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Cerium dioxide nanoparticles coated 
with benzo[a]pyrene modify aryl hydrocarbon 
receptor activity, trophoblast differentiation 
and mitochondrial network phenotype 
in human placenta
Séverine A. Degrelle1,2†, Gaëlle Deval1†, Arnaud Tête3, Claire Mikolajczak1, Frank Giton4, Marie‑Léone Vignaud1, 
Sonja Boland5, Céline J. Guigon1, Xavier Coumoul3, Amal Zerrad‑Saadi1, Marie‑Pierre Golinelli‑Cohen6, 
Thierry Fournier1 and Ioana Ferecatu1* 

Abstract 

A growing body of epidemiological evidence links maternal exposure to air pollution with an increased risk 
of adverse pregnancy outcomes, such as preterm birth and low birth weight. Cerium dioxide nanoparticles (CeO2 
NPs or nanoceria) are emerging pollutants, used as additives in diesel fuels and cigarettes for their catalytic properties, 
and released into the environment. Due to their high surface-to-volume ratio and reactivity, CeO2 NPs develop a sur-
face coating during combustion, which may incorporate other released fuel-borne chemicals, such as benzo[a]pyrene 
(BaP), a known carcinogen, mutagen and reprotoxicant, raising concerns about their combined impacts on human 
health. To better reflect environmental reality, we produced BaP-coated CeO2 NPs and exposed primary human 
trophoblasts and chorionic villi. Our findings show that BaP-coated CeO2 NPs activate the aryl hydrocarbon recep-
tor (AhR) pathway, enhancing trophoblast differentiation and syncytium formation, with effects distinct from those 
of BaP or CeO₂ NPs alone, or their unbound mixture. Additionally, exposure to CeO2 NPs alone altered homeostasis 
of mitochondria, affecting their phenotype and function. While individual exposures or BaP-coated CeO2 NPs had 
no detectable impact, parallel co-exposure resulted in a slight but significant reduction in basal respiration. Finally, 
uncoated CeO2 NPs altered placental steroidogenesis, increasing estrone level while decreasing dehydroepiandros-
terone level, with sex-specific effects. These findings suggest that CeO2 NPs can influence the biological effects of BaP 
in the human placenta, including modulating trophoblast differentiation, as well as disrupting mitochondria homeo-
stasis and steroid production, with potential implications for pregnancy outcomes in polluted environments.
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Background
The human placenta is a unique transitory organ, struc-
turally complex and metabolically active. It is responsi-
ble for supplying the fetus with oxygen and nutrients, for 
endocrine function, waste evacuation, and also for pro-
tecting the fetus against harmful substances. The chori-
onic villus represents the structural and functional unit 
of the human placenta. It consists of a stromal core sur-
rounded by trophoblasts, within which fetal vessels are 
enclosed [1]. The outer syncytiotrophoblast (ST) layer, 
a multinucleated syncytium, forms the epithelial cover-
ing of the villous tree, fed during early-to mid-gestation 
by an underlying pool of proliferative mononuclear vil-
lous cytotrophoblasts (VCT) that differentiate and fuse 
to renew the syncytium; his VCT layer gradually thins 
toward term, thereby diminishing the path between 
maternal blood and fetal vessels. The ST is in direct con-
tact with the maternal blood by the apical microvillous 
membrane and is the seat of placental functions, ensur-
ing the synthesis and the secretion of a wide range of 
hormones such as steroids, glycoproteins and angiogenic 
factors [2, 3]. The ST is also a selective barrier that pro-
tects the fetus against xenobiotics, although many sub-
stances can cross the placenta by different mechanisms 
[4, 5].

The VCT differentiation into ST is accompanied by 
major changes not only in cell morphology: for example, 
organelles like mitochondria also undergo deep struc-
tural and functional modifications [6]. Mitochondria play 
a major role in the regulation of cell metabolism, redox 
state, hormone production and apoptosis, which are 
critical for placental functions and successful fetal devel-
opment. VCT mitochondria are relatively large, exhibit-
ing a classic morphology with a lamellar crista structure 
characteristic of aerobic metabolism. The primary func-
tion of VCT mitochondria is the production of ATP by 
the respiratory chain. During syncytialization, the mito-
chondrial network undergoes extensive fragmentation, 
resulting in atypical small mitochondria with spherical 
morphology and a remodeled cristae structure. The ST 
mitochondrial matrix becomes less dense under trans-
mission electron microscopy (TEM) [7]. These mor-
phological changes are correlated with modifications 
in mitochondrial function, enabling the syncytium to 
acquire steroidogenic activity essential for progester-
one (P4) production [8, 9]. Mitochondrial reshaping is 
ensured by a delicate balance between the two opposite 
processes called fusion and fission [9] that are regulated 
by a complex machinery of dedicated proteins [6].

Pollutants such as polycyclic aromatic hydrocar-
bons (PAH) and nanoparticles (NPs), particles with all 
three dimensions smaller than 100  nm) are widespread 
environmental contaminants. NPs exhibit a number of 

unique physicochemical properties that make them very 
attractive to industry; as a consequence, the list of con-
sumer products containing manufactured nanomaterials 
is now rapidly expanding. Because of their high catalytic 
properties, CeO2 NPs are added to gasoline to facilitate 
the regeneration of particulate filters, which are used to 
reduce particulate matter emissions, and thus increase 
fuel efficiency. Since the 2000 s, cerium dioxide (CeO2) 
NPs (nanoceria, hereafter CeO₂ NPs), have been system-
atically added to diesel fuels (e.g. EnvirOx) to increase the 
efficiency of soot combustion. Consequently, CeO2 NPs 
are now released into the environment from cars [10, 11], 
with a cerium (Ce) content increased by 6.5% [12]. Their 
applications have expanded due to their catalytic proper-
ties―such as in self-cleaning ovens and as additives in 
cigarettes [13]―as well as their use in glass polishing 
and UV-protection sunscreens where they serve as a sub-
stitute for titanium dioxide [14]. Due to the peculiar dual 
oxidation state of cerium (Ce3+ and Ce4+) [15], which 
gives them pro- and antioxidant properties, CeO2 NPs 
have also been proposed for various biomedical appli-
cations [16]. Due to their increased use and consequent 
exposure, CeO2 NPs have gained the attention of the sci-
entific community, which is now questioning their poten-
tial health effects. In addition, cerium has been detected 
in maternal blood at levels up to 5.18 ng/mL [17].

However, humans are rarely exposed to CeO₂ NPs 
alone, as they are typically found in combination with 
other pollutants from common emission sources. Due 
to their high surface-to-volume ratio and reactivity, 
CeO₂ NPs acquire a surface coating during the com-
bustion of diesel fuels and cigarettes. This coating may 
consist of other released fuel-borne chemicals, such as 
benzo[a]pyrene (BaP) whose emissions increase by 35% 
in cerium-additive fuels [11, 18].

BaP is one of the most ubiquitous pollutants in ambient 
air and food, generated by the incomplete combustion of 
organic materials, including motor vehicle exhaust, resi-
dential heating, high-temperature cooking, and cigarette 
smoking. BaP is a five-ring benzene compound classi-
fied by the International Agency for Research on Cancer 
(IARC) as a Group I carcinogen (carcinogenic, mutagenic 
and reprotoxic agent for humans) and is also recognized 
as an endocrine disruptor [19]. BaP is considered a proto-
type PAH and, like tetrachlorodibenzo-p-dioxin (TCDD), 
has been widely used to assess the carcinogenic risk 
of particulate matters (PM) containing adsorbed PAH, 
including ultrafine particles (UFP) (particles smaller than 
100  nm). The molecular basis of BaP toxicity is directly 
linked to the activation of the aryl hydrocarbon receptor 
(AhR), a ligand-activated transcription factor involved in 
xenobiotic detoxification. AhR activation allows the met-
abolic breakdown and elimination of many chemicals; 



Page 3 of 29Degrelle et al. Particle and Fibre Toxicology           (2025) 22:25 	

however for certain compounds like BaP, it also contrib-
utes to cellular toxicity through metabolic bioactivation 
(see below the roles of CYP450) [20]. Upon ligand-bind-
ing, AhR undergoes heterodimerization with the AhR 
nuclear translocator (ARNT) and binds to specific 
xenobiotic response elements (XRE) in the promoters 
of its target genes initiating gene transcription. Among 
AhR target genes are those encoding phase I xenobiotic 
metabolizing enzymes (XME), such as the microsomal 
cytochrome 450-dependent monooxygenases (CYP450 
family), including CYP1A1, CYP1A2, and CYP1B1. 
CYP450 enzymes metabolize BaP into bioactive com-
pounds, such as benzo[a]pyrene diol epoxide (BPDE), 
which can form DNA adducts, thereby contributing to 
the carcinogenic potential of BaP. Hence, CeO2 NPs and 
BaP are often encountered together in the environment, 
making human exposure to their mixture a more realistic 
scenario.

Until now, few studies have addressed the adverse con-
sequences of women’s exposure to CeO₂ NPs during the 
sensitive window of human pregnancy [21, 22], and even 
fewer have explored the effects of the co-exposures with 
other pollutants, such as BaP [23]. The CeO₂ NPs used 
here, including their stable BaP surface coating at two 
environmentally relevant loading ratios, were synthesized 
and fully validated previously [24]. The first, referred to 
as low ratio (LR), reflects the environmental PAH/UFP 
ratio found in Parisian air pollution [25], which ranges 
from 0.15 to 2 mg of PAH per g of UFP and was adjusted 
to 1.66  mg BaP/g CeO2  NPs. The second, four times 
higher (6.63 mg BaP/g CeO₂ NPs), is designated as high 
ratio (HR). Using XRE-plasmids previously described by 
our team [26], we assessed here AhR activity (indicative 
of BaP metabolization and bioactivation capacity), cyto-
trophoblast differentiation, mitochondrial morphology 
and function, as well as toxicant uptake in human placen-
tal models at term pregnancy. We compared the effects 
of BaP-coated CeO2 NPs to individual exposures to each 
pollutant and to co-exposures (simultaneous addition of 
both pollutants separately). At non-cytotoxic concen-
trations, distinct effects were observed on AhR activity, 
trophoblast differentiation capacity and mitochondria 
morphology depending on exposure conditions. Moreo-
ver, we demonstrated that BaP-coated CeO₂ NPs are 
internalized into trophoblasts via lipid rafts.

Methods
Reagents
BaP (#31,306), AhR inhibitor (CH223191, #182,705), 
cyclohexane (CHX, #28,920), methyl-β cyclodextrin 
(MβCD, #C4555), sucrose (#S0389), staurosporine (Stau 
#S5921) and zirconium dioxide nanoparticles (ZrO2 NPs, 
#643,122) were from Sigma-Aldrich. CeO2 NPs were 

obtained from the Joint Research Centre of the European 
Union (NM-212, IHCP, Ispra, Italy).

Coating of CeO2NPs with benzo[a]pyrene and preparation 
of suspensions
The detailed stable BaP‑coating protocol and comprehen-
sive physicochemical characterization including primary 
size (TEM), hydrodynamic diameter and polydispersity 
(DLS), Zeta‑potential in relevant media, BaP surface 
loading, coating confirmation (attenuated total reflec-
tance fourier-transform infrared (ATR-FTIR) and reverse 
phase-high pressure liquid chromatography (RP-HPLC)), 
and stability of the CeO₂ NPs batches employed have 
been previously published in detail [21, 24]; the most rel-
evant parameters are summarized below for clarity.

Bare CeO₂ nanoparticles (NM‑212, IHCP, Ispra, Italy) 
according to repository report JRC89825 have a poly-
hedral core of 28.4 ± 10  nm, a Brunauer–Emmett–Teller 
(BET) surface area of 27.2 m2/g and a Zeta‑potential of 
−23.4 mV in DMEM, agglomerating to ~ 380–500 nm in 
serum‑containing medium [21]; whereas the same batch 
stably coated with benzo[a]pyrene retains the 10–100 nm 
core, yielding hydrodynamic diameters (DLS) of ~ 180–
370  nm in placental medium, with the majority of the 
BaP remaining bound after 48 h in culture medium. The 
full dataset can be found in [24].

Two ratios of CeO2 NPs coated with BaP were made for 
the treatments:

•	 A first ratio called the “Coating LR” approximating 
the PAH/UFP ratio found in Parisian atmospheric 
pollution [25] (0.15 to 2 mg PAH/g UFP converted to 
1.66 mg BaP/g CeO2 NPs, corresponding to 0.25 µM 
BaP per 10 µg/cm2 CeO2 NPs if all BaP is desorbed);

•	 A second ratio, called the “Coating HR” equivalent 
to 6.63 mg BaP/g CeO₂ NPs, corresponding to 1 µM 
BaP per 10 µg/cm2 CeO2 NPs if all BaP is desorbed. 
This ratio is four times higher than the low ratio and 
simulates a higher exposure scenario while remain-
ing below the amount needed to form a complete 
monolayer of BaP around CeO2 NPs (which would be 
14.5 mg BaP/g CeO2 NPs).

The weighed powdered CeO2 NPs were suspended in 
glass tubes with CHX containing the desired quantity of 
BaP (Sigma-Aldrich #31,306) depending on whether the 
HR or LR coating was achieved. After homogenization by 
stirring on a vortex mixer at high intensity for one min-
ute, the CeO2 NPs solutions were distributed homogene-
ously into 2 mL glass tubes so that each tube contained 
3 mg of CeO2 NPs. The solutions were kept under a fume 
cupboard for 24 h to allow the CHX to completely evap-
orate. The tubes were then sealed with sterilized plastic 
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caps. CeO₂ NPs were also suspended in CHX without 
BaP (Sigma-Aldrich #227,048) and CHX was subse-
quently evaporated.

CeO2 NPs, and BaP-coated CeO2 NPs at low and high 
ratios were diluted in culture medium supplemented 
with 10% fetal calf serum (FCS, Eurobio #CVFSVF00-01, 
Les Ulis, France) at a concentration of 3 mg/mL and soni-
cated at 70% amplitude on ice, for 2 min with a cup horn 
(450 W and 50/60 Hz, Branson, Danbury, CT, USA).

Cell cultures, magnetofection and treatments
Placental tissues were obtained with the patients’ writ-
ten informed consent from non-smoking women with 
uncomplicated pregnancies who underwent normal 
cesarean sections at the maternity units at the Diacon-
esses Croix Saint-Simon (75,012 Paris, France), at Antony 
Private Hospital (92,160 Antony, France), and Institut 
Mutualiste Montsouris (75,014 Paris, France). This study 
was conducted in accordance with the Declaration of 
Helsinki and was approved by the local ethics committee 
(CPP 2015-mai-13909).

VCT were isolated from human term placentas as pre-
viously described [23, 24, 27–32]. Cells were seeded for 
nanoluciferase assays (XRE-pNL1.3 transfection) into 
either a sterile 12-well plate (500,000 cells/well, Corn-
ing #3512) or into a sterile 12-well removable chamber 
placed on cell culture–treated plastic slides (80,000 cells/
well, Ibidi #81,201) for fluorescence experiments (immu-
nofluorescence and XRE-H2B-eGFP transfection).

To study the activity of AhR transcription factor after 
exposure of trophoblasts to these pollutants, we used 
two XRE-reporter vectors previously described by our 
team [26] (XRE-pNL1.3[secNLuc] and XRE-H2B-eGFP). 
VCT transfection with XRE-pNL1.3[secNluc] allows 
monitoring of the kinetics of reporter gene activation 
by measuring the luciferase directly secreted into cell 
media over time without harming the cells. This pro-
cess was carried out as described in [30, 33]. Briefly, the 
transfection complexes were composed of Opti-MEM 
medium mixed with Lipofectamine 2000 CD (Invitro-
gen), Magnetofection CombiMag (OZ Biosciences), and 
XRE-pNL1.3[secNLuc] (Addgene Plasmid #182,294) or 
empty-pNL1.3 (Promega Corporation, JQ437372)/CMV-
ss.mCherry (constructed as described in [33]) for nano-
luciferase assays or XRE-H2B-GFP (Addgene Plasmid 
#182,295) and CMV-H2B-mScarlet-I (Addgene Plasmid 
#182,297) for immunofluorescence. Following 20-min 
incubation at room temperature, the mixture was dis-
tributed into the wells (75 µL/well in the 12-well plate, 
30  µL/well in the 12-well slide). Prior to VCT seeding, 
culture plates and slides were incubated on a magnetic 
plate (OZ Biosciences) at 37  °C and 5% CO2 for at least 
10 min. The assembly was then transferred back into the 

incubator. After overnight incubation, transfected cells 
were washed and treated for 24 h with 10 µg/cm2 CeO2 
NPs, 10 µg/cm2 CeO2 NPs coated with 2 concentrations 
of BaP (0.25 or 1 µM), 10 µg/cm2 CeO2 NPs co-exposed 
with 2 concentrations of BaP (0.25 or 1 µM), 2 concentra-
tions of BaP only (0.25 or 1 µM), 2"vehicle"controls due 
to BaP dilution in CHX (0.06 and 0.25%) or 3 µM of AhR 
antagonist (CH223191) as control.

Nanoluciferase assay
Cells transfected with XRE-pNL1.3[secNLuc] or 
empty-pNL1.3/CMV-ss.mCherry were cultured in a 
24-well plate for 24  h at 37  °C. Then, cells were treated 
for 48  h with 10  µg/cm2 NPs, 10  µg/cm2 NPs coated 
with 2 concentrations of BaP (0.25 or 1  µM), 10  µg/
cm2 NPs co-exposed with 2 concentrations of BaP (0.25 
or 1  µM), 2 concentrations of BaP only (0.25 or 1  µM), 
2"vehicle"controls due to BaP dilution in CHX (0.06 and 
0.25%) or 3  µM of AhR antagonist (CH223191) as con-
trol. Supernatants (75 µL) collected at 24  h and 48  h 
were dispensed in duplicate into the wells of a 96-well 
plate (#3610, Corning). NanoLuc® luciferase activity in 
supernatants was quantified using the Nano-Glo® Lucif-
erase Assay (#N1130 Promega Corporation), according 
to the manufacturer’s instructions. Measurements of 
luminescence and mCherry fluorescence (Ex: 587  nm, 
Em: 610  nm) were performed in each well using an 
EnSpire Multimode plate reader (Perkin Elmer). Lucif-
erase luminescence reading were first normalized to the 
corresponding mCherry signal, and then to the values 
obtained from cells transfected with the empty-pNL1.3.

Immunofluorescence and image analysis
Cells cultured and treated in a 12-well removable cham-
ber were fixed in 4% PFA for 20  min at room tempera-
ture, washed and stored at 4 °C in PBS.

For the fusion index assay, cells were permeabi-
lized in 0.5% Triton X-100 in PBS for 30 min, and then 
incubated for 1  h at 37  °C with 2  µg/mL GATA3 (#sc-
268, Santa Cruz) and 2  µg/mL β-catenin (CTNNB 
#51,067–2-AP, Proteintech) or 1  µg/mL desmoplakin 
(DSP, (#ab71690, Abcam) primary antibodies in block-
ing solution, as described in [32–34]. Following three 
washes with 0.1% Tween-20 in PBS (PBST), cells were 
incubated with the VectaFluor™ Excel R.T.U. Anti-
body Kit containing DyLight® 594 anti-mouse IgG anti-
body (#DK-1488, Vector Laboratories), according to the 
manufacturer’s instructions. After an additional three 
washes with PBST, cells were incubated for 1 h at room 
temperature in the dark with Alexa Fluor® 488 Donkey 
anti-Rabbit IgG (H + L) Highly Cross-Adsorbed second-
ary antibody (#A21206, Invitrogen; 1:500 in PBST). Cells 
underwent three additional PBST washes, followed by 
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DAPI counterstaining for 10  min at room temperature. 
Finally, slides were mounted with Fluorescence Mounting 
Medium (#S3023, Dako) and stored at 4 °C.

For XRE-H2B-eGFP experiments, cells were blocked 
in 5% BSA (IgG-free) and 0.1% Tween-20 in PBS (PBST) 
for 30  min at room temperature, and then incubated 
for 1  h at 37  °C with 1  µg/mL DSP (#ab71690, Abcam) 
primary antibody in blocking solution, as described in 
[30, 33]. After three washes with 0.1% Tween-20 in PBS 
(PBST), cells were incubated in the dark at room temper-
ature for 1 h with Alexa Fluor® 647 Donkey anti-Rabbit 
IgG (H + L) Highly Cross-Adsorbed secondary antibody 
(#A31573, Invitrogen; 1:500 in PBST), then washed three 
times in PBST. Finally, slides were mounted with Fluores-
cence Mounting Medium (#S3023, Dako) and stored at 
4 °C.

For JC-1 experiments, cells were blocked in 1% 
BSA/0.05% saponin (IgG free) in CellCover for 1  h at 
room temperature and then incubated overnight at 4 °C 
with 1  µg/mL E-cadherin (#ab11512, Abcam) primary 
antibody in blocking solution. After three washes with 
0.1% Tween-20 in CellCover, cells were incubated with 
Donkey anti-Rat IgG (H + L) Cross-Adsorbed DyLight® 
650 secondary antibody (#SA510029, Invitrogen; 1:500 
in 0.1% Tween-20/CellCover) for 1  h in the dark at 
room temperature, then washed three times with 0.1% 
Tween-20 in CellCover and counterstained with DAPI 
for 10 min at room temperature. Finally, cells were cov-
ered with CellCover and stored at 4 °C. Confocal micros-
copy images were acquired using a Leica SP8 inverted 
microscope fitted with Plan Apo × 40/1.3 and × 60/1.4 
oil immersion objectives. Image processing was per-
formed with ImageJ software (version 1.53q, National 
Institutes of Health,  https://​imagej.​net/​ij/). The fusion 
index was calculated in at least three placentas from 
seven non-overlapping images per replicate and deter-
mined as described in [34]: [100 − % (number of GATA3+ 
nuclei/total number of DAPI nuclei)]. Quantification of 
XRE-H2B-eGFP was performed as described in [31]. In 
summary, a minimum of 50 nuclei per condition were 
examined across three independent experiments. For sig-
nal quantification, fluorescence intensity was integrated 
over the whole nuclear area.

Mitochondrial network analysis and stimulated emission 
depletion (STED) imaging
Cells cultured and treated in an 8-well chamber were 
fixed in 4% PFA/0.2% glutaraldehyde in PHEM buffer 
(68  mM PIPES, 25  mM HEPES, 15  mM EGTA, 3  mM 
MgCl2) for 20 min at 37 °C for mitochondrial morphol-
ogy, and washed and stored at 4  °C in PBS. Cells were 

first permeabilized in 0.1% Triton X-100 in PBS for 
7 min, then blocked in 5% SAB in PBS for 1 h at room 
temperature and then incubated for 1  h at 37  °C with 
anti-COX2 (1:1000) primary antibody in blocking solu-
tion. After three washes with 0.1% Tween-20 in PBS 
(PBST), cells were incubated in the dark at room tem-
perature for 1  h with Goat Anti-Rabbit-IgG—Atto 550 
(H + L) (43,328-1ML-F, Sigma; 1:800 in PBST), washed 
three additional times in PBST and then counterstained 
with DAPI for 10  min at room temperature. Slides 
were mounted with Fluorescence Mounting Medium 
(#S3023, Dako) and stored at 4 °C. COX2 antibody was 
generated by the group of Dr Anne Lombès, as previ-
ously reported [35].

STED images were obtained using a Leica TCS SP8 
inverted microscope with a time-gated STED mod-
ule (Leica Microsystems GmbH, Germany), equipped 
with a white light laser (WLL) and an HC PL APO CS2 
100x/1.40 oil objective. The excitation wavelength was 
558  nm, and depletion was achieved with a 660  nm 
laser. The pinhole was set to 0.5 Airy units, and the 
pixel size was optimized. Images of 1024 × 1024 pixels 
were acquired at a scan speed of 600 Hz with the num-
ber of line average equal to 16 and frame accumulation 
of 2. Signals were detected with a hybrid detection sys-
tem (Leica HyD). To improve the signal-to-noise ratio, 
the images were deconvolved with Huygens Profes-
sional Software (Scientific Volume Imaging) using the 
fast deconvolution presetting. Mitochondrial quanti-
fication was performed by the Mitochondrial Analyzer 
plugin within ImageJ. The settings for thresholding 
were adjusted, with enhance local contrast turned off 
and settings for block size and C-value adapted per set 
of images, before analysis with default settings [36, 37]. 
For deconvolved images, a block size of 10 and C-value 
of 5 were used.

Protein extraction and western blot
Total protein extracts were prepared from trophoblast 
cells cultured in 60 mm dishes by lysing the cells in Ripa 
lysis buffer (Cell Signaling Technology #9806S), sup-
plemented with protease inhibitors (1:100, Protease 
Inhibitor Cocktail Set I, Calbiochem Merck #539,131) 
and phosphatase inhibitors (1:50, Phosphatase Inhibi-
tor Cocktail Set V, Calbiochem Merck # 524,629). Pro-
tein lysates were centrifuged at 14,000 × g for 5  min, 
and the supernatants were stored at − 80◦C. Protein 
concentrations were measured using the Pierce™ BCA 
Protein Assay Kit (Thermo Fisher Scientific #23,235). 
Equal amounts of proteins (30 µg) were resolved by SDS-
PAGE using either 7.5% or 4–15% mini-PROTEAN TGX 

https://imagej.net/ij/
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precast gels (Bio-Rad #4,561,085 #4,561,084, Marnes- la-
Coquette, France) under reducing conditions with 10% 
dithiothreitol (Sample Reducing Agent 10 ×, Invitrogen 
#NPs0009, Waltham, MA, USA). Proteins were then 
transferred onto a nitrocellulose membrane (Trans-blot 
Turbo Transfer pack, 0.2  µm nitrocellulose, Bio-Rad 
#1,704,159). Membranes were incubated at 4 ◦C overnight 
with the primary antibody, followed by 1-h incubation 
at room temperature with the appropriate DyLight 680 
or 800 Fluor-conjugated secondary antibody (Thermo 
Fisher Scientific #35,568 and #35,521). The primary anti-
bodies used were mouse anti-mitofusin 2 (1:1000, Abcam 
# ab56889), rabbit anti-mitofusin-1 (1:1000, Cell Signal-
ing #14,739), rabbit anti-optic atrophy 1 (OPA1, 1:1000, 
Abcam #ab42364), rabbit anti-dynamin-related protein 1 
(anti-DRP1, 1:1000, Cell Signaling #5391), rabbit anti-fis-
sion 1 (FIS1, 1:1000, Sigma-Aldrich #HPA017430), rabbit 
anti-voltage-dependent anion channel 1 (anti-VDAC1, 
1:1000, Homemade), and mouse anti-vinculin (1:1000, 
Sigma-Aldrich #1V9131). The secondary antibodies used 
were DyLight 800-conjugated anti-mouse IgG (1:20,000, 
Thermo Fisher Scientific #35,521) or DyLight 680-con-
jugated anti-rabbit IgG (1:20,000, Thermo Fisher Scien-
tific #35,568). Primary and secondary antibodies were 
diluted in the following dilution buffers according to the 
manufacturers’instructions: 1X TBS, 0.1% Tween-20, 
5% nonfat dry milk, 0.1% sodium azide or 1X TBS, 0.1% 
Tween-20, 5% BSA (Jackson ImmunoResearch #001–
000-173). Blots were scanned with an Odyssey Imaging 
System (Li-COR, Bad Homburg, Germany). Band inten-
sity quantification was carried out using Odyssey soft-
ware (Li-COR).

RNA extraction, reverse transcription and real‑time 
quantitative PCR
The treated VCT were harvested using 0.05% trypsin–
EDTA (Gibco #25,300,054). Total RNA was then iso-
lated from cell pellets containing 3 million cells using 
the RNeasy mini kit (Qiagen #74,104), following the 
manufacturer’s protocol, including on-column DNase-
treatment (Qiagen #79,254). After RNA elution, the 
concentration (A260) and the purity (A260/A280 and 
A260/A230 ratios) of samples were assessed using a 
Nanodrop ND-1000 spectrophotometer. RNAs with an 
A260/A230 ratio of less than 1.6 were purified with the 
RNeasy MinElute Cleanup kit (Qiagen #74,204). The 
total RNAs recovered were stored at − 80 °C after addi-
tion of 1 µL of RNase-OUT (Invitrogen #10,777,019). 
Reverse transcription of 1  µg of RNA was carried out 
using the SuperScript™ III Reverse Transcriptase kit 
(Invitrogen #18,080,044), with random primer (Invitro-
gen #48,190,011). Quantitative RT-PCR (RT-qPCR) was 
performed in a total volume of 10 µL, comprising 10 ng 
of cDNA, 5  µM of each primer, and 5 µL of SYBR™ 
Green (Master Mix PowerTrack Applied Biosystems 
#A46111), using the CFX384 Real-Time PCR Detection 
System (Bio-Rad). All primers (Table 1) were provided 
by Eurogentec and validated beforehand. PCR cycling 
conditions included an initial polymerase activation 
step (2 min, 95 ◦C), followed by denaturation (15 s, 95 
◦C) and combined annealing/extension (1 min, 60 ◦C). 
A final melting curve analysis was performed to ensure 
no contamination. The threshold cycle (Ct) was meas-
ured as the number of cycles at which the fluorescence 
emission first exceeds the background. The 3 reference 

Table 1  Characteristics of the primers used

Genes Primer sequences Efficiency Tm(°C) Bases GC (%) Fragment 
length 
(bp)

MFN1 F
R

5’-AGG-AAC-TGA-TGG-AGA-TAA-AGC-C-3’
5’-CCA-AAA-CAC-ACG-TAC-AAG-ACA-G-3’

2 57.57
58.06

45
45

139

MFN2 F
R

5’-ATC-CCC-ACT-TAA-GCA-CTT-TGT-C-3’
5’-ATT-CCT-GTA-CGT-GTC-TTC-AAG-G-3’

1,89 58.58
58.07

45
45

112

OPA1 F
R

5’-TAA-CGA-GGG-AAA-GAG-AAA-CCT-G-3’
5’-TTG-ACC-ATG-GAG-TAC-AAC-TGT-G-3’

1,81 57.73
58.26

45
45

151

DRP1 F
R

5’-GGC-AAC-TGG-AGA-GGA-ATG-3’
5’-GGC-ATG-ACC-TTT-TTG-TGG-3’

1,99 54.99
54.24

56
50

108

PGC-1α F
R

5’-ACC-ACT-CCT-CCT-CAT-AAA-GCC-3’
5’-TGC-CTT-GTG-TAC-CAG-AAG-ACT-C-3’

2 59.16
59.96

52
50

133

RPL13 F
R

5’-CTG-GCG-TGG-AAA-TAG-GTG-AT-3’
5’-CGG-CCC-ACC-TTA-ACT-TTA-CA-3’

1,97 57.67
57.81

50
50

215

RPLP0 F
R

5’-TCG-ACA-ATG-GCA-GCA-TCT-AC-3’
5’-GCC-TTG-ACC-TTT-TCA-GCA-AG-3’

1,96 58.06
57.57

50
50

223

SDHA F
R

5’-TGG-GAA-CAA-CAG-GGC-ATC-TG-3’
5’-CCA-CCA-CTG-CAT-CAA-ATT-CAT-G-3’

1,99 60.28
58.48

55
45

86
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genes used were ribosomal protein L13 (RPL13), ribo-
somal protein L0 (RPLP0), and succinate dehydro-
genase complex flavoprotein subunit A (SDHA). The 
relative amounts of mRNA were estimated using the 
Pfaffl method [38] to take into account the primer’s effi-
ciency and expressed as fold change:

 

JC‑1 mitochondrial membrane potential
Mitochondrial membrane potential was assessed accord-
ing to the manufacturer’s protocol (#T3168, Invitrogen). 
Briefly, cells were plated overnight at 50,000 cells/well in 
triplicate in a 96-well plate and subsequently treated for 
24 h and 48 h with 10 µg/cm2 NPs, 10 µg/cm2 NPs coated 
with 2 concentrations of BaP (0.25 or 1  µM), 10  µg/
cm2 NPs co-exposed with 2 concentrations of BaP (0.25 
or 1  µM), 2 concentrations of BaP only (0.25 or 1  µM), 
2"vehicle"controls due to BaP dilution in CHX (0.06 and 
0.25%) or 3  µM of AhR antagonist (CH223191) as con-
trol. As a control, 1  µM Stau treatment was performed 
for 3 h. Then JC-1 dye-loading solution (1 µM final con-
centration) was added and incubated for 30  min. The 
fluorescent intensities for both aggregates (Ex: 570  nm, 
Em: 590 nm) and monomeric (Ex: 514 nm, Em: 530 nm) 
forms JC-1 were measured in each well at 37 °C using an 
EnSpire Multimode plate reader (Perkin Elmer). Then, 
cells were fixed with CellCover (Anacyte Laboratories) 
for confocal imaging.

Measurement of mitochondrial respiration by Seahorse
Agilent Seahorse XFe24 analyzer and XF Cell Mito Stress 
Test kits from Agilent (Santa Clara, CA) were used to 
assess the oxygen consumption rate (OCR). Cells were 
seeded on Seahorse XFe24 culture plates at a density 
of 100,000 cells/well for 16  h. Cells were washed with 
Hanks’ balanced salt solution (HBSS) and incubated for 
24 h with the different treatments: 10 µg/cm2 CeO2 NPs, 
10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP 
(0.25 or 1 µM), 10 µg/cm2 CeO2 NPs co-exposed with 2 
concentrations of BaP (0.25 or 1  µM), 2 concentrations 
of BaP only (0.25 or 1 µM), a control due to BaP dilution 
in CHX 0.25%, 3 µM of AhR antagonist (CH223191) and 
3  µM of CH223191 with 10  µg/cm2 CeO2 NPs coated 
with BaP at 0.25  µM. Culture media were exchanged 
with Seahorse XF DMEM pH 7.4, supplemented with 
10  mM  glucose, 2  mM glutamine, and 1  mM pyru-
vate and cell culture microplates were placed in a 37  °C 
non-CO2 incubator for one hour prior to assay. The 
sequential injections of selective electron transport chain 

Ratio =
Etarget

△Ct target

Geometric mean (Eref1)
△Ct ref1; (Eref2)

△Ct ref2; (Eref3)
△Ct ref3

(ETC) inhibitors and uncoupling agents included oligo-
mycin (1.5 µM), FCCP (1 µM) and a mixture of rotenone 
and antimycin A (0.5 µM). Addition of oligomycin inhib-
its ATP synthase, resulting in a reduction of OCR, which 
is linked to mitochondrial ATP production. The addi-
tion of FCCP, an uncoupling agent, stimulates electron 
transport chain (ETC) activity and results in a maximum 

OCR. Addition of rotenone/antimycin A inhibits com-
plexes I and III, respectively, leading to a shutdown of 
mitochondrial respiration. Mitochondrial spare capacity 
was calculated from the difference between basal OCR 
and FCCP-stimulated maximal OCR. The OCR values 
were normalized to the number of nuclei obtained after 
Hoechst staining and counted using an automated cell 
imaging system (ImageXpress Pico, Molecular Devices).

Quantification of steroids in VCT supernatants by GC–MS/
MS
The supernatants of VCT were treated for 48  h with 
CeO2 NPs at 10 µg/cm2 and the untreated supernatants 
were stored for the quantification of steroids.

Dehydroepiandrosterone (DHEA), testosterone (T), 
dihydrotestosterone (DHT), estrone (E1), estradiol (E2), 
δ4-androstenedione (A4), P4, and 17 hydroxy-progester-
one (17OHP) were measured by GC–MS/MS.

Briefly, each sample (VTC supernatants, calibration 
standards, quality controls, and blank matrix) was col-
lected in a 4 mL borosilicate tube. A spiking solution of 
deuterated steroid internal standards (IS) (10  µL con-
taining 1 ng of T-d8, 0.5 ng of DHT-d3, 100 pg of E1-d4, 
50 pg of E2-d4, 2 ng of 4-dione-d7, and 3 ng of Prog-d9, 
except for blank matrix) (CDN Isotopes, Inc., Point-
Claire, Canada), 2.8  mL of 1-chlorobutane was added 
to each sample. Following 2  min of vortexing and brief 
centrifugation, the upper organic phase was transferred 
onto a pre-conditioned Hypersep SI 500 mg SPE minicol-
umn (Thermo Scientific #60,108–315). The column was 
subsequently washed with 6 mL of ethyl acetate/hexane 
(1/9, v/v) to remove non-target compounds. The fraction 
containing the steroids of interest was then eluted using 
4 mL of ethyl acetate/hexane (1/1, v/v) and evaporated to 
dryness at 60 °C.

DHEA, T, DHT, E1, and E2 were derivatized as previ-
ously described [39] with pentafluorobenzoyl chloride 
(Sigma-Aldrich #103,772). The final extracts were recon-
stituted in 20 µL of isooctane and transferred into conical 
vials for GC injection.
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A4, P4, and 17OHP, were derivatized with 50 µL of hep-
tafluorobutyric anhydride (Apollo Scientific #PC4470) 
and anhydrous acetone (1/1) mixture. The final extracts 
were reconstituted in 20 µL of anhydrous n-hexane, and 
transferred to conical vials for injection into the GC 
system (GC-2010 Plus, Shimadzu) equipped with a VF-
17MS capillary column (50% phenylmethylpolysiloxane, 
Agilent Technologies). A TQ8050 triple quadrupole mass 
spectrometer (Shimadzu) equipped with a chemical ioni-
zation source (NCI), and operating in Q3 single ion mon-
itoring (SIM) mode, was used for the detection of DHEA, 
DHT, T, E1, and E2, and with an electron impact source 
operating in multiple reaction monitoring (MRM) mode 
for the detection of A4, P4, and 17OHP.

For NCI detection, the reagent gas was methane, and 
the GC was performed in pulsed splitless mode with a 
1-min pulsed splitless-time. The oven temperature was 
initially 150 °C for 0.50 min, further increased to 305 °C 
at 20  °C/min and held at 305  °C for 3.60 min, and then 
to 335  °C at 30  °C/min and held at 335  °C for 1.7  min. 
The injection port and transfer line temperatures were 
respectively 290 and 280 °C. The flow rate of helium (car-
rier gas) was kept constant at 0.96  mL/min. The mass 
spectrometer CI source temperature was 220 °C.

For EI detection, GC was performed in splitless mode 
with a 1-min splitless-time. The temperature in the oven 
was initially 70 °C for 1 min, further increased to 238 °C 
at 25 °C/min, and then to 261 °C at 5 °C/min. The injec-
tion port and transfer line temperatures were respectively 
290 and 280 °C. The flow rate of carrier gas was kept con-
stant at 0.70 mL/min. The mass spectrometer EI source 
was 230 °C.

Linearity of steroid quantification was assessed by plot-
ting the ratio of the steroid peak area to that of internal 
standard against the corresponding steroid concentration 
for each calibration standard.

Accuracy, target ions, corresponding deuterated inter-
nal control, range of detection, low limit of quantification 
(LLOQ), and intra- inter-assay CVs of the quality control 
are reported in Supplemental Table S1.

Quantification of oxysterols in VCT supernatants
7α-Hydroxycholesterol (7aOHC), 7β-hydroxycholesterol 
(7bOHC), 5α,6α-epoxycholestanol (5a6a Echol), 
5β,6β-epoxycholestanol (5b6b Echol), 25-hydroxycho-
lesterol (25OHC), 7-ketocholesterol (7KChoL), and 
4β-hydroxycholesterol (4bOHC) were measured by 
GC–MS/MS.

Each sample was collected in a screw-capped vial 
sealed with a Teflon septum, and 50 µL of spiking solu-
tion of deuterated oxysterol internal standards were 
added together with 20  ng of 7aOHC-d7, 7bOHC-d7, 

5a6a Echol-d7, 5b6b Echol-d7, 25OHC-d6, 4bOHC-d7, 
and 7KChol-d7 (Avanti Research, Alabama, USA). To 
prevent auto oxidation, 20 µL of butylated hydroxytolu-
ene (12.5  mg/mL of methanolic alcohol; Sigma-Aldrich 
#B1378), and 20 µL of EDTA (25  mg/mL of deionized 
water; Sigma-Aldrich #O3664) were added to each vial 
and flushed with nitrogen to remove air.

Alkaline hydrolysis was carried out at room tempera-
ture (21  °C) for 2  h in the presence of 180 µL of 5.9  M 
methanolic potassium hydroxide solution. Oxysterols 
were subsequently extracted using 2.8  mL of hexane. 
After vortexing for 2  min and brief centrifugation, the 
upper organic phase was loaded on a pre-conditioned 
Hypersep SI 500  mg SPE minicolumn (Thermo Scien-
tific #60,108–315) using 6 mL of hexane. The column and 
adsorbed material were then washed with 2-propanol/
hexane (3.5  mL; 5/95). The second fraction containing 
the compounds of interest was eluted with 2-propanol/
hexane (4  mL; 3/7), then evaporated at 70  °C to dry-
ness with nitrogen. Final extracts were reconstituted 
in methanol, then transferred into conical vials, evapo-
rated under nitrogen at 70 °C to dryness, and converted 
into trimethylsilyl ethers with 20 µL of BSTFA (with 1% 
TMCS; Supelco #B-023), and 20 µL of anhydrous pyri-
dine (VWR #83,684.230) for 30 min at 70 °C.

Evaporated final extracts were reconstituted in 30 µL 
of hexane for injection into the GC system (GC-2010 
Plus, Shimadzu) using a 50% phenylmethylpolysilox-
ane VF-17MS capillary column (Agilent Technologies). 
A TQ8050 triple quadrupole mass spectrometer (Shi-
madzu) equipped with an electron impact source oper-
ating simultaneously in multiple reaction monitoring 
(MRM) and Q3 single ion monitoring (SIM) modes, was 
used in MRM mode for the detection of 7aOHC, 7bOHC, 
4bOHC, 25OHC, and 7KChol, and in SIM mode for the 
detection of 5a6a Echol, and 5b6b Echol.

GC was performed in splitless mode with a 1-min 
splitless-time. The temperature in the oven was ini-
tially 180  °C for 0.5  min, further increased to 250  °C at 
20  °C/min, and then to 300  °C for 3.2  min at 5  °C/min. 
The injection port and transfer line temperatures were 
respectively 280 and 270 °C. The flow rate of carrier gas 
was maintained constant at 0.80 mL/min. The mass spec-
trometer EI source was 250 °C.

Steroid quantification linearity was verified by plotting 
the ratio of the steroid peak area to that of the internal 
standard against the known concentrations of the cali-
bration standards.

Accuracy, target ions, corresponding deuterated inter-
nal control, range of detection, low limit of quantification 
(LLOQ), and intra- inter-assay CVs of the quality control 
are reported in Supplemental Table S2.
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CeO2NPs uptake study
For explant cultures, chorionic villi from term placen-
tas (n = 3) were cultured in duplicate, placed in a 24-well 
plate precoated with 1% (w/v) agarose [40] and cultured 
in 2 mL of DMEM supplemented with 10% FCS, 2 mM 
glutamine, 100 IU/mL penicillin, and 100 µg/mL strepto-
mycin. Explants were first pre-treated for 1 h with MβCD 
(10  mM) and sucrose (450  mM). The concentrations of 
these inhibitors were used according to previous reports 
[41]. Then, 10  µg/cm2 of CeO2 NPs coated with 1  µM 
BaP was added and incubated for 48 h. Placental explants 
were fixed with 4% PFA overnight at 4  °C, washed 3 
times and stored in 1X PBS at 4  °C until use. Placental 
explants were permeabilized and blocked in 0.3% Triton 
X-100/1% BSA (IgG-free) in PBS (PBST) for 3 h at room 
temperature, and incubated overnight at 4 °C with 2 µg/
ml Cytokeratin 7 (CK7, a trophoblast-specific marker, 
# SAB4501652, Sigma Aldrich), 1.5  µg/mL CD31 (an 
endothelial marker, # M0823, Dako) primary antibod-
ies in 1% BSA (IgG-free)/0.05% saponin. The next day, 
explants were washed four times with PBST for 30 min, 
and incubated overnight at 4  °C with Alexa Fluor® 488 
Donkey anti-Mouse and an Alexa Fluor® 555 Donkey 
anti-Rabbit IgG (H + L) Highly Cross-Adsorbed second-
ary antibodies (respectively, #A21202 and #A31572, Inv-
itrogen; 1:500 in PBST), and nuclei were counterstained 
with SYTOX Deep Red (#S11380, Invitrogen; 1: 2,000). 
The following day, explants were washed four times with 
PBST for 30 min. Finally, slides were mounted with Fluo-
romount-G™ (#FP-483331, FluoProbes) and stored at 
4 °C. Confocal imaging was performed using a Leica SP8 
inverted microscope fitted with Plan Apo oil immersion 
objectives (× 40/1.3 and × 60/1.4). Imaging processing 

was carried out with ImageJ software (version 1.53q, 
National Institutes of Health, https//imagej.nih.gov/ij/).

Statistics
All measurements were performed at least in three inde-
pendent experiments. Statistical analyse were conducted 
using the GraphPad Prism 10 version 10.0.2 (GraphPad 
software, La Jolla, CA, USA). Data are presented as the 
mean ± standard error of mean (SEM). Data normality 
was assessed using the Shapiro–Wilk test. For normally 
distributed data, comparisons between groups were 
performed using parametric unpaired Student’s t-tests 
or one-way ANOVA, followed by Dunnett’s or Sidak’s 
multiple comparison tests. For non-normally distributed 
data, the nonparametric Wilcoxon–Mann–Whitney test 
or Kruskal–Wallis test with Dunn’s post-hoc analysis was 
applied. Differences were considered statistically signifi-
cant at p < 0.05 (*, #, §), p < 0.01(**, ##, §§), p < 0.001(***, 
###, §§§), or p < 0.0001(****, ####, §§§§).

Results
Effects of pollutants on AhR activity evaluated 
by XRE‑mediated transcriptional activation of the reporter 
gene
In this study, VCT purified from term placenta were 
exposed either to coatings at LR and HR, co-exposures 
at LR and HR by simultaneous addition, or individu-
ally exposed to either CeO2 NPs or BaP. AhR antagonist 
CH223191 was used to define the AhR baseline activity 
and CHX as solvent control (% relative to 0.25 µM for LR 
or to 1 µM BaP for HR). Results obtained with the XRE-
pNL1.3[secNLuc] plasmid showed that the treatment 
with CeO2 NPs alone significantly inhibited AhR activ-
ity in a similar way to that of the AhR antagonist after 

Fig. 1  Effect of BaP-coated CeO2 NPs on AhR activity using XRE-reporter gene plasmids. A After 16 h of culture, VCT co-transfected 
with XRE-pNL1.3[secNluc] and CMV-ss.mCherry plasmids were treated for 48 h with 10 µg/cm2 CeO2 NPs (CeO2 NPs), 10 µg/cm2 CeO2 NPs coated 
with 2 concentrations of BaP (Coating LR at 0.25 µM and Coating HR at 1 µM), 10 µg/cm2 CeO2 NPs co-exposed with 2 concentrations of BaP 
(Co-exposure LR at 0.25 µM and Co-exposure HR at 1 µM), 2 concentrations of BaP alone (BaP LR at 0.25 µM and BaP HR at 1 µM), 2"vehicle"controls 
due to BaP dilution in cyclohexane (CHX 0.06 and 0.25%) or 3 µM of AhR antagonist (CH223191). AhR activity was determined using the Nano-Glo® 
Luciferase system (Promega). For each condition, 75 µL of culture media after 24 h or 48 h of treatment was analyzed in duplicate. Values 
are presented as mean ± SEM of fluorescence intensity normalized to (i) the mCherry signal corresponding to (ii) control cells transfected 
with the pNL1.3-empty plasmid and (iii) untreated cells (n = 6 in duplicate). Statistical analysis was performed by means of one-way ANOVA 
Dunnett test against (i) untreated control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, (ii) Coating LR; #### p < 0.0001, (iii) Coating HR; §§ 
p < 0.01, and the one-way ANOVA Sidak test to compare 24 h and 48 h; ▲▲ p < 0.01. B After 16 h of culture, VCT co-transfected with XRE-H2B-GFP 
(green) and CMV-H2B-mSarlet plasmids (red) were treated for 24 h with 10 µg/cm2 CeO2 NPs (CeO2 NPs), 10 µg/cm2 CeO2 NPs coated with 2 
concentrations of BaP (Coating LR at 0.25 µM and Coating HR at 1 µM), 10 µg/cm2 CeO2 NPs co-exposed with 2 concentrations of BaP (Co-exposure 
LR at 0.25 µM and Co-exposure HR at 1 µM), 2 concentrations of BaP alone (BaP LR at 0.25 µM and BaP HR at 1 µM), 2"vehicle"controls due to BaP 
dilution in cyclohexane (CHX 0.06 and 0.25%) or 3 µM of AhR antagonist (CH223191). Representative images of cells fixed at 24 h and subjected 
to immunostaining with anti-desmoplakin antibody (DSP, magenta). Scale bar: 20 µm. AhR activity was assessed by quantification of XRE-H2B-eGFP 
fluorescence intensity (lower bar graph). Values are presented as the mean ± SEM of fluorescence intensity normalized to the untreated control 
(n = 3 placentas, 3 non-overlapping images per replicate with > 50 nuclei). Statistical analysis was performed using Kruskal–Wallis and Dunn’s tests 
compared to (i) untreated control; **** p < 0.0001, (ii) Coating LR; #### p < 0.0001, and (iii) Coating HR; §§§ p < 0.001

(See figure on next page.)
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both 24 and 48  h of treatment (0.69 ± 0.11, 0.58 ± 0.22 
versus 1 ± 0.11 at 24  h, p < 0.001) (Fig.  1A). In contrast, 
the treatments with Coatings at LR and HR (2.08 ± 0.40, 

1.37 ± 0.37 versus 1 ± 0.11, p < 0.05 and p < 0.001), as 
well as BaP alone at concentrations of LR and HR 
(1.28 ± 0.30, 1.44 ± 0.37 versus 1 ± 0.11, p < 0.05 and 

Fig. 1  (See legend on previous page.)



Page 11 of 29Degrelle et al. Particle and Fibre Toxicology           (2025) 22:25 	

p < 0.01) significantly increased reporter gene activity 
after 24 h. Co-exposure at LR and HR, and vehicle treat-
ments (CHX 0.06 and 0.25%) did not significantly modify 
reporter gene activity. Moreover, the results also showed 
a significant difference between the two ratios of coated 
NPs, interestingly, with higher effect for the lowest dose 
of BaP (e.g. Coating LR versus Coating  HR, 2.08 ± 0.40 
versus 1.36 ± 0.36, p < 0.001) (Fig.  1A). In addition, AhR 
activity was different between coating and co-exposure 
irrespective of the NPs/BaP ratio (e.g. Coating LR versus 
Co-exposure LR, 2.08 ± 0.40 versus 1.30 ± 0.37, p < 0.0001; 
and Coating HR versus Co-exposure HR, 1.36 ± 0.36 ver-
sus 0. 93 ± 0.27, p < 0.01), as well as between Coating at 
LR and BaP HR (2.08 ± 0.40 versus 1.28 ± 0.30, p < 0.0001) 
(Fig. 1A). These effects were slightly increased after 48 h 
of treatment for Coating LR (2.08 ± 0.40 at 24  h versus 
2.81 ± 0.86 at 48  h, p < 0.01). In order to check that the 
presence of NPs does not affect the results, an NPs inter-
ference test on luminescence readings was carried out. 
The luminescence measurements obtained before and 
after centrifugation of supernatants containing NPs (to 
discard the NPs) or after addition of freshly prepared NPs 
in untreated supernatants, were close to 1, suggesting 
that NPs did not interfere with luminescence measure-
ments (Figure S1).

Cytotrophoblast transfection with the XRE-H2B-eGFP 
plasmid induces GFP positive nuclei that reflect the 
intensity of plasmid reporter gene’s transcriptional acti-
vation and thus AhR activity. In parallel, co-transfection 
with a CMV-H2B-mScarlet plasmid allowed monitoring 
of transfection efficiency. Confocal image quantifica-
tion of the nuclear fluorescence signal intensity in VCT 
transfected with the XRE-H2B-eGFP plasmid (which 
induces GFP + nuclei reflecting AhR activity) confirmed 
the significant inhibition of AhR activity as early as 24 h 
of treatment with CeO2 NPs alone (0.54 ± 0.28 versus 
1 ± 0.57; p < 0.001), similar to AhR antagonist CH2223191 
(0.47 ± 0.20, p < 0.0001), and the significant increase in 
AhR activity as early as 24  h of treatment with Coat-
ing LR (4.1 ± 1.8 versus 1 ± 0.57, p < 0.0001) (Fig.  1B and 
lower bar graph). Increased reporter activity was also 
obtained with BaP alone at both LR and HR concentra-
tions (1.7 ± 0.82 or 1.7 ± 0.65 versus 1 ± 0.57, p < 0.0001) 
although to a lesser extent than with Coating at LR 
(4.1 ± 1.8). The other treatments had no significant dif-
ference in nuclei fluorescence reflecting the plasmid 
reporter gene activity (Fig. 1B and bar graph). Again, the 
results also show a significant difference between the 
two ratios of coated NPs (e.g. Coating LR versus Coat-
ing HR, 4.1 ± 1.8 versus 1.1 ± 0.67, p < 0.0001); between 
Coating and Co-exposure at LR (e.g. Coating LR versus 
Co-exposure LR, 4.1 ± 1.8 versus 1.1 ± 0.41, p < 0.0001); 

and between Coating and BaP at LR and HR (e.g. Coating 
LR versus BaP LR; 4.1 ± 1.8 versus 1.7 ± 0.82 p < 0.0001, 
Coating HR versus BaP HR 1.1 ± 0.67 versus 1.7 ± 0.65, 
p < 0.05). Interestingly, when BaP is coated on CeO₂ NPs, 
the trend is reversed between the two BaP ratios, with the 
lower dose inducing higher AhR activity, as evidenced by 
the activation of the XRE reporter gene (using XRE-Luc 
and XRE-GFP plasmids) (Fig. 1).

Impact of pollutants on cytotrophoblast differentiation/
fusion capacity
Given the effects of the different NPs and BaP treatments 
on AhR activity, the second objective of this study was to 
assess the capacity of VCT to differentiate (by measur-
ing the trophoblast fusion index) after exposure to these 
pollutants in coated form, co-exposed or individually 
exposed form. For this purpose, an immunofluorescence 
approach targeting the specific marker of mononucleated 
trophoblastic cells (GATA3) was selected, as previously 
validated and published [34]. Figure 2 showed that treat-
ment with NPs alone significantly inhibited cytotropho-
blast fusion compared with untreated cells (32 ± 4% 
versus 50 ± 4%; p < 0. 0001), as did treatment with the 
AhR antagonist CH223191 (39 ± 2%, p < 0.001) (Fig. 2 and 
lower quantification plot). Treatments with Coating at 
HR, Co-exposures at LR and HR, and"vehicle"treatments 
(CHX 0.06 and 0.25%) did not significantly modify the 
syncytialization of cytotrophoblasts. The treatment with 
NPs coated with the lowest concentration of BaP (Coat-
ing LR), as well as those with BaP alone (both at LR and 
HR concentrations) significantly increased cytotropho-
blast fusion capacity (72 ± 3%, 74 ± 5% and 69 ± 5% respec-
tively versus 50 ± 4%, p < 0.0001) (Fig. 2 and lower graph 
quantification). Interestingly, the results also showed a 
significant difference between the two ratios of coated 
NPs (e.g. Coating LR versus Coating HR, 72 ± 3% versus 
47 ± 4%, p < 0. 0001); between Coating and Co-exposure 
at LR (e.g. Coating LR versus Co-exposure LR, 72 ± 3% 
versus 47 ± 4%, p < 0.0001), and also between Coating at 
HR and BaP at the concentration of HR (47 ± 4% versus 
69 ± 5% <, p < 0.0001).

The significantly higher differentiation capacity of 
cytotrophoblasts observed upon exposure to the lowest 
coating ratio of BaP (Coating LR-NPs) was further inves-
tigated to determine whether this effect was mediated 
through the activation of the AhR-dependent pathway. 
To this end, cells were pretreated with an AhR antagonist 
(3 µM of CH223191) for 1 h before the addition of Coat-
ing LR. As previously, cytotrophoblasts differentiation 
capacity was assessed at 24  h post-treatment by immu-
nostaining for the GATA3 marker (Fig.  3). The results 
showed induction and inhibition of cell differentiation 
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when cells were treated respectively with Coating at LR 
and AhR antagonist, as compared to the control (78 ± 6% 
and 35 ± 5% versus 46 ± 2%, p < 0.0001), confirming previ-
ous results (Fig. 2). Interestingly, there was a significant 
decrease in fusion capacity between trophoblasts treated 
with Coating at LR and those pre-treated with AhR 
inhibitor (78 ± 6% versus. 49 ± 4%, p < 0.0001), suggesting 
involvement of AhR (Fig. 3).

Effects of pollutants on mitochondrial network phenotype
Cytotrophoblast differentiation into syncytiotropho-
blast is accompanied by major changes not only in 

cell morphology (trophoblast fusion) but also in mito-
chondrial structure and function. These mitochondrial 
modifications play a crucial role enabling the syncy-
tiotrophoblast to acquire steroidogenic capacity [6, 8]. 
Thus, we evaluated the impact of these pollutants on this 
critical organelle following VCT exposure. An immu-
nofluorescence approach was chosen to visualize the 
mitochondrial network, using an anti-COX2 antibody, 
a translocase involved in electron transport of the res-
piratory chain located at the inner mitochondrial mem-
brane using high-resolution confocal STED microscopy. 
First of all, we checked whether we can reproduce the 

Fig. 2  Effect of BaP-coated CeO2 NPs on trophoblast cell fusion. After 16 h of culture, VCT were treated for 24 h with 10 µg/cm2 CeO2 NPs (CeO2 
NPs), 10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP (Coating LR at 0.25 µM and Coating HR at 1 µM), 10 µg/cm2 CeO2 NPs co-exposed 
with 2 concentrations of BaP (Co-exposure LR at 0.25 µM and Co-exposure HR at 1 µM), 2 concentrations of BaP alone (BaP LR at 0.25 µM and BaP 
HR at 1 µM), 2"vehicle"controls due to BaP dilution in cyclohexane (CHX 0.06 and 0.25%) or 3 µM of AhR antagonist (CH223191). Representative 
images of cells fixed at 24 h and subjected to fusion assay (nuclei of mononuclear VCT were immunolabeled with anti-GATA3 antibody (red), 
membranes with anti-β-catenin (CTNNB, green) and nuclei were counterstained with DAPI (blue). Scale bar: 20 µm. (lower bar graph) Quantification 
of the fusion index. Nuclei were counted manually using the"cell counter"plugin of ImageJ. The fusion index (%) was calculated using the formula 
[100—% (number of GATA3+ nuclei/total number of nuclei)]. Values are represented as mean ± SEM of the percentage (n = 5 placentas, 3 
non-overlapping images per replicate). Statistical analysis was performed using Kruskal–Wallis and Dunn’s tests against (i) untreated control; * 
p < 0.05, ** p < 0.01, *** p < 0.001, (ii) Coating HR; ### p < 0.001, and (iii) Coating HR; §§ p < 0.01
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mitochondria network modifications between VCT and 
ST, previously observed by TEM in tissues [8, 9, 42] in 
conditions when VCT are purified from term placenta 
and cultured as primary trophoblasts that further dif-
ferentiate to form the ST. Figure S2 showed that VCT at 
24 h of culture harbor a classical mitochondrial network, 
highly interconnected and with a tubular mitochondrial 
shape. During the syncytialization, achieved sponta-
neously after 24 h to 72 h of culture, the mitochondrial 
network undertakes extensive fragmentation leading to 
small mitochondria with spherical morphology and poor 
interconnections (Figure S2).

After VCT exposure to pollutants, the results showed 
a dichotomy in mitochondrial network morphology and 
interconnectivity between cells treated with CeO2 NPs 
and those with BaP (Fig.  4A, red frames versus green 
frames). In trophoblasts exposed to CeO2 NPs for 24 h, 
whatever the conditions: alone, coated or co-exposed 

(CeO₂ NPs, Coating LR and HR, Co-exposure LR and 
HR), mitochondria appear longer with a tubular shape 
and the network is denser and more interconnected 
(Fig.  4B, red violins plots); whereas BaP treatments (LR 
and HR) are similar to the control (CHX 0.25%), showing 
a classic mitochondrial network (Fig.  4B, green violins 
plots).

Next, a deeper comparative study was undertaken 
with cells treated with CeO2 NPs alone for 24 h (Fig. 5). 
VCT treated with CeO2 NPs present a significantly 
higher number of mitochondria compared with con-
trols (372 ± 142 versus 237 ± 96, p < 0.001) and a sig-
nificantly higher total volume (372  μm3 ± 142 versus 
236 μm3 ± 96, p < 0.01) (Fig. 5B quantifications plots). In 
addition, mitochondria are longer and thinner in CeO2 
NPs-treated conditions resulting in a significantly lower 
sphericity (0.142 ± 0.04 versus 0.189 ± 0.06, p < 0.01) and 
a significantly higher branch length (6.44  µm ± 2.12 

Fig. 3  Effect of pretreatment with an AhR inhibitor on the induction of cell fusion by Coating LR. After 16 h of culture, VCT were pretreated 
or not with 3 µM AhR antagonist (CH223191) for 1 h and then treated for 24 h with CeO2 NPs coated with 0.25 µM BaP (Coating LR). Representative 
images of fixed cells after 24 h of treatment and subjected to fusion assay (nuclei of mononucleated VCT were immunolabeled with anti-GATA3 
antibody (red), membranes with anti-desmoplakin antibody (DSP, green), and nuclei were counterstained with SYTOX Deep Red (blue)). Scale bar: 
20 µm. (lower bar graph) Quantification of the fusion index. Nuclei were counted manually using the"cell counter"plugin of ImageJ. The fusion index 
(%) was calculated according to the formula [100—% (number of GATA3+ nuclei/total number of nuclei)]. Values are represented as mean ± SEM 
of the percentage (n = 4 placentas, 3 non-overlapping images per replicate). Statistical analysis was performed using a one-way ANOVA Dunnett 
test against (i) untreated control; **** p < 0.0001, and (ii) coating HR; #### p < 0.0001
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versus 4.20  µm ± 1.45, p < 0.001) and a denser mito-
chondrial network connectivity with a significantly 
higher number of branches and number of junctions 
compared to controls (9.20 ± 3.48 versus 5.24 ± 1.63, 
and 4.41 ± 1 0.61 versus 2.41 ± 1.11, p < 0.0001) (Fig. 5B 
quantifications plots). These results suggest that expo-
sure of VCT to CeO₂ NPs induces an elongation of the 
mitochondrial network, whereas BaP has no major 
impact on the mitochondrial phenotype.

Effects of CeO₂ NPs on mitochondrial dynamics regulators
In view of the observed changes in trophoblast mito-
chondrial network morphology induced by CeO₂ NPs 
exposure, we further investigated the mechanisms under-
lying these modifications. In order to determine whether 
the effects were specifically due to CeO2 NPs or simply 
to the presence of NPs, we tested the addition of other 
metallic dioxide nanoparticles, ZrO2 NPs, which are con-
sidered biocompatible [43] and non-cytotoxic to human 
trophoblastic cell lines [44]. To investigate the impact of 
CeO2 NPs on mitochondrial dynamics in exposed VCT, 
we analyzed variations in both transcript and protein 
levels of key mitochondrial fusion (MFN 1 and 2, and 
OPA1) and fission (DRP1 and FIS1) machineries (Fig. 6). 
No significant changes were observed in the transcripts 
or protein levels of fusion players after treating VCT with 
CeO₂ NPs compared to the untreated control (Fig.  6A). 
The only observed modifications were induced by CHX, 
the solvent used for coating, on OPA1 transcript levels 
(1.95 ± 0.26 versus 1.32 ± 0.29, p < 0.05) and with ZrO2 
NPs (1.95 ± 0.13 versus 1.32, p < 0.05) treatment (Fig. 6A). 
The variations in OPA1 transcript levels were not vis-
ible at the protein level. Exposure to CeO₂ NPs did not 
alter the transcription or protein levels of DRP1 and FIS1, 
compared to the untreated control (Fig. 6B).

To complete the study on mitochondrial changes, we 
evaluated the potential impact of CeO₂ NPs on mito-
chondrial biogenesis − a process by which cells increase 
mitochondrial numbers − by analyzing variations in the 
transcript levels of peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α) and 
in the protein levels of VDAC1 (Fig.  6C).We chose to 
analyze the transcript levels of PGC-1α, a key tran-
scriptional coactivator that regulates the expression of 
various mitochondrial respiratory chain complex subu-
nits and mtDNA replication, all of which are essential 
for mitochondrial biogenesis. Additionally, determining 
the protein level of VDAC1, a highly abundant β-barrel 
protein of the mitochondrial outer membrane, can pro-
vide insights into the overall cellular mitochondrial 
content. However, there were no significant changes in 
either PGC-1α transcript levels or VDAC1 protein lev-
els when VCT were exposed to CeO₂ NPs, nor with the 
other treatments (Fig.  6C). Therefore, we did not find 
any changes in the players of mitochondrial dynamics or 
biogenesis that could explain the alterations in the mito-
chondrial network phenotype following VCT exposure to 
CHX-treated CeO₂ NPs.

Effects of pollutants on mitochondrial transmembrane 
potential
The morphological changes observed in the mitochon-
dria network during VCT differentiation are associated 
with a functional and metabolic shift, transitioning from 
ATP energy production to steroid hormone synthesis 
(steroidogenesis) [9]. Thus, we next evaluated mitochon-
drial functionality following exposure to pollutants by 
measuring the mitochondrial inner membrane potential 
(ΔΨm) using the JC-1 probe (Fig.  7). JC-1 is a cationic 
dye that accumulates in mitochondria in a membrane 
potential-dependent manner, causing a fluorescence 
emission shift from green (monomeric form, ~ 525  nm) 
to red (aggregated form, ~ 590 nm). Figure 7 shows that 
a 48  h treatment with CeO2 NPs alone significantly 
increased ΔΨm as compared to the untreated control 
(1.41 ± 0.37 versus 1 ± 0.05; p < 0.001) (Fig.  7A and lower 
quantification plot). Treatments with CeO2 NPs coated 
with the lowest concentration of BaP (Coating LR), as 
well as those with BaP alone (LR and HR) had oppo-
site effects and significantly inhibited ΔΨm (0.49 ± 0.16, 

(See figure on next page.)
Fig. 4  Effects of CeO2 NPs on the morphology and network of mitochondria. After 16 h of culture, VCT were treated for 24 h with 10 µg/cm2 
CeO2 NPs (CeO2 NPs), 10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP (Coating LR at 0.25 µM and Coating HR at 1 µM), 10 µg/cm2 CeO2 
NPs co-exposed with 2 concentrations of BaP (Co-exposure LR at 0.25 µM and Co-exposure HR at 1 µM), 2 concentrations of BaP alone (BaP LR 
at 0.25 µM and BaP HR at 1 µM) and the highest concentration of the vehicle control cyclohexane solvent (CHX 0.25%). After fixation, cells were 
immunolabeled with anti-COX2 (mitochondrial inner membrane marker) antibody and observed under a super-resolution STED microscope. 
A Representative images of VCT mitochondrial networks. In the green box, representative images of VCT treated with CHX solvent and the 2 BaP 
concentrations, and in red box representative images of VCT treated with NPs (NPs alone, NPs coated and co-exposed with BaP). Scale bar: 10 µm. 
B Quantitative analysis of mitochondrial network parameters using the "Mitochondria Analyzer" plugin of ImageJ. Comparison of six mitochondrial 
parameters (mitochondrial count, total volume, sphericity, branches, branch junctions, and branch length) between control conditions (CHX, BaP 
LR, BaP HR) and NP-treated conditions (CeO₂ NPs, Coating LR, Coating HR, Co-exposure LR, Co-exposure HR). Values are represented as "violin" plots. 
Statistical analysis was performed using Student’s t test comparing NP-treated conditions against controls; *p < 0.05, **p < 0.01
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Fig. 4  (See legend on previous page.)
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0.74 ± 0.08 and 0.59 ± 0.18, respectively versus 1 ± 0. 05; 
p < 0.0001, p < 0.01, p < 0.001), similar to that of treatment 
with 1 μM Stau, an apoptotic inducer used as a positive 
control for mitochondrial membrane potential depolari-
zation (ΔΨm drop, 0.62 ± 0.09, p < 0.0001). All the other 

treatments, such as with Co-exposure at LR and HR, 
Coating at HR,"vehicle"(CHX at 0.06 and 0.25%) and AhR 
antagonist (CH223191, 3  µM) did not significantly alter 
ΔΨm. Moreover, the results also showed a significant dif-
ference between the two doses of BaP-coated CeO2 NPs 

Fig. 5  Increase in VCT mitochondrial network connectivity after treatment with CeO2 NPs. After 16 h of culture, VCT were treated or not with 
10 µg/cm2 CeO2 NPs [NPs] for 24 h. After fixation, cells were immunolabeled with anti-COX2 (mitochondrial inner membrane marker) antibody 
and observed under a STED super-resolution microscope. A left panel, 2 representative images of STED images after deconvolution for each 
condition and right panel, image magnification of the left panel with the use of ImageJ "fire" LUT. Scale bar: 10 µm. B Analysis of the morphology 
and network of mitochondria by the"Mitochondria Analyzer"plugin of ImageJ. Left panel, 2 representative images of the post-analyzed STED 
images from A for each condition. Right panel, quantification and comparison of the different mitochondrial parameters between the control 
and NPs-treated cells. Values are represented as"violin"(n = 6 experiments, 3–5 non-overlapping images per replicate). Statistical analysis 
was performed using Student’s t test against untreated control cells; ** p < 0.01, *** p < 0.001, **** p < 0.0001
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(e.g. Coating LR versus Coating HR, 0.49 ± 0.16 versus 
1 ± 0.18, p < 0.0001), between Coating and Co-exposure 
at LR (e.g. Coating LR versus Co-exposure LR, 0.49 ± 0.16 
versus 0.94 ± 0.14, p < 0.0001), and between Coating and 
BaP (e.g. Coating LR versus BaP LR, 0.49 ± 0.16 ver-
sus 0.74 ± 0.0.08 p < 0.05; and Coating HR and BaP HR, 
1 ± 0.18 versus 0.59 ± 0.18, p < 0.01). It is noteworthy that 
the difference in ΔΨm was reversed between the two 
studied doses of BaP. These differences in ΔΨm appeared 
only at 48 h of treatment, when the majority of VCT are 
differentiated into ST, whereas no significant changes 
were observed at 24  h except for BaP HR (Figure S3). 
Overall, the ratios observed in Fig. 7 were inversely pro-
portional to those of the fusion index (Fig.  2). Moreo-
ver, after immunostaining of JC-1-stained cells with the 
anti-cadherin antibody (a membrane marker) and coun-
terstaining nuclei with DAPI, the two cell types (VCT or 

ST) could be distinguished after 48  h of treatment. The 
staining highlighted a loss of mitochondrial transmem-
brane potential, predominantly in ST (Figure S4). In fact, 
the monomeric-green form was mostly observed in ST, 
whereas both forms (monomeric-green and aggregated-
red) were present in VCT suggesting that the change in 
transmembrane potential was due to the impact of pol-
lutants on trophoblast differentiation capacity rather 
than to a direct drop in ΔΨm within VCT.

Effects of pollutants on mitochondrial respiration
Given the observed effects of BaP and CeO₂ NPs on 
mitochondrial membrane potential, we subsequently 
investigated their impact on mitochondrial respira-
tion using the XFe24 Seahorse Analyzer to measure the 
OCR (Figs. 8 and S5). Basal respiration was significantly 
reduced only by Co-exposure at LR, with a 15.7% ± 2.9 

Fig. 6  Effects of CeO2 NPs on mitochondrial dynamics regulators. VCT purified from term placentas were plated overnight and left untreated 
or incubated for 48 h with 10 µg/cm2 CeO2 NPs (CeO2), 10 µg/cm2 ZrO2 NPs (ZrO2), and the vehicle control cyclohexane solvent (CHX 0.25%). Total 
mRNA was extracted from VCT, followed by reverse transcription. The 3 reference genes used were RPL13, RPLP0, and SDHA. The relative amounts 
of mRNA were estimated using the Pfaffl method. The results, expressed as fold change, represent the mean + SEM (n = 8). Total protein extracts 
were subjected to SDS-PAGE under reducing conditions. Immunoblots were quantified with an Odyssey System Imager and the results represent 
the mean + SEM after normalization to vinculin (n = 8 and n = 5 for MFN1). Statistical analysis was performed using the one-way ANOVA Dunnett 
test; * p < 0.05 versus untreated. A RT-qPCR was performed for the genes of interest MFN1, MFN2 and OPA1. Membranes were immunoblotted 
with anti-MFN1, anti-MFN2, anti-OPA1, and anti-vinculin antibodies (loading control). B RT-qPCR was performed for the gene of interest DRP1. 
Membranes were immunoblotted with anti-DRP1, anti-FIS1 and anti-vinculin antibodies (loading control). C RT-qPCR was performed for the gene 
of interest PGC-1α. Membranes were immunoblotted with anti-VDAC1, and anti-vinculin antibodies (loading control)
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Fig. 7  Effects of BaP-coated CeO2 NPs on the mitochondrial membrane potential of VCT treated for 48 h. After 16 h of culture, VCT were treated 
for 48 h with 10 µg/cm2 CeO2 NPs (CeO2 NPs), 10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP (Coating LR at 0.25 µM and Coating 
HR at 1 µM), 10 µg/cm2 CeO2 NPs co-exposed with 2 concentrations of BaP (Co-exposure LR at 0.25 µM and Co-exposure HR at 1 µM), 2 
concentrations of BaP alone (BaP LR at 0.25 µM and BaP HR at 1 µM), 2"vehicle"controls due to BaP dilution in cyclohexane (CHX 0.06 and 0.25%), 
3 µM of AhR antagonist (CH223191) or 1 µM staurosporine (Stau) as positive depolarization control. After treatments, cells were incubated 
for 30 min at 37 °C with 1 µM of JC-1 dye. Representative images of fixed cells are shown at the top of the figure. In green, the monomeric form 
and in red, the aggregated form of JC-1 dye. Scale bar: 10 µm. (lower bar graph) Quantification of membrane potential (∆Ψm) corresponding 
to the ratio of fluorescence intensities of the aggregated form (Ex/Em: 570/590) to the monomeric form (Ex/Em: 514/530). Values are presented 
as the mean + SD of the normalized ratios to untreated cells (n = 4 with technical triplicate). Statistical analysis was performed using a one-way 
ANOVA against (i) untreated control; * p < 0.05, *** p < 0.001, **** p < 0.0001, (ii) Coating LR; # p < 0.05, #### p < 0.0001, and (iii) Coating HR; $$$ 
p < 0.001

(See figure on next page.)
Fig. 8  Effects of BaP-coated CeO2 NPs on mitochondrial respiration of VCT treated for 24 h. After 16 h of culture, VCT were treated for 48 h 
with 10 µg/cm2 CeO2 NPs (CeO2 NPs), 10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP (Coating LR at 0.25 µM and Coating HR at 1 µM), 
10 µg/cm2 CeO2 NPs co-exposed with 2 concentrations of BaP (Co-exposure LR at 0.25 µM and Co-exposure HR at 1 µM), 2 concentrations of BaP 
alone (BaP LR at 0.25 µM and BaP HR at 1 µM), solvent controls due to BaP dilution in cyclohexane (CHX 0.25%), pre-treated or not with 3 µM AhR 
antagonist (CH223191) for 1 h and then treated for 24 h with CeO2 NPs coated with 0.25 µM BaP (CH223191 + Coating LR). To measure different 
oxygen consumption rate (OCR) parameters, selective inhibitors were injected: oligomycin (1.5 µM), carbonyl cyanide-4 phenylhydrazone (FCCP, 
1 µM), rotenone (0.5 µM) and antimycin A (0.5 µM). OCR values were normalized to the amount of DNA content from each well using Hoechst’ stain. 
Values are presented as the mean ± SEM of the percentage of OCR relative to untreated cells (n = 5 with technical quadruplicate). Statistical analysis 
was performed using one-way ANOVA against (i) untreated control; * p < 0.05, ** p < 0.005
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Fig. 8  (See legend on previous page.)
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SEM decrease in OCR compared to the control (p < 0.05). 
A similar trend was observed with co-exposure at HR 
(decrease of 13.2% ± 3.3 SEM, p = 0.07), although this 
decrease was not statistically significant. Regarding maxi-
mal mitochondrial respiration and ATP production, none 
of the experimental conditions significantly decreased 
OCR, although decreasing trends were observed for 
both LR and HR co-exposures (p = 0.14). Regarding pro-
ton leak, the CHX solvent significantly reduced it, with 
a decrease of 27.8% ± 4.4 SEM in OCR compared to the 
control (p < 0.05), as did most treatments. However, no 
significant effect was observed for CeO2 NPs, the coat-
ings at LR and HR, nor for the AhR inhibitor CH223191. 
Finally, none of the treatments significantly altered non-
mitochondrial oxygen consumption or spare respiratory 
capacity compared to the control.

Effects of CeO₂ NPs on the production of sex steroids 
and oxysterols
To further investigate the functional status of the mito-
chondrial network, sex steroid hormones and oxys-
terols produced by trophoblasts exposed to 10  µg/cm2 
CeO₂ NPs for 48  h were quantified in culture superna-
tants (Fig. 9). An increase in E1 levels was detected after 
48  h exposure to CeO2 NPs (59.3 ± 3.8 SEM ng/g pro-
tein compared to the control at 56.2 ± 4.1 SEM, p < 0.05, 
Fig.  9A). Conversely, a decrease in DHEA levels was 
observed (2.5 ± 0.2 SEM ng/g protein compared to the 
control at 3.3 ± 0.2 SEM, p < 0.05, Fig. 9A). Since placen-
tal sex can influence hormone production [45], steroid 
quantifications were also analyzed separately for male 
and female placentas. The increase in E1 after exposure 
to CeO2 NPs was significant only in trophoblasts from 
female placentas (58.6 ± 3.7 SEM ng/g protein in treated 
VCT compared to untreated VCT at 54.3 ± 3.9 SEM, 
p < 0.05, Figure S6A), whereas the decrease in DHEA was 
observed exclusively in male placentas (2.4 ± 0.3 SEM 
ng/g protein in treated VCT compared to untreated 
VCT at 3.5 ± 0.2 SEM, p < 0.05, Figure S6A). Regard-
ing the other quantified steroid hormones (T, E2, P4, 
17OHP, DHT, A4) and oxysterols (7aOHC, 7bOHC, 5b6b 
Echol, 25OHC, 7KChoL, 4bOHC), no significant vari-
ations were detected between CeO₂ NPs-treated VCT 
and the untreated control. However, it is important to 
note that significant differences in the levels of certain 
sex steroids were observed between male and female 
placentas. VCT from male placentas treated with CeO2 
NPs exhibited higher levels of DHT compared to treated 
VCT from female placentas (1.2 ± 0.1 SEM ng/g pro-
tein compared to treated VCT from female placentas at 
0.7 ± 0.1 SEM, p < 0.05, Figure S6A). In agreement, some 
oxysterols, such as 5b6b Echol (21.4 ± 4.5 SEM mg/g pro-
tein compared to treated VCT from female placentas at 

9.9 ± 2.1 SEM, p < 0.05, Figure S6B) and 25OHC (2.9 ± 0.1 
SEM versus 1.9 ± 0.1 SEM, p < 0.05 for control group 
and 2.9 ± 0.3 SEM versus 1.8 ± 0.1 SEM for treated VCT, 
p < 0.05, Figure S6B) exhibited higher levels in male pla-
centas compared to their female counterparts regardless 
of treatments (untreated and treated VCT).

Uptake of BaP‑coated NPs by the chorionic villi
In previous publications [21, 46], we demonstrated that 
both BaP and CeO2 NPs can be internalized in placental 
tissues and trophoblasts following individual exposures 
in a dose- and time-dependent manner. CeO2 NPs were 
observed forming aggregates in a peri-nuclear zone [23] 
whereas BaP exhibited a more diffuse intracellular dis-
tribution [46]. Here, we explored whether BaP-coated 
CeO2 NPs could be absorbed by trophoblasts in primary 
culture, and whether differences exist between the two 
BaP doses when coated on CeO2 NPs. Confocal micros-
copy was chosen to detect BaP of coated CeO2 NPs, tak-
ing advantage of BaP’s intrinsic fluorescence under UV 
excitation (Figure S7)  [47]. In parallel, immunostaining 
for GATA3 (marker of undifferentiated VCT), E-cathe-
rin (membrane marker), and SYTOX (nuclear stain) was 
performed to distinguish VCT from ST. Aggregates were 
observed in cells treated for 48 h with BaP-coated CeO2 
NPs, with larger and more abundant aggregates detected 
in cells exposed to CeO2 NPs coated with the highest BaP 
concentration (1 µM versus 0.25 µM) (Fig. 10A).

In our previous publication [21, 46], we demonstrated 
that both CeO2 NPs and BaP are internalized in placental 
cells after exposure of trophoblasts. Here, we wanted to 
know whether BaP-coated CeO2 NPs were also taken up 
by placental tissues. For this, placental villi cultured on 
agarose were pretreated with a lipid raft inhibitor by cho-
lesterol depletion (10 mM MβCD) or a clathrin-mediated 
endocytosis inhibitor (450 mM sucrose) before exposure 
to BaP-coated CeO2 NPs. Again, BaP was detected under 
UV by confocal microscopy. In parallel, we used staining 
with anti-CK7 antibody to identify the trophoblast layer 
from the rest of the tissue, SYTOX Deep Red for nuclear 
staining and anti-CD31 antibody to highlight endothelial 
mesenchymal vessels (Fig. 10B). To complete this study, 
a set of controls was carried out in order to validate the 
observations of Coating HR aggregates under UV in rela-
tion to the tissue background in different conditions, i.e. 
in the absence or presence of 10  mM MβCD, 450  mM 
sucrose, CHX 0.25%, 1 µM BaP (BaP HR) or 10 µg/cm2 
CeO2 NPs alone (Fig. 10C). We observed internalization 
of BaP upon treatment of chorionic villi explants with 
BaP-coated CeO2 NPs (HR) in the trophoblast layer as 
well as in the mesenchymal axis. This differs from BaP 
in individual exposure, where a more diffuse signal was 
observed, suggesting that the aggregates detected under 
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confocal microscopy were likely due to BaP still pre-
sent on CeO2 NPs rather than free BaP distribution. As 
compared to coating at HR, pre-treatment with MβCD 
inhibited BaP-coated CeO2 NPs internalization, whereas 
pre-treatment with sucrose had no effect (Fig.  10B). In 
conclusion, placental villi can internalize BaP-coated 
CeO2 NPs, which appear as aggregates under UV light, 
with a higher uptake observed at the higher BaP dose 

(1 µM). This internalization process appears to be medi-
ated by lipid rafts.

Discussion
In the present study, we investigated the impact of CeO2 
NPs on the human placental barrier when mixed with 
BaP, a prototype PAH, from common sources of emis-
sions. To orient the reader, we first recall the composition 

Fig. 9  Effects of CeO2 NPs on steroids and oxysterol production by VCT treated for 48 h. VCT purified from term placentas were plated overnight 
and were left untreated or incubated for 48 h with 10 µg/cm2 CeO2. A The supernatants were collected, and the following steroid hormones 
were measured by GC–MS/MS: testosterone, estrone (E1), estradiol (E2), progesterone (P4), 17-OH progesterone (17OHP), dihydrotestosterone 
(DHT), dehydroepiandrosterone (DHEA), 4-androstenedione (A4). B The following oxysterols were measured by GC–MS/MS: 7α-hydroxycholesterol 
(7aOHC), 7β-hydroxycholesterol (7bOHC), 5β,6β-epoxycholestanol (5b6b Echol), 25-hydroxycholesterol (25OHC), 7-ketocholesterol (7KChoL), 
4β-hydroxycholesterol (4bOHC). The hormone values were normalized to the protein content in supernatants. Values are presented 
as the mean ± SEM (n = 10). Statistical analysis was performed using t-test; * p < 0.05 versus Ctrl
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of the two BaP‑coating ratios and the non‑cytotoxic 
exposure concentrations derived from our previous work. 
To this end, we have previously produced and character-
ized [24] two ratios of BaP-coatings on CeO2 NPs: one 
representative of the PAH/UFP ratio found in atmos-
pheric pollution (Coating LR) (e.g. from 0.15 to 2  mg 
PAH per µg of UFP [25], of 1.66  mg BaP/g CeO2 NPs) 
and a higher ratio of 6.63 mg BaP/g CeO2 NPs (Coating 
HR), four times higher than the low ratio. The CeO₂ NPs 
used in this study had an average surface concentration 
of 10 µg/cm2, a level that, according to our previous study 
[21], does not affect VCT viability (24–48 h) but disrupts 
trophoblast morphological and functional differentiation. 
Regarding BaP, primary trophoblast viability was only 
impacted above 2 µM after 72 h [23]. However, we pre-
viously showed that at non-cytotoxic levels (0.1–1  µM), 
BaP activated the AhR-dependent detoxification path-
way, inducing CYP1A1, cell stress factors (p53, p21), and 
DNA damage markers (γ-H2AX) [23].

AhR activation and bioavailability of BaP
In this study, we investigated the effects of different types 
of exposure to CeO₂ NPs and BaP (co-exposure by simul-
taneous addition, exposure to BaP-coated CeO₂ NPs, and 
individual exposures) at concentrations that, according 
to our last study [24], do not significantly alter tropho-
blast viability. Using XRE-reporter gene plasmids (with 
xenobiotic response elements that ligand-activated AhR 
is able to recognize), we assessed the activity of AhR, 
synonymous with BaP metabolism and bioactivation, 
following exposure of human trophoblasts to these con-
ditions. We showed here that both reporter gene plas-
mids were activated after exposure to BaP alone (0.25 
or 1 µM) but also to BaP-coated CeO₂ NPs at the lowest 
BaP ratio, corresponding to 0.25  µM if all BaP desorbs 
from the NPs. Interestingly, activation was twice as high 
when trophoblasts were exposed to BaP-coated CeO2 
NPs (Coating LR) than to BaP alone. The fact that greater 
AhR-activation is observed with BaP-coated CeO2  NPs 
than with BaP alone suggests that lipophilic BaP could 
facilitate internalization of CeO2 NPs and that BaP could 

then be stabilized in cells by the coating on CeO2 NPs, 
as a pool of available BaP, making it accessible to induce 
the detoxification pathway. Thus, the kinetics of plasmid 
activation, and BaP-metabolization, may be delayed by 
BaP coating on the CeO₂ NPs. Surprisingly, the coating 
LR activates the AhR pathway more intensively than the 
coating HR. We hypothesized that the ability of BaP to 
desorb from CeO2 NPs and to be bioavailable for AhR 
activation would be reduced when coated at a high 
ratio due to the hydrophobicity of BaP. This is because 
BaP molecules in the corona of the CeO2 NPs are more 
numerous when the ratio is higher, so they can more 
easily interact with each other. Conversely, trophoblast 
exposures to CeO2 NPs alone decreased AhR-activation 
and this result was unexpected. Absence of AhR-activa-
tion by CeO₂ NPs is predictable because CeO2 NPs can-
not be detoxified by the conventional AhR-pathway in 
cells. However, the decrease in plasmid activation may 
suggest that CeO2 NPs could interfere with nuclear fac-
tors or transcriptional machinery. In the literature, it is 
known that NPs have effects on transcription factors 
[48], notably by cytoplasmic sequestration of proteins, or 
by interference with the transcription machinery which 
could explain the reduction in AhR activity observed 
here. For instance, NPs can interfere with gene induction 
and post-transcriptional modifications of proteins once 
NPs are internalized in cells, as previously reported for 
other nuclear proteins [48]. Additionally, one could also 
hypothesize that NPs sequester endogenous AhR ligands, 
further contributing to this decrease in activity. To verify 
that CeO2 NPs do not directly interfere with the lumines-
cence readings, we included controls that excluded this 
hypothesis (Figure S1). It has been described that mol-
ecules including proteins can be adsorbed on the reactive 
surface of NPs. Proteins bound to NPs could simply be 
sequestrated, preventing them from functioning properly. 
The adsorption mechanism can occur in  vitro as soon 
as the NPs come into contact with the culture medium, 
but also in trophoblasts in which they are internalized. 
In vivo, this adsorption can take place during contact of 
NPs with maternal blood. These molecules (including 

(See figure on next page.)
Fig. 10  Internalization of BaP-coated CeO2 NPs into trophoblasts and placental villi. A Confocal images of trophoblasts exposed to CeO2 NPs 
coated with BaP: After 16 h of culture, VCT were treated for 48 h with CeO2 NPs coated with 2 concentrations of BaP (Coating LR at 0.25 µM 
and Coating HR at 1 µM). After 48 h of treatment, trophoblasts were fixed and then immunolabeled with anti-E-cadherin (membrane marker, red) 
and anti-GATA3 (trophoblast marker, green) antibodies, and the nuclei were counterstained with Sytox Deep Red (magenta). Yellow arrows indicate 
aggregates. B and C Confocal images of placental villi and orthogonal views (volume and section) of 3D reconstructions of confocal images: 
Placental explants were pretreated or not for 1 h with 10 mM methyl-β cyclodextrin (MβCD) or 450 mM sucrose and then treated with 10 µg/cm2 
NPs coated with 1 µM BaP [Coating HR]. (C) As controls, placental explants were treated or not with 10 mM MβCD, 450 mM sucrose, cyclohexane 
solvent (CHX 0.25%), 1 µM BaP, and 10 µg/cm2 CeO2 NPs. After 48 h of treatment, placental explants were fixed and then immunolabeled 
with anti-cytokeratin7 (trophoblast marker, red) and anti-CD31 (endothelial marker, green) antibodies, and the nuclei were counterstained 
with Sytox Deep Red (magenta). n = 3 experiments. Scale bar: 10 µm
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Fig. 10  (See legend on previous page.)
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proteins) absorbed on the CeO2 NPs, form a dynamic 
corona that can change over time and space. Indeed, 
NPs-coated molecules can be desorbed and replaced by 
other molecules with higher affinities depending on the 
cell environment [49]. As the protein corona can modify 
the physico-chemical characteristics of NPs [50] includ-
ing their toxicity and their internalization capacity, the 
corona itself must be studied separately in a complemen-
tary study [51, 52]. Taken together, these findings support 
the deduction that surface‑bound BaP remains bioavail-
able and may even potentiate AhR signaling.

Consequences for trophoblast differentiation
In this paper, we evaluated the impact of these pollutants 
alone and in mixtures on morphological differentiation 
capacity of trophoblasts: exposure to CeO₂ NPs impairs 
VCT differentiation into ST in agreement with our pre-
vious publication  [21], while BaP alone or at low coat-
ing concentrations accelerates fusion, and co-exposure 
of NPs with BaP counterbalances their opposite effects, 
with differing impacts depending on BaP coating levels.

The negative effect of CeO2 NPs on VCT fusion index 
could compromise the successful renewal of the syncyt-
ium throughout pregnancy and, thus, perturb placental 
function. This is underlined by the decrease in renewal 
capacity of ST that was associated with pregnancy disor-
ders like preeclampsia or intrauterine growth restriction 
[53, 54]. We previously studied mechanisms involved in 
VCT fusion that could be affected by exposure to CeO2 
NPs, particularly the syncytin-1 and syncytin-2 proteins 
(with fusogenic properties), their receptors (ASCT2 and 
MFSD2, respectively), factors involved in VCT differen-
tiation like GCM1 and in cell-to-cell adhesion CDH1, but 
we did not see any significant difference [21]. We can also 
hypothesize that CeO2 NPs aggregates could mechani-
cally prevent the trophoblast from moving, aggregating 
and finally fusing to form the ST. However, this was no 
longer the case when we used BaP-coated CeO2 NPs, 
where the highest ratio (Coating HR) had no effect while 
the lowest ratio (Coating LR) had opposite effects and 
potentiat cell fusion.

The decrease in fusion index with an AhR antagonist 
suggests that BaP-induced trophoblastic differentiation 
is mediated through AhR activation, as confirmed by 
the reduced fusion rate when AhR was inhibited before 
exposure to low-ratio BaP-coated CeO₂ NPs, aligning 
with evidence that AhR influences both detoxification 
and cell differentiation [55–57]. AhR-knockout mice dis-
play impaired fertility, smaller litter size, and higher rates 
of neonatal mortality [58], indicating that AhR also plays 
an essential role during pregnancy [59]. These physi-
ological roles of AhR can potentially switch when the 
placental barrier is exposed to pollutants such as BaP or 

BaP-coated CeO2 NPs, to their detoxification, and in par-
allel. These pollutants may act as endocrine disruptors 
and, in our case, increase the fusion index of VCT. This 
is particularly relevant given the detection of BaP con-
centrations as high as 6.15 ng/g (0.02 µM) in dry weight 
placenta [60, 61], as well as the broader implication of 
placental PAH presence in pregnancy complications [62]. 
Thus, the balance between CeO₂‑induced inhibition and 
BaP‑induced acceleration of fusion appears to hinge on 
both BaP loading and its release kinetics.

Mitochondrial dynamics and functional adaptation
The study of mitochondrial phenotype revealed that 
CeO₂ NPs exposure elongates the mitochondrial net-
work in VCT, likely due to their direct inhibitory effect 
on trophoblastic differentiation, which normally induces 
mitochondrial fragmentation and increases steroidogenic 
activity in ST [9]. Such elongation may serve as an adap-
tive mechanism in response to NP internalization and the 
activation of cellular processes such as autophagy [63], 
which has already been reported following exposure to 
CeO2 NPs in a trophoblastic cell line [64, 65]. Indeed, 
elongated mitochondria can escape the macro-autophagy 
process and mitophagy [66] and are less susceptible to 
apoptosis [67]. It has already been demonstrated that 
CeO2 NPs can impact the mitochondrial network and 
have a protective effect against apoptosis induction, pre-
venting the fragmentation of the mitochondrial network 
(e.g. induced by Alzheimer’s disease in neurons) [68]. 
This suggests an imbalance in mitochondrial dynam-
ics, possibly reflecting a disruption of the fission–fusion 
cycle, which occurs constantly in the cell [9] with a com-
plex machinery of dedicated proteins [6]. In the litera-
ture, it has been shown that during syncytialization of 
BeWo choriocarcinoma trophoblastic cells, protein lev-
els of DRP-1 increase, and those of OPA1 and MFN1/2 
decrease, leading to mitochondrial fragmentation in ST 
[6, 69]. Conversely, MFN1/2 and OPA1 levels are higher 
and DRP-1 levels are lower in VCT. Imbalance in mito-
chondrial dynamics (mitochondrial fusion/fission pro-
cess) has been described for BaP metabolites, such as 
BPDE [70] and dioxin. Moreover, proteins of the mito-
chondrial dynamics machinery are affected in placental 
disorders such as preeclampsia [71]. We thus investi-
gated the potential modification in the main players of 
mitochondrial dynamics after exposure to CeO2 NPs, to 
which the mitochondrial network would respond by pro-
moting network elongation through a decrease in mito-
chondrial fission and/or an increase in mitochondrial 
fusion. However, our study of mitochondrial dynamics 
in trophoblasts exposed to CeO2 NPs showed no major 
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change in gene expression and protein levels of mito-
chondrial dynamics regulators (MFN1, MFN2 and OPA1 
for fusion, DRP-1 and FIS-1 for fission and PGC-1α and 
VDAC1 for mitochondrial biogenesis).

In a previous publication, we showed that P4 secre-
tion was maintained after exposure of trophoblasts to 
CeO2 NPs [21], and here we found that ΔΨm was main-
tained, suggesting that elongated mitochondria could 
be an adaptation in order to maintain critical functions 
of mitochondrial functions and cell viability after expo-
sure to CeO2 NPs [6]. Conversely, treatment with BaP 
(coated on NPs or alone at the lower dose of 0.25  µM) 
decreased ΔΨm, in accordance with their higher abil-
ity to promote VCT differentiation into ST. As syncyt-
ium’s energy production relies primarily on anaerobic 
metabolism, the atypical small mitochondria of ST have 
decreased ATP production, as compared to VCT, but a 
maintained ΔΨm, which is essential for cholesterol trans-
port in mitochondria and for acquiring the steroidogenic 
activity of the syncytium, in particular for P4 produc-
tion [8, 21]. Thus, our results may be due to the effect 
of BaP on cell differentiation, knowing that VCT have 
higher ΔΨm (which relies on mitochondrial oxidative 
phosphorylation for energy production) than ST (which 
are more steroidogenic and less ATP-producers) [69]. 
Therefore, we assessed the impact of BaP-coated CeO2 
NPs on mitochondrial respiration and found no signifi-
cant impact overall. However, a decrease in basal respi-
ration was noted for the co-exposure condition but not 
for individual exposure nor for exposure to BaP-coated 
CeO2 NPs. Finally, to further investigate the impact of 
CeO₂ NPs on mitochondrial functions, we quantified 
steroid hormones and oxysterols produced by exposed 
VCTs. Indeed, steroid synthesis is initiated in the mito-
chondria of the syncytiotrophoblasts, while oxysterols, 
oxidized derivatives of cholesterol, have recently been 
shown to reduce trophoblast fusion [72]. Interestingly, 
the observed variations after CeO2 NPs treatment were 
sex-specific. DHEA is converted to E2 and E1 by the 
action of placental P450 aromatase [73] and E1 is one of 
the major estrogens produced by the human placenta, 
alongside E2 and estriol (E3) [73]. Placental estrogens 
regulate several essential functions during pregnancy, 
such as maintaining fetal growth by influencing placen-
tal vascularization and metabolism, especially in utero-
placental vascular morphogenesis [74]. Although the 
overall increase in E1 after CeO₂ NPs exposure was mod-
est (around 6%, reaching statistical significance because 
of the low SD), it coincided with a 25% reduction in its 
upstream precursor DHEA (Fig. 9A). This response was 
sex specific, the DHEA drop occurred only in male pla-
centas, whereas E1 rise was confined to female placentas 
(Figure S6A). The placenta receives DHEA from both 

maternal adrenal glands and the fetal adrenals. Because 
VCTs lack P450c17 (CYP17A1) and cannot synthetize 
DHEA de novo, the DHEA detected in our trophoblasts 
culture must originate only from desulfation of DHEA-S 
present in the serum of the culture medium by placental 
steroid-sulfatase. The drop in trophoblasts DHEA there-
fore indicates either (i) CeO2 NPs-mediated inhibition of 
steroid sulfatase activity and/or (ii) accelerated utiliza-
tion of the limited DHEA pool for downstream reactions 
toward estrogens. The latter is consistent with the small 
but significant increase in E1, despite reduced precursors 
availability. Sex-dimorphic regulation offers an additional 
layer: male trophoblasts may express lower aromatase 
(CYP19A1) but exhibit higher steroid sulfonation capac-
ity, rendering their intracellular DHEA pool more sus-
ceptible to depletion, whereas female trophoblasts may 
compensate by up-regulating aromatase and export-
ing newly synthetized estrogens. These complemen-
tary mechanisms can explain why the DHEA decrease 
is restricted to males and the slight E1 rise to females. It 
will be valuable, in a complementary study, to assess the 
expression and activity of key steroidogenic enzymes in 
relation to sex dimorphism following exposure to CeO2 
NPs. Functionally, reduced trophoblastic DHEA could 
limit the supply of neuro- and immuno-active steroids to 
male fetuses, potentially heightening their susceptibility 
to inflammatory stress, whereas the mild E1 elevation in 
females may promote angiogenesis and help counterbal-
ance CeO2 NP-induced placental stress.

The impact of CeO2 NPs on trophoblastic mitochon-
dria is therefore more complex than a simple negative 
effect on trophoblastic differentiation that would have 
uniformly decreased all hormones and increased mito-
chondrial respiration. Collectively, these results point 
to an adaptive elongation of the mitochondrial network 
that preserves ΔΨm and mitochondrial steroidogenesis 
despite NP‑induced stress.

Internalization pathway of BaP‑coated CeO₂ NPs
The results on CeO2 NPs internalization from our pre-
vious publication [21] align with the existing literature. 
Chauhan et  al. investigated the different internalization 
pathways (phagocytosis, pinocytosis and lipid raft-medi-
ated uptake) in relation to CeO2 nanostructures (NPs, 
nanorods and nanocubes) using a monocyte/macrophage 
cell line (RAW 264.7). The authors concluded that CeO2 
NPs are internalized via lipid rafts [41]. This raised the 
question of whether the same mechanism applies to pla-
cental chorionic villi exposed to CeO2 NPs. We observed 
that both ratios of BaP-coated CeO2 NPs are internalized 
in chorionic villi after exposure of the placental explants. 
Internalized BaP seems to be concentrated in local aggre-
gates in a peri-nuclear area, as already reported by our 
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team for nude CeO2 NPs [21]; thus, a part of BaP is prob-
ably still coated on CeO2 NPs. We also showed a dose-
dependent effect, with more abundant BaP aggregates 
signals for the higher ratio of BaP-coated CeO2 NPs. This 
is in contradiction to the effects of the two ratios of BaP/
CeO2 NPs on VCT differentiation ability and AhR acti-
vation, where the lower dose had a higher effect. Thus, 
the effects of the lower ratio BaP/CeO2 NPs on these two 
processes do not involve higher internalization capac-
ity but rather higher bioavailability. Finally, our findings 
validated that BaP-coated CeO2 NPs internalization in 
trophoblasts occurs through lipid raft-dependent path-
ways, consistent with Chauhan et  al.’s observations for 
uncoated CeO₂ NPs [41], as demonstrated by selective 
inhibition with MβCD while other endocytosis inhibitors 
had no effect. The discrepancy between uptake level and 
biological effect underscores that bioavailability, rather 
than absolute intracellular load, is the critical determi-
nant of AhR activation and differentiation outcome.

Conclusion
These findings have important clinical and exposomic 
implications, as they suggest that environmental pol-
lutants like BaP, when complexed with CeO₂ NPs, can 
modulate key pathways involved in placental function, 
potentially influencing fetal development. The altered 
activation of AhR, disrupted trophoblast differentia-
tion, mitochondrial homeostasis, and hormone secretion 
especially with sex-specific effects, highlight the need 
to consider nanoparticle-bound pollutants in exposome 
studies, as they may exhibit distinct bioavailability, per-
sistence, and metabolic impacts compared to their free 
forms, ultimately affecting pregnancy outcomes and 
long-term health.
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SDHA	� Succinate dehydrogenase complex flavoprotein subunit A
SEM	� Standard error of the mean
ST	� Syncytiotrophoblast
STED	� Stimulated emission eepletion microscopy
Stau	� Staurosporine
TCDD	� Tetrachlorodibenzo-p-dioxin 
TEM	� Transmission electron microscopy
UFP	� Ultrafine particles
VCT	� Villous cytotrophoblasts
VDAC1	� Voltage-dependent anion-selective channel 1
XME	� Xenobiotic metabolizing enzymes
XRE	� Xenobiotic response elements
ZrO2 NPs	� Zirconium dioxide nanoparticles

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12989-​025-​00640-x.

Supplementary Material 1: Table S1. Accuracy, target ions, corresponding 
deuterated internal control, detection range, low limit of quantification, 
and intra- and inter-assay CVs for steroid hormone quantification

Supplementary Material 2: Table S2. Accuracy, target ions, corresponding 
deuterated internal control, detection range, low limit of quantification, 
and intra- and inter-assay CVs for oxysterol quantification

Supplementary Material 3: Figure S1. Evaluation of the interference of 
CeO2 NPs on luminescence readout. Measurements were performed on 
supernatants of NPs-treated cells before and after centrifugation or after 
addition of freshly prepared NPs to supernatants of cells not treated with 
NPs.

Supplementary Material 4: Figure S2. Evolution of the mitochondrial 
network during trophoblast differentiation. Thawed VCT were seeded and 
cultured in culture medium for 48 h. VCT were fixed and then immu-
nolabeled with anti-COX2and nuclei were counterstained with Dapi. 
Representative confocal images of fixed VCT and syncytiotrophoblasts are 
shown

Supplementary Material 5: Figure S3. Effects of BaP-coated CeO2 NPs on 
mitochondrial membrane potential of VCT treated for 24 h. After 16 h 
of culture, VCT were treated for 24 h with 10 µg/cm2 CeO2 NPs, 10 µg/
cm2 CeO2 NPs coated with 2 concentrations of BaP, 10 µg/cm2 CeO2 
NPs co-exposed with 2 concentrations of BaP, 2 concentrations of BaP 
alone, 2"vehicle"controls due to BaP dilution in cyclohexane, 3 µM of AhR 
antagonistor 1 µM staurosporineas positive depolarization control. After 
treatments, cells were incubated for 30 min at 37 °C with 1 µM of JC-1 dye. 
Representative images of fixed cells. In green, the monomeric form and in 
red, the aggregated form of JC-1 dye. Scale bar: 10 µm.Quantification of 
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membrane potentialcorresponding to the ratio of fluorescence intensities 
of the aggregated formto the monomeric form. Values are presented 
as the mean + SD of the normalized ratios to untreated cells. Statistical 
analysis was performed using one-way ANOVA againstuntreated control; 
* p < 0.05.

Supplementary Material 6: Figure S4. Loss of mitochondrial membrane 
potential during trophoblast differentiation. After 16 h of culture, VCT were 
treated for 24 h with 10 µg/cm2 CeO2 NPs, 10 µg/cm2 CeO2 NPs coated 
with 2 concentrations of BaP, 10 µg/cm2 CeO2 NPs co-exposed with 2 
concentrations of BaP, 2 concentrations of BaP alone, 2"vehicle"controls 
due to BaP dilution in cyclohexane. After treatments, cells were incubated 
for 30 min at 37 °C with 1 µM of JC-1 dye. Cells were immunolabeled with 
an anti-E-cadherin membrane marker antibodyand nuclei were counter-
stained with DAPI. In green, the monomeric form and in red, the aggre-
gated form of the JC-1 dye.Representative images of confocal acquisitions 
for each condition.Image magnification of the CHX solvent condition. ST 
demarcated in white dotted lines and VCT demarcated in yellow dotted 
lines. Scale bar: 10 µm.

Supplementary Material 7: Figure S5. Effects of BaP-coated CeO2 NPs on 
oxygen consumption ratemeasured using Seahorse assay in VCT treated 
for 24 h. After 16 h of culture, VCT were treated for 48 h with 10 µg/cm2 
CeO2 NPs, 10 µg/cm2 CeO2 NPs coated with 2 concentrations of BaP, 
10 µg/cm2 CeO2 NPs co-exposed with 2 concentrations of BaP, 2 concen-
trations of BaP alone, solvent controls due to BaP dilution in cyclohexane, 
pre-treated or not with 3 µM AhR antagonistfor 1 h and then treated for 
24 h with CeO2 NPs coated with 0.25 µM BaP. To measure different oxygen 
consumption rateparameters, selective inhibitors were injected: oligomy-
cin, carbonyl cyanide-4 phenylhydrazone, rotenone and antimycin A. The 
OCR values were normalized to the amount of DNA content from each 
well using Hoechst’ stain. Three experimental conditions are shown: Con-
trol CHX and CeO₂ NPs, high ratioexposure, and low ratioexposure. OCR 
was measured over time following sequential injections of oligomycin, 
FCCP, and rotenone/antimycin A. The untreated condition is shown as a 
reference in all panels. Data are represented as mean ± SEM.

Supplementary Material 8: Figure S6. Effects of CeO2 NPs on steroid and 
oxysterol production in VCT treated for 48 h according to placental sex. 
VCT purified from term placentas were plated overnight and were left 
untreated or incubated for 48 h with 10 µg/cm2 CeO2.The supernatants 
were collected, and the following steroid hormones were measured 
by GC–MS/MS: testosterone, estrone, estradiol, progesterone, 17-OH 
progesterone, dihydrotestosterone, dehydroepiandrosterone, 4-andros-
tenedione.The following oxysterols were measured by GC–MS/MS: 
7α-hydroxycholesterol, 7β-hydroxycholesterol, 5β,6β-epoxycholestanol, 
25-hydroxycholesterol, 7-ketocholesterol, 4β-hydroxycholesterol. The hor-
mone values were normalized to the protein content in the supernatants. 
Values are presented as mean ± SEM, regarding placental sex. Statistical 
analysis was performed using two-way ANOVA; * p < 0.05 versus Ctrl.

Supplementary Material 9: Figure S7. Excitation and emission spectra of 
benzo[a]pyrene. Excitation and emission spectra of benzo[a]pyrenewere 
obtained using a PerkinElmer LS 45 fluorescence spectrometer in a 1 
cm2 plastic cuvette at ambient temperature. BaP solution in cyclohexane 
that was kept away from light was diluted at 10 µM in placental culture 
medium. The emission spectrum of BaP was determined with an excita-
tion at 370 nm.
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