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HIGHLIGHTS GRAPHICAL ABSTRACT

o Exposure to low-dose bisphenol A or S

during the perinatal period represents a

risk to the developing organism. EPM and OF\
e Anxiety-related behaviors are altered in

bisphenol A or S-exposed mice. {
e Serotonergic system within dorsal and

median raphe nuclei is altered in

bisphenol A or S exposed mice.
o Perinatal exposure to bisphenol A or S

affected differentially the two sexes.
e New and more stringent regulations on

the use of BPA and its analogue BPS are

needed.

ARTICLE INFO ABSTRACT

Handling Editor: A. Gies Bisphenols, synthetic organic compounds used in the production of plastics, are an extremely abundant class of
Endocrine Disrupting Chemicals, i.e., exogenous chemicals or mixtures of chemicals that can interfere with any

Keywords: aspect of hormone action. Exposure to BPs can lead to a wide range of effects, and it is especially dangerous if it

Endocrine distupting chemicals occurs during specific critical periods of life. Focusing on the perinatal exposure to BPA or its largely used

EEIS\ substitute BPS, we investigated the effects on anxiety-related behaviors and the serotonergic system, which is

Serotonin highly involved in controlling these behaviors, in adult mice. We treated C57BL/6J dams orally with a dose of 4

5.HT pg/kg body weight/day (i.e., EFSA TDI) of BPA or BPS dissolved in corn oil or with vehicle alone, at the onset of

Raphe nucleus mating and continued treatment until the offspring were weaned. Adult offspring of both sexes performed the
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elevated plus maze and the open field tests. Then, we analyzed the serotonergic system in dorsal (DR) and
median (MnR) raphe nuclei by immunohistochemical techniques. Behavioral tests highlighted alterations in BPA-
and BPS-treated mice, suggesting different effects of the bisphenols exposure on anxiety-related behavior in
males (anxiolytic) and females (anxiogenic). The analysis of the serotonergic system highlighted a sex dimor-
phism in the DR only, with control females showing higher values of serotonin immunoreactivity (5-HT-ir) than
control males. BPA-treated males displayed a significant increase of 5-HT-ir in all analyzed nuclei, whereas BPS-
treated males showed an increase in ventral DR only. In females, both bisphenols-treated groups showed a
significant increase of 5-HT-ir in dorsal DR compared to the controls, and BPA-treated females also showed a
significant increase in MnR.These results provide evidence that exposure during the early phases of life to BPA or
BPS alters anxiety and the raphe serotonergic neurons in a sex-dependent manner.

1. Introduction

Growing literature considered the Endocrine Disrupting Chemicals
(EDCs), ie., “exogenous chemicals, or mixtures of chemicals, that
interfere with any aspect of hormone action™, as substantial and costly
public health problems due to their pervasiveness and their associations
with chronic disease (Gore et al., 2015; Kahn et al., 2020).

More recently, there are growing concerns that EDCs alter brain
development, neurochemistry, and behaviors (Bakoyiannis et al., 2021).
Among EDCs, exposure to bisphenols (BPs), and in particular to
bisphenol A (BPA), seems to impact the behavioral outcome, especially
when the exposure occurs during critical periods of development, such
as the pre- or perinatal one (Bakoyiannis et al., 2021; Rebolledo-Solleiro
et al., 2021).

However, because of several health issues, the European Food Safety
Authority (EFSA), after completing a full risk assessment in 2006 (EFSA,
2006), established a tolerable daily intake (TDI) for BPA of 50 pg/kg of
body weight (BW)/day, which was reduced in 2015 from 50 to 4 pg
(EFSA, 2015). Subsequently, the European Commission has imposed
BPA removal from some consummatory goods, such as infant feeding
bottles (European Commission, 2011) and other foodstuffs (Andersson
et al., 2018). Considering BPA limitations, some substitutes have been
proposed. Thanks to its increased stability (Kuruto-Niwa et al., 2005),
one of the most commonly used replacements is bisphenol S (BPS),
which shares structural similarities and endocrine-disrupting properties
with BPA (Eladak et al., 2015; Gramec Skledar and Peterlin Masic, 2016;
Naderi and Kwong, 2020; Rochester and Bolden, 2015). In fact,
emerging evidence suggests that BPS is not a safe alternative to BPA.
Despite these findings, the health risks of BPS remain poorly investi-
gated, and no specific regulations are currently available (den
Braver-Sewradj et al., 2020; Mustieles et al., 2020; Naderi and Kwong,
2020; Thoene et al., 2020).

Anxiety consists of several reactions (somatic, cognitive, emotional,
and behavioral), which are mostly conserved among mammals, to sur-
vive or cope with threatening stimuli (Hohoff, 2009). Because correct
activation of the anxiety state is needed to react properly to specific
stimuli, anxiety enables an individual to adapt to environmental chal-
lenges (Gold, 2015; Hohoff, 2009). If anxiety responses are inappro-
priate, the ability to adapt to environmental conditions is compromised
(Gold, 2015).

There is some evidence that exposure to BPA at any time of life alters
anxiety responses in rodents (Bakoyiannis et al., 2021; Rebolledo--
Solleiro et al., 2021), producing anxiogenic or anxiolytic effects,
depending on the considered dose, period of exposure, sex, and exper-
imental model (Rebolledo-Solleiro et al., 2021). Interestingly, perinatal
exposure to BPA, which induces alteration in anxiety, has been associ-
ated with changes in hormone receptors’ levels within the brain.

In particular, BPA anxiogenic effects, seen mainly in developmen-
tally exposed females in rats (Gioiosa et al., 2013; Poimenova et al.,
2010; Zhou et al., 2015), seem to be linked to increased levels of plasma
corticosterone (Chang et al., 2016; Poimenova et al., 2010) and to
decreased estrogen receptor o (ERa) (Chang et al., 2016), estrogen re-
ceptor p (ERp), and melanocortin receptors (Patisaul et al., 2012) in
different regions of the brain.

More recent works also investigated the effects of BPS on anxiety-
related behaviors. It has been recently demonstrated that 10-week
post-lactational exposure of male mice to BPS at a dose of 100 pg/kg/
day mediated anxiogenic effects (Mornagui et al., 2019); juvenile
exposure of male mice to either BPA or BPS (dose of 1 mg/kg BW/day or
100 pg/kg BW/day) also led to an increase in the anxiety state, along
with hyperactivity of basolateral amygdala (BLA), which is strongly
involved in fear and anxiety responses (Hu et al., 2022). Interestingly,
only a few studies have investigated the effects of perinatal BPS expo-
sure in rodents. At a dose of 0.2 mg/kg BW/day in mice and 10 um/kg
BW/day or 50 mg/kg BW/day in rats, BPS exposure is associated with an
increase in anxiety-like behaviors, mainly in males (Kim et al., 2015).

The serotonergic system, within the dorsal (DR) and median (MnR)
raphe nuclei, is particularly relevant for the control of anxiety behaviors
(Ren et al., 2018; Zangrossi and Graeff, 2014). Serotonin (5-hydroxy-
tryptamine, 5-HT) is a monoamine neurotransmitter synthesized from
the amino acid tryptophan (Zhang et al., 2004). In the central nervous
system (CNS), 5-HT is produced in small clusters of cells, defined as
raphe nuclei, extending from the midbrain to the medulla oblongata and
reaching several CNS areas (Hornung, 2010). Of the nine raphe nuclei
(B1-B9), five (rostral) are in the midbrain and in the rostral pons, and
four (caudal) are in the caudal pons and medulla (Hornung, 2010). From
the rostral nuclei, especially DR and MnR, the projections reach different
forebrain structures, but from the caudal nuclei, projections are pri-
marily sent to the spinal cord (Ren et al., 2019).

Recent evidence supports the view of a dual role of 5-HT (anxiolytic
and anxiogenic) in the control of anxiety-like behaviors (Gordon and
Hen, 2004). Griebel has proposed that the dual effects, anxiolytic and
anxiogenic, of 5-HT are due to the different involvement and distribu-
tion within brain areas of 5-HT receptors (Griebel, 1995). Daekin and
Graeff proposed that 5-HT increases or decreases anxiety-related re-
sponses depending on the targeted brain areas (i.e., enhancing it in the
forebrain areas and reducing it in subcortical structures) (Deakin and
Graeff, 1991). Gray and McNaughton hypothesize that 5-HT promotes
fear response by activating the amygdala and the periaqueductal gray;
but decreases anxiety by inhibiting the hippocampus (Davidson and
Jarrard, 2004).

Notably, DR and MnR display high specialization in terms of func-
tional connectivity (Ren et al., 2018). This is in line with the theory
proposed by Deakin and Graeff, according to which two main pathways
are involved in the control of anxiety behaviors (Deakin and Graeff,
1991). The first originates in the DR, goes through the medial forebrain
bundle, and reaches the amygdala and the frontal cortex, facilitating
avoidance behaviors (Deakin and Graeff, 1991). The second starts in the
MnR and reaches the hippocampus, promoting resistance to chronic
stress (Deakin and Graeff, 1991).

As BPA has been reported to alter anxiety-related behaviors
(Bakoyiannis et al., 2021; Rebolledo-Solleiro et al., 2021), some studies
have investigated its impact on the serotonergic system. In particular, it
has been shown, in male rats, that a single intracranial injection of BPA
(0.1-10 pg/kg BW) on postnatal day 2 led to an increase in 5-HT levels in
the hippocampus, appreciable not only 5 days but also 28 days after the
injection (Matsuda et al., 2010). Another study, performed in mice,
highlighted that perinatal exposure to BPA (20 pg/kg BW/day) led to an
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increase in 5-HT in different brain areas (caudate and putamen nuclei,
dorsal raphe nucleus, thalamus, and substantia nigra) appreciable at 3,
10 and 15 postnatal weeks in both males and females (Nakamura et al.,
2010). Furthermore, female mice perinatally exposed to a low-dose BPA
(250 ng/kg/day) exhibited an increase in the 5-HT turnover in the
hippocampus (Matsuda et al., 2013). Taken together, these results sug-
gest that perinatal exposure to BPA may perturb 5-HT metabolism and
signaling also in a long-term fashion.

Considering the increasing level of exposure to both BPs due to their
persistence in the environment (D. Chen et al., 2016; Vasiljevic and
Harner, 2021; Wu et al., 2018), and the lack of data regarding BPS, in
this study, we aimed to evaluate the potential sexually dimorphic effects
on anxiety-related behaviors (tested through the Elevated Plus Maze and
the Open Field test) (Carola et al., 2002; Lezak et al., 2017) of adult male
and female mice perinatally exposed to low-dose (4 pg/kg BW/day) of
BPA or BPS. In parallel, we investigated the possible alterations of the
serotonergic system in the DR and MnR, which is known to be involved
in the control of different aspects of anxiety-related behaviors (Ren
et al., 2018; Zangrossi and Graeff, 2014) and to be targeted at least by
BPA exposure (Castro et al., 2015; Matsuda et al., 2010, 2013; Naka-
mura et al., 2010).

2. Methods
2.1. Animals

C57BL/6J mice (originally purchased from Envigo, S. Pietro al
Natisone, Udine, Italy) from our colony at the Neuroscience Institute
Cavalieri Ottolenghi were housed under standard conditions (room
temperature 22 + 2 °C; 12:12 light/dark cycle, lights on at 08:00 a.m.)
with food (standard mouse chow 4RF21, Mucedola Srl, Settimo Mila-
nese, Italy) and water ad libitum.

The animals were cared for and handled according to the European
Union Council Directive of September 22, 2010 (2010/63/UE); all the
procedures reported in the present study were approved by the Italian
Ministry of Health (407/2018-PR) and the Ethical Committee of the
University of Torino (Project n° 360384) and conforms to the ARRIVE
guidelines (Kilkenny et al., 2010).

2.2. Treatments

We performed the oral treatment with bisphenols as described in
Bonaldo et al. (2023). Briefly, we dissolved BPA (Sigma Aldrich,
239658, CAS 80-05-7) or BPS (Sigma Aldrich, 103039, CAS 80-09-1) in
corn oil (Sigma-Aldrich, C8267) and administered them daily to preg-
nant dams (n = 4/group), from mating to offspring weaning (postnatal
day 28, PND28). Bisphenol-treated dams received a daily dose of 4
pg/kg BW (i.e., EFSA TDI for BPA) of BPA or BPS. Control dams received
vehicle alone.

Weaned pups were housed in monosexual groups of 3-4 mice and
monitored weekly until adulthood (PND90), when behavioral tests were
performed.

Specifically, we obtained the following experimental groups from the
weaned pups.

- QOil-treated males (Oil M, n = 10);

- Oil-treated female (Oil F, n = 11);

- BPA-treated male (BPA M, n = 11);
- BPA-treated females (BPA F, n = 9);
- BPS-treated males (BPS M, n = 11);
- BPS-treated females (BPS F, n = 11).

All the behavioral and immunohistochemical analyses described in
the following sections were performed by blind investigators.
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Table 1
Parameters analyzed for each mouse in the EPM recorded trials.

Parameter Description

Cumulative Duration (CD)  The cumulative time (s) spent by the tester mouse in
the center, in the open arms or in the closed ones.
The number of times the tester mouse entered in the
center, in the closed or open arms. The mouse was
considered to have entered an arm if all four paws
had left the center square.

The total distance traveled (cm) by the tester mice in
the center, in each arm and in the total arena.

The time passed (s) until the mouse first entered the
open arms.

The mean velocity (cm/s) displayed by the tester
mouse during the trial.

The number of times the tester mouse scanned over
the side of the center of the platform towards the
floor.

Frequency of entrance

Distance

Latency to the first entry
in open arms
Mean velocity (v)

Protected head-dipping
The number of times the tester mouse scanned over

the side of the open arms of the platform towards the
floor.

Unprotected head-dipping

Total number of times the tester mouse scanned over
the side of the platform (center and open arms)
towards the floor.

Head-dipping

2.3. Behavioral tests

Around PND90, anxiety-related behaviors were evaluated by per-
forming the Elevated Plus Maze (EPM) test and the Open Field (OF) test
(n =10 £ 1/group) (Carola et al., 2002; Kraeuter et al., 2019; Kulesskaya
and Voikar, 2014; Lezak et al., 2017; Seibenhener and Wooten, 2015;
Walf and Frye, 2007). Females were tested in the estrus phase, assessed by
vaginal smear (McLean et al., 2012). On the day of the test, mice were
placed in the room in which the test was performed at least 2 h before
starting to allow for habituation to the room. Before starting and between
each trial, the testing apparatuses were cleaned with 70% ethanol, and
thoroughly dried to avoid exposure of mice to alcohol. The EPM is
particularly sensitive to testing conditions (Albani et al., 2015; Shoji and
Miyakawa, 2021), therefore it was the first test to be performed, followed
by the OF, after at least 1 h (Carola et al., 2002; Schmitt and Hiemke,
1998). The tests were performed in the dark, using only a 25-W red light,
which mice cannot see, to help the operator manipulate the animals
(Palanza et al., 2002). Each test was recorded with an infrared camera
placed above the apparatus in order to subsequently perform the

Table 2
Parameters analyzed for each mouse in the OF recorded trials.

Parameter Description

Cumulative Duration (CD) The cumulative time (s) spent by the tester mouse
in the center or in the border of the arena
Frequency of entrance The number of times the tester mouse entered in
center or in the border. The mouse was
considered to have entered the zone if all four
paws had overtaken the borderline between the
two.

The total distance traveled (cm) by the tester mice
in the center, in the border and in the total arena.
The time passed (s) until the mouse first entered
the center of the arena.

The mean velocity (cm/s) displayed by the tester
mouse during the trial.

The number of times the tester mouse licked or
scratched its fur, washed its face, or licked its
genitalia.

The number of times the tester mouse reared on
its hind paws in the border of the arena.

The number of times the tester mouse reared on
its hind paws in the center of the arena.

Total number of times the tester mouse reared on
its hind paws in the center or in the border of the
arena.

Distance
Latency to the first entry in
the center of arena

Mean velocity (v)

Grooming

Protected rearing
Unprotected rearing

Rearing
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behavioral analysis through the Ethovision XT Software (Noldus Infor-
mation Technology, Wageningen, The Netherlands).

2.3.1. Elevated plus maze (EPM)

The EPM test apparatus was a plus-cross-shaped platform comprising
two open arms (30 cm x 5 cm) and two closed arms (30 cm x 5cm x 15
cm walls) originating from a central platform (5 cm x 5 cm) and raised
60 cm above the floor (Longo et al., 2014). At the beginning of the
recorded session, the tester mouse was gently placed in the center of the
platform. Then it was allowed to freely explore the apparatus for 10 min.
After the recording, the parameters (Carola et al., 2002) described in
Table 1 were analyzed for the first 5 min of the test using Ethovision XT
Software (Noldus Information Technology, Wageningen, The
Netherlands).

2.3.2. Open field (OF)

OF apparatus consisted of an unfamiliar arena (45 cm x 45 cm x 38
cm walls), which was divided into a central (20 x 20 cm) and a pe-
ripheral zone (Longo et al., 2014). At the beginning of the test, the
mouse was placed in the corner of the apparatus and was allowed to
explore the arena for 10 min. After the recording, the parameters (Carola
et al., 2002) described in Table 2 were analyzed for the first 5 min of the
test using Ethovision XT Software (Noldus Information Technology,
Wageningen, The Netherlands).

2.4. Fixation and tissue sampling

Sacrifice and tissue sampling were performed as described in our
previous works (Bonaldo et al., 2020; Bonaldo et al., 2022; Bonaldo
et al., 2023). Briefly, at least ten days after performing the behavioral
tests, mice were sacrificed by deep irreversible anesthesia (Zoletil 80
mg/kg/Rompum 10 mg/kg intraperitoneally injected) and trans-
cardially perfused with 4% paraformaldehyde (PFA) solution. Females
were sacrificed in the estrus phase, assessed by vaginal smear (McLean
et al., 2012). Removed brains were post-fixed in 4% PFA and cry-
oprotected in order to be frozen and stored at —80 °C until sectioning
(Bonaldo et al., 2020, 2022).

Brains (n = 4/group) were serially cut in the coronal plane at 30 pm
thickness with a cryostat in four series, and sections were collected and
stored in a cryoprotectant solution (Watson Jr. et al., 1986). The
sectioning plane was oriented to match the drawings corresponding to
the coronal sections of the mouse brain atlas (Paxinos and Franklin,
2001).

2.5. Serotonin immunohistochemistry

The presence of serotonin (5-HT) was detected by immunohisto-
chemistry performed on free-floating sections from one series. After an
overnight wash in 0.01 M phosphate buffer (PBS) pH 7.3, the sections
were first incubated in citrate buffer (10 mM citric acid, 0.05% Tween,
pH 6.0) that was previously heated to 95 °C for antigen retrieval. Next,
the sections were washed in PBS containing 0.5% Triton X-100 for 30
min and then treated with a solution of PBS containing methanol/
hydrogen peroxide for 20 min to inhibit endogenous peroxidase activity.
Next, sections were incubated for 30 min in blocking solution containing
normal horse serum (Vector Laboratories, Burlingame, CA, USA) and
bovine serum albumin (Sigma-Aldrich, Milan, Italy) diluted in PBS and
0.5% Triton X-100. After blocking, the sections were incubated for two
nights at +4 °C with anti-5-HT antibody (Immunostar,#20079, Goat,
1:2.500) diluted in the blocking solution. Next, sections were incubated
in biotinylated horse anti-goat secondary antibody (Vector Laboratories,
Burlingame, CA, USA) diluted in PBS, pH 7.3-7.4, containing 0.2%
Triton X-100 was then employed at a dilution of 1:200 for 60 min at
room temperature. The antigen-antibody reaction was revealed after a
60 min incubation with avidin-peroxidase complex (Vectastain ABC Kit
Elite, Vector Laboratories, Burlingame, CA, USA). The peroxidase
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activity was visualized with a solution containing 0.400 mg/ml 3,3-dia-
mino-benzidine (Sigma-Aldrich, Milan, Italy) and 0.004% hydrogen
peroxide in 0.05 M Tris-HCl buffer at pH 7.6. Sections, mounted on
chromallum-coated slides and air-dried, were cleared in xylene and
coverslipped with New-Entellan mounting medium (Merck, Milano,
Italy). This antibody was successfully used in previous studies (Gar-
cia-Gonzalez et al., 2017; Yi Li et al., 2020), and its specificity was tested
by the factory (https://www.biocompare.com/9776-Antibodies/2874
940-5-HT-Serotonin-Goat-Antibody/#citations). As a further control,
we omitted the primary antiserum or the biotinylated secondary one and
replaced it with PBS. In both cases, positive cell bodies and fibers were
totally absent.

2.6. Quantitative analysis

For quantitative analysis, selected standardized sections covering the
Dorsal Raphe Nucleus (DR, Bregma —4.60 to —4.84 mm) and Median
Raphe Nucleus (MnR, Bregma —4.36 to —4.48 mm) were chosen ac-
cording to the mouse brain atlas (Paxinos and Franklin, 2001). A single
section for each nucleus was acquired with a NIKON DS-U1 digital
camera (Software of acquisition: NIS-Element AR 2.10) connected to a
NIKON Eclipse 90i microscope (Nikon Italia S. p.S., Firenze, Italy). Im-
ages were digitized by using a 20x objective for nuclei acquisition.
Digital images were processed and analyzed by ImageJ (version
2.10/1.53c; Wayne Rasband, NIH, Bethesda, MD, USA). Measurements
were performed within predetermined fields (region of interest, ROI),
boxes of fixed size and shape that are inserted inside each labeled nu-
cleus (456.706 mm? for the DR; 238.818 mm? for the MnR). The DR was
also divided into two subregions, the dorsal region (DRD, 375.348 mm?)
and the ventral region (DRV, 81.268 mm?), following the specific dis-
tribution within the nucleus of the analyzed system (Paxinos and
Franklin, 2001; Ren et al., 2018).

We evaluated the immunoreactivity of cell bodies, dendrites, and
fibers in all the selected nuclei as fractional area (FA) covered by
immunopositive material (Bonaldo et al., 2020, 2022; Viglietti-Panzica
etal., 1994). Additionally, we counted the number of 5-HT-positive cells
in the two analyzed nuclei.

2.7. Statistical analysis

Data were analyzed by two-way analysis of variance (ANOVA) (sex
and treatment used as independent variables) with SPSS 27 statistic
software (SPSS Inc., Chicago, USA). If the ANOVA was significant, the
post hoc analysis was performed using Tuckey’s HSD test. Differences
were considered statistically significant for values of p < 0.05. Data are
shown as mean + SEM (mean standard error).

3. Results

3.1. Effects of perinatal exposure to BPA or BPS on anxiety-related
behaviors

Results obtained from the analysis of the EPM and OF tests are
summarized in Table 3 and Table 4, respectively. Here we highlight the
most interesting results (Figs. 1 and 2).

3.1.1. Elevated plus maze (EPM)

The statistical analysis of the EPM highlighted some significant dif-
ferences among the groups (summarized in Table 3). First, as expected,
we observed that control males were more anxious compared to control
females, as they spent less time in the open (p = 0.003I, Fig. 1B) and
more time in the closed arms (p = 0.012, Fig. 1C), displayed an increased
latency to the first entry in open arms (p = 0.008, Fig. 1H) and lower
frequency of head-dipping behaviors (p = 0.021, Fig. 11I). Interestingly,
the treatment with both BPs seemed to disrupt these sex-driven differ-
ences (Table 3 and Fig. 1).
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Table 3
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Results obtained from the analyzed parameters within the first 5 min of the EPM test. Data are reported as Mean + SEM. Two-way ANOVA (sex and treatment used as
independent variables) revealed a significant effect for p < 0.05, highlighted in bold.

Parameter oil BPA BPS ANOVA
Males Females Males Females Males Females Fs, p
57)
Cumulative duration (s) in:
Center 44.641 + 4.819 82.66 + 7.826 69.489 + 3.63 84.891 + 8.627 52.651 + 3.252 57.28 + 6.562 6.628 <0.001
Open arms 27.883 + 4.144 68.966 + 8.602 53.626 + 8.771 39.276 + 9.299 43.54 + 5.782 41.145 + 5.620 3.760 0.005
Closed arms 226.986 +8.499  148.516 + 174.604 + 175.994 + 199.824 +8.059  199.842 + 6.390 <0.001
10.878 10.286 13.437 11.084
Frequency of entrance in:
Center 24.6 +1.31 32.727 +2.232 31.455 + 2.006 29.75 + 2.372 28 + 2.284 27.455 + 2.738 1.656 0.160
Open arms 8.9 + 0.888 15.909 + 1.786 16.909 + 2.395 12.25 + 1.287 12.636 + 1.439 15.364 + 1.835 2.973 0.019
Closed arms 14.5 £ 0.764 16.455 + 1.021 16.455 + 0.666 17.875 + 1.623 16.636 + 1.771 14.091 +1.131 1.123 0.359
Distance (cm) traveled in:
Arena 46603.921 + 45885.65 + 77262.609 + 80483.599 + 73579 + 75878.268 + 5.715 <0.001
3156.563 7783.543 2833.946 841.290 8679.094 5133.699
Center 22599.16 + 21562 + 291 36798.473 + 37800.025 + 34287.418+ 37853 + 4582 4.058 0.003
1673.799 +3815.782 1267.868 4469.577 +414
Open arms 22014.96 + 21488.58 + 36475 + 1956 38163.05 + 36293.245 + 31545.582 + 4.485 0.002
1688.617 4214.155 +229 4214.903 4337.169 2915.674
Closed arms 1989.801 + 2834.779 + 3988.336 + 4520.524 + 2999.208 + 5 6479.432 + 5.168 0.001
339.334 580.471 611.876 603.451 84.489 1086.564
Latency (s) to the firstentry ~ 22.938 + 5.370 5.790 + 1.650 3.470 £+ 1.034 7.775 + 1.947 6.152 + 1.885 15.646 + 5.217 4.923 0.001
in open arms
Mean velocity (cm/s) 4.066 + 0.257 3.690 + 0.149 4.893 + 0.233 4.893 + 0.356 4.369 + 0.257 5.242 + 0.284 5.114 0.001
Protected head-dipping 7.8 +£0.49 11.091 + 0.986 11.182 + 0.903 9.375 £+ 0.979 10.182 + 1.750 8.636 + 1.28 1.279 0.286
Unprotected head-dipping 3.5+ 1.186 10.182 + 2.296 6.546 + 1.841 6.875 +s5 2.282 3.903 + 1.221 6.364 + 1.011 1.929 0.104
Head-dipping 11.3 +£1.325 21.272 + 1.893 17.728 + 1.799 16.25 + 2.927 14.091 + 2.343 15 + 2.074 2.524 0.039

In fact, perinatal treatment with BPA in males caused a significant
decrease in time spent in closed arms (p = 0.012, Fig. 1C) together with
an increased number of entries (p = 0.023, Fig. 1G) and a reduction in
the latency to the first entry (p = 0.002, Fig. 1H) in open arms, in which
they tended to travel a greater distance (p = 0.053, Fig. 1E), compared to
control males. On the other hand, BPA treatment in females caused a
significant decrease in time spent in open arms (p = 0.048, Fig. 1B),
together with an increase in the distance traveled (p = 0.025, Fig. 1E),
compared to control females.

Table 4

Perinatal treatment with BPS in males is linked, even if not signifi-
cantly, to the increase in time spent in open arms (p = 0.471, Fig. 1B)
and to the decrease in time spent in closed arms (p = 0.667, Fig. 1C)
compared to control males. It also caused a significant decrease in the
latency to the first entry in open arms (p = 0.010, Fig. 1C), in which they
tended to travel a greater distance (p = 0.058, Fig. 1E) compared to
control males. Conversely, BPS-treated females, compared to control
females, seemed to spend less time in open arms (p = 0.086, Fig. 1B) and
displayed a significant increase in time spent in the closed arms (p =

Results obtained from the analyzed parameters within the first 5 min of the OF test. Data are reported as Mean + SEM. Two-way ANOVA (sex and treatment as in-
dependent variables) revealed a significant effect for p < 0.05, highlighted in bold. * Tendency towards significance (0.05 <p < 0.06).

Parameter 0il BPA BPS ANOVA
Males Females Males Females Males Females F s, p
57)
Cumulative duration (s) in:
Center 12.295 + 1.909 24.470 + 3.226 18.109 + 2.679 19.928 + 1.83 19.896 + 3.032 18.376 + 2.175 2.283 0.058*
Border 287.84 +1.91 275.649 + 3.226  282.928 + 2.681 280,212 + 1.831 280.235 =+ 3.033 281.758 + 2.177 2.287 0.058*
Frequency of entrance in:
Center 11.5 + 1.551 19.636 + 2.325 17 +2.183 16.778 + 2.080 18 +2.195 18.376 + 2.175 2.365 0.051%
Border 12.5 £ 1.551 20.545 + 2.302 17.909 + 2.125 17.667 + 2.021 19 + 2.195 21.273 £+ 1.556 2.387 0.049
Distance traveled (cm) in:
Arena 55078.65 + 51255.73 + 51996.06 + 49384.66 + 51413.93 + 53713.63 + 2.072 0.082
1456.051 939.741 1332.43 1625.357 1332.43 1313.416
Center 54216.45 + 49436.682 + 51144.028 + 47927.611 + 50050.982 + 52460.318 + 2.366 0.053*
1540.589 954.328 1428.175 1707.159 1488.990 1414.765
Border 862.203 + 1819.045 + 852.031 + 1457.047 + 1362.946 + 1253.307 + 4.692 0.001
178.520 207.095 143.619 145.799 182.690 155.909
Latency to the first entry in ~ 40.496 + 12.268 + 4.131 8.589 + 2.464 10.044 + 3.961 18.689 + 3.402 5.716 + 1.967 6.118 <0.001
the center (s) 10.606
Mean velocity (cm/s) 11.542 + 0.514 13.064 + 0.739 14.021 + 1.074 11.381 + 0.785 13.401 + 0.816 14.328 + 0.796 2.254 0.061
Grooming 3.3 +£0.423 2.455 + 0.718 3.818 £ 0.761 4.222 + 1.267 4.091 + 0,623 2.182 £ 0.519 1.373 0.248
Protected rearing 31.2 +2.284 33.364 + 3.619 33.363 + 2.487 27.667 + 2.609 34.273 £ 2.512 33.455 + 2.146 0.765 0.579
Unprotected rearing 3.8 +1.254 6.455 + 1.391 4.273 + 1.685 6.111 + 1.670 6.818 + 2.231 4.455 + 0.888 0.667 0.650
Rearing 35.9 + 2.834 39.819 + 3.968 37.455 + 2.774 33.778 £ 3.179 41.091 + 4.564 38.182 + 2.354 0.573 0.720
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Fig. 1. Analysis of anxiety-related behaviors of control and treated mice through Elevated Plus Maze Test. Time spent in the center (A), in open arms (B) or in closed
arms (C) by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice (right side of the graph). Total distance traveled
in the center (D), in open arms (E) or in closed arms (F) by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice
(right side of the graph). (G) Number of entries in open arms displayed by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph)
or female mice (right side of the graph) within the first 5 min of the test. (H) Latency to first entry in open arms displayed by oil- (light gray), BPA- (gray) or BPS-
(dark gray) treated male mice (left side of the graph) or female mice (right side of the graph) within the first 5 min of the test. (I) Total number of head-dipping
performed by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice (right side of the graph) within the first
5 min of the test. Data are expressed as mean + SEM. Two-way ANOVA revealed a significant effect for p < 0.05 (* = comparison between treatments; # = male

vs female).
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Fig. 2. Analysis of anxiety-related behaviors of control and treated mice through Open Field Test. Time spent in the center (A) or along the border (B) of the arena by
oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice (right side of the graph). Total distance traveled in the
center (C) or along the border (D) of the arena by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice (right side
of the graph). (E) Number of entries in the center of the arena displayed by oil- (light gray), BPA- (gray) or BPS- (dark gray) treated male mice (left side of the graph)
or female mice (right side of the graph) within the first 5 min of the test. (F) Latency to the first entry in the center of the arena displayed by oil- (light gray), BPA-
(gray) or BPS- (dark gray) treated male mice (left side of the graph) or female mice (right side of the graph) within the first 5 min of the test. Data are expressed as
mean + SEM. Two-way ANOVA revealed a significant effect for p < 0.05 (* = comparison between treatments; # = male vs female).

0.011, Fig. 1C), in which they traveled a greater distance (p = 0.006,
Fig. 1F).

Finally, both BPs disrupt the sexual differences in the frequency of
head-dipping (Fig. 1I).

3.1.2. Open field (OF)

The statistical analysis of the OF highlighted some significant dif-
ferences among the groups (summarized in Table 4). The analysis
confirmed the sex differences, which also emerged in the analysis of the
EPM, between control males and females. Males spent less time in the
center (p = 0.019, Fig. 2A) and more time along the border (p = 0.019,

Fig. 2B), in which they traveled a shorter distance (p = 0.003, Fig. 2D).
Additionally, males displayed an increased latency to the first entry in
the center (p = 0.003, Fig. 2F) and tended to enter the center less
frequently (p = 0.065, Fig. 1E) compared to females. Moreover, males
traveled, in the entire arena, significantly (p = 0.003) more distance
compared to females (Table 3). Once again, the treatment with both BPs
seemed to disrupt these sex-driven differences.

BPA-treated groups showed no significant sexual differences both in
time spent in the center (p = 0.997, Fig. 2A) nor along the border (p =
0.997, Fig. 2B) of the arena. This is related to the fact that, even if not
significantly, BPA treatment led to an increase in time spent in the center
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and a decrease in time spent along the border in males, while it caused
the opposite in females (Fig. 2A-B). Furthermore, BPA-treated males
displayed a significant decrease in latency to the first entry in the center
(p = 0.001, Fig. 2F) compared to control males.

The BPS-treated groups also showed no significant sexual differences
both in time spent in the center (p = 0.998, Fig. 2A) nor along the border
(p = 0.998, Fig. 2B) of the arena. In fact, the BPS treatment in males
caused, even if not significantly, similar alterations as the BPA treat-
ment, decreasing the time spent in the center (Fig. 2A) and increasing
that spent along the border (Fig. 2B), while doing the opposite in the
females (Fig. 2A-B). Moreover, BPS-treated males showed a significant
decrease in latency to the first entry in the center (p = 0.041, Fig. 2F)
compared to control males.

Finally, both BPs disrupt the sexual differences in frequency of en-
tries in the center of the arena (Fig. 2E).

3.2. 5-HT-ir analysis

The statistical analysis of the immunoreactivity for 5-HT (summa-
rized in Table 5) revealed that both BPs treatments affected the nuclei,
differently in the two sexes.

First, we corroborated the presence of sexual dimorphism within the
DR in oil-treated mice, in terms of FA (p = 0.001, Fig. 3E), both in the
dorsal (p = 0.050, Fig. 3F) and in the ventral regions (p = 0.004, Fig. 3G)
of the nucleus, with males showing lower FA compared to females
(Fig. 3A, upper level).

The treatment with BPA caused the highest alterations in males
within all the analyzed nuclei (Fig. 3 left side-central level; Fig. 4 central
column-upper level). We observed an increase of 5-HT-ir, both in terms
of number of cells and FA, in the DR (p = 0.001, Fig. 3B; p < 0.001,
Fig. 3E), in the DRD (p = 0.007, Fig. 3C; p < 0.001, Fig. 3F), in the DRV
(p =0.001, Fig. 3D; p < 0.001, Fig. 3G) and also in the MnR (p = 0.006,
Fig. 4B; p = 0.003, Fig. 4C) of BPA-treated males compared to the
control males. In BPA-treated females (Fig. 3 right side-central level;
Fig. 4 central column-lower level), we found a significant increase in FA
in the DRD (p = 0.009, Fig. 3F) and in the MnR (p < 0.001, Fig. 4C),
compared to control females.

In males, the perinatal treatment with BPS caused a significant in-
crease in the FA of the DR (p = 0.001, Fig. 3E), due to a significant in-
crease in the ventral component of the nucleus, appreciable both in
terms of number of cells (p = 0.031, Fig. 3D) and FA (p = 0.004,
Fig. 3G), compared to controls.

In BPS-treated females (Fig. 3 right side-lower level; Fig. 4 left
column-lower level), we found a significant increase in FA in the DRD (p
= 0.020, Fig. 3F), compared to the control females.

Table 5

Chemosphere 349 (2024) 140827

4. Discussion

Nowadays, exposure to BPs represents a matter of concern for human
health (Abraham and Chakraborty, 2020; Kahn et al., 2020; Pelch et al.,
2019), as they can be easily found in the environment (D. Chen et al.,
2016; Vasiljevic and Harner, 2021; Wu et al., 2018) and have already
been detected in different human physiological fluids (e.g., plasma,
urine) at different concentrations (Abraham and Chakraborty, 2020)
depending on the examined cohort, type of sample and detection
methods (H.-C. Chen et al., 2022). The relevance of biomonitoring
human exposure to such compounds was firmly stated by the Human
Biomonitoring for Europe (HBM4EU) project, launched in 2016 and
completed in 2022, which aimed to study the human exposure to
different chemicals (BPs included) and the possible link to adverse
health outcomes (Vaccher et al., 2022).

To date, the effects of BPs on various aspects of endocrine control,
such as reproduction (den Braver-Sewradj et al., 2020; Tomza-Marciniak
et al., 2018) or metabolism (den Braver-Sewradj et al., 2020; Rubin
et al., 2019), are widely debated, but very little is known about the
possible effects of potential effects of BPs on anxiety-like behaviors. The
results of this study highlight that exposure to both BPA and BPS during
early phases of life alters, in a sex-dependent manner, both
anxiety-related behaviors and serotonergic populations within the
Raphe nucleus, which is involved in the control of these behaviors, in
adult animals.

During the EPM test, BPA-treated males showed a significant in-
crease in the time spent in the open arms compared to the control males
and a decrease in the latency of the first entry in the open arms, which
was also displayed by BPS-treated males. Among females a significant
decrease in time spent in open arms was observed in the BPA-treated
group, together with an increase in time spent in the closed arms
among the BPS-treated females. The OF test showed that both treat-
ments disrupted the sex-dependent differences in the analyzed behav-
iors, mainly decreasing anxiety-related behaviors in males and
increasing them in females. These behavioral alterations suggest
different effects of exposure to BPs in the two sexes: anxiolytic in males
and anxiogenic in females.

Therefore, we analyzed the serotonergic system in the Raphe com-
plex, which is highly involved in the control of anxiety-related behav-
iors. We performed an immunohistochemical analysis of the 5-HT-ir,
both in terms of the number of cells and fractional area, in the DR dis-
tinguishing its dorsal (DRD) and ventral (DRV) components and in the
MnR. In control mice, we detected sexual dimorphism of the system in
the DR only, with control females showing higher values of 5-HT-ir
when compared to control males. BPA-treated males displayed a sig-
nificant increase of 5-HT-ir in all analyzed nuclei, whereas BPS-treated
males showed an increase in DRV only. In females, both BPA- and

Results obtained from the analysis of 5-HT-ir in all selected nuclei. Data are reported as Mean + SEM, both as number of positive cells and fractional area. Two-way
ANOVA revealed a significant effect for p < 0.05, highlighted in bold. DR = dorsal raphe; DRD = dorsal.

Number of serotonin positive cells

Zone Oil BPA BPS ANOVA

Males Females Males Females Males Females F (5, 18) P
DR 133.75 + 7.793 150.75 + 3.613 209.25 + 8.702 138.5 + 13.295 158.5 + 16.795 174.75 + 4.423 7.106 0.001
DRD 101.25 + 4.644 107.5 + 4.806 154 +7.223 87.5 + 11.449 111.25 + 14.585 127.75 + 7.204 6.576 0.001
DRV 32.5 + 3.663 43.25 + 2.496 55.25 + 3.544 51 + 3.189 47.25 + 2.358 47 + 2.858 6.479 0.001
MnR 27.5 £ 1.936 39 + 3.629 46.25 + 2.780 46.25 + 5.391 32.25 + 1.436 37.5 + 2.062 5.055 0.005
Fractional Area (%)
Zone 0il BPA BPS ANOVA

Males Females Males Females Males Females F (5, 18) P
DR 19.964 + 0.701 34.835 + 1.472 47.689 + 0.907 43.58 + 4.123 34.657 + 1.424 43.047 + 1.813 22.874 <0.001
DRD 7.871 + 0.569 12.881 + 0.627 20.149 £ 0.761 19.172 + 1.344 12.694 + 0.988 18.601 + 1.832 18.917 <0.001
DRV 12.094 + 0.866 21.954 + 1.214 27.540 £ 0.567 24.408 + 3.087 21.963 + 1.576 24.446 £ 0.51 11.382 <0.001
MnR 4.518 + 0.406 7.795 + 0.924 10.605 + 1.456 17.68 + 1.163 6.992 + 0.462 5.145 + 0.861 26.013 <0.001
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Fig. 3. Serotonin immunoreactivity in the DR of control and treated mice. (A) Representative image of serotonin immunoreactivity in a coronal section of DR of oil-
treated (upper level), BPA- (central level) or BPS- (lower level) treated male (left) or female (right) mice. Analysis of 5-HT-ir in total DR (as (B) number of 5-HT +
cells and (E) fractional area), in DRD (as (C) number of 5-HT + cells and (F) fractional area) and in DRV (as (D) number of 5-HT + cells and (G) fractional area). In
the histograms (B, C, D, E, F, G) the oil-treated mice are shown in light gray, BPA-treated mice are shown in gray, and BPS-ones are shown in dark gray. Male mice are
shown on the left side of the graph, while females are on the right side. Data are expressed as mean + SEM. Two-way ANOVA revealed a significant effect for p < 0.05
(* = comparison between treatments; # = male vs female). Scale bar = 100 pym. 5-HT = serotonin; ir = immunoreactivity; FA = fractional area; DR = dorsal raphe;

DRD = dorsal region of dorsal raphe; DRV = ventral region of dorsal raphe; * = cerebral aqueduct.



B. Bonaldo et al.

Chemosphere 349 (2024) 140827

BPS

MALE

=
- 3
| I :
=
=
= 5
(Lo L I
B
50
40-
E
é 304
¥ 204
=
10+
0_
R R S8 8
> ‘b@. é% > st QS%

LI
N LTS

P
b

'

e

s

Iy

To07m
15-
* %
& 10
£
5_
0_
R P N S
Mg & S &S

* Comparison between treatments # Male vs Female

Fig. 4. Serotonin immunoreactivity in the MnR of control and treated mice. (A) Representative image of serotonin immunoreactivity in a coronal section of MnR of
oil-treated (left), BPA- (center) or BPS- (right) treated male (up) or female (down) mice. Analysis of 5-HT-ir in MnR, expressed both as (B) number of 5-HT -+ cells and
(C) fractional area. In the histograms (B, C) the oil-treated mice are shown in light gray, BPA-treated mice are shown in gray, and BPS-ones are shown in dark gray.
Male mice are shown on the left side of the graph, while females are on the right side. Data are expressed as mean + SEM. Two-way ANOVA revealed a significant
effect for p < 0.05 (* = comparison between treatments). Scale bar = 100 pm. 5-HT = serotonin; ir = immunoreactivity; FA = fractional area; MnR = median raphe.

BPS-treated groups showed a significant increase of 5-HT-ir in DRD
compared to controls, and BPA-treated females also showed a significant
increase in MnR. Interestingly, both BP treatments caused alterations
within the analyzed nuclei, increasing 5-HT-ir. However, while in males,
the increase seemed to be due to a greater number of 5-HT-positive cells,
in females, the alterations were appreciable only in terms of fractional
area.

The EPM test allows evaluation of different aspects of anxiety-related
behaviors, leaning on the balance between the natural tendency of ro-
dents to avoid open or elevated spaces and their innate curiosity to
explore unknown new areas (Carola et al., 2002; Lezak et al., 2017). A
less anxious mouse will spend more time in the open arms compared to a
more anxious one (Carola et al., 2002; Lezak et al., 2017). In the OF test,
mice with lower anxiety tend to spend more time in the center of the
arena compared to the border to explore the open space (Carola et al.,
2002; Lezak et al., 2017).

Our results, at first, confirmed previous evidence of sexual dimor-
phism in anxiety-related behaviors (Cover et al., 2014; Donner and
Lowry, 2013). In fact, both the EPM and the OF test showed that control
females, in estrus, displayed less anxious behaviors, basically spending
more time in open and unprotected zones compared to control males.

10

The perinatal treatment with both BPs disrupted these sex-driven
behavioral differences. Treated males seemed to be less anxious and
more explorative compared to control males; whereas treated females
became more anxious compared to control females. These results sug-
gest an anxiolytic effect of tested BPs in males and an anxiogenic one in
females. It has already been shown that exposure to BPA during critical
periods alters anxiety-related behaviors. In particular, males exposed in
utero to low-dose BPA displayed a decrease in anxiety-related behavior
(Kundakovic et al., 2013), while some anxiogenic effects have been
shown in females exposed in utero (Kundakovic et al., 2013) or during
the pre- or postnatal periods (Gioiosa et al., 2013) to low-dose BPA. Our
data corroborated previous results, in which perinatal exposure to
low-dose BPA has anxiolytic effects in males and anxiogenic effects in
females. Interestingly, we noticed that the same effects are also medi-
ated by BPS. Until now, BPS effects on anxiety in rodents have been
poorly investigated. There is some evidence of anxiogenic effects of BPS
exposure in females (Hu et al., 2022), while available studies suggest an
increase in anxiety-related behaviors also in males (da Silva et al., 2019;
Hu et al., 2022; Kim et al., 2015; McDonough et al., 2021; Mornagui
et al., 2019). However, this discrepancy could be due to the different
timing, dose, and way of BPS administration, which are known to be
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particularly accountable for the observable effects mediated by EDCs
(Gioiosa et al., 2013).

The analysis of the serotonin system within the DR and MnR showed
some significant effects of both BPs. The development of this system is
particularly complex and includes mechanisms that specify the 5-HT
molecular identity, the structural/regional identity, and the network
wiring (Deneris and Gaspar, 2018). In mice, the primary development of
5-HT neurons starts during embryonic life (around embryonic day 9.5).
At birth, 5-HT neurons are still immature and their maturation begins
simultaneously with the initiation of 5-HT synthesis and continues to at
least the third week of life (Deneris and Gaspar, 2018). Thus, our win-
dow of exposure fully covers the development of this system.

At first, we corroborated previous results that described sexual
dimorphism in rodents’” DR (Dominguez et al., 2003; Rubinow et al.,
1998), with control females showing higher 5-HT-ir compared to control
males. Then, we demonstrated that perinatal exposure to either
low-dose BPA or BPS causes an increase in 5-HT-ir in the analyzed
nuclei, which differentially impacts the two sexes.

We observed an increase in both the number of cells and FA in all
analyzed nuclei in the BPA-treated males, while the increase was limited
to the DRV in the BPS-treated males. These results provide the frame-
work for a mechanism by which BPs exert anxiolytic effects in males. In
fact, 5-HT neurons located in the DR are particularly involved in regu-
lating the anxiety response, mainly promoting a decrease in anxiety-like
behaviors (Bocchio et al., 2016; Ren et al., 2018), as the DRD sends its
fibers to subcortical regions and the DRV sends its fibers to cortical re-
gions (Ren et al., 2018). Moreover, also the increase in the 5-HT-ir in the
MnR observed in the BPA-treated males may be responsible for the
anxiolytic effects, acting similarly to a 5-HT antagonist and thereby
activating negative feedback in presynaptic serotonergic neurons
located within the nucleus (Dominguez et al., 2003).

In both BPA- and BPS-treated females the effects were appreciable
only in terms of FA. In fact, we observed an increase in 5-HT-ir in the
DRD in both BPA- and BPS-treated females and also in the MnR of the
BPA-treated females, compared to controls. Since we did not notice any
significant alterations in terms of the number of cells, the increase in FA
seems to be mainly due to an increase in serotonergic fibers and den-
dritic branching. In the literature, the impact of sex hormones on brain
development and plasticity, particularly the structural effects on neurite
outgrowth, synaptogenesis, and dendritic branching mediated, espe-
cially in females, by estrogen and progesterone is well documented
(Barth et al., 2015; Giannini et al., 2019). It could be possible that the
opposite effect on anxiety-related behaviors of BPA and BPS in the two
sexes is linked to a differential targeting of the serotonin neurons
involving the cell bodies in males and the fibers and the dendritic
branching in the females. It has been observed that perinatal BPA
exposure can alter 5-HT metabolism and signaling: it increases 5-HT
production in the DR in both male and female rats (Nakamura et al.,
2010), and it induces a 5-HT increase in the hippocampus of female
mice, accompanied by increased fear memory (Matsuda et al., 2013).
However, the mechanisms by which BPA alters 5-HT expression have
not been resolved, but some studies suggest dysregulation of tryptophan
hydroxylase (TPH) (Castro et al., 2015; Yao et al., 2020). To date, the
effects of BPS on serotonin are not widely reported. Despite this, we
showed that BPS mediates similar effects, suggesting that it could act
similarly to BPA. Moreover, both BPA and BPS are known to act on a
wide set of hormone receptors (Delfosse et al., 2012; den Braver-Sewradj
et al., 2020; Murata and Kang, 2018; Park et al., 2020; Rochester and
Bolden, 2015), detectable in brain areas involved in the control of
anxiety-related behaviors (Landgraf, 2001; Nomura et al., 2005; Walf
and Frye, 2006). Considering this, the observed effects could be linked to
the high presence of ERf (Mitra et al., 2003; Nomura et al., 2005), which
is efficiently targeted by both BPA and BPS (X. Liu et al., 2019; Moli-
na-Molina et al., 2013; Naderi and Kwong, 2020), within Raphe nuclei
and especially the DR (Sheng et al., 2004). In fact, ERp plays a crucial
role in the regulation of anxiety-related behaviors in mice (Borrow and
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Handa, 2017; Imwalle et al., 2005). Furthermore, it is known that the
expression of ERp is sexually dimorphic (Mogi et al., 2015; Zhang et al.,
2002) and that in utero exposure to BPA could lead to region-specific
changes in the expression of genes encoding estrogen receptors within
the brain (Kawai et al., 2007; Kundakovic et al., 2013). Interestingly,
ERP gene expression decreases in the hypothalamus of female mice
exposed to low-dose BPA, but it increases in males (Kundakovic et al.,
2013). Thus, we can speculate that both BPA and BPS might cause a
decrease in the expression of ERp in female Raphe nuclei, which is
known to lead to an increase in anxiety-like behaviors (Imwalle et al.,
2005), but they might cause an increase in ERP expression in males
along with a consequent decrease in the anxiety. The potential alter-
ations of ERf expression within the Raphe nuclei could particularly
impact the serotonergic neurons, given the high co-expression (Nomura
et al., 2005). However, in the MnR, we observed some effects only in the
BPA-treated animals of both sexes but not in the BPS-treated animals.
Moreover, the effects of BPS observed in the DR occur to a lesser degree
compared to those mediated by BPA. This could be due to the fact that
BPS, even if it displays lower affinity to ERa compared to BPA, acts more
specifically on ERa, showing lesser effects on ERp (Kojima et al., 2019; Y
Li et al., 2018).

The serotonergic neurons in raphe nuclei are richly connected to
other brain regions, and in particular to several hypothalamic nuclei
(Ogawa et al., 2014). Particularly, corticotropin-releasing hormone
(CRH) neurons located in the paraventricular nucleus of the hypothal-
amus (PVN) are extremely integrated with serotonin signaling, influ-
encing stress-related responses which are fundamental in the control of
anxiety (Jgrgensen et al., 2002). The potential disruption of the stress
axis, a well-known target of BPs’ action (Michael Caudle, 2016), is
another mechanism possibly involved in the observed behavioral al-
terations. It is known that developmental stressors can cause alterations
in central stress system responses that result in long-term changes in
adaptive responses to stress (Wiersielis et al., 2020). Particularly, BPs
could act by altering the number of CRH neurons in brain regions that
regulate stress response during the perinatal period. As different
neurotransmitter systems, such as the serotonergic one, are known to be
affected by both exposure to BPs (especially BPA) and CRH signaling,
this could lead to sex-specific impairments in the stress response
(Funabashi et al., 2004; Lama et al., 2023; Wiersielis et al., 2020).

4.1. Limitations of the study

In this last paragraph, we report some limitations of our study. First
of all, we are aware that, in general, the effects observed in studies
carried out on EDCs are strictly dependent on the animal model used,
and in particular, the mouse strain, the sex, the methods and period of
exposure, and the administered dose. These parameters could be
responsible for some discrepancies in the outcomes of our work
compared to others already published in the literature.

Animals: The number of animals used to perform the study is
limited, but sufficient (Bonaldo et al., 2021, 2022, 2023; Gioiosa et al.,
2013). The number of experimental animals to be used in behavioral
studies varies and depends on different parameters such as the living
conditions (e.g., wildlife vs animal facility) or species (e.g., vertebrate vs
nonvertebrate) (Taborsky, 2010).

Period of exposure: It is known that the impact of EDCs exposure is
more dangerous if it occurs during specific “critical periods” of life (such
as the perinatal one) when organisms are particularly sensitive to hor-
monal disruption. Exposure during such critical windows of develop-
ment could lead to long-term impairments (Frye et al., 2012). We
performed a perinatal treatments of BPs and observed behavioral and
immunohistochemical changes in the adult animals. Indeed, exposure to
BPs during other periods of life could lead to different outcomes (Ji
et al., 2023).

Dose: Selecting a single dose to test represents a limit of the study.
However, the selected dose is particularly relevant. In the literature
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(Misme-Aucouturier et al., 2022; Naule et al., 2014; Sun et al., 2023;
Wang et al., 2022), there are works testing the human BPA TDI (which
may vary in different countries) in rodents, without any conversion. It is
known that rodents are less sensitive than humans, mainly because of
their metabolic rate (Demetrius, 2005). Thus, the same dose could
potentially lead to even more dangerous effects in humans. Further-
more, TDI doses tested in rodents would usually be higher than those set
for humans (Lambré et al., 2023). There are also works testing even
lower doses (Kimber et al., 2022), as the EFSA is evaluating whether to
lower the BPA TDI at 0.2 ng/kg BW/day (Lambré et al., 2023). Inter-
estingly, the HBM4EU reported human biomonitoring guidance values
that are under the current BPA TDI but are still above the recently
proposed value. Furthermore, although BPS is one of the most used BPA
substitutes, and has already been detected in environmental and human
samples (Catenza et al., 2021; J. Liu et al., 2021; Vaccher et al., 2022),
no user guidelines are available. Last, it is extremely difficult to assess
the actual environmental level of the two BPs, as these are strictly
dependent on the measurement methods, country, and type of analyzed
sample (e.g., soil, water, etc.) (Careghini et al., 2015; Corrales et al.,
2015; Czarny-Krzyminska et al., 2023; Ying and Kookana, 2005).

Performed analysis: We observed behavioral and immunohisto-
chemical changes in adult animals after performing a perinatal treat-
ment of BPs. However, we have no data on how early during
development these changes can be observed, how long they may last
throughout life, or if there may be transgenerational effects. Further-
more, we did not investigate the potential impairment of functionality or
biomolecular changes on the serotonin system, or possible alterations in
behavioral responses to chronic stress in those animals. Thus, further
studies are required to clarify these aspects of BPs exposure.

5. Conclusions

In this study, we suggest that perinatal exposure to both BPA and
BPS, even at a low dose, leads to a disruption of sexual differences in
anxiety-related behaviors, which could be partially linked to alterations
of the serotonergic system within the dorsal and median Raphe nuclei.
Moreover, our results support the idea that exposure to BPs must be
avoided, or at least limited, by new and more stringent regulations on
the use of these compounds, such as the one recently proposed by the
EFSA, which aims to reduce the TDI for BPA from 4 pg/kg BW/day to
0.2 ng/kg BW/day (Lambré et al., 2023). Finally, as the current EFSA
TDI for BPA appears not to be completely safe and the regulation of BPS
use is still not available, our results underline the need to further
regulate the use of both BPs, not only BPA, to limit or avoid health
implications.
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