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Abstract

Astrocytes play a crucial role in maintaining central nervous system homeostasis, supporting neuronal function and regulating
oxidative stress. The placenta, through the secretion of small extracellular vesicles (sEVs), facilitates communication between the
maternal and fetal environments, potentially mitigating external stressors. Bisphenol A (BPA), an endocrine disruptor, has been
implicated in oxidative stress and mitochondrial dysfunction, particularly in the developing brain. However, the mechanisms by
which placental sEVs influence astrocyte responses to BPA remain unclear. This study investigates the effects of BPA on astro-
cyte oxidative stress and mitochondrial activity and explores how placental sEVs modulate these responses. Human glioblas-
toma astrocytoma (U-373 MG) cells were exposed to environmentally relevant concentrations of BPA (10 nM), with or without
placental sEVs isolated from human term placental explants. Reactive oxygen species (ROS) levels, mitochondrial activation, and
antioxidant enzyme expression (SOD1, GCLC, and GSTA) were assessed. Direct BPA exposure increased astrocyte ROS levels
and mitochondrial activation, indicative of oxidative stress. Placental sEVs were rapidly internalized by astrocytes and counter-
acted BPA-induced ROS accumulation, restoring mitochondrial homeostasis. Notably, sEVs from BPA-exposed placental explants
were more efficiently incorporated into astrocytes, suggesting an adaptive response. sEVs treatment also upregulated antioxi-
dant enzyme expression and reduced inflammatory cytokine markers (CCL2 and IL-1b), indicating a potential protective mecha-
nism. These findings suggest that placental sEVs play a critical role in modulating astrocyte responses to oxidative stress and
mitochondrial dysfunction. The ability of sEVs to restore redox homeostasis highlights their potential physiological function in
fetal neuroprotection against environmental stressors.

NEW & NOTEWORTHY The study demonstrates that BPA induces oxidative stress and mitochondrial dysfunction in human
astrocytes. It introduces a novel role of sEVs in counteracting these effects by reducing ROS, restoring mitochondrial activity,
and upregulating antioxidant enzymes. Notably, sEVs from BPA-exposed placental explants were more efficiently incorporated
into astrocytes, suggesting an adaptive protective mechanism. These findings highlight a potential fetal neuroprotective role of
placental sEVs against environmental stressors.

astrocytes; BPA; oxidative stress; placental extracellular vesicles

INTRODUCTION

Environmental and occupational exposure to endocrine-
disrupting chemicals poses a significant threat to human
health (1–3). Bisphenol A (BPA), a chemical produced by the
condensation of two phenolic groups, is a key monomer in
polycarbonate plastics and epoxy resins. It is widely used in
consumer products such as water bottles, food and bever-
age can linings, and thermal paper. Due to its pervasive
use, BPA has become a major global chemical pollutant
(4–6). High temperatures can cause BPA to leach into food
and beverages or disperse into the environment, exposing

people to this endocrine disruptor through inhalation,
ingestion, and skin contact. As a result, BPA is commonly
found in various tissues and body fluids, including saliva,
urine, and sweat (7).

BPA can affect the body through various pathways (8) and
is known to exhibit endocrine-disrupting effects due to its
estrogen-like properties. It interacts with multiple receptors,
including estrogen receptors (ERs) and androgen receptors
(ARs), acting as an agonist for ERs and antagonist for ARs
(9). In addition, BPA can bind thyroid hormone receptors,
interfering with normal thyroid function and disrupting the
development and function of various organs (10, 11).
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Exposure to BPA has been linked to changes in glucose
homeostasis, potentially contributing to the development of
type 2 diabetes mellitus in pregnant women (12, 13); lipid
accumulation and adipogenesis, increasing the risk of obe-
sity (14); altered reproductive function in both males and
females (15); and an elevated risk of cancers, particularly
breast and prostate cancer (16). Moreover, BPA exposure has
been associated with the onset of cardiovascular diseases (8).
Furthermore, bisphenols interfere with vascular function by
stimulating nitric oxide and endothelial nitric oxide syn-
thase production (17).

BPA is able to penetrate the blood-brain barrier and thus
acts at the level of the central nervous system (CNS), where it
influences both development and inflammatory processes in
the brain (18, 19). There is a need to study the effects of pre-
natal exposure to chemicals released from everyday objects,
especially those that may interfere with the endocrine sys-
tem of the unborn child. In fact, the early stages of human
development are very susceptible to even the slightest hor-
monal perturbations, which can even lead to adverse birth
outcomes or future diseases (20). Recent data have revealed
that BPA not only crosses the placental barrier but also accu-
mulates in fetal serum and amniotic fluid, exposing the fetus
to higher concentrations than those found inmaternal fluids
(21, 22). In rodents in particular, fetal exposure to BPA affects
neurodevelopmental processes, whereas exposure during
childhood or adolescence can damage CNS cells, leading to
functional changes and cell death (19). The mechanisms
underlying BPA effects appear to be mediated by an induc-
tion of reactive oxygen species (ROS), whichmay contribute
significantly to the diverse and pleiotropic effects observed
following BPA exposure (19, 23).

Oxidative stress occurs when intracellular homeostasis is
disrupted due to metabolic disturbances or toxic insults,
leading to an imbalance between pro-oxidant and antioxi-
dant substances. This results in increased ROS formation,
damage to lipids and proteins, and cellular consequences
such as impaired DNA repair and mitochondrial dysfunc-
tion. Under normal physiological conditions, the antioxidant
system counteracts ROS generation through cellular anti-
oxidant enzymes and powerful antioxidant molecules,
both macro- and micro-sized (24). At the physiological
level, ROS function as signaling molecules that regulate
cellular processes, including proliferation, survival, cell
death, differentiation, cell signaling, and the production of
inflammation-related factors (25). High levels of oxidative
stress are commonly observed in the brains of patients with
autism and neurodevelopmental disorders. An overload of
ROS has been shown to impair mitochondrial function, acti-
vate apoptotic cascades, and contribute to increased neuroin-
flammation by causing redox imbalances that alter cellular
signaling (26). A toxicological approach focusing on the direct
effects of stressors on the fetus has been used to link prenatal
stress with pathological outcomes in the brain. However,
proper embryo and fetal development depend on a healthy
intrauterine environment and the functioning of the
placenta, which provides oxygen, nutrients, and signaling
molecules (such as steroids, cytokines, glycoproteins, and
extracellular vesicles) to the developing fetus (27). In partic-
ular, small extracellular vesicles (sEVs) play a crucial role in
transmitting signals to target cells, modulating processes

such as inflammation, apoptosis, angiogenesis, and embry-
onic growth and development (28).

Gestational exposure to single and/or multiple environ-
mental stressors can significantly disrupt the homeostasis
between themother, placenta, and fetus (29). Recent research
suggests that exposure to environmental chemicals during
pregnancy may alter the placenta’s secretory and metabolic
processes, as well as the expression profile of sEVs (30–32). In
this study, we explored the direct and placental-mediated
effects (via sEVs) of BPA on the oxidative status and mito-
chondrial activation of astrocytes, the most abundant glial
cells in the CNS, that provide functional protection to neurons
and contribute to maintaining the correct homeostasis of the
CNS.

MATERIALS AND METHODS

A graphical representation summarizing the different
experimental procedures, including 1) placental explant cul-
ture, BPA exposure, and sEVs isolation and characterization;
and 2) astrocytoma cell treatments (direct BPA exposure and
placenta-mediated exposure via sEVs) and the correspond-
ing readouts (ROS formation, mitochondrial activation, and
gene expression), was created to improve clarity and accessi-
bility for the reader (Supplemental Fig. S1).

Placental Tissues from Healthy Pregnant Women

Placental tissues were obtained at the Prenatal Diagnosis
and Obstetrics Division of the Department of Molecular and
Developmental Medicine (University Hospital of Siena, Siena,
Italy). Samples at term of gestation (n ¼ 8) were collected
from elective cesarean sections scheduled for the fetus’s
cephalic presentation or a previous cesarean. Clinically diag-
nosed pregnancy disorders, infectious diseases, gestational
diabetes, and genetic deficiencies of the fetus were exclusion
criteria. Informed consent was obtained from the donors for
the collection of placenta samples for research purposes, and
approval was obtained from the Ethics Committee of the
Azienda Ospedaliera Senese in collaboration with the
University of Siena. Within 1 h of collection, the placenta sam-
ples were dissected under a microscope to obtain the chori-
onic villi.

Human Chorionic Villi Culture

After several washes with sterile phosphate-buffered
saline (PBS, Cat. No. ECB4004L; EuroClone, Milan, Italy),
chorionic villous explants (HPEs) from placental tissues
were established as described by Caniggia et al. (33) with
minor modifications. Explants (n ¼ 8 different placenta)
were incubated overnight at 37�C in an atmosphere of 8%O2,
5% CO2 in Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM F12, w/o phenol red and serum,
SH30272.02; Cytiva, Global Life Sciences Solutions) plus
L-glutamine (Cat. No. ECB3000D; EuroClone) and 100 U/mL
of penicillin-streptomycin (Cat. No. A8943; AppliChem
GmbH). The morphology of the explants was constantly
monitored under an optical microscope. The medium was
then replaced with a fresh one, and placental explants were
treated or not (controls) with BPA (Cat. No. 239658; Sigma-
Aldrich, St. Louis, MO) 1 nM (powder BPA was dissolved in
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EtOH to create a stock solution of 10 mM and diluted at all
the finals concentration in proper culture medium) and cul-
tured for 48 h. At the end of the experiments, explant cul-
tures were used to measure viability, ROS production, and
protein expression, and their respective supernatants were
collected and processed for subsequent analysis.

sEVs Isolation and Characterization

sEVs isolation from placental explants and human brain
microvascular endothelial cell line (HBMEC) (Cat. No. P10361;
Innoprot, Derio, Spain), whichwere treated as described in Cell
Culture and Treatments, was performed as described by
Ermini et al. (34). In brief, placenta explant supernatants were
centrifuged at 2,500 g, at 4�C for 30 min to remove cellular
debris and then further spun for 1 h at 15,000 g to eliminate the
microvesicles. sEVs were then collected by ultracentrifugation
(2 h at 100,000 g, 4�C). The pellet was resuspended with 1�
PBS and centrifuged for 1 h at 100,000 g at 4�C. The superna-
tant was discarded, and the pellet was resuspended with 1 mL
of PBS and filtered with a 0.22-lm filter. The most recent
Minimal Information for Studies of Extracellular Vesicles
(MISEV) recommendations from the International Society for
Extracellular Vesicles were followed in the characterization of
sEVs (35). Transmission electron microscopy (TEM) to assess
sEVsmorphology was performed as described by Ermini et al.
(36). Quantification of the hydrodynamic diameter distribution
and concentration (particles number/mL) of sEVs was per-
formed using the Nanosight NS300 (Malvern Instruments, UK)
equipped with a violet laser (405 nm) and running software
version NTA3.4. The instrument was primed using PBS, pH
7.4, and the temperature was maintained at 25�C and cali-
brated using 100- and 200-nm polystyrene beads (Malvern
Instruments, UK). sEVswere diluted in 0.1micron-filtered PBS,
and samples were injected into flow cell at a flow rate of
0.05mL/s through an automated syringe pump. Fivemeasure-
ments (30 s each) were obtained for each sample, and the aver-
age was plotted as a representation of size distribution and
concentration (particles/mL). For Western blot analyses of
canonical [ALG-2 interacting protein X (ALIX), TSG101, CD81,
and IRE1a] and placental [Syncytin-1 and placental alkaline
phosphatase (PLAP)] sEVs markers, the pellet was resus-
pended with 40 μL of deionized water (H2O dd); the used
methods are described in Western Blotting. In some
experiments, isolated placental sEVs were subject to a
mechanical disruption performed to disperse their con-
tents. In this case, to rupture the membranes and release
their contents, the solution containing the sEVs was soni-
cated for 10 s, then incubated on ice for 15 min, and the
steps repeated three times, before administering the solu-
tion with the ruptured sEVs to the cells.

Cell Culture and Treatments

The human glioblastoma astrocytoma (U-373 MG) cell line
(Cat. No. 89081403; Sigma-Aldrich) and HBMEC were cul-
tured according to the standard conditions at 37�C in a
humidified 5% CO2 incubator. U-373 MG cells were main-
tained in DMEM (Cat. No. ECM0728L; EuroClone) supple-
mented with 10% FBS (Cat. No. ECS5000L; EuroClone), 1%
L-glutamine (Cat. No. ECB3000D; EuroClone), and 1% peni-
cillin/streptomycin antibiotics, whereas HBMEC cells were

cultured in endothelial cell medium (ECM, Cat. No. P60104;
Innoprot) supplemented with 5% FBS (Cat. No. P60104;
Innoprot), 1% endothelial cell growth supplement (Cat.
No. P60104; Innoprot), and 1% penicillin/streptomycin
solution (Cat. No. P60104; Innoprot). Growth medium was
refreshed every 2 days, and the cells were subcultured
once 80%–90% confluence was reached. All solutions for
cell culture were heated to 37�C before use. HBMEC cells
(1 � 106 total cells) were seeded in fibronectin (Cat. No.
P8248; Innoprot)-coated T-25 cm2

flasks for sEVs isolation.
Cells were either left untreated (control) or treated with 1
nM BPA for 48 h in ECM medium supplemented with 5%
sEV-depleted FBS to assess whether the observed effects
were specifically placenta-mediated.

U-373 MG cells were cultured, for ROS andN-acetyl-L-cys-
teine (NAC) assay, in 24-well plates (1 � 105 cells/mL), for
MitoTracker assay and sEVs incorporation test in glass cov-
erslip in six-well plates (1 � 105 cells/mL), and for Western
blot and quantitative real-time PCR in six-well plates (2.5 �
105 cells/mL). Cells were treated or not (controls) initially
with BPA at various concentrations (from 0.1 pM to 1 mM) to
assess the direct effect of this endocrine disruptor; then, to
perform the placenta-mediated experiments, the concentra-
tion of BPA 10 nM was chosen and cells were cultured in the
same conditions plus sEVs isolated from supernatants of pla-
cental explants from n ¼ 8 different placentas, and sEVs iso-
lated from HBMEC from n ¼ 3 independent experiments.
The treatment on U-373 MG was done for 24 h using 3 � 108

vesicles/mL, 60 lL/mL of medium. U-373 MG cells were also
treated with 10 lM of H2O2 (freshly prepared, Cat. No. 31642;
Sigma-Aldrich) as a positive control. Cell viability was deter-
mined by trypan blue exclusion assay.

In brief, cells were harvested by trypsinization, resuspended
in culture medium, andmixed 1:1 with 0.4% trypan blue solu-
tion (Cat. No. T8154; Sigma-Aldrich). Live (unstained) and
dead (blue-stained) cells were counted using a Neubauer
chamber under light microscopy by two independent opera-
tors, and viability was calculated as: (live cells/total cells) �
100.

Measurement of Intracellular ROS

The fluorescence probe 2,7-dichlorodihydrofluorescein
diacetate (H2DCF-DA, Cat. No. D6883; Sigma-Aldrich) was
used to detect intracellular ROS at the end of the treatments.
In brief, after removing the medium, cells and HPEs were
incubated with H2DCF-DA solution (10 μM in PBS) at 37�C
for 15min and 30min, respectively.

After incubation, they were washed twice with PBS to
remove excess H2DCF-DA, and the HPEs were also manually
homogenized with fresh PBS; fluorescence was measured at
excitation and emission wavelengths of 480 and 520 nm,
respectively (Synergy HTX Multi-Mode Reader; BioTek,
Winooski, VT). The obtained fluorescence values were finally
normalized to the number of live cells or total amount of pro-
teins. Average values in control were taken as 100%.

In some experiments, the cell cultures were first treated
with NAC (Cat. No. A9165; Sigma-Aldrich), a precursor of
glutathione with potent antioxidant action, at 125 lM for
1 h, then added with increasing concentration of BPA
(0.1 pM to 1 lM).
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Immunofluorescence Analysis

The cell permeable probe MitoTracker Red CMXRos (Cat.
No. M7512; Thermo Fisher Scientific, Waltham, MA) was
used to detect a loss of membrane potential in mitochondria
at the end of treatments. After the medium was removed, the
cells were incubated with MitoTracker Red solution (50 μM in
DMEM, phenol red-free ECB7504L; Euroclone) at 37�C for
40min. They were then washed to remove excess MitoTracker
Red solution, fixed with 4% paraformaldehyde (Cat. No.
28908; Thermo Fisher Scientific) at 4�C for 10 min and then
permeabilized in 0.2% Triton X-100 (Cat. No. T8532; Sigma-
Aldrich) in PBS at room temperature for 5 min. The slides
were blocked in 5% of bovine serum albumin (Cat. No. A8806;
Sigma-Aldrich) at room temperature for 30 min and incu-
bated at 4�C overnight with rabbit anti-TOM20 (diluted
1:250 in PBS, Cat. No. 42406; Cell Signaling Technology,
Danvers, MA). After the coverslips were rinsed three times
with PBS and incubated 1 h at room temperature with Alexa
Fluor 488 goat anti-rabbit IgG secondary antibody diluted
1:500 (Cat. No. A11008; Invitrogen, Basel, Switzerland) in PBS.
The slides were then rinsed and mounted with Fluoromount
Aqueous Mounting (Cat. No. F4680; Sigma-Aldrich) to avoid
fading of fluorescence. Images were acquired on Zeiss
LSM700 (Zeiss, Oberkochen, Germany) confocal microscope
(magnification¼ �63). The different images were analyzed by
ImageJ software (Bethesda, MD).

For mitochondrial fluorescence analysis, confocal images
were analyzed using ImageJ software (NIH, version 1.53).
Specifically: 1) individual cells were outlined as regions
of interest (ROIs); 2) mean gray values for MitoTracker
Red and TOM20 channels were measured for each ROI;
3) background fluorescence was subtracted; 4) the ratio of
MitoTracker Red/TOM20 was calculated for each cell; and
5) colocalization was assessed using the JACoP plugin, calcu-
lating Pearson’s correlation coefficient. At least 30 cells per
condition from three independent experiments were ana-
lyzed. To investigate the possible uptake of sEVs from the
placenta by astrocytes, sEVs were labeled with the PKH67
Fluorescent Cell Linker Kit (Cat. No. PKH67GL-1KT; Sigma-
Aldrich) as described by Ermini et al. (34). The labeled sEVs
were pelleted at 120,000 g for 1 h and resuspended in PBS.
The spin and wash cycles were repeated three times. Cells
with a confluence of 60%–70% were treated with 60 μL/mL
of labeled sEVs (5� 108 vesicles) for 3, 6, and 18 h. Cells were
then fixed with 4% paraformaldehyde, and images were cap-
tured using an LSM700 confocal microscope (Zeiss).

Isolation of RNA and Quantitative Real-Time PCR

Total RNA from the U-373 MG cell culture (treated as previ-
ously described) was isolated using the Zymo-Spin I Fast-Spin
column (Cat. No. C1003; Zymo-Research, Irvine, CA) accord-
ing to themanufacturer’s instructions. Total RNAwas quanti-
fied using the Nanodrop 1000 Spectrophotometer (Thermo
Fisher Scientific). RNA was reversed-transcribed into cDNA
using the High-Capacity cDNAReverse Transcription Kit (Cat.
No. 4368814; Applied Biosystems Group, Foster City, CA).
Quantitative real-time PCR (qRT-PCR) reactions were run in
the StepOne Real-Time PCR System instrument (Applied
Biosystems Group). cDNA was amplified using the iQTM
SYBR Green Supermix (Bio-Rad, Hercules, CA). Predeveloped

primers for SOD1, GCLC, GSTA, CCL2, and IL-1b (Bio-Rad)
were used for relative quantification of mRNA; GAPDH and
18S (Bio-Rad) were used as housekeeping genes (Supplemental
Table S1). The expression level of the selected genes was calcu-
lated by the 2�DDCt method, using the geometric mean of the
two reference genes (GAPDH and 18S) for normalization (37).

Western Blotting

Western blot was performed on HPEs, U-373 MG, and
sEVs. Cells and HPEs were homogenized with RIPA buffer
(Cat. No. 20-188; Sigma-Aldrich) and phosphatase inhibitors
(Cat. No. P5726; Sigma-Aldrich) (1:100), and 30 lg of total
proteins were loaded. After the last ultracentrifugation, sEVs
pellet was resuspended with 40 μL of H2O dd and stored at
�80�C. Western blots were performed on 8%, 10%, and 15%
gels systems. Electrophoresis was performed at a constant
135 V for 1 h and 10 min. Proteins were transferred onto a
nitrocellulose membrane (Bio-Rad) for 2 h at a constant
400 V. After transfer, membranes were incubated in 5% non-
fat milk in PBS-0.1% Tween-20 (Cat. No. P9416; Sigma-
Aldrich) for 1 h at room temperature. Subsequently, mem-
branes were incubated in primary antibodies overnight at
4�C. The following antibodies were used for HPEs:
SYNCYTIN1 (ERVW-1, Cat. No. SAB2108833, diluted 1:500;
Sigma-Aldrich); for U-373 MG: SLC1A5 (Cat. No. ab237704,
diluted 1:1,000; Abcam, Cambridge, UK) and GAPDH (Cat.
No. G8795, diluted 1:1,000; Sigma-Aldrich); and for sEVs:
ALIX (Cat. No. ZRB1947, diluted 1:500; Sigma-Aldrich),
SYNCYTIN1 (ERVW-1, Cat. No. SAB2108833, diluted 1:500;
Sigma-Aldrich), PLAP (Cat. No. ab16695, diluted 1:500;
Abcam), TSG101 (Cat. No. T5701, diluted 1:500; Sigma-
Aldrich), CD81 (Cat. No. HPA007234, diluted 1:200; Sigma-
Aldrich), and IRE1a (Cat. No. 3294, diluted 1:500; Cell
Signaling Technology).

Membranes were washed and incubated with the appro-
priate secondary peroxidase labeled antibody for 1 h at room
temperature at a dilution of 1:3,000 (Bio-Rad). The reaction
was detected using chemiluminescent reagents (Cat. No.
170-5060, Clarity Western ECL Substrate; Bio-Rad) and digi-
tized with CHEMIDOC Quantity One 1-D Analysis Software.
Densitometries were carried out using ImageJ software (NIH
Image; https://imagej.nih.gov/ij/).

Statistical Analyses

sEVs were isolated from n ¼ 8 different placental donors.
Each experiment (ROS measurement, gene expression,
Western blot, and immunofluorescence) was then repeated
independently three to seven times using sEVs preparation
(3 biological replicates), each performed on different days
with freshly cultured cells. Cell-based experiments were per-
formed with three independent biological replicates (differ-
ent cell passages), each performed in technical duplicate.
qRT-PCRmeasurements were performed in technical dupli-
cate for each biological replicate.

All datasets were first analyzed for normality using the
Shapiro–Wilk test (for n < 50) or Kolmogorov–Smirnov test
(for n � 50). A P value >0.05 in these tests indicated normal
distribution. For normally distributed data with equal var-
iances (assessed by Levene’s test), parametric tests were
used: unpaired t test for two-group comparisons, and one-
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way ANOVA followed by Dunnett’s or Bonferroni post hoc
tests for multiple comparisons. All our data met normality
assumptions; therefore, only parametric tests were used.
The level of significance was set at P< 0.05. Statistical analy-
ses were performed using GraphPad Prism 8 (GraphPad
Software, San Diego, CA).

RESULTS

Direct Exposure to BPA Alters ROS Production and
Viability in Astrocytes

Since ROS and mitochondria play an important role in
astrocyte cell death, the potential damaging effect of BPA on
astrocytes was investigated by simultaneously assessing ROS
and cell viability. We tested a wide range of BPA concentra-
tions, starting at 0.1 pM up to 1 mM. As shown in Fig. 1A,
direct BPA exposure at 10 nM began to significantly increase
ROS production, with a greater effect at concentrations of 100
nM and 1 lM compared with untreated cells. Although 10 nM
BPA had no effect on cell viability (86%), the higher ROS rates
at the 100 nM and 1 μM concentrations correlated with lower
cell viability (62% and 56%, respectively) (Fig. 1B). Thus, we
hypothesized that the increase in ROS production found in
BPA at 100 nM and 1 μM was due to mitochondria damage
and passive release of ROS. To confirm this hypothesis, cells
were pretreated with NAC, a known reactive oxygen scav-
enger, for 1 h. The results showed that the NAC treatment

significantly restored cell viability in 1 lM and 100 nM BPA
cultures as well as in H2O2 treatment and decreased ROS pro-
duction in 10 nM, 100 nM, 1 lM, andH2O2 cultures, emphasiz-
ing the importance of ROS in causing damage and cell death
in astrocytes (Fig. 1, C andD).

Direct Exposure to BPA Alters Mitochondrial Activation

We then examined mitochondrial function by analyzing
active and total mitochondria with MitoTracker Red and
TOM20, respectively. For this test, we used the concentra-
tion of 10 nM because, as shown previously, it was nontoxic
and increased ROS generation. Using MitoTracker Red,
which localizes to the mitochondria and whose signal inten-
sity depends on the mitochondrial membrane potential,
we observed a significant increase in fluorescence intensity
in the cells treated with BPA, whereas no changes were
observed for TOM20 compared with the control (Fig. 2, A
and B). On this basis, the ratio of fluorescence intensity
(MitoTracker Red/TOM20) was increased (P < 0.005), sug-
gesting that although the total amount of mitochondria
did not change, the number of active mitochondria was
increased in the BPA-treated cells compared with the con-
trol. These data were further confirmed by colocalization
analysis of MitoTracker and TOM20 labeling using ImageJ’s
JACoP tool, which showed a substantial correlation between
the two stains in BPA-treated cells (Pearson’s correlation,
PC ¼ 0.90) and a low degree of colocalization in unexposed
cells (PC¼ 0.7).

Figure 1. Effects of different concentrations of BPA exposure on oxidative stress by formation of ROS in U-373 MG cells. A: ROS formation was evaluated
by the oxidation of H2DCF-DA to DCF on cells subjected to the BPA treatment protocol (1 lM to 0.1 pM) for 24 h. B: cellular viability was evaluated by cell
count. C: ROS formation in astrocytes treated with BPA (1 lM to 0.1 pM) and NAC 125 lM. D: cellular viability was evaluated by cell count. Data are
reported as means ± SD from six and five independent experiments, each carried out in duplicate. �P< 0.05; ��P< 0.01; ����P< 0.0001 vs. untreated
cells (CTRL; 1-way ANOVA and Dunnett’s multiple comparisons test). BPA, bisphenol A; H2DCF-DA, 2,7-dichlorodihydrofluorescein diacetate; NAC,
N-acetyl-L-cysteine; ns, not significant; ROS, reactive oxygen species; U-373 MG, human glioblastoma astrocytoma.
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Direct Exposure to BPA Alters ROS Production and
SYNC Levels in Human Placenta Explants

In parallel, we assessed the redox state of the placenta by
preparing and culturing HPEs derived from placentas of

healthy donors following cesarean delivery. The explants
were cultured under physiological conditions (CTRL) and
exposed to 1 nM BPA for 48 h. As shown in Fig. 3A, exposure
to 1 nM BPA significantly increased the production of ROS
compared with the untreated explants. Subsequently, we

Figure 2. Effects of 10 nM BPA exposure on mitochondrial
activation in U-373 MG cells. A: representative fluorescence
images of mitochondrial activation were evaluated by treat-
ment with MitoTracker Red on cells subjected to the 10 nM
BPA treatment for 24 h. Magnification ¼ �63. Each image
was representative of six independent experiments. B: fluo-
rescence amount ratio between MitoTracker Red and
TOM20 (green) by ImageJ JACoP tool. Data are reported as
means ± SD from six independent experiments; �P < 0.05
(t test). Bar ¼ 8 lm. BPA, bisphenol A; U-373 MG, human
glioblastoma astrocytoma.

Figure 3. Effects of 1 nM BPA exposure on
oxidative stress and SYNC1 levels on
human placenta explants. A: ROS forma-
tion was evaluated by the oxidation of
H2DCF-DA to DCF on human placenta
explants (HPEs) after 48 h of ex vivo culture
in control and 1 nM BPA exposure condi-
tions. B: representative Western blot of
SYNC1 and GAPDH in HPEs after 48 h of
ex vivo culture in control and 1 nM BPA
exposure conditions. C: semiquantitative
analysis of Western blot. Data are reported
as means ± SD from five independent
experiments; ��P < 0.01 (t test). BPA,
bisphenol A; H2DCF-DA, 2,7-dichlorodihy-
drofluorescein diacetate; ROS, reactive
oxygen species; SYNC1, Syncytin-1.
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analyzed the levels of SYNC following treatment. Notably,
fold-change analysis, normalized to GAPDH, revealed that
SYNC protein levels were significantly higher in BPA-exposed
HPEs than in the controls (Figs. 3, B and C).

sEVs Isolation and Characterization

Subsequently, we started to evaluate the placental-medi-
ated effect of BPA exposure. For this purpose, we collected
HPEs secretome for sEVs isolation by ultracentrifugation.
The presence of membrane vesicles in both samples, BPA-
sEVs and CTRL-sEVs, was confirmed by transmission elec-
tronmicroscopy (TEM) (Fig. 4A). As shown in Fig. 4B, nano-
particle tracking analysis performed using the Nanosight
NS300 (Malvern Instruments, UK) revealed an average parti-
cle concentration of 4 � 1010 ± 1.0 � 1010 particles/mL for
CTRL-sEVs and 4.4 � 1010 ± 0.6 � 109 particles/mL for BPA-
sEVs with a mode of 95 ± 20 nm and 110 ± 10 nm, respec-
tively. Both sEVs samples expressed the typical EVs marker
proteins, including ALG-2 interacting protein X (ALIX),
tumor susceptibility gene 101 (TSG101) and those indicative
of a trophoblastic origin such as placental alkaline phospha-
tase (PLAP) and Syncytin-1 (SYNC) (Fig. 4C). As recom-
mended by the International Society for Extracellular
Vesicles (MISEV) guidelines, the purity of sEVs isolation was
further evaluated byWestern blot analysis for IRE1a, used as
a marker of intracellular membrane contamination.

Interestingly, fold-change analysis normalized to Ponceau
staining revealed that SYNC protein levels were significantly
higher in BPA-sEVs than in CTRL-sEVs (Fig. 4D).

Placental sEVs Incorporation in U-373 MG

We then examined the uptake of sEVs by U-373 MG. First,
we assessed the levels of the SLC1A5 receptor after exposure
to BPA 10 nM (Fig. 5A); this receptor is important for the
transport of neutral amino acids such as glutamine, serine,
and alanine and is involved in Syncytin-1 binding; the treat-
ment with BPA 10 nM does not alter the expression of this
receptor, as shown by the semiquantitative analysis in
Fig. 5B. In parallel, in a time-course study, a total of 60 μL/mL
of PKH67-labeled CTRL-sEVs and BPA-sEVs (5� 108 vesicles)
were added to astrocyte cultures. Confocal images revealed
the presence of fluorescent particles of CRTL-sEVs and BPA-
sEVs within the cells; however, the incorporation into astro-
cytes of BPA-sEVs was greater than that of CTRL-sEVs at all
time points tested, with a significant difference at 3 h after
treatment (Fig. 5D).

Placenta-Mediated Exposure to BPA Restores REDOX
Equilibrium Increasing Antioxidant Enzymes Expression
in U-373 MG

To test the effect of the placental secretome on astrocytes
exposed to BPA, we analyzed ROS formation following com-
bined treatments with placental sEVs and BPA 10 nM. After
24 h, the redox balance of astrocytes was restored compared
with the BPA 10 nM group, returning to physiological levels
(CTRL baseline, corresponding to the untreated control—
CTRL—values reported in Figs. 1 and 6A), with no significant
changes in cell viability (Fig. 6B), regardless of whether the
sEVs originated from BPA-exposed or control placental
cultures.

This protective effect appeared to be placenta-specific, since
cotreatment with BPA 10 nM and sEVs derived from HBMEC
cultures failed to mitigate ROS accumulation (Supplemental
Fig. S2).

On the contrary, this double exposure, BPA plus BPA-sEVs,
led to an upregulation of mRNA expression levels of antioxi-
dant enzymes, including SOD1, GSTA, and GCLC, compared
with treatment with BPA alone, suggesting that placental
sEVs may activate compensatory antioxidant responses in
astrocytes. Interestingly, mechanical disruption of placental
sEVs before cell treatment did not result in upregulation of
mRNA expression of antioxidant enzymes (Fig. 6C).

Placenta-Mediated Exposure to BPA Restores
Mitochondrial Activation

Furthermore, the combined treatments with placental sEVs
and BPA 10 nM could also restore the energetic status of mito-
chondria that returns to physiological levels after BPA expo-
sure (CTRL baseline, corresponding to the untreated control–
CTRL–values reported in Figs. 2 and 7A). Indeed, double
labeling with MitoTracker Red and TOM20 showed a signifi-
cant decrease inMitoTracker staining in cells exposed to BPA
plus BPA-sEVs compared with treatment with 10 nM BPA,
with the Pearson’s coefficient decreasing from 0.9 for 10 nM
BPA to 0.7 for sEVs-treated cells. This was accompanied by a
significant decrease in the MitoTracker Red/TOM20 ratio
(Fig. 7B).

Placenta-Mediated Exposure to BPAModulates Cellular
Responses to Stress and Inflammation

In addition, we investigated the functional role of regula-
tion of the redox state of astrocytes by placental sEVs by ana-
lyzing the mRNA expression of cytokines and chemokines
important for homeostasis in the CNS. Interestingly, exposure
to 10 nM BPA in the presence of sEVs isolated from placental
explants exposed to BPA significantly reduced CCL2 and IL-1b
expression compared with treatment with BPA alone, which
return to physiological levels (Fig. 8), suggesting that the
uptake observed for BPA-sEVs may be responsible for this
effect.

DISCUSSION

This study demonstrates that exposure to the endocrine
disruptor BPA, even at low doses (1 and 10 nM), which are
actually present in human blood (38), causes significant
effects on cellular metabolism and redox homeostasis in
human placenta and astrocytes, respectively.

BPA-Induced Oxidative Stress in Astrocytoma Cells

We first evaluated the direct effect of BPA exposure on the
redox status of astrocytes. We found that BPA exposure
results in a nonphysiological increase in ROS not only at the
highest concentrations, which are not compatible with cell
life in vitro, but also at the highest dose that was not cyto-
toxic, which had not been studied previously. In fact, treat-
ing the cells with NAC, a known precursor of reduced
glutathione, a molecule critical for maintaining oxidative
balance, significantly reduced BPA-induced ROS production
and restored cell viability. This suggests that the ROS
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Figure 4. Placental sEVs visualization and characterization. A: transmission electron microscopy analysis of sEVs isolated from HPE medium after 48 h
of ex vivo culture (CTRL and BPA 1 nM). Bar¼ 100 nm. B: Nanosight NS300 analysis of sEVs isolated from the HPE medium after 48 h of ex vivo culture
(CTRL and BPA 1 nM). C: representative Western blot of IRE1a, ALIX, SYNC1, PLAP, and TSG101 in sEVs isolated from HPEs after 48 h of ex vivo culture in
control and 1 nM BPA exposure conditions. D: semiquantitative analysis of SYNC1 protein levels normalized to Ponceau staining. Data are reported as
means ± SD from seven independent experiments; ��P< 0.01 (t test). ALIX, ALG-2 interacting protein; BPA, bisphenol A; HPEs, human placenta explants;
PLAP, placental alkaline phosphatase; sEVs, small extracellular vesicles; SYNC1, Syncytin-1; TSG101, tumor susceptibility gene 101.
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increase is redox-dependent. The protective effect of NAC
indicates that the observed redox imbalance is potentially
reversible, highlighting oxidative stress as a key mechanism
through which BPA exerts cellular toxicity; in fact, reducing
the amount of ROS increase cells viability. Furthermore,
exposure to 10 nMBPA resulted in increased ROS production
and a higher degree of mitochondrial activation. This could
be linked to decreased functionality of the electron transport
chain and reduced ATP production efficiency (39).

Placental Responses to BPA Exposure

In the case of placental explants, exposure to 1 nM BPA for
48 h resulted in an increase in ROS. However, the viability of
the explants remained unchanged, suggesting that BPA may
alter the cellular defensemechanisms against oxidative stress,
even at levels considered safe. Concurrently, there was an
increase in the expression of Syncytin-1, encoded by ERVW-1, a
crucial protein involved in the cell-cell fusion of cytotropho-
blasts (40, 41). On the contrary, this exposure did not alter the
sEVs production, which remained consistent in both concen-
tration and size (42). These vesicles contain a variety of pro-
teins, lipids, small amounts of DNA, and different RNA species
(e.g., mRNA andmicroRNA), includingmRNAs encoding anti-
oxidant enzymes, such as superoxide dismutase (SOD), cata-
lase, and glutathione peroxidase (43). These enzymes are

essential for neutralizing ROS and mitigating oxidative stress.
By encapsulating thesemRNAs within sEVs, the placentamay
activate protective mechanisms and deliver genetic instruc-
tions to target cells, enhancing their antioxidant defenses in
response to oxidative challenges like those induced by BPA
exposure.

sEVs-Mediated Protection Mechanisms

It is also important to note that the presence of specific
surface proteins or putative ligands that likely bind to recep-
tors on target cells, although these ligands and target cells
remain largely unidentified, is critical for the proper recogni-
tion and uptake of these vesicles. In particular, we observed
an increase in Syncytin-1 levels not only in HPEs but also on
sEVs membranes. Syncytin-1 plays a role in the uptake of
vesicles by facilitating their fusion with recipient cell mem-
branes, which are equipped with its receptor, SLC1A5, ensur-
ing that the vesicular cargo is effectively delivered to the
target cells (44).

This shows why sEVs from BPA-exposed explants (BPA-
sEVs) had a higher incorporation profile than those produced
from physiological explants (CTRL-sEVs), even though
SLC1A5 receptor levels on astrocytes did not change.

The release of sEVs containing antioxidant factors enables
intercellular communication and may contribute to the

Figure 5. Placental sEVs incorporation by U-373 MG cells. A: representative Western blot of SLC1A5 and GAPDH in U-373 MG after 24 h of culture in
control and 10 nM BPA exposure conditions. B: semiquantitative analysis of Western blot. C: representative images of CTRL-sEVs and BPA-sEVs incorpo-
ration labeled placental sEVs with PKH67 Green linker. Magnification ¼ �63. Bar ¼ 8 lm. D: relative semiquantification (mean gray value of fluores-
cence) calculated with ImageJ. Data are reported as means ± SD from three and five independent experiments, each carried out in duplicate. �P< 0.05
vs. CTRL-sEVs (t test). BPA, bisphenol A; sEVs, small extracellular vesicles; U-373 MG, human glioblastoma astrocytoma.
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cellular response to stressors by enhancing the antioxidant
capacity of cells through the transfer of protective factors.
Interestingly, our findings suggest that sEVs counteract the
harmful effects of BPA, and the increased fusion efficiency
facilitates the transfer of protective molecules to astrocytes,
helping restore redox balance and prevent mitochondrial
damage.

ROS as Signaling Molecules and Implications for
Neuroinflammation

Mitochondria are considered themajor source of intracellu-
lar ROS, which aremainly produced as a consequence of elec-
tron leak from the electron transport chain during the
oxidative phosphorylation. ROS have two opposing effects on
cells. Excessive ROS can react with vital components of the
cell, including membranes, proteins, and nucleic acids,
including the mitochondrial DNA leading to oxidative dam-
age and ultimately cell death (45). On the contrary, at physio-
logical concentrations, ROS functions as second messengers
in a variety of signaling pathways and cellular andmitochon-
drial functions. During recent years, considerable experimen-
tal evidence has emerged supporting the role of ROS as signal
molecules (43–45). At moderate concentrations, ROS actively

participate in a variety of complex biological processes
involved in normal cell growth, such as signal transduction,
control of gene expression, cell senescence, and apoptosis.
The downstream cellular targets of ROS have long been
studied, and despite considerable progress in recent years,
they have not yet been fully defined. ROS can directly regu-
late the activity of transcription factors, which depends, at
least in part, on the redox state of cells (46), including path-
ways that regulate the expression of inflammatory cyto-
kines and chemokines such as CCL2 and IL-1b. These
mediators play critical roles in both acute and chronic
inflammatory responses, and their production and activity
are closely linked to inflammatory and immunological
responses, particularly in the CNS. In astrocytes, CCL2 and
IL-1b are key factors in neuroinflammation. CCL2 is
involved in the recruitment of monocytes and other
immune cells to sites of injury or infection, and it can con-
tribute to the progression of neuroinflammatory diseases
by promoting the infiltration of peripheral immune cells
into the brain. IL-1b, a potent proinflammatory cytokine, is
produced by astrocytes in response to various stressors,
including oxidative stress, and plays a significant role in
the activation of microglia and other glial cells.

Figure 6. Effects of placenta-mediated BPA exposure on oxidative status in U-373 MG cells. A: ROS formation was evaluated by the oxidation of
H2DCF-DA to DCF on cells treated with BPA 10 nM, BPA 10 nM þ BPA-sEVs, and CTRL-sEVs as described in MATERIALS AND METHODS. B: cell viabil-
ity: cells were treated as described in MATERIALS AND METHODS. C: SOD1, GSTA, and GCLC mRNA expression after 24 h of 10 nM BPA þ BPA-sEVs
treatment and lysed sEVs. Data are reported as means ± SD from six and seven independent experiments, each carried out in duplicate; �P <
0.05; ��P < 0.01; ���P < 0.001 vs. 10 nM BPA-treated cells (BPA, 10 nM; 1-way ANOVA and Dunnett’s multiple comparisons test). BPA, bisphenol A;
H2DCF-DA, 2,7-dichlorodihydrofluorescein diacetate; ROS, reactive oxygen species; sEVs, small extracellular vesicles; U-373 MG, human glioblas-
toma astrocytoma.
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Implications for Fetal Neuroprotection and Study
Limitations

Given the central role of ROS in cellular function, it is cru-
cial to understand how exposure to BPA may disrupt these
processes, particularly during critical stages of prenatal
development, and in particular for the proper formation of
the CNS. This system is among the organs most susceptible

to this type of insult. This happens because ROS can
decrease synaptic plasticity, altering the formation of proper
neuronal signals (21, 47). Indeed, oxidative stress has been
linked in the etiopathogenesis of many diseases, such as
autism spectrum conditions and neurodevelopmental delays
(22). The increase in research in recent years on some endo-
crine disruptors, such as BPA, has revealed links between
BPA-induced oxidative stress and human disease (23). The

Figure 7. Effects of placenta-mediated exposure of BPA onmitochondrial activity and gene expression in U-373 MG cells. A: representative fluorescence
images of changes in the mitochondrial membrane potential, as assessed by MitoTracker Red (red) and anti-TOM20 (green) staining in cells subjected
to BPA 10 nM þ placenta sEVs treatment protocol. Magnification¼�63. Bar¼ 8 lm. Each photograph was representative of at least three independent
observations. B: fluorescence amount ratio between MitoTracker Red and TOM20 (green) by ImageJ JACoP tool. Data are reported as means ± SD from
seven independent experiments, each carried out in duplicate. ����P < 0.0001 vs. 10 nM BPA-treated cells (BPA, 10 nM; 1-way ANOVA and Dunnett’s
multiple comparisons test). BPA, bisphenol A; sEVs, small extracellular vesicles; U-373 MG, human glioblastoma astrocytoma.

Figure 8. Effects of 10 nM BPA þ BPA-sEVs exposure on CCL2 and IL-1b gene expression in U-373 MG cells. A and B: CCL2 and IL-1bmRNA expression
after 24 h of 10 nM BPA þ BPA-sEVs treatment. Data are reported as means ± SEM from six independent experiments, each carried out in duplicate;
�P < 0.05; ��P < 0.01 vs. 10 nM BPA-treated cells (BPA, 10 nM; 1-way ANOVA and Dunnett’s multiple comparisons test). BPA, bisphenol A; sEVs, small
extracellular vesicles; U-373 MG, human glioblastoma astrocytoma.
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novelty of this study lies in demonstrating that placental
sEVs can modulate astrocyte responses to BPA-induced oxi-
dative stress at environmentally relevant concentrations.
Despite the known toxic effects of BPA on cellular redox bal-
ance, our findings suggest that the placenta might play an
essential role in buffering oxidative stress and protecting the
developing brain, particularly through the secretion of sEVs
containing antioxidant factors. These vesicles may help in
restoring redox homeostasis in astrocytes, thus providing a
protectivemechanism for the fetus.

It is important to note, however, that although this study
focuses on fetal astrocytes, we cannot exclude the possibility
that the protective effects observed could extend to the
mother as well.

In fact, once in the circulation, these sEVs can potentially
reach the maternal CNS, cross the blood-brain barrier and
exert a significant influence on the overall neuroinflamma-
tory environment (48). This could be particularly relevant in
conditions where maternal neuroinflammation or neurode-
generation is present. Given the potential role of sEVs in cellu-
lar communication, it is plausible that the placental release of
these vesicles in response to BPA exposure could help buffer
maternal oxidative stress, ultimately aiding in the mainte-
nance of normal brain function during pregnancy.

Future Directions

Future studies must continue to explore the long-term
consequences of prenatal BPA exposure on fetal health, with
a focus on the potential for adverse outcomes related to oxi-
dative stress and inflammation.

In addition, future research should explore whether this
protective mechanism extends beyond the fetus to influence
maternal neurobiology, offering a more comprehensive
understanding of how placental-derived factors may support
the health of both themother and the developing child.

Understanding the dynamic interaction between the
placenta, fetal cells, and maternal systems is crucial for
developing effective strategies to mitigate the impact of
environmental chemicals on pregnancy outcomes and
long-term health.
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