 and v.test = |3.78| > 2, respectively), whereas the
groups of ED et FED fetuses are negatively correlated to this dimension, reflecting an effect of exposure to the mixture. The groups of ED males and females are
negatively correlated with dimension 1 (v.test = |-2.17| > 2 and v.test = |-3.51| > 2, respectively). In contrast, the groups of FED males and females are positively
correlated with this dimension (v.test = |3.97| > 2 and v.test = |2,75| > 2, respectively), reflecting an effect of the window of exposure to the mixture. The ellipses
for each group are distinct but the ellipses between males and females in each condition overlap. (B) Dendrogram of hierarchical cluster obtained using MFA. The
MFA grouped the individuals into 3 clusters according to biometric, biochemical, and stereological parameters. The red cluster is composed of the group of FED
fetuses and the green cluster is composed of the group of CON fetuses. The blue cluster is composed of the group of ED fetuses. (C) Correlation circle of quantitative
variables from the MFA, with blue vectors for biochemical parameters, purple vectors for fetal biometric parameters, red vectors for fetal organ biometry, orange
vectors for placental efficiency, dark green vectors for placental biometry and light green vectors for placental stereological parameters. The description of the
dimensions shows that the weight of the decidua contributes strongly positively to dimension 1 (R = 0.70, p = 1.71°"%7) as well as placental weight (R*> = 0.61, p =
1.15°7%%) whereas fetal urea concentration contributes strongly and is negatively correlated to this dimension (R?> = —0.57, p = 7.31°"%). Biometric data of fetal
organs contribute strongly and positively to dimension 2. (D) Plot of variable groups illustrates the correlation between variable groups and dimensions. Dimensions
1 and 2, presented here, explain 25.6% of the variability in the data. The “dams” qualitative variable is positively correlated with dimensions 1 and 2 (R*> = 0.89, p =
8.69° > and R? = 0.93, p = 7.72° 16, respectively), this reflects a very wide maternal effect on the fetus and placental datasets; followed by an effect of exposure,
indeed the “group” variable (i.e. FED, ED or CON) which is positively correlated with dimension 1 (R? = 0.77, p = 1.22°"'®) and with dimension 2 (R?> = 0.82, p =
2°715), The effect of exposure considering the sex of the fetuses (GroupSex) is also correlated with dimension 1 (R? = 0.81, p = 5.22°"'2) and dimension 2 (R? = 0.83,
p = 1.86°713). (E) Multiple factor analysis (MFA) map of individuals on the plane defined by dimensions 1 and 5. Dimensions 1 and 5, presented here, explain 20.7%
of the variability in the data. Qualitative factor analysis shows that individuals are separated by sex on dimension 5, since females are positively and males negatively
correlated with this dimension (v.test = |5.60| > 2 and v.test = |-5.60| > 2, respectively). The description of the dimension 5 shows that the qualitative variable “Sex”
and “GroupSex” were strongly and positively correlated to this dimension (R? = 0.75, p = 8.58°"* and R? = 0.76, p = 1.95°1°, respectively). VFV, volume fraction
of fetal vessels; VIB, volume fraction of trophoblast; VMS, volume fraction of maternal blood space; SFV, surface density of fetal vessels; STB, surface density of
trophoblast; SMS, surface density of maternal blood space; FW, fetal weight; FL, fetal length; HL, head length; BIP, biparietal diameter; AC, abdominal circumference;
BW, brain weight; LuW, lung weight; HW, heart weight; LiW, liver weight; KW, kidney weight; PW, placental weight; LW, labyrinth weight; DW, decidua weight; PE,
placental efficiency; Gly, glycaemia; Ins, insulin; TG, Triglycerides; Ctot, cholesterol total; HDLC, HDL cholesterol; nHDLC, non-HDL cholesterol; Creat, creatinine;
éSAL, aspartate aminotransferase; ALAT, alanine aminotransferase.
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Fig. 5. Principal Component Analysis of placental gene expression at 28 dpi exposed or not to the mixture of eight environmental contaminants during
folliculogenesis and/or pre-implantation development defined by dimensions 2 and 4. Dimensions 2 and 4 explain 11.8% of the variability between the 3
groups. (A) Individuals-PCA map considering the effects of FED and ED exposure compared to the control (CON). Control placentas (CON) are shown in green (n =
12), exposed ones during folliculogenesis and preimplantation development (FED) are shown in red (n = 16) and those exposed only during preimplantation
development (ED) are shown in blue (n = 16). The well-separated confidence ellipses indicate that the gene expression is group-specific. Dimension 2 represents the
difference between the groups of FED and CON placentas, and dimension 4 between the groups of ED and CON placentas. Indeed, the analysis of qualitative factors
shows that the group of CON placenta is negatively correlated (v.test = |-3.03| > 2) while the group of FED placentas is positively correlated (v.test = |4.39| > 2) to
dimension 2. The group of ED placentas is positively correlated with dimension 4 (v.test = |2.63| > 2). (B) Individuals-PCA map considering the effects of both
exposure and the sex of the fetuses. Group of CON females are shown in dark green and males in light green. Groups of ED females and males are represented in blue
and purple, respectively. The group of FED females is represented in red and those of FED males in orange. The analysis of qualitative factors shows that the groups of
CON males and females are negatively correlated (v.test = |-2.01| > 2 and v.test = |-2.08| > 2, respectively) whereas the groups of FED males and females are
positively correlated (v.test = |2.47| > 2 and v.test = |3,11]| > 2, respectively) to dimension 2. The group of ED males is positively correlated with dimension 4 (v.test
=|2,35| > 2).

particularly in contexts of obesity or maternal overnutrition, undernu- to identify the windows of vulnerability most susceptible to endocrine
trition or use of assisted reproductive technologies (Hadar et al., 2015; disruption and their effects on offspring (Green et al., 2021). To better
Velazquez et al., 2019). Although the effects of maternal exposure to understand the effects of an identified but complex chemical exposome,
chemical substances on the fetal and postnatal phenotype are increas- it is necessary to rely on an animal model, in particular, to target specific
ingly being explored throughout gestation, little data is available to date windows of vulnerability, such as folliculogenesis and pre-implantation
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Table 2

Number of differentially expressed genes (DEGs) in the placenta maternally
exposed to a mixture of contaminants, during preimplantation (ED) or folli-
culogenesis and preimplantation period FED) periods, compared to the control
(CON), according to the group and the sex of the fetuses.

Comparison Number of Number of Number of
DEGs (adj_p < overexpressed underexpressed
0.05, FC > 1.5 gene gene
or <1/1.5)

ED vs CON 60 15 45

FED vs CON 268 130 138

FED vs ED 206 150 56

CON g vs CON @ 4 1 3

EDG vs EDQ 7 1 6

FEDG vs FED @ 4 2 2

EDGg vs CON @ 7 0 7

FEDG vs CON @ 59 17 42

FEDG vs EDg 20 12 8

ED?Q vs CON @ 39 9 30

FEDQ vs CON @ 219 166 53

FEDQ vs EDQ 222 184 38

3, females; @, males; adj p, adjusted p-value; FC, fold change.

development, as explored in the present study.

To identify the most sensitive windows of vulnerability to environ-
mental perturbations, a mixture of eight compounds, including PFOS,
PFOA, pp’DDE, HCB, -HCH, BDE-27, DEHP and BPS, was selected on
the basis of the INMA-Sabadell cohort (INfancia y Medio Ambiente,
1997-2008) as described by Robinson et al. (2015). This cohort was
selected among other European cohorts regrouped in the HELIX project
((Maitre et al., 2018), 1999-2010). In the present study, we chose to
reproduce in female rabbit serum concentrations that equal ten times the
90-95th percentile values observed in European women. It is essential to
acknowledge that the percentiles used in our study are based on as-
sessments predating 2020. It is highly likely that some percentiles of
women’s exposure have changed since then. Moreover, these reference
values are not only time-dependent but also geographically dependent.
Although we chose to focus on a specific population (Western women),
reference values can vary significantly depending on the chemicals, even
among Western countries (Fillol et al., 2021) and according to recent
reports from the French cohort Esteban https://www.santepubliquef
rance.fr/). For example, our 0.156 ng/mL serum target for BDE-47 is
inferior to the 75th percentile value in the US HOME cohort (Kalloo
et al., 2020) and the 95th percentile value in the Canadian MIREC cohort
(Fisher et al., 2016), as described by El Fouikar (El Fouikar et al., 2023).
We, therefore, believe that our target concentrations are relevant for
highly exposed women in developed countries and for common expo-
sures in developing countries.

To characterize the effects of exposure to the selected mixture in the
targeted windows of vulnerability, the present study was performed on a
rabbit model. The rabbit was chosen for its numerous advantages: stage
of embryo implantation, discoid and haemochorial placentation close to
that of humans compared to rodents or sheep, monitoring of the feto-
placental development at several stages without anaesthesia, relevant
model to study toxicity (Fischer et al., 2012; Theunissen et al., 2016) and
long-term health effects. Moreover, the rabbit is a more suitable animal
model for toxicokinetic purposes since, in rabbits as in humans, urinary
elimination predominates unlike other species (Toutain et al., 2010).
The rabbit model is also relevant because gonadal steroid production
during fetal life is similar to that of humans (androgens by testes, es-
trogens by ovaries) (George and Wilson, 1979; Jolivet et al., 2022).
However, this model presents several disadvantages: herbivore diet,
short gestational period (31 days), and polytocous species. The latter
could be an advantage for studying the sex-specific response of the
offspring since we always have at least one female and male fetus per
litter. Indeed, following environmental stress, such as exposure to a
high-fat diet, the rabbit model has already revealed sex-specific
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responses (Tarrade et al., 2013).

To evaluate the effects of preconception and/or preimplantation
periods, embryo transfers were performed at 80 h post-insemination, as
well as embryos from the control group. The CON group received corn
oil daily during folliculogenesis and preimplantation period to compare
FED or ED to CON group and FED and ED with each other. Feto-placental
units were collected from 3 does in the control group and 4 does in the
exposure groups. As described by El Fouikar (El Fouikar et al., 2023),
hypothesizing a decrease of 33% in the embryo implantation rate in the
exposed groups, i.e. 40% instead of 60% in the CON group, at least 48
embryos in the 2 exposed groups and 36 in the CON group have been
transferred into, respectively, 4, 4 and 3 non-exposed recipient mothers,
to reach 12 embryos per female. Consequently, the experimental pro-
tocol was designed to consider this estimate, even if the number of fe-
male recipients appears small. In addition, the data were analyzed by a
robust and severe statistical method, namely a linear mixed-effects
model with the recipient dam as a random effect, with treatment and
fetal sex adjustment to analyse all the data.

At 28 dpi, neither the FED nor ED group was different from the
control group in terms of fetal growth and development. This lack of
biometric effect in the FED and ED groups probably results from the fact
that the female recipients’ of embryos, involved in carrying them
throughout gestation, have never been exposed to the mixture of pol-
lutants. The conceptuses were therefore not exposed from implantation
until the end of gestation. In contrast, in human cohorts, pregnant
women are exposed before and throughout their pregnancy, and con-
taminants such as brominated flame retardants, organochlorine pesti-
cides (pp’DDE, HCB, and p-HCH) as well as PFAS (PFOS and PFOA) and
BPS, were negatively associated to infant birth size (Lopez-Espinosa
et al., 2015; Tanner et al., 2020; Hu et al., 2019; Marks et al., 2019).
However, these effects are not consensual, as exposure to DEHP was
significantly correlated with an increase in birth weight, but only in boys
(Zhu et al., 2018). Regarding effects observed in animal models, pre-
conception and gestational exposure to BPA in rats increased fetal birth
weight (Benincasa et al., 2020). In mice, maternal exposure to the same
contaminant, BPA, would have the same effect on birth weight
(Alonso-Magdalena et al., 2010). However, depending on the dose of
exposure to BPA, effects on birth weight have not always been observed
in mice (Luo et al., 2016). Consistent with the majority of epidemio-
logical studies, maternal exposure to DEHP in rats reduces birth weight
(Wei et al., 2012). In rats, exposure to a mixture of 15 phthalates and
pesticides at twice the NOAEL (no observable adverse effect level) was
shown to reduce pup weight at PND2 (post-natal day 2), although this
effect was not observed at PND9 (Conley et al., 2021). Also, in rats,
maternal exposure to pp’DDE had no effect on female fetal weight
(Makita, 2004, 2008).

Even without any visible macroscopic effect on fetal growth and
development, maternal exposure to the mixture of contaminant during
the FED period decreased plasma triglyceride concentrations compared
to the control group, while HDL cholesterol level was lower in the FED
fetuses compared to the ED fetuses. These data suggest that the exposure
to the mixture during the preconception period is sufficient to disrupt
lipid metabolism. In fact, several studies have described similar effects
on biochemical parameters in offspring’s blood samples following
gestational exposure to chemicals included in the mixture tested here.
Thus, prenatal exposure to PFOA and PFOS was associated with
increased levels of triglycerides, in a cohort of Chinese infants (Sinisalu
et al., 2021), as well as prenatal exposure to PBDE in girls in a Dutch
cohort (Berghuis et al., 2022). In rats, prenatal exposure to low doses of
DEHP increased hepatic and serum triglycerides and serum cholesterol
in offspring (Su et al., 2024). Similar effects on triglycerides and total
cholesterol were observed, again in rats, after maternal exposure to BPA
(Yang et al.,, 2022). In mice, prenatal exposure to BPS or BDE-27
increased liver triglyceride in newborn offspring (Zhang et al., 2023),
but BDE-27 exposure decreased blood triglycerides in 10 months old
male offspring (Khalil et al., 2018). The effect of pollutants on fetal
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Figure 6. Volcano plot comparing pairwise placental gene expression of females and male fetuses from a maternal group exposed to a mixture of con-
taminants during preimplantation (ED) or during folliculogenesis and preimplantation (FED) or control group (CON), in pairs. Red dots represent
significantly differentially expressed genes (DEGs; adjusted p-value <0.05 and Fold Change >1.5 or <1/1.5), blue dots represent DEGs with adjusted p-value <0.05,
green dots represent DEGs with Fold Change >1.5 or <1/1.5 and grey dots represent non-differentially expressed genes. (A) Volcano plot representing placental gene
expression of male fetuses from the groups of ED and CON. (B) Volcano plot comparing placental gene expression from the groups of ED and CON females. (C)
Volcano plot pairwise representation of placental gene expression from the groups of FED and CON males. (D) Volcano plot comparing placental gene expression
from the groups of FED and CON females. (E) Volcano plot representing placental gene expression from the groups of FED and ED males. (F) Volcano plot comparing
placental gene expression from the groups of FED and ED females. Raw.pValue, raw p-value; and FC, Fold change describes the difference in gene expression between
the first and the second condition.

metabolism could result from impaired fetal hepatic metabolism and/or Faced with this lack of clear effect (fetoplacental biometry) or these
placental transfer due to poor programming of hepatic and/or tropho- weak effects (fetal biochemistry and placental stereology (a weak
blastic stem cells, respectively, at the embryonic stage. These questions decrease in the volume fraction of maternal blood space in the laby-
will deserve to be addressed in the future. rinthine area in FED vs control placenta)), these three sets of data were
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Figure 7. Gene set enrichment analysis (GSEA) in placentas at 28 dpi
between groups compared two by two. Histogram representing the most
depleted and enriched pathways in the placenta concerning the DEGs identified
in the transcriptomic analysis. based on five databases: KEGG (white bar with
grey check bar), REACTOME (black bar), GOBP (white bar), GOMF (light grey
bar) and GOCC (dark grey bar) from (A) the group of ED placentas, exposed to
contaminants during pre-implantation development compared with the group
of control placentas (CON), (B) The group of FED placentas, exposed to con-
taminants during the folliculogenesis and the pre-implantation development,
compared to those of the control placentas (CON) and (C) from the group of
FED placentas compared to the group of ED placentas. Black arrows indicate the
gene network in which DEGs are involved. K+, potassium; INIT, initiation;
GPCR, G Protein-coupled receptor; R, receptor; INTEG, integral; COMP,
component; ENDO, endoplasmic; RE, reticulum; MB, membrane; REG, regula-
tion; ENDOGEN, endogenous; L, ligand; METABO, metabolism; PROC, pro-
cessing; PRES, presentation; ACT, activity; COA, coagulation; MMPs, Matrix
Metalloproteinases; BIOSYNT, biosynthesis; SIGN, signaling; FUNCT, func-
tjonalization; SIG, signaling; PROD, production; ENZ, enzymes; LP, lipid.

combined in MFA in order to better characterize the three groups of
fetoplacental units (CON, ED and FED). As a result, this descriptive
analysis showed a strong separation of the individuals into three clusters
corresponding perfectly to FED, ED and CON group. Thus, the well-
separated confidence ellipses indicated that the fetoplacental units
were very different according to the exposure window. Moreover, a
small sex-specific effect was observed but on the 5th dimension. This
weak effect is probably due to the small number of fetuses. The vari-
ability of the data is explained, once maternal (or litter) effect is
excluded, by an effect of the exposed group but only after stratification
by the sex of the fetuses. Sexual dimorphism has also been shown else-
where at the metabolic level, especially in response to a high-fat diet
(Tarrade et al., 2013) but also in response to exposure to endocrine
disruptors (Goel et al., 2008; Ruiz et al., 2019). The small size of the
experimental groups remains a limitation of the study to highlight the
effects observable in cohorts or other animal experiments.

As the placenta is described as a programming agent for offspring
phenotype (Thornburg et al., 2016), quantitative 3D Doppler ultrasound
has been performed to evaluate uteroplacental vascularization, during
gestation, using three flow indices (VI, FI, and VFI) (Lecarpentier et al.,
2012; Luria et al., 2012; Noguchi et al., 2009). Placental hypoperfusion
has been associated with intrauterine growth retardation in rabbits
using this approach (Lecarpentier et al., 2012; Luria et al., 2012;
Noguchi et al., 2009). Here, placental perfusion indices at 28 dpi were
similar between the three groups, corroborating the absence of fetal
growth retardation. These data agree with the lack of difference of
placental volume, placental weight or efficiency in FED or ED groups
compared to control group. Moreover, the decrease (—12.5%) in the
volume fraction of maternal blood space in the labyrinthine area in the
FED vs control placentas was not strong enough to alter fetal growth,
placental vascularization, efficiency or weight. In contrast, exposure to a
low dose of BPA throughout gestation in mice decreased the placental
maternal blood space area while exposure to high doses of BPA
increased it (Tait et al., 2015). Gestational exposure to PFOA, BPA, or
DEHP in mice affected the surface of the labyrinthine area (Jiang et al.,
2020; Tachibana et al., 2007; Zong et al., 2015). In addition to these
structural effects, another study has described placental effects
following gestational exposure to chemicals included in the mixture
tested here. Thus, in rabbits, gestational exposure to a mixture of 10
PFAS (including PFOA and PFOS) was shown to affect placental effi-
ciency in a sex-specific manner (Crute et al., 2022). But such placental
effects may require an exposure period that extends beyond 80 h
post-insemination, which may explain the lack of placental visible ef-
fects in the present study.

Interestingly, the placental volume was increased in the FED feto-
placental units compared to the ED group. This difference suggests that
the mixture could affect oocyte quality linked to the process of



J. Bozec et al.

folliculogenesis, a period which was exposed for 17 weeks in our study,
independent of any effect on the early embryo. Folliculogenesis is
known as a sensitive period to the chemical environment in particular to
DEHP, BPS, PFAS family including PFOS and PFOA, flame retardants,
and pesticides, which are included in the mixture (Johansson et al.,
2017; Land et al., 2022). The embryonic microenvironment inside the
uterine horn in which the embryo evolves can have an impact on its fate,
affecting the progenitor trophectoderm, which gives rise to the placenta,
at the blastocyst stage. However, this will not be discussed further here
to avoid any speculation.

To our knowledge, no data relating to the exploration of the effects of
periconceptional exposure to endocrine disruptors have been published
in rabbits or rodents, with or without embryo transfer. In contrast,
maternal diet, during oocyte development and maturation, was shown
to impact embryo development and the future health of offspring in mice
(Watkins et al., 2008), as well as in sheep (Edwards and McMillen,
2002). In rabbits, day-old embryo transfers from donors fed a high-fat,
high-cholesterol diet to control recipient females did not affect feto-
placental development but disrupted placental fatty acid profiling and
expression of placental genes without any effect of embryo transfer
technologies (Rousseau-Ralliard et al., 2021). All these data highlight
the importance of a maternal exposure during the preconception period.

In response to an altered maternal environment, such as exposure to
endocrine disruptors, placental function adapts to support development
and fetal growth and also its survival by modulating gene expression
(Lapehn and Paquette, 2022). As placental function can be affected,
omics approaches provide a good tool to explore potential functional
effects (Rosenfeld, 2021). Thus, in the present study, the placental
function was explored through a transcriptomic approach that identified
differentially expressed genes (DEGs) between the three groups. First,
changes in placental gene expression were greater in females than in
males (2-20-fold higher), suggesting different sex-specific adaptive
strategies in response to adverse environment (Clifton, 2010). Sexual
dimorphism is thought to have early placental origins (Myatt, 2006) and
is believed to depend on the window of vulnerability at which the
environmental disturbance occurs. Females would be more sensitive
when the disturbance occurs early in gestation, as in the present study
with exposure to early stages of development. On the other hand, males
would be more sensitive to disturbances occurring in mid- or
late-gestation (Kalisch-Smith et al., 2017). For example, in a rat model of
periconceptional alcohol exposure, female-specific effects on tropho-
blast differentiation, embryo-uterine communication, and formation of
the placental vascularization were affected (Kalisch-Smith et al., 2019).

Among DEGs in the FED vs CON females, HMGCS1, PLA1A, MMP1
and ILIRN genes were overexpressed, whereas CPTBI1 gene was under-
expressed. These genes were identified in the PPAR signaling pathway
gene network, a nuclear receptor involved in lipid metabolism, as shown
by GSEA. The mechanisms of action of BPA and phthalates, particularly
DEHP and its metabolite MEHP, would involve PPARs and MMPs (Yang
etal., 2019), as well as BDE-47, a flame retardant. As PFOA was recently
described to impact the expression of genes related to lipid metabolism
in the human placenta, this pollutant could also be involved in this
pathway (Chen et al., 2023). Deregulation in the expression of placental
genes involved in lipid metabolism and the PPAR signaling pathway in
the FED group could potentially affect placental lipid transfers from the
maternal to the fetal side, which could result in a susceptibility to
developing metabolic disorders in adulthood, such as obesity or diabetes
(Griin and Blumberg, 2006; Martinez-Razo et al., 2021; Szilagyi et al.,
2020). In FED, TK1 (Thymidine kinase 1, overexpressed) in males and
FMO1 (Flavin containing dimethylaniline monooxygenase 1; underex-
pressed) as well as RRM2 (Ribonucleotide reductase regulatory subunit
M2; overexpressed), in females, were deregulated. These genes are
implicated in the drug/xenobiotic metabolism pathway. They could
reflect a greater activation of placental mechanisms for metabolizing
contaminants that were present in the exposure mixture to which their
mothers were exposed, during early embryo development (pre- and
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periconception, corresponding to oocyte and embryo exposure)
compared to control placentas.

In ED vs control group, some of the DEGs were involved in lipid and
atherosclerosis, such as PLAGEG4E and TLR6 in males. In females,
CYPI1B1 implicated in the AhR signaling pathway (Aromatic hydrocar-
bon Receptor) (Chen et al., 2023; Wakx et al., 2018), a nuclear receptor
involved a crucial role in the metabolism of drugs and xenobiotics
(Larigot et al., 2018), was overexpressed. In males, TLR6 is involved in
the immune and inflammatory response, notably in the secretion of in-
terleukins 6 and 8, and is thought to play a role in placental inflam-
mation during the first trimester of pregnancy in women (Tangeras
etal., 2014) and at the start of gestation in ewes (Kaya et al., 2017). The
inflammatory and innate immune response would, therefore, be nega-
tively impacted when exposed to environmental contaminants in the
mixture during pre-implantation development in addition to presenting
sex-specific responses (Baines and West, 2023). Moreover, bisphenol
included in the mixture could contribute to increase placental inflam-
mation (Arita et al., 2019), whereas PFOA could play a role in the innate
immune response (Chen et al., 2023).

Among DEG in FED compared to the ED group, the TK1 gene, in FED
males, involved in drug and xenobiotic metabolism was deregulated.
While in FED females, deregulated genes were involved in lipid meta-
bolism and PPAR signaling pathway (SLC27A2, MMP1, IL1RN, DGKG,
and PLA1A), in lipid and atherosclerosis (IL1B), in drug and xenobiotic
metabolism (GSTA5, RRM2, ALDHI1A1, IL1B), as well as the AhR
signaling pathway (CYP1B1), which is sensitive to pp’DDE (Wojtowicz
et al,, 2011). These data indicate multiple adaptations in females
placental compared to males to cope with the same adverse maternal
environment as suggested by Clifton (2010), and as demonstrated by
specific gene expression signatures in a sex-specific manner. Moreover,
as observed in the FED fetal biochemistry or placental volume, the
preconception period seems to have a more significant impact on
placental function.

Concerning AhR signaling, AhR binds many endocrine disruptors
such as bisphenol and can regulate CYP1B1 detectable in the human
placenta during the first trimester of pregnancy and at term (Hakkola,
1997; Li et al., 2017). Although these detoxification and metabolism
mechanisms are mainly described in the liver, they could also be active
in the placenta (Datta et al., 1994), notably through Glutathione
S-transferases activity, involving enzymes of the cytochrome P450
family and other enzymes such as aldehyde dehydrogenase (Hakkola
et al., 1998; Myllynen et al., 2005; Syme et al., 2004). Furthermore,
between the exposed and control groups and between the two exposed
groups, genes and pathways of the endocrine system were slightly
deregulated. GSEA demonstrated that the thyroid hormone signalling
pathway was also deregulated, with a negative enrichment score in FED
and ED males compared to control males. The deregulation of this
pathway could be due to DEHP but also to bisphenol, both included in
the mixture since this compound disturbed the placental thyroid re-
ceptor (Yu et al., 2018; Wu et al., 2022). However, no genes involved in
this pathway were identified as deregulated in these comparisons. Be-
tween the FED and CON females, the GSEA revealed enrichments in
various pathways related to hormone activity such as binding to estro-
gen receptor. In ED females compared to CON, the estrogen signaling
pathway was also positively enriched. The GSEA analysis made it
possible to show, independently of the DEGs, that exposure to the
mixture of pollutants did indeed have an effect on endocrine signaling,
which could be linked to bisphenols (Cao et al., 2022), DEHP (Zhang
et al., 2020), or PFOS (Lee et al., 2015; Zhang et al., 2015) included in
the mixture.

Most studies in the literature have explored, on animal models, the
effect of a single contaminant, even if mixture studies are increasingly
emerging, based on the identification of the chemical exposome of
human cohorts. If the study of the effects of exposure of animal models
to a mixture of pollutants brings us closer to the reality of the exposome
of women, it will always be difficult to identify the specific action of
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each molecule in the mixture. It might be necessary to resort to in vitro
approaches to characterize the mechanistic mode of action of pollutants
individually, by couple or by family, then in combination to explain the
global effects observed.

5. Conclusion

Oral exposure to a mixture of eight environmental contaminants at
realistic dose during the preconception and preimplantation periods has
a slight effect on fetoplacental development at the macroscopic level,
but altered fetal metabolism and placental function at the molecular
level, mainly affecting metabolic pathways, to a greater extent in fe-
males than in males. Although the mixture used in our study is far from
exhaustively reflecting the real human exposome, these molecules were
chosen from the complex exposome of pregnant women because of their
associations with perinatal health events, and used at doses realistic. The
study of the placenta, i.e. its development and function, is essential
because this transient organ, easily accessible at birth, is the memory of
all the events that occurred during the in utero life of an individual, and it
is described as the programming agent of the phenotype able to predict
long-term effects (Thornburg et al., 2010).

Despite the drawbacks of the animal model, we were able to show
that these two windows were sensitive to a mixture of pollutants and
highlight the importance of these two exposure windows. These data
raise questions about the exposure to endocrine disruptors in women of
childbearing age and the contribution of chemical exposure during these
two periods on the future offspring health. These data also raise ques-
tions about applying a precautionary principle during these vulnerable
periods.
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