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A B S T R A C T   

Abstract: Fetal brain development depends on maternofetal thyroid function. In rodents and sheep, perinatal BPA 
exposure is associated with maternal and/or fetal thyroid disruption and alterations in central nervous system 
development as demonstrated by metabolic modulations in the encephala of mice. We hypothesized that a 
gestational exposure to a low dose of BPA affects maternofetal thyroid function and fetal brain development in a 
region-specific manner. Pregnant ewes, a relevant model for human thyroid and brain development, were 
exposed to BPA (5 µg/kg bw/d, sc). The thyroid status of ewes during gestation and term fetuses at delivery was 
monitored. Fetal brain development was assessed by metabolic fingerprints at birth in 10 areas followed by 
metabolic network-based analysis. BPA treatment was associated with a significant time-dependent decrease in 
maternal TT4 serum concentrations. For 8 fetal brain regions, statistical models allowed discriminating BPA- 
treated from control lambs. Metabolic network computational analysis revealed that prenatal exposure to BPA 
modulated several metabolic pathways, in particular excitatory and inhibitory amino-acid, cholinergic, energy 
and lipid homeostasis pathways. These pathways might contribute to BPA-related neurobehavioral and cognitive 
disorders. Discrimination was particularly clear for the dorsal hippocampus, the cerebellar vermis, the dorsal 
hypothalamus, the caudate nucleus and the lateral part of the frontal cortex. Compared with previous results in 
rodents, the use of a larger animal model allowed to examine specific brain areas, and generate evidence of the 
distinct region-specific effects of fetal BPA exposure on the brain metabolome. These modifications occur 
concomitantly to subtle maternal thyroid function alteration. The functional link between such moderate thyroid 
changes and fetal brain metabolomic fingerprints remains to be determined as well as the potential implication of 
other modes of action triggered by BPA such as estrogenic ones. Our results pave the ways for new scientific 
strategies aiming at linking environmental endocrine disruption and altered neurodevelopment.   

1. Introduction 

Over the past decades, the incidence of neurodevelopmental 
behavioral, cognitive, emotional disorders and IQ loss have increased 
dramatically. The societal economical and affective costs of such dis-
orders is estimated to be very high (Gaylord et al., 2020). Human 
exposure to endocrine disrupting chemicals (EDC), in particular those 
targeting thyroid function during fetal development, is suspected to 

contribute to this increase (Bellanger et al., 2015; Braun et al., 2006; 
Caporale et al., 2022; Grohs et al., 2019; Mhaouty-Kodja et al., 2018; 
O’Shaughnessy et al., 2021). According to the World Health Organiza-
tion, a cause effect relationship between an endocrine mode of action 
and an adverse effect is mandatory for a substance to be classified as an 
Endocrine Disrupting Chemical (EDC) (https://apps.who.int/iris/ 
bitstream/handle/10665/78102/WHO_HSE_PHE_IHE_2013.1_eng.pdf). 

This is a critical issue as EDC are meant to be regulated severely. To 
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fulfill this criterion a comprehensive understanding of the chemical 
mode of action is required. Scientific approaches allowing large scale 
screening of biological networks impacted by chemical exposure might 
constitute very performing tools to address such issue. Some bio-
monitoring surveys in humans suggest that bisphenol A (BPA) exposure 
is associated with thyroid disruption (Andrianou et al., 2016; Park et al., 
2017) including in neonates (Chevrier et al., 2013; Derakhshan et al., 
2021) and/or neurobehavioral abnormalities (Ejaredar et al., 2017; 
Grohs et al., 2019; Lin et al., 2017; Mustieles et al., 2020). These data are 
consistent with results obtained in different animal models, demon-
strating that BPA affects thyroid function, especially when exposure 
occurs during the developmental period (Fernandez et al., 2018; Gorini 
et al., 2020; Guignard et al., 2017). Many effects of early exposure to 
BPA on the developing brain and/or neurocognitive-behavioral de-
velopments have been reported in rodents (Cabaton et al., 2013; Els-
worth et al., 2013; Mathisen et al., 2013; Mhaouty-Kodja et al., 2018; Xu 
et al., 2019; Zalko et al., 2016) and non-human primates (Elsworth et al., 
2013; Leranth et al., 2008). The interplay between thyroid disruption 
and brain development is a complex process involving a variety of 
possible modes of actions, modulation of metabolic pathways, and even 
anatomical changes. An integrative biology approach is required to 
unravel this high level of complexity. A key strategy to address the effect 
of thyroid disruption on brain development is to use global approaches 
with no a priori hypotheses, relying on untargeted metabolomics. A 
pioneering study in this field demonstrated that perinatal exposure to a 
low-dose of BPA produced differences in metabolic fingerprints at the 
level of whole brain extracts from 3-week old F1 mice. Metabolites 
discriminating animals perinatally exposed to BPA from control animals 
were in a large part related to key amino acids of excitatory/inhibitory 
pathways pivotal for neural development and plasticity. BPA exposure 
disrupted neural pathways through modulation of transaminase activity 
in the brain of rodents (Cabaton et al., 2013; Zalko et al., 2016). 

Although critical insights have been made by using metabolomics 
approaches in rodent models (Cabaton et al., 2013; Constantinou et al., 
2011; Maga-Nteve et al., 2017; Rosique et al., 2019; Zalko et al., 2016), 
investigating the potential link between these “omics” modulations and 
a potential functional impact requires taking into account the functional 
and structural complexity of the encephalon. One strategy is to examine 
several thyroid-dependent brain areas at the same time. This implies 
working on large brains so that multiple structures may be dissected 
rapidly (Menassol et al., 2011; Wood et al., 2003). From this standpoint, 
the sheep is a very interesting model for which detailed data on 
encephalon anatomy are readably available. In addition, the sheep has 
long been recognized as a reference model for physiology of gestation 
and in utero development (Barry and Anthony, 2008). Our laboratory 
showed that the pregnant ewe is well suited to predict the effects of fetal 
exposure to BPA and its main metabolite BPA-Glucuronide (BPA-G) 
(Gauderat et al., 2017). The sheep is also a very relevant model to 
evaluate thyroid physiology, allowing researchers to overcome many of 
the limitations of rodent models concerning their relevance toward 
regulation of thyroid function in humans (Viguié et al., 2020). 
Furthermore, the synchronized development of the thyroid and the 
central nervous system in sheep is very similar to that in humans (Fisher, 
1991). 

In this context, we conducted a study in sheep to explore the effect of 
gestational exposure to a chronic low dose of BPA (5 µg/kg bw/d sub-
cutaneously (sc) from gestational day (GD) 28 to few days before the 
expected delivery) on materno-fetal thyroid function and metabolomic 
profiles of specific fetal brain regions. The BPA dose is close to the 
tolerable daily intake (TDI) of 4 µg/kg bw/d) defined by the European 
Food Safety Agency for the oral route at the time of the experiment. We 
developed an investigational strategy relying on an integrated approach 
combining exploration of in vivo endocrine physiological endpoints and 
metabolomics carried out on a wide range of brain regions. Our specific 
goal was to use metabolomic phenotyping to identify thyroid- and/or 
toxicant-dependent cerebral biomarkers in selected fetal brain areas, in 

order to decipher, using computational modeling, the biochemical 
pathways impacted by gestational exposure to BPA. 

2. Materials and methods 

All materials used for the preparation of solutions, samplings, and 
samples processing and analysis were either glass or BPA-free plastic. 

2.1. Chemicals 

BPA 99% purity (Sigma-Aldrich, Saint-Quentin Fallavier, France) 
was dissolved in corn oil / absolute ethanol (6/1: v/v) to obtain a con-
centration of 200 µg/mL. A new solution was prepared monthly. The 
solutions were stored in amber glass bottles at + 4 ◦C. Deuterium oxide 
(D2O) and sodium 3-trimethylsilyl-2,2,3,3-tetradeuteriopropionate 
(TMSP) were obtained from Eurisotop (Saint-Aubin, France). 

2.2. Animal husbandry and treatments 

All animal procedures were carried out in accordance with the 
accepted standards of humane animal care under agreement 
#311155515 for animal experimentation from the French Ministry of 
Agriculture and validated by the local ethical committee (TOXCOM 
0123/CV) and the French Ministry for Higher Education and Scientifi-
c Research (APAFIS#4649). Adult pregnant Lacaune ewes (1–4 years 
old) were housed in the sheep research facility of the National Veteri-
nary School of Toulouse. Ewes were synchronized for their estrous cycle 
and were artificially inseminated with semen from a single ram to 
minimize the impact of the paternal genetic background. Animals were 
kept under natural photoperiodic and temperature conditions, with free 
access to water and hay ad libitum and vegetable pellets (Brebilac® 
RAGT, Rodez, France); a vitamin and iodine-enriched mineral supple-
mentation (Alimal gestante® Alliance Elevage, Souvigny, France) was 
provided to cover the specific requirements of gestation. The quantity of 
pellets was adjusted regularly to meet pregnancy requirements and 
changes in body weight. 

Ewes were allocated randomly to two groups (n = 13 per group) 
balanced for TT4 serum concentration, bodyweight and age. They 
received BPA (5 µg/kg) or vehicle daily sc administrations from Gesta-
tional Day (GD) 28 to GD 137–138. The ewes were weighted twice a 
month and the administered volume was regularly adjusted to the most 
recently recorded body weight. The sc route was chosen to control the 
individual dose while maintaining the sheep in collective pens and 
feeders with respect to the gregarious behavior of these animals. 

On GD 138-139 and at least 24 h after the last BPA/vehicle injection, 
ewes were euthanized by pentobarbital overdose (60 mg/kg of Dole-
thal® Vetoquinol, Lure, France, delivered intravenously) and fetuses 
were quickly delivered by cesarean section and euthanized (60 mg/kg of 
Dolethal®, IV). There were 26 (15 males and 11 females) and 24 (13 
males and 11 females) fetuses delivered from vehicle-treated and BPA- 
treated ewes, respectively. When an ewe bore more than two fetuses, 
only the two first born were kept for the study. 

2.3. Monitoring internal concentrations of BPA and BPA-G 

2.3.1. Sampling 
Fetal blood, cord blood and amniotic fluid were collected immedi-

ately after fetal delivery. Blood samples were centrifuged for 20 min at 
3000 g and 4 ◦C, and sera were decanted and stored in polypropylene 
tubes at − 20 ◦C until assay. 

2.3.2. BPA and BPA-G measurements 
Concentrations of BPA and its main metabolite BPA-G were 

measured in maternal and fetal jugular, cord blood, and amniotic fluid, 
using a previously described UPLC/MS/MS method (Lacroix et al., 
2011). Limits of quantification (LOQ) were validated at 1 and 5 ng/mL 
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for BPA and BPA-G, respectively. 

2.3.3. Pharmacokinetic analyses 
Given the known BPA and BPA-G pharmacokinetic parameters in the 

ewe and our assay LOQ, BPA and BPA-G concentrations in maternal 
serum were likely to be non-quantifiable. Thus, we used a pharmaco-
kinetic model based on a tri-exponential equation to predict the time 
courses of maternal serum BPA and BPA-G concentrations after repeated 
sc administrations. The model was run with a set of BPA pharmacoki-
netic (PK) parameters obtained in 4 ewes during the courses of another 
experiment (Guignard et al., 2017). 

2.4. Characterization of maternal and fetal thyroid status 

2.4.1. Sampling 
Maternal blood samples were collected at GD 28 (before the first BPA 

administration), GD 29, GD 36, GD 43, GD 54, GD 68, GD 82, GD 96, GD 
110, and GD 124 to monitor the time course of serum thyroid hormones 
concentrations throughout pregnancy. 

2.4.2. Thyroid hormone assays 
Total T4 (TT4) concentrations were determined on maternal plasma 

samples collected throughout pregnancy using radioimmunoassay (RIA) 
kits (DE4533®, Demeditec, Kiel-Wellsee, Germany). TT4, TT3 and 
reverse T3 (rT3) concentrations in maternal and fetal plasma collected at 
delivery were measured with a UPLC/MS/MS method. The mean intra- 
assay and inter-assay coefficients of variation (CV) of 3 quality control 
pools were ≤ 15%, for all assays. For TT4, the LOQ was validated at 10 
and 0.1 ng/mL for the RIA and the chromatographic method, respec-
tively. For TT3 and rT3, the LOQ was validated at 0.1 ng/mL for the 
UPLC/MS method. 

2.4.3. Statistical analyses 
The effect of treatment on the time course of maternal TT4 concen-

trations during the treatment period was analyzed by using a two-way 
ANOVA with time, treatment and their interaction as fixed factors and 
the animals nested in the treatment as the random effect factor. Thyroid 
hormones concentrations measured in samples collected from the fe-
tuses at the end of the experiment were analyzed with a two-way 
ANOVA with sex and treatment, and their interaction as fixed effect 
factors. Analyses were performed with the R software R® (v3.2.3). 

2.5. Proton nuclear magnetic resonance (1H NMR) metabolomics 

2.5.1. Brain dissection and sampling 
Whole fetal brains were removed and dissected immediately after 

fetal delivery. We focused on brain regions in which metabolism is 
altered in thyroid disorders, particularly in humans, namely the frontal 
lobe, the hippocampus, and areas that are highly dependent on thyroid 
hormones during development (medial and lateral parts of the frontal 
lobe (mFL and lFL, respectively), the caudate nucleus (Cd), the ventral 
and dorsal parts of the hypothalamus (vHy and dHy, respectively), the 
amygdala (A), the dorsal and ventral parts of the hippocampus (DH and 
VH, respectively), the cerebellar medial lobe including the vermis 
(CbV), and the cerebellar hemispheres (Cb). These regions were 
collected by using external landmarks (Fig. S1) as described in histo-
logical sheep brain atlas (Johnson, J.I. et al., n.d.). Samples were snap 
frozen in liquid nitrogen and stored at − 80 ◦C until further analysis. 

2.5.2. Sample preparation for 1H NMR spectroscopy 
Frozen brain samples were pulverized in liquid nitrogen (Retsch 

Mixer Mill MM 400), with the right and left parts of the same region 
pooled together. Approximately 100 mg of powdered frozen tissue was 
homogenized with a tissue lyser (FastPrep 24, MP Biomedicals, Santa 
Ana, CA, USA) in 400 µL of methanol and 85 µL of distilled water. Next, 
400 µL of dichloromethane and 200 µL distilled water were added before 

centrifugation at 2870 g for 15 min at 4 ◦C. Aqueous phases were 
collected and lyophilized. Lyophilisates were then reconstituted in 700 
µL of 0.25 M sodium potassium phosphate buffer (pH = 7) containing 1 
mM TMSP, as a chemical reference at 0 ppm. 

2.5.3. 1H NMR spectroscopy 
1H NMR spectroscopy was run as described previously (Tremblay- 

Franco et al., 2015). Briefly, all 1H NMR spectra were obtained at 300 K 
using a Bruker Avance III HD 600 MHz NMR spectrometer (operating at 
600.13 MHz for 1H resonance frequency, Bruker Biospin, Rheinstetten, 
Germany) equipped with a 5 mm TXI cryogenic probe. The Carr-Purcell- 
Meiboom-Gill (CPMG) spin-echo pulse sequence with pre-saturation, 
with a total spin echo delay (2nτ) of 240 ms was used to attenuate 
broad signals from macromolecules and to suppress signals from water 
molecules. A total of 128 transients were collected in 32,000 data points 
by using a spectral width of 20 ppm, a relaxation delay of 2 s, and an 
acquisition time of 1.36 s. Samples were analyzed randomly. A quality 
control (QC) sample corresponding to a pool of all samples was analyzed 
26 times during the sequence. The free induction decay (FID) obtained 
was multiplied by 0.3 Hz of exponential line broadening before Fourier 
transformation. All spectra were manually phased and baseline cor-
rected and referenced to TMSP (chemical shift at 0 ppm) by using Bruker 
TopSpin 3.2 software (Bruker). Spectral assignment was based on 
matching one-dimensional (1D) data to reference spectra in a home- 
made reference database, as well as with other databases 
(http://www.brmb.wisc.edu and http://www.hmdb.ca), and reports in 
the literature. 

2.5.4. Data pre-treatment and multivariate analysis 
Using the software AMIX® (version 3.9, Bruker), the spectral region 

δ 10–0.5 ppm was segmented into buckets 0.01 ppm wide. Spectral re-
gions corresponding to the signal of water and methanol were sup-
pressed. To account for differences in the sample amount, each 
integrated region was normalized to the total spectral area. 

A principal component analysis (PCA) was applied to each brain 
region individually to evaluate the impact of the sex factor. None of the 
structure showed a sex effect, finding confirmed by a partial least 
squares discriminant analysis (PLS-DA) that failed to identify robust 
models discriminating male from female lambs (i.e., no significant latent 
variable in the model). There was no significant discrimination between 
males and females in any of the structures. Thus, the subsequent analysis 
did not take sex into consideration. The multivariate statistical analyses 
used to identify the discriminant variables to differentiate treatments 
groups have already been described (Cabaton et al., 2013). Briefly, PCA 
followed by PLS-DA associated with an orthogonal signal correction 
filtering was performed to identify the most contributive variables for 
separation of the treatment groups. The percentage of the explained 
variance (R2Y parameter), predictive ability and robustness (permuta-
tion test) of the statistical models were assessed. A robust model should 
be characterized by R2 > 50% and Q2 > 0.4; the robustness of our 
models was post-validated by using permutation tests involving 200 it-
erations. Discriminant variables were determined by using the variable 
importance in the projection (VIP) value, a global measure of the in-
fluence of each variable on the PLS components. Variables with VIP > 1 
were considered discriminant. A Wilcoxon test was then performed on 
variables selected from the PLS-DA model to determine the variables 
that were significantly different between treatment groups. False dis-
covery rate (FDR) correction was used to account for multiple testing 
(Benjamini and Hochberg, 1995). NMR variables with p < 0.05 were 
considered significantly different. SIMCA-P software (V12; Umetrics AB, 
Umea, Sweden) was used to perform the multivariate analyses and R 
software (http://www.r-project.org) was used to perform the Wilcoxon 
test. 

The data of two fetuses (one from each treatment group) were sup-
pressed from the dataset because they were systematic outliers of sta-
tistical models. No explanation in terms of thyroid status and/or BPA 
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exposure could be found. 

2.5.5. Identification of modulated metabolic pathways 
Metabolic network-based analysis of metabolomics datasets enables 

a holistic overview of mechanisms; it goes beyond pathway-based 
analysis by integrating all possible metabolic reactions into a single 
system. A global ovine metabolic network was built based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway database of Ovis 
aries (1800 metabolic reactions and 1521 metabolites, MetExplore bio-
source 2937 (Kanehisa et al., 2017). A network-based algorithm was 
then applied to retrieve the metabolic reactions related to the treatment 
effects. Briefly, for each brain region, discriminating metabolic bio-
markers were mapped in the ovine metabolic network. Then, reactions 
sequences (metabolic paths) connecting these significant metabolites 
were computed by using the lightest path algorithm (Frainay and 
Jourdan, 2017). The resulting pathways were merged into a single sub- 
network containing few tenths of reactions specific for each metabolic 
profile. The MetExplore web server (https://metexplore.toulouse.inrae. 
fr) was used to detect these modulated subnetworks (Chazalviel et al., 
2018; Cottret et al., 2010; Faust and van Helden, 2012; Frainay and 
Jourdan, 2017) and to overlay the metabolic pathways linking the 
biomarkers. The objective was to identify potential mechanisms and 
neural consequences of prenatal exposure to a low dose of BPA in spe-
cific fetal brain regions. Functional links between different modulated 
pathways were examined and could be established between different 
pathways, as long as at least one metabolite common to the different 
pathways was identified. Functional networks were built for the two 
structures to provide the best pictures of modulated pathways, including 
all the identified discriminant metabolites for that structure. 

3. Results 

3.1. Monitoring internal concentrations of BPA and BPA-G 

Maternal serum concentrations of BPA, BPA-G and BPA-Sulfate 
(BPA-S) were, as expected, below the LOQ of the assay (<1 ng/mL) 
for all animals from the vehicle groups. In the treated group, BPA 
remained below the assay LOQ for 7 out of the 13 treated ewes. For the 
six ewes in which it was detected, the measured concentrations (1–5 ng/ 
ml) were close to the assay LOQ. The measured BPA-G and BPA-S con-
centrations remained below the LOQ as were the values predicted by the 

model (Fig. 1). 
BPA and BPA-G concentrations were not quantifiable in the different 

fetal compartments in control fetuses. BPA concentrations were quan-
tifiable in amniotic fluid for 16 out of the 21 fetuses (1.2–3.7 ng/mL) 
from BPA-treated mothers. BPA was also quantifiable in fetal cord blood 
in 7 fetuses (2.1–9.5 ng/mL). By contrast, BPA-G concentrations were 
always quantifiable in amniotic fluid (23.8 ± 4.8 ng/mL), fetal serum 
(24.5 ± 2.3 ng/mL) and cord serum (22.8 ± 3.1 ng/mL). All fetal 
compartments were exposed similarly to BPA-G. 

3.2. Maternal and fetal thyroid status 

Fig. 2 shows the time course of mean (±SEM) individual ratio of TT4 
at a given timepoint to initial TT4 concentrations in pregnant ewes. BPA 
treatment was associated with a significant time-dependent decrease in 
maternal TT4 concentration ratios (p = 0.04) toward mid pregnancy. 
However a return to similar TT4 levels between BPA-treated and control 
ewes at term was noticed. 

At the end of the exposure period (4 months), rT3 concentrations 
tended to be higher (p = 0.06) in the serum of BPA-exposed ewes, 
compared with controls ewes (Fig. 3). Free and total T3 concentrations 
were non-quantifiable in fetuses on GD 138–139, whatever the maternal 
treatment. Fetal free and total T4 concentrations did not differ signifi-
cantly between groups. 

3.3. 1H NMR metabolomics 

The different brain areas displayed similar metabolites, although 
changes in the relative intensities of some resonances were observed. 
The 1H NMR spectra of the aqueous brain extract (pool of all samples) 
are presented in Fig. S1. Thirty-six metabolites were identified and 
Table S1 lists the assigned compounds, with 1H chemical shift and 
coupling patterns. 

A valid PLS-DA model was generated for control lambs only, run 
within the same sequence. This showed that different structures could be 
discriminated according to their specific metabolomic signatures 
(Fig. S2). 

Because the first PCA score plots did not indicate a sex effect, data 
from male and female fetuses were pooled for subsequent PLS-DA of 
specific brain structures. The PLS-DA results demonstrated a marked 
discrimination between the two treatment groups for all structures 
except the Cb and VH (no valid model for these two) (Fig. 4). Figs. 4–6 
need to be printed in color. 

Fig. 1. Simulation of BPA (continuous line) and BPA-G (discontinuous line) 
serum concentrations time course for repeated subcutaneous administrations of 
BPA 5 µg/kg bw/day in pregnant ewes. The maternal serum BPA and BPA-G 
concentrations were predicted by using BPA PK parameters measured in 
pregnant ewes in another experiment (Guignard et al. 2017) and were simu-
lated using a tri-exponential equation corresponding to extravascular 
administration. 

Fig. 2. Time course of mean (±SEM) individual ratio of TT4 at a given time-
point to initial TT4 concentrations in pregnant ewes treated with vehicle or BPA 
(5 µg/kg bw/day; sc) from GD 28 to GD 137–138. The time course of mean TT4 
concentrations differed significantly between the two groups (Time × Treat-
ment interaction: p < 0.05). 
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Several metabolites contributed to inter-group discrimination, from 
which 15 could be identified by comparing 1H chemical shift and 
coupling patterns of brain extracts NMR spectra with NMR spectra of 
reference compounds (Table 1). The pattern of modified metabolites 
differed according to the brain regions, with more discriminant vari-
ables for the lFL, DH, dHy and CbV (Table 1). Of note, glutamine was 
systematically increased in the 8 discriminated regions, namely lFL and 
mFL, Cd, DH, A, dHy and vHy, and CbV (Table1). 

Discriminant metabolites from each brain region were mapped into 
the ovine metabolic network by using the MetExplore webserver, in 
order to identify the metabolic sub-networks modulated by BPA expo-
sure. Using this specific metabolic network, dHy, the lFL and the CbV 
showed the most prominent modulations. Network analysis allowed us 
to investigate the biochemical processes modulated in these brain re-
gions by in utero gestational exposure to BPA. The results obtained for 
the dHy highlight potential modulations in GABA, glutamate and Krebs’ 

cycle metabolic pathways (Fig. 5). 
Functional network prediction also revealed interplay between 

different pathways, as shown for the Cd and CbV (Fig. 6A and 6B, 
respectively). In both structures, metabolites involved in energy/ 
oxidative metabolism and amino acid pathways appeared to be modu-
lated. Moreover, cholinergic pathways were well represented in the 
CbV. In the Cd, common nodes between amino acid and lipid meta-
bolism pathway markers on the one hand, and energy oxidative meta-
bolism on the other hand. Meanwhile, there was no molecular link 
between cholinergic and energy/oxidative metabolism pathways in the 
CbV. 

4. Discussion 

Several neuronal and metabolic pathways have been identified as 
potential targets of developmental exposure to BPA in rodents (Kunz 
et al., 2011; Nakamura et al., 2010; Tonini et al., 2020; Yao et al., 2020). 
Most of these studies focused on only one specific structure or the whole 
brain. We hypothesized that a multifocal and large-scale chemical 
screening approach in multiple brain areas provides a more compre-
hensive understanding of the BPA effects on brain development. In this 
study, we found in sheep that gestational exposure to a low dose of BPA 
significantly impacted the metabolomic profiles of specific fetal brain 
regions. These effects were mostly related to neural amino-acid path-
ways and energy homeostasis, and most changes were region-specific. 
Moreover, there were subtle modifications in maternal but not fetal 
thyroid function. 

We used sc administration as a way to control individual dosing. 
Previous studies conducted in the same model in our laboratory showed 
that sc administration leads to a 3-fold higher BPA maximum concen-
tration (Cmax) compared with BPA delivered in the diet (Guignard et al., 
2017). Despite similar Cmax, due to the difference in the time courses of 
BPA, the relative bioavailability of BPA by diet versus sc routes was only 

Fig. 3. Mean (±SEM) reverse-T3 (rT3) serum concentration in ewes on GD 
137–138 (p = 0.06). Pregnant ewes were treated with BPA (5 µg/kg bw/d sc) 
from GD 28 to GD 137–138. rT3 was assayed in sample collected just 
before delivery. 

Fig. 4. Two-dimensional PLS-DA score plot of integrated 1H NMR spectra of brain structures: medial part of the frontal lobe (mFL) (vehicle, n = 23; BPA, n = 21; 1 
latent component; R2Y = 0.984; Q2 = 0.801); caudate nuclei (Cd) (vehicle, n = 22; BPA, n = 21; 3 latent components; R2Y = 0.973; Q2 = 0.896); amygdala (A) 
(vehicle, n = 23; BPA, n = 21; 3 latent components; R2Y = 0.974; Q2 = 0.846); ventral part of the hypothalamus (vHyp) (vehicle, n = 23; BPA, n = 21; 2 latent 
components; R2Y = 0.911; Q 2 = 0.642); medial lobe of the cerebellum including the vermis (CbV) (vehicle, n = 22; BPA, n = 21; 4 latent components; R2Y = 0.992; 
Q2 = 0.932) and cerebellum hemispheres (Cb) (vehicle, n = 23; BPA, n = 21). 
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3%. Thus, despite a similar Cmax range, the ewes were likely subjected 
to higher internal BPA exposure than what would have occurred with 
BPA administered in the diet. Of note, maternal predicted BPA and BPA- 
G concentrations in ewes are relevant to the internal exposure levels in 
human, based on serum mean concentrations reported in biomonitoring 
surveys (cord blood within the range of 0.1–1 ng/mL) (Gerona et al., 
2013). 

In this context, we demonstrated that gestational exposure to BPA 
moderately altered the temporal trajectory of thyroid hormone status in 
ewes beginning in mid-gestation. This effect was no longer expressed at 
term. No BPA-induced changes in serum fetal TH at the end of gestation 
could be evidenced either We had previously shown similar alterations 
in the time course of maternal TT4 during gestations in the same model 
(albeit with different amplitudes (Guignard et al., 2017; Viguié et al., 
2013). By contrast, we had only observed the effects on fetal TT4 at the 
end of gestation in one experiment at high dose of BPA (Viguié et al., 
2013). We have discussed the possible explanations for such a discrep-
ancy elsewhere (Guignard et al., 2017). 

1H NMR metabolomic unambiguously demonstrated the impact of 
gestational exposure to BPA on several fetal brain regions. For 8 out of 
the 10 examined brain structures, PLS-DA of NMR data provided a very 
strong discrimination of BPA-treated compared with vehicle-treated 
animals, with very high R2Y and Q2 scores, reflecting extremely valid 
and robust models. For two structures, no discriminating model could be 
found, attesting to the specificity of our approach. Interestingly, the 
discriminative metabolic profiles differed among the brain regions, 
highlighting the regional effects of BPA. In human, there were structure- 
dependent modifications of brain NMR metabolic profiles in hypothy-
roid infants living in iodine-deficient areas (Akinci et al., 2006). The 
large number of structures for which gestational exposure to BPA altered 
the metabolomic profile could be one explanation for the wide variety of 
neural, behavior, and cognitive adverse effects of developmental expo-
sure to BPA (Mhaouty-Kodja et al., 2018; Rebolledo-Solleiro, 2021). 

Most of the metabolic modulations highlighted in our study are 
emblematic of dialogs between neural amino acid pathways, and brain 
energy homeostasis related to the Krebs cycle (input and output). Our 
results suggest that oxidative energy metabolism in most of the fetal 

brain regions may be altered in BPA-exposure. Consistently with this 
hypothesis, in the rat, BPA exposure from GD 11 to PND 21 was asso-
ciated with a decrease in glucose metabolism until postnatal day (PND) 
90 in the prefrontal cortex and hippocampus offspring (Xu et al., 2019). 
Interestingly, those effects were observed concomitantly with modest 
thyroid disruption in the dams by the end of gestation (a 16%-18% 
decrease for both free T4 and TT4) and at PND 21 in offspring (a 10% 
decrease in free T4 and TT4). The effects of gestational exposure on 
glucose metabolism in our sheep model are consistent with the observed 
modifications of aspartate and acetate. Aspartate is involved in the 
tricarboxylic acid cycle due to its permanent balance with oxaloacetate. 
In addition, the decrease in creatine and phosphocreatine in the dHy and 
in the mFL could be markers of disrupted energy metabolism. Creatine 
protects axons from energy depletion in normal conditions (Shen and 
Goldberg, 2012). Its conversion into phosphocreatine and ATP by cre-
atine kinase is a critical step that mediates its effect on energy 
homeostasis. 

The glial cell-neuron network provides anatomical support for 
regulation of energy homeostasis and amino acid pathways. It is 
commonly solicited during physiological brain activation (Cherix et al., 
2021; Hertz and Chen, 2017) or under pathological conditions (Xu et al., 
2020). In the current study, glutamine, the glial precursor of glutamate 
and GABA, was upregulated in 8 of the 10 brain regions studied. This 
could reflect its key role at the interface between glial and neuronal 
functions as a byproduct of the Krebs cycle produced in astrocytes, and 
as a direct precursor of both glutamate and GABA (Hertz and Rothman, 
2016). However, given the ubiquitous distribution of glutamine, one 
could speculate about the biological significance of this global upregu-
lation of glutamine in the encephalon. Presynaptic glutamate replen-
ishment results from an activity-dependent transfer of glutamine from 
astrocytes to presynapses. It is thus very likely that any changes in 
glutamine in the brain would somehow alter synaptic activity (Cheung 
et al., 2022). To the best of our knowledge, there is not data allowing to 
estimate to what extent the change of the glutamine/glutamate cycle of 
the magnitude identified in our study can impact neuronal function. 
Nevertheless, our results should prompt the scientific community to 
investigate how glutamine/glutamate cycle might contribute to BPA- 

Fig. 5. Subnetwork extracted from the global ovine metabolic network after mapping of the metabolites that discriminate treatment groups in the dorsal hypo-
thalamus. The green and red circles indicate metabolites that are increased and decreased, respectively (obtained from the webserver Metexplore®; www. 
metexplore.toulouse.inra.fr). 
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induced neural alterations. Overall, our results show that when aspar-
tate is a discriminant variable, it is decreased by BPA exposure (mFL, 
lFL, and DH), while when glutamate (A and dHy) and GABA (dHy and 
CbV) are discriminant variables, they are upregulated by BPA. Research 
in rodents also indicates that perinatal or prenatal exposure to BPA 

modulates neural amino acid pathways. Data from perinatally exposed 
mice have demonstrated an increase in glutamine in the whole brain 
alongside increased aspartate and decreased glutamate and/or GABA in 
BPA-exposed animals (Cabaton et al., 2013). The glutamate/aspartate 
ratio decreased in the hippocampus of rats perinatally exposed to BPA 

Fig. 6. Functional metabolic networks showing potential pathways modulated by gestational exposure BPA (5 µg/kg bw/d) in the caudate nucleus (A) and medial 
lobe of the cerebellum (B) in ovine term fetuses. The color-filled dots represent identified discriminative metabolites. The yellow area encompasses lipid biosynthesis 
pathways, the green area includes amino acid neuromediator pathways, the blue area is related to energy homeostasis and, the brown one cholinergic- 
related pathways. 
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(Kunz et al., 2011). Furthermore, in mice, perinatal exposure to BPA 
modulated GABA and glutamate concentrations (measured by LC-MS) in 
9 cerebral regions including the hypothalamus, the amygdala and the 
hippocampus (Ogi et al., 2015). Taken together, these studies suggest a 
developmental effect of BPA on neural amino acids pathways involved 
in neural ontogenesis and plasticity as well as brain energy homeostasis. 

Researchers have shown that gestational exposure to BPA disrupts 
thyroid homeostasis in dams and/or neonates of several species. Data on 
developmental hypothyroidism provide several lines of evidence that 
the neural amino-acids pathways are very sensitive to thyroid dysre-
gulation. For example, similarly to what we observed in this study, the 
GABA concentration increased in the cerebellum of rat pups born from 
females maintained in a hypothyroid status from GD 1 to lactational day 
21 (Ahmed et al., 2010). Researchers have also reported that the effect of 
thyroid disruption on neural amino acid pathways varies according to 
the target structure, the period of exposure and other parameters 
(Menezes et al., 2019; Sawano et al., 2013). These findings underscore 
the importance of examining different structures simultaneously, 
keeping in mind that the severity of the effect may vary not only with the 
structure but also with the dose. 

Choline-related metabolites were also impacted by gestational BPA 
exposure in several fetal brain regions. Similarly, to glutamine, choline 
is a central node of the network linking neuro-mediators and metabolic 
pathways. In both parts of the frontal lobe, gestational exposure to BPA 
was associated with a decrease in choline. As both a precursor and a 
metabolite of acetylcholine, modification to the choline content might 
indicate a disruption in cholinergic neural pathways in both cortical 
areas and in the medial lobe of the cerebellum. In rats, perinatal expo-
sure to BPA decreased acetylcholine and acetylcholine esterase in the 
prefrontal cortex and hippocampus (Xu et al., 2019). In sheep, the 
cholinergic system is functional in the near-term fetus (Shi et al., 2008). 
In addition, nitric oxide synthase—which produces nitric oxide, a sec-
ond messenger of both the glutamatergic and cholinergic system-
s—varies depending on the brain region and gestational age in fetal 
sheep (Northington et al., 1997). Surprisingly, BPA did not affect 
cholinergic metabolites in the Cd, even though this neural pathway is 
highly represented in the caudate network. Metabolomics provides a 
“picture” of the metabolic state at a given time point. Therefore, the fact 
that we did not observe an effect on a given structure for a neural 
pathway, even though this pathway is predominant in the structure such 
as cholinergic pathway in the Cd, does not signify that gestational 
exposure to BPA might not have given rise to alterations of neural 
pathways in these structures at a different developmental age. 

Choline, glycerophosphorylcholine, and phosphorylcholine are also 
involved in the biosynthesis of key lipids of the central nervous system 
such as sphingomyelins. The decrease in choline and/or glycer-
ophosphorylcholine levels in several regions could be an indicator of 
altered membrane turnover and/or phospholipid incorporation in the 
membranes. The effects of BPA on lipid precursors that are critical for 
harmonious brain development highlight the need to couple metab-
olomic and lipidomic investigations when evaluating the impact of 
toxicants and/or thyroid disruptors on brain development. 

Our results suggest BPA-induced remodeling of the metabolic 
network linking amino acid, and cholinergic pathways with energy and 
lipid metabolism in different cerebral areas of fetal lambs. The intricacy 
of these metabolic pathways is illustrated by the subnetwork analysis 
presented for two structures in Fig. 6. 

Virtually all key processes of neurodevelopment have been described 
as potential targets of BPA (Mhaouty-Kodja et al., 2018) and many of 
these processes are dependent upon the pathways altered in our study 
(Welch and Mulligan, 2022). These processes and pathways are modu-
lated by a variety of endocrine mediators including thyroid, estrogen, 
androgen, adrenal (Gilbert et al., 2007; Iacobas et al., 2013; Pozzi et al., 
2020; Westerholz et al., 2010), as well as a more global physiological 
status of energy metabolism, oxidative stress (Brekke et al., 2015), and 
the immune system (Boulanger, 2009; Zhang et al., 2022). It thus Ta
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remains to be seen if the subtle modifications of the timeline of maternal 
TT4 we observed contribute to the BPA-induced modulations of 
metabolomic profiles in different brain areas. While suggestive of a 
potential thyroid mode of action for BPA, it is not possible at this stage to 
determine to what degree the evidenced metabolomic modulations may 
contribute to long-lasting alterations of behavioral and cognitive func-
tions reported for BPA. Additional studies allowing to increase the panel 
of identified discriminant metabolites using for example high resolution 
MS thus improving the resolution of the network analysis would allow to 
refine the molecular mechanism at stake to mediate neuro-
developmental alteration due to in utero exposure to BPA. Moving to-
ward implementation of multiomic approaches should enhance the 
diversity of molecular levels interrogated. Progress in both of these areas 
will significantly contribute to an integrated, concomitant fine analysis 
of molecular, neuronal, anatomical, and functional networks and 
improve predictions of potential neurobehavioral/cognitive conse-
quences stemming from toxicant exposure. 
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