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BPA is used in a wide range of consumer products with very concern toxicological properties. The European
Union has restricted its use to protect human health. Industry has substituted BPA by BPA analogues. However,
there is a lack of knowledge about their impacts. In this work, BPA and 5 BPA analogues (BPS, BPAP, BPAF, BPFL
and BPC) have been studied in classical SH-SY5Y and the alternative 3D in vitro models after 24 and 96 h of
exposure. Cell viability, percentage of ROS, cell cycle phases as well as the morphology of the spheroids were
measured. The 2D model was more sensitive than the 3D models with differences in cell viability higher than
60% after 24 h of exposure, and different mechanisms of ROS production. After chronic exposure, both models
were more affected in comparison to the 24 h exposure. After a recovery time (96 h), the spheroids exposed to
2.5-40 uM were able to recover cell viability and the morphology. Among the BPs tested, BPFL>BPAF>BPAP and
>BPC revealed higher toxicological effects, while BPS was the only one with lower effects than BPA. To conclude,

the SH-SY5Y 3D model is a suitable candidate to perform more reliable in vitro neurotoxicity tests.

1. Introduction

The 2,2-bis(4-hydroxyphenyl)propane (BPA) is a chemical com-
pound formed by two phenol rings (Barber, 2013) used in plastic and
epoxy resin production (BPA) at a rate of 7.7 million tons per year
(Czarny-Krzyminska et al., 2022). Currently, BPA is known as an
endocrine disruptor and its use has been limited by the EU from 2017
(EFSA EMA, 2023). The Ingested Toxic Dose (ITD) was set at 0.2
nanograms per kilogram of body weight per day (EFSA EMA, 2023).
Nowadays, the ITD is more restrictive than in it was in 2015 (4 micro-
grams per kilogram of body weight per day) due to its negative effects on
human health such as: neurotoxicity, immunotoxicity, metabolic disor-
der, and reproductive disorders (Ma et al., 2019).

The exposure pathways of BPA are the gastrointestinal, respiratory,
and dermal tracts through food and water, air and dust, thermal paper,
dental materials, and occupational exposure (Liu et al., 2019). BPA has
been detected in biological matrices such as serum, plasma, urine,
saliva, hair, amniotic fluid, umbilical cord blood, etc. (Liu et al., 2019;
Lv et al.,, 2016; Ma et al., 2019). Furthermore, BPA can cross the

blood-brain barrier (Sun et al., 2002) and influence the function and
behaviour of the brain (Ma et al., 2019; Sevastre-Berghian et al., 2022).
The ratio of the area under the concentration-time curve of BPA in a
rat’s brain to that in the blood was estimated to be about 3.0-3.8% (Sun
et al., 2002).

Recent studies have shown that prenatal exposure to BPA induces
neuropsychiatric deficits during childhood, such as depression and
anxiety, as well as the social and cognition dysfunction observed in
autism spectrum disorder (Miodovnik et al., 2011; Perera et al., 2016)
and learning and memory (Li et al., 2023). In addition, exposure to BPA
is associated with neurodegeneration due to oxidative stress, neural
inflammation, and synaptic dysfunction (Ni et al., 2021; Perera et al.,
2016; Pradhan et al., 2023; Rezg et al., 2014; Takahashi et al., 2018).
Recently, Pradhan et al.,, (Pradhan et al., 2023) showed that BPA
exposure in zebrafish is associated with the genesis of an aggressive
neurobehavioral response. Further, the brain’s MAO activity, oxidative
stress and chromatin condensation increased with a longer duration of
exposure (Pradhan et al., 2023). BPA exposure can also produce
cognitive deficits in mice by impairing neurite outgrowth (Bi et al.,
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2022). In relation to in vitro exposure, the exposure of cortical pyra-
midal neurons from mice to BPA (primary neuronal culturing from E15
mice) reduced the size and number of dendrites and spines; as well as the
density of excitatory synapses (Hyun et al., 2022).

Due to the negative effects provoked by BPA in humans and the
ecosystem, the EU has limited the amount of BPA in products. Currently,
more than 200 BPA analogues have been recorded in industry (Lucarini
et al., 2020). Some of the most common BPA analogues used are: BPS,
BPAP, BPAF, BPFL and BPC among others (Gonzalez et al., 2020; Thoene
et al., 2018). Despite these BPA analogues already being used in com-
mercial products, there is a lack of knowledge about their toxicity.

It has been observed in the literature that many BPA analogues
already used by industry are not only endocrine disruptors, but also have
harmful genotoxic effects by inducing breaks in DNA strands, affecting
the cell cycle, and cell proliferation, altering the expression of genes
involved in DNA damage response and repair, and causing many other
changes in cellular functions (Fic et al., 2013; Hercog et al., 2019; Ikhlas
et al., 2019; Lee et al., 2017; Sendra et al., 2023; Stampar et al., 2023).

Most of the studies about the toxicity of BPA analogues have been
performed in classical (2D) in vitro assays. This kind of classical in vitro
assay has a low expression of enzymes, xenobiotic receptors (Stampar
et al., 2021, 2019), therefore this in vitro model is not comparable with
the functioning of an organ or tissue in vivo and may result in inaccurate
and false-positive results (Gerets et al., 2012). A more relevant kind of in
vitro model; a 3D model is also being applied in toxicological studies for
this reason. 3D models, unlike 2D monolayer cell cultures, can be used
for long periods of time to study chronic effects or even in recovery
assays after chemical exposure (Bell et al., 2016; Eilenberger et al.,
2019; Pfuhler et al., 2020; Stampar et al., 2022).

The main aim of this work is to study the short-term (24 h) and long-
term (96 h) toxicity of BPA and 5 BPA analogues; as well as the recovery
status in a differentiated 3D in vitro model of human neurons (SH-SY5Y
cell line). Moreover, the results concerning the effects provoked by BPA
analogues and examined in 2D and 3D neuron models are compared in
this study.

2. Materials and methods
2.1. SH-SY5Y differentiated cell line and spheroid formation

The SH-SY5Y human neuroblastoma cell line (ATCC HTB-11) was
purchased from ATCC (CRL2266™). The cells were grown in DMEN/
F12 cell culture supplemented with FBS (10%), pen/strep (100 IU-mL™ b
and 0.2% amphotericin at 37 °C and 5% of CO,. 3D models or spheroid
formations were created by the forced flotation method (Stampar et al.,
2019). Briefly explained, the spheroids were formed with an initial cell
density of 9000 cells per spheroid with 4% Methocel® A4M in a
low-adhesion U-shaped 96-well plate. Both the spheroids and 2D cul-
tures were differentiated with retinoic acid at 5 uM for the first two days
and PMA at 80 nM for the next two days (Fig. 1A.1 and A.2). To verify
the correct differentiation to neurons, immunofluorescence labelling
was performed. That is, the cells were fixed with 4% paraformaldehyde
(PFA), blocked for 1 h in PBS with 0.1% saponin and 2% bovine serum
albumin (BSA), and then incubated overnight at 4 °C with the polyclonal
anti-beta III Tubulin antibody (a neuronal marker; ab18207; 1:500)
labelled with Alexa Fluor 488, the antibodies were diluted in a staining
buffer (0.1% saponin and 0.1% BSA in PBS). The slides were washed
twice with PBS. After washing, the samples were stained with DAPI at a
concentration of 1 pg-mL~! for nuclear localization. The samples were
mounted using ProLong Antifade reagents (Life Technologies), and
pictures were taken with a Leica LASX microscope with 5x and 10x
objective and blue (DAPI) and green (neuronal marker); and orange
excitation lasers (Fig. 1A.2).

Cell viability was studied with Propidium Iodide (PI) to verify that
both the 2D and 3D models were viable throughout the differentiation
and time of the experiment. The cells (2D), or spheroids (3D), were
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washed with PBS and then incubated for 5 min at 37 °C and in the dark
with PI at 10 ug-mL_1 in a DMEN/F12 medium without supplements.
The cells were washed with PBS and suspended (2D or 3D) in 200 pL of
non-supplemented medium, to study either by flow cytometry (2D) or
fluorescence microscopy (3D). For the flow cytometry study, the Cyto-
flex SRT flow cytometer (Beckman Coulter, Miami, FL, USA) was used.
The data were analyzed using the CytExpert Srt software (Beckman
Coulter, Miami, FL, USA). It was used to study the percentage of the
population positive for PI (non-viable cells). The excitation of the PI in
the 3D models was carried out using a 488 nm laser and the emission
detector was set at 585/42. Significant changes (p < 0.05) were
observed 8 days after culture in the 2D models, although they were not
higher than 15% of the total population. In relation to the spheroids, the
viability and area was recorded during the exposure time (8 days) and
the recovery experiments (12 days); Fig. 1B.

The viability of the spheroids was analysed using fluorescence mi-
croscopy in the Leica LASX microscope with the 5x objective and the
orange excitation laser. A z-stack of 20 plans was created for image
analysis of both the area of viable and non-viable cells. The pictures
were analysed using ImageJ Software. The spheroids did not show sig-
nificant differences in the non-viable cells with respect to the total
number of spheroids during the entire experiment. However, this area
increased significantly (p < 0.05) after the recovery assays (although
this area was lower than 1%). In relation to the analysis of the area, a
decrease was revealed at day 2 due to a closer and more compact
interaction between the cells that formed it. In both the 2D and 3D
models, n = 6 was used to study cell viability.

2.2. Toxicological assays with 2D and 3D SH-SY5Y cell lines

2.2.1. Experimental conditions

The tests were carried out in two types of in vitro models; 2D and 3D,
in order to observe the differences between both models. The 2D assays
were run in flat-bottomed 96-well plates with an initial cell density of
30,000 cells per well, while the 3D assay was performed in U-bottomed
96-well plates in which the initial cell density was of 9000 cells per
spheroid and well. All the exposure tests were subjected to two periods
of time, one of 24 h (short-term) and the other of 96 h (long-term) to
observe acute and chronic effects in vitro. The bisphenols used in the
exposure assays were: Bisphenol A (4,4-(propano-2,2-diil) diphenol;
BPA; 80-05-7), Bisphenol S (4,4-Sulfonildiphenol; BPS; 80-09-1),
Bisphenol AP (4,4-(1-feniletiliden) bisfenol; BPAP; 1571-75-1),
Bisphenol AF (4,4- (Hexafluoroisopropiliden) diphenol; BPAF;
1478-61-1), Bisphenol FL (9,9-Bis (4-hidroxifenil) fluorene; BPFL;
3236-71-3) y Bisphenol C (4,4-(2,2-dicloroetane-1,1-diil) diphenol;
BPC; 14868-03-2). The concentrations used of the BPs increased from
2.5 to 160 uM (2.5, 5, 10, 40, 80 and 160) and the control samples
contained DMSO solvent control (employing the same percentage used
in the highest concentration of the study). During the exposure experi-
ments the culture media with the chemical compounds were replaced
every 48 h.

The recovery assays were performed only in the 3D model over 96 h
after the exposure time to study the recovery of spheroid viability and
area. In the recovery assays the culture media without BPs were replaced
every 48 h.

2.2.2. Cytotoxic effects of the bisphenols determined by the MTT assay

A standardised protocol was followed to carry out this assay. The
protocol is as follows, MTT is added at a concentration of 5 mg-mL~! to
each sample and incubated in the dark at 37 °C and 5% CO- for 2 h. The
medium is removed after this incubation and 100 pL of DMSO is added
to each well. In the case of the 3D models, the spheroids were moved to
96 flat-bottomed well plates before MTT incubation. The spheroids must
disaggregate after incubation. A control of solvent with DMSO and a
positive control with 17 uM of etoposide were recorded in parallel in
each plate. Absorbance was measured at 570 nm using a multireader
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Fig. 1. 2D and 3D SH-SY5Y in vitro models over differentiation, BPs exposure and recovery assays. In the Panel A is observed 2D and 3D models under differentiation
with retinoic acid and PMA, as well as immunochemistry images with anti-beta III Tubulin antibody (neuronal marker; green) and DAPI (nuclear marker; blue). In the
Panel B is showed the cell viability in 2D model by flow cytometry and 3D model by microscopy; as well as planimetry study.
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(Tecan; SPARK®). The MTT assays were performed during the exposure
and recovery assays, n = 4 independent experiments. Data were repre-
sented as a percentage of cell viability with respect to the DMSO
controls.

2.2.3. Surface area of the spheroids

The area of spheroids was studied after the exposure (24 and 96 h)
and the recovery experiments. Ten spheroids from 3 independent ex-
periments were photographed using a Leica LASX microscope at 5x
objective. The program used to carry out this analysis was ImageJ,
where the change in area was compared as a percentage of change with
respect to the controls.

2.2.4. Reactive Oxygen Species (ROS) analysis

ROS analyses were performed for the 2D and 3D models at 24 and
96 h for the 6 BPs at 2.5, 10, 40, 80 and 160 pM, as well as for the control
of DMSO and etoposide at 17 uM as the positive control. For the ROS
analysis, the 2D and 3D models were incubated with DCFH-DA at 20 uM
for 30 min. After this time, the 2D and 3D cultures were washed with
PBS and re-suspended in 200 pL of DMEN/F12 without supplementation
to analyse the percentage of ROS by flow cytometry; CytoFlex SRT;
(488 nm excitation laser; 520 nm emission detector) with respect to the
total population for the 2D experiments and fluorescence microscopy
(488/525; ex/em) for the 3D ones. For 3D, the mean fluorescence of the
spheroid area was studied using ImageJ software and represented as the
percentage change in fluorescence from the mean fluorescence of the
solvent controls. A n = 4 was employed in the different experiments for
this study.

2.2.5. Cell cycle analysis

The study of the cell cycle was studied in the 2D and 3D models at 24
and 96 h at a concentration of 1 pM. This concentration was used
because 2.5 uM triggered significant decrease in the endpoints previ-
ously mentioned for the BPs tested with n = 3 (in each n:8 spheroids
were collected per replicate) for each respective bisphenol. For the 2D
assays, the samples were collected and centrifuged at 100 g for 5 min.
For both in vitro models, the cells were washed with PBS, and fixed with
4% PFA for 20 min. After fixing the cells, they were washed with PBS
and re-suspended in it. In the case of the 3D models, the spheroids were
collected, centrifuged and disintegrated using a collagenase:trypleE so-
lution in a 1:2 ratio. Once disintegrated, they were fixed using the same
procedure used for the 2D assays.

For nuclear staining, the cells were stained with DAPI at a concen-
tration of 1 ug-mL ™! for 10 min in a solution of 0.1% tritonX-100 in PBS
to permeabilise the cells. The cells were centrifuged and re-suspended in
200 pL of PBS for subsequent analysis by flow cytometry after staining.
The violet laser was used to excite the DAPI and the detector 450/45 in
the flow cytometer. The percentages of G0/G1, S and G2 were studied in
the cell population identified and percentages of cells in G1, S, and G2/
M phases were analyzed using CytoFlex SRT software. For this study was
employed a n = 3 in different experiments.

2.2.6. Statistical analysis

Data analysis was carried out using the Sigmaplot 11 program. The
statistical difference between treatments and controls was evaluated by
means of an ANOVA statistical analysis with Dunnett and Tukey’s post-
Hoc, according to the endpoint studied (asterisks (*) mean p < 0.05).
The comparison between the two models, 2D and 3D, was carried out
using a t-test to analyse any significant differences between them
(p < 0.05 is represented with #).
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3. Results

3.1. The effects of BPA and its analogues on the viability of the 2D and
3D in vitro models

The cell viability of the 2D and 3D models of the SH-SY5Y cell line
was analysed using the MTT assay after exposure to the selected BPs for
24 and 96 h; Fig. 2A.

In relation to the acute toxicity tests (Fig. 2A), the results showed a
significant, dose-dependent decrease in the 2D model at both 24 and
96 h. The cell viability showed a significant decrease in the cultures
exposed to BPAP, BPAF and BPFL from the concentration of 5pM
(p < 0.05). At 24 h of exposure in the 2D models, only BPA produced
significant changes; 74.43 + 1.72%; for the highest concentration
(p < 0.05). In the 2D models exposed to BPS, viability slowly decreased
to values of approximately 75% from 10 to 160 pM (p < 0.05). In
relation to the cells exposed to BPAP, BPAF and BPFL, viability was
reduced to values of 24.25 4 2.59, 17.8 = 0.64 and 17.47 4+ 0.88%
160 pM, respectively (p < 0.05). Only at low and intermediate con-
centrations (2.5, 5 and 10 pM) were significant decreases evident during
exposure to BPC, reaching values of 65.66 + 12.32% (p < 0.05).

In relation to the 3D models, for the acute tests (24 h), BPA, BPAF
and BPFL increased the viability of the spheroid, showing a significant
increase (p < 0.05) with values of 121.96 + 7.59, 122.49 + 4.97 and
134.53 + 21.67% at concentrations of 40 pM for BPA and BPFL and
160 pM for BPAF respectively. The spheroids exposed to BPS and BPC
did not show significant changes for any of the concentrations tested at
24 h (p > 0.05). However, there were differences from concentration 5
to 80 puM for BPAP, reaching values of between 70-80% compared to the
control (p < 0.05). When the two models (2D vs 3D) were compared
after 24 h of exposure, significant differences were observed between
them (p < 0.05). It was confirmed that the spheroids tended to increase
their viability compared to the control, while the monolayer culture
decreased its viability significantly when exposed to the BPs selected.

In relation to the chronic toxicity test (96 h); Fig. 2A. The 2D
models presented significant differences between the treatments and
controls. The treatments that indicate, the highest sensitivity were
BPFL>BPAF>BPAP>BPC with values that reached 5% of viability for
the highest concentrations (p < 0.05). When the viability of the 3D
models was studied under 96 h of exposure, a significant decrease was
observed between the controls and the spheroids exposed to BPs
(p < 0.05). Treatments (BPFL>BPAF>BPAP<BPC) were found to cause
a drop in cell viability below 30%. In the case of exposure to BPA and
BPS, values of 51.60 + 17.85% of cell viability were found for the
highest concentration of BPA (p < 0.05); while the exposure to BPS did
not indicate any significant changes (p > 0.05). The comparison be-
tween both models (2D vs 3D) at 96 h showed significant differences for
BPAP, BPAF, BPFL and BPC exposure, showing a difference greater than
20-30% between the 2D and 3D models for BPA, BPAP, BPAF, BPFL and
BPC.

In relation to the 3D model recovery tests (Fig. 2B), after 96 h
without BPs, a significant increase in cell viability respect to chronic
exposure test was observed. A total recovery was found for the spheroids
that had been exposed to BPA. Spheroids recovering from BPC showed
an increase in cell viability higher than 35% respect to 96 h of BPs
exposure. Furthermore, the recovery rate for cell viability after exposure
to BPAP, BPAF and BPFL was more than 20%.

3.2. The effects of BPA and its analogues on the surface area of the SH-
SY5Y spheroids

The area of the spheroids was studied at 24 and 96 h after exposure
to the BPs; Figs. 3A and 4A.

In the spheroids exposed to BPs after 24 h in the acute tests, a sig-
nificant increase in the area of the spheroids exposed to BPAP and BPC
was only found at the highest concentration (p < 0.05); while the
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Fig. 2. Percentage of cell viability over the BPs exposure time for 2D and 3D models (panel A) and over recovery assays for 3D models (Panel B). Positive control was
etoposide at 17 uM. Differences between controls and concentrations of BPs (p < 0.05) was analysed by ANOVA with a Dunnett post-hoc (represented with *).
Differences between each in vitro model was study by T-student test (represented with #).

spheroids exposed to BPFL showed a significant decrease in their area
when they were exposed to 5-160 uM (p < 0.05).

Regarding the chronic tests (96 h), BPS was the only treatment that
did not show any significant differences in the area with respect to the
control (p > 0.05). The spheroids exposed to BPA showed a significant
decrease in the area with a reduction in the area of 56.37 + 22.68 and
35.3 + 18.3% for 80 and 160 uM respectively. The spheroids exposed to
BPAP decreased significantly in area for concentrations of 2.5 and
160 uM with values of 68.96 + 13.76 and 52.76 + 11.03% (p < 0.05).
Differences were observed for the concentrations of 2.5, 5, 10, 80 and
160 pM, the first three was around 70% and the other two around 50%
and 15% compared to the controls (p < 0.05), for the spheroids exposed
to BPAF for 96 h. Regarding the BPFL treatment, a clear decrease in area
was irrefutably observed, the 80 and 160 pM concentrations showed
values of 12.41 + 5.83 and 34.45 + 34.14% (p < 0.05). The spheroids
treated with BPC significantly decreased (p < 0.05) at 2.5, 5, 10, 80 and
160 pM to values lower than 70% with respect to the controls.

With regard to the recovery tests, only the spheroids exposed to BPA
and BPC were able to recover part of their areas in relation to those of
the controls. However, the spheroids which were exposed to BPAP,
BPAF and BPFL for 96 h totally disintegrated at the highest concentra-
tion while those exposed to BPFL totally disintegrated at 80 and 160 uM;
Figs. 3B and 4B. Although the spheroids disintegrated at the highest
concentration, the other concentrations showed a recovery in relation to
the chronic exposure test (p < 0.05). Furthermore, the spheroids

exposed to BPAP (2.5 uM) and BPAF (2.5 and 5 uM) showed a significant
increase in their area in comparison to the controls (p < 0.05).

3.3. The effects of BPA and its analogues on the percentage of ROS in the
2D and 3D in vitro models

The percentage of ROS was studied in the 2D and 3D SH-SY5Y
models after 24 and 96 h of exposure to concentrations of 2.5, 10, 40,
80 and 160 pM; of the BPs. Fig. 5.

After the acute toxicity tests (24 h of exposure to BPs), significant
increases (p < 0.05) were observed in the 2D models in relation to the
3D models exposed to BPS (160 uM), BPAP (10, 40 and 80 pM), BPAF
(40 and 80 pM), BPFL (2.5, 10 and 40 pM) and BPC (2.5, 10, 40, 80 and
160 pM). During the first 24 h of exposure to the BPs for the 2D models,
the data showed significantly high values of ROS compared to the
controls. Only the monolayer cultures exposed to BPA showed a signif-
icant decrease of 62.6 + 7.7 and 63.7 + 9.6% at concentrations of 80
and 160 uM compared to the control (p < 0.05). BPS produced a sig-
nificant increase in ROS at 160 pM with a value of 147.08 + 27.05%
compared to the control (p < 0.05). Regarding BPAP, a significant in-
crease was noted in the 2D model (p < 0.05) at concentrations of 10, 40
and 80 pM, whose values were 371.93 + 103.96, 211.54 + 48.95 and
424.4 £+ 89.16%, respectively. The highest concentration (160 pM) led
to a significant decrease to a value of 38.83 + 6.24% (p < 0.05). The 2D
models exposed to BPAF showed an increase in ROS at concentrations of
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Fig. 3. Percentage of changing area of spheroids respect to controls over BPs exposure (Panel A) and recovery assays (Panel B). Positive control was etoposide at
17 pM. Differences between controls and concentrations of BPs (p < 0.05) was analysed by ANOVA with a Dunnett post-hoc (represented with *).

40 and 80 pM with values of 155.81 + 2.87 and 180.29 + 30.89%
respectively, followed by a decrease to the value of 46.07 + 0.09% for
the concentration of 160 pM. Exposure to BPFL followed the same
pattern at 2.5, 10 and 40 pM, whose ROS values were 216.97 + 72.07,
212.77 £ 61.99 and 220.60 + 36.02%, respectively, while at higher
concentrations, 80 and 160 pM, the values decreased significantly to
values of 31.83 + 10.43 and 29.33 + 11.71% (p < 0.05). Finally, the 2D
models exposed to BPC showed values significantly higher than the
control from 200-300% at all the concentrations tested (p < 0.05).

In the 3D models exposed to BPs over 24 h the trend was different in
relation to the 2D models. The spheroids exposed to BPA showed a
decrease in ROS of around 50.75 + 28.17 and 25.83 + 14.49% for the
concentrations of 80 and 160 pM (p < 0.05). The BPS analogue pro-
duced a significant decrease in concentrations at 40, 80 and 160 pM
corresponding to values of 45.82 + 35.42, 49.06 + 28.5 and 30.63
+ 5.48% respectively (p < 0.05). Regarding BPAP in the 3D model, all
the concentrations showed significant decreases of less than 50%, the
values were 41.82 + 32.76 (2.5 uM), 15.88 + 14.32 (10 uM), 30.73
+8.21 (40 pM), 17.72 + 2.78 (80 pM) and 19.58 + 4.58% (160 pM)
(p < 0.05). Exposure to BPFL in the 3D model produced a significant

decrease of 36.43 + 21.28% at 2.5 pM, while at 80 and 160 pM it pro-
duced significant increases of around 135% in ROS levels. Finally, the
3D models exposed to BPC showed a significant decrease in all the
spheroids exposed to the entire range of concentrations tested with ROS
values of around 20-30% compared to the controls (p < 0.05).

Regarding the comparison of both in vitro models (2D and 3D),
significant differences were found between the models in the acute
toxicity tests (p < 0.05). The spheroids exposed to BPs tended to
decrease in ROS levels, while the 2D model demonstrated significant
increases in ROS levels (p < 0.05).

After the chronic toxicity tests (96 h of exposure to BPs) the trend
of the 2D models changed in comparison to the 24 h of exposure to the
BPs; Fig. 5. Significant differences (p < 0.05) in the ROS percentage
were observed after all the exposure to BPs tests. In the 2D models
treated with BPA, the same trend as the 24 h exposure was maintained;
that is, there were significant differences at 80 and 160 pM with values
of 44.62 + 9.82 and 13.78 + 3.00% (p < 0.05). In the case of BPS there
were no significant differences in the 2D model for any of the concen-
trations studied. Exposure to BPAP presented an increase in ROS with
values of 144.81 + 20.46% at 40 pM, while, at higher concentrations,
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Etoposide
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Fig. 4. Microscopy images of spheroids exposed to BPs tested at different concentration over experimental time (96 h of exposure; Panel A) and recovery assays (96 h
without BPs exposure; Panel B). Scale 100 pm.
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Fig. 5. Percentage of ROS over the BPs exposure time for 2D and 3D models (24 and 96 h, panel A and B respectively). Positive control was etoposide at 17 uM.
Differences between controls and concentrations of BPs (p < 0.05) was analysed by ANOVA with a Dunnett post-hoc (represented with *). Differences between each

in vitro model was study by T-student test (represented with #).

the cells showed a significant decrease in ROS with values of 19.09
+ 11.71 and 9.79 =+ 3.03% for 80 and 160 pM, respectively (p < 0.05).
BPAF exposure in the 2D models showed a decreasing pattern from the
concentration of 10 pM at which it presented values from 114.09
+ 3.95% down to 10.55 + 1.85% for 160 pM (p < 0.05). The cultures
exposed to BPFL showed significant differences at 2.5, 40, 80 and
160 pM with values of 77.87 + 11.33, 23.89 + 10.82, 9.59 + 7.46 and
3.69 + 1.32% respectively (p < 0.05). Finally, the cells exposed to BPC
were the most sensitive when this response was studied, since all the
concentrations had significant differences with respect to the controls
(p < 0.05). The most pronounced decrease began from the concentra-
tion of 40 pM with values of 71.93 + 7.06% decreasing to 58.23 + 5.69
and 6.87 + 3.71% at the lowest ones (p < 0.05).

In relation to the 3D models, the spheroids exposed to BPA showed a
significant decrease with values of 40.42 + 19.29 and 33.11 + 14.82%
at 80 and 160 pM, respectively (p < 0.05). In the case of the exposure to

BPS, the only noteworthy 3D model was that of 2.5 and 80 pM with
values of 172.92 + 11.6 and 36.19 + 10.37%, respectively (p < 0.05).
In relation to the spheroids exposed to 40, 80 and 160 pM of BPAP,
significant differences were observed with values less than 50%
compared to the controls (p < 0.05). For the spheroids exposed to BPAF,
there was a significant decrease at 80 and 160 pM, whose values were
23.24 +17.85 and 8.22 + 4.03% respectively (p < 0.05). While the
spheroids exposed to BPFL still showed a significant increase in ROS
from 2.5 to 40 pM with values higher than 140% (p < 0.05); they later
decreased to 2.55 + 2.13% and 0.49 + 0.04 at 80 and 160 pM respec-
tively (p < 0.05). Finally, for the spheroids exposed to BPC, the ROS
started to decrease significant from 10-160 uM with values from 68.72
+ 9.84% to 4.45 + 3.37% (p < 0.05).

When comparing both in vitro models (2D and 3D) at 96 h, it was
observed that there were significant differences especially in the models
treated with BPS, BPAP and BPFL and BPC (p < 0.05).
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Fig. 6. Percentage of cell cycle phases over the BPs (1 pM) exposure time for 2D and 3D models after 24 and 96 h of exposure. Differences between controls and
concentrations of BPs (p < 0.05) was analysed by ANOVA with a Dunnett post-hoc (represented with *for phase GO/G1, $ for Phase S and # for phase G2).
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3.4. The effects of BPA and its analogues on the cell cycle phases in the
2D and 3D in vitro models

The effect on the cell cycle phases due to exposure to BPs (1 pM) over
24 and 96 h is shown in Fig. 6.

After the acute toxicity test (24 h) in the 2D model, only the cells
treated with BPAF showed significant differences in the GO/G1 and S
phases, whose values are 86.57 + 1.01 and 3.72 + 1.13% respectively
compared to the control [63.29 + 12.66% (G0/G1 phase) and 11.13
+ 2.70% (S phase)]; p < 0.05). For the 3D model, the exposure showed
significant decreases (p < 0.05) in the synthesis phase for all the samples
with respect to the controls. The values correspond to 9.67 + 0.83% for
BPA, 9.42 + 2.14% for BPS, 8.19 + 1.94% for BPAP, 9.35 + 0.46% for
BPAF, 9.67 + 0.46% for BPFL and 9.29 + 0.92% for BPC compared to
the control whose value is 13.13 + 0.66% (p < 0.05).

In relation to the chronic toxicity test (96 h), for the 2D model, both
BPA and BPS did not demonstrate significant differences and maintained
similar values to the control. The spheroids treated with BPAP had
values of 60.74 + 0.97 and 28.37 + 1.2% compared to the controls that
were 70.5+3.49 and 15.42 +5.34% in phases GO/Gl and G2
(p < 0.05), respectively. All the phases were significant for the exposure
to BPAF, with values of 57.87 + 2.36% in the GO/G1 phase, 7.91
+ 0.53% for S and 33.37 £ 2.71% for G2. These values showed a sig-
nificant reduction compared to the controls with values of 70.50 + 3.49,
14.02 + 3.43 and 15.42 + 5.34% for GO/1 and G2 phases respectively;
p < 0.05). Finally, exposure to BPFL and the BPC resulted in significant
differences in the synthesis phase with values of 7.95 + 0.03 and 5.6
+ 1.92% respectively with respect to the control values of 14.02
+ 3.43% (p < 0.05).

Regarding chronic exposure (96 h) in the 3D model, all the samples
showed significant differences in the synthesis phase (p < 0.05);
although these differences were also observed in the GO/G1l phase
during exposure to BPS, BPAP and BPAF (p < 0.05). In the case of the
spheroids exposed to BPA, BPFL and PCB, the values obtained were 9.19
+1.61, 7.27 + 2.17 and 6.36 + 0.27 compared to the control values
with 12.87 + 1.47% in the S phase (p < 0.05). On the other hand, the
exposure to BPS, BPAP and BPAF had values of 76.68 + 2.82, 76.42
+ 1.84 and 75.03 + 2.96% in the GO/G1 phase and 7.78 + 1.18, 7.07
+ 1.92 and 6.22 + 1.37% in the synthesis phase compared to the con-
trols with values of 64.42 + 3.25% in the GO/G1 phase and 12.87
+ 1.47% in the S phase.

4. Discussion

Despite the increasing concern about the effects of BPA analogues on
human health, there are products on the market labelled “BPA free”,
nowadays. This label sends a misleading message to the consumers, as it
suggests that the product could safe or that BPA analogues are safer
alternatives to products with a classical BPA formulation.

Some data have revealed the undesirable effects of BPA analogues. In
vivo results have demonstrated that some BPA analogues such as BPAF;
BPF and BPS are more toxic than BPA for some model organisms used in
toxicology [35-40], for example Caenorhabditis elegans (Xiao et al.,
2019; Zhou, 2018); and rodents and even humans (Castro et al., 2015;
Eladak et al., 2015; LaPlante et al., 2017). However, the adverse effects
of BPA and the BPA analogues depend on the system (reproductive
toxicity, immunotoxicity and metabolic disorders), the endpoints
measured and the taxa studied (McDonough et al., 2021). In relation to
in vitro literature, the cytotoxicity and genotoxicity of BPA analogues
have been revealed in different cell lines such as hepatocytes; HepG2
(Fic et al., 2013; Hercog et al., 2019; Ozyurt et al., 2022; Sendra et al.,
2023; Stampar et al., 2023); stem cells (Harnett et al., 2021); human
breast adenocarcinoma cells; MCF-7 (Russo et al., 2019), human cervical
epithelial cancer cells; HeLa (Russo et al., 2019) and human breast
cancer cells; MDA-kb2 (Ma et al., 2019). Most of the works in vivo and in
vitro in the literature have studied the effects of 2 or 3 analogues in
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comparison to BPA. Therefore, broader studies about BPA analogues and
the link between the toxicity/action mechanisms and chemical structure
constitute a gap in the knowledge available nowadays. The most studied
BPA analogues are BPS, BPF and BPAF, as they are the most common
found in the environment (Chen et al., 2016; Liu et al., 2021). However,
the sensitivity of chemical analysis and the range of toxicity is not the
same for all BPs. Previous studies have revealed that there is a range of
BPA analogues that are more toxic than BPA or the other classic BPA
analogues studied (Bai et al., 2023; Sendra et al., 2023; Stampar et al.,
2023), where a low dose of BPAF and BPFL showed higher genotoxicity
and cytotoxicity, respectively, in relation to BPA (Sendra et al., 2023).
According to the previous results, the findings of the present work are in
line with the previous findings, as the SH-SY5Y cell line showed higher
sensitivity to BPFL, BPAF, BPAP and BPC; while BPA and BPS showed
the lowest effects or even no-changes with respect to the controls.

Although, some studies have hypothesized that the effects of BPA
analogues could be related to the chemical structure (Bai et al., 2023;
Gyimah et al., 2022), the results were not clearly evident in the case of
BPS. BPS and BPAF are found in the same group as BPs with an
unsubstituted phenol ring with a different functional group at the carbon
bridge (Ziihlke et al., 2020). However, when these two BPA analogues
were compared among the other BPA analogues, they are in a different
order of toxicity. BPS is found among the less toxic BPA analogues in
vivo (Chen et al., 2002; Qiu et al., 2021); and in vitro (Harnett et al.,
2021; Hercog et al., 2019; Sendra et al., 2023; Stampar et al., 2023)
while BPAF is catalogued among the BPs with higher cytotoxic and
genotoxic effects (Chen et al., 2016; Harnett et al., 2021; Sendra et al.,
2023).

Adipose tissue has been identified as a significant site for the accu-
mulation of BPA due to its unique ability to store and slowly release
hormones and other chemicals over time (Akash et al., 2023). The log
Kow of the BPA analogues wused in this study were
BPFL= 6.08 >BPAP= 4.86 >BPC= 4.74 > BPAF= 4.47 > BPA=3.32 -
>BPS= 1.65. As has been demonstrated previously, higher lipophilicity
may induce more severe toxic effects (Bai et al., 2023). Although the
main site for the bioaccumulation of BPs is the adipose tissue, it is
believed that BPA enters this tissue from the circulatory system (Akash
et al., 2023). Therefore, it, and others, could be translocated to immune
cells and different organs such as the brain (Chen et al., 2017). Previous
findings have suggested that exposure to BPA increases the risk of Alz-
heimer disease with an increase of APP and the p-tau protein directly
related to the abnormal insulin-IR-IRS1 signalling pathway (Wang et al.,
2017). In relation to the log Kow values, the present study revealed that
BPs with a log Kow > 4 such as BPFL, BPC, BPAP and BPAF can induce
more sensitivity in SH-SY5Y than BPs with a log Kow < 4, such as BPA
and BPS. Although, clearly the BPs with a log Kow > 4 showed higher
sensitivity, the increases in the log Kow were not always correlated with
the sensitivity of the endpoint studied.

The human neuroblastoma cell line; SH-SY5Y, when used in toxi-
cology studies, is a target cell line to study the effects and toxicological
mechanisms due to its inherent advantages such as autophagy mecha-
nisms, cell death (apoptosis, pyroptosis, or necrosis), oxidative stress,
mitochondrial dysfunction, disruption of neurotransmitter homeostasis,
and alteration of neuritic length (Lopez-Suarez et al., 2022). Some
studies have revealed the sensitivity of the SH-SY5Y cell line to exposure
to BPA analogues. In the work of Svajger et al. (Svajger et al., 2016) it
was observed that BPF and BPAF affected the formation of dendritic
cells. In the work of Nowicki et al. (Nowicki et al., 2016), the BPA up-
take, as well as an increase in dopamine transporter levels, effects in
tyrosine and insuline routes Tingwei Wang et al. (Wang et al., 2017),
GPER-mediated oestrogen signalling (Thesis, 2020), as well as in protein
related to immune response (Xiong et al., 2017), neurotoxicity (Ayazgok
and Tiylii Kiiclikkiling, 2019) were demonstrated and mitochondrial
pathways involving ROS (Wang et al., 2021) were also revealed in this
cell line exposed to BPA, BPS, BPB. The limited knowledge available
concerning the toxicity of different BPA analogues in relation to the
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SH-SY5Y cell line was the main purpose for undertaking this work.

However, it is important to bear in mind the limitations of the
classical 2D models. The SH-SY5Y cell line derives from a tumour and
therefore contains genetic peculiarities that can, potentially, alter the
expected response of the cells. Additionally, cell lines do not make it
possible to mimic microenvironment perturbations or to test integrative
processes (Lopez-Suarez et al., 2022). Furthermore, the nervous system
is a highly complex structure with multiple functions such as energy
metabolism, calcium homeostasis, electrical activity, synaptogenesis
and interactions between neurons. Some authors have improved the 2D
models through the differentiation of SH-SY5Y cells in which the mito-
chondrial function (respiration) appears to be increased (Schneider
et al., 2011) and the excitability of the cells, as well as glutamate syn-
thesis are also increased (Heusinkveld and Westerink, 2017; Jantas
et al., 2008).

Three-dimensional (3D) models of human-derived cells have
recently been extensively used to study disease mechanisms and screen
drugs (Duval et al., 2017). Compared to the 2D cultures, these models
contain mechanical structural cues and the extracellular microenviron-
ment that mimics physiological conditions (Baker and Chen, 2012). In
the case of the SH-SYS5Y cell line it has been revealed that the tran-
scriptome of differentiate neurons in a matrigel-based 3D construct
differed significantly from the differenced monolayer culture (Li et al.,
2022). The mains categories of the KEGG routes that were enriched
were: cellular community, membrane transport, replication and repair,
neurodegenerative disease, energy metabolism and the nervous system.
Furthermore, Gene Set Enrichment Analysis (GSEA) revealed: the
enrichment of dopaminergic neuron differentiation, dopaminergic syn-
aptic transmission, extracellular matrix receptor interaction and
neuroactive ligand-receptor interaction (Li et al., 2022). Due to these
differences between both models; almost 80% of the 2D model results
are false positive, when the 2D model is compared to in vivo experi-
ments (Berrouet et al., 2020). Therefore, the improved 3D human
models are more relevant with regards to in vivo conditions and could be
considered as a practical alternative (Fowler et al., 2012; Gerets et al.,
2012; Saleh et al., 2011). The differences in the sensitivity of both
models (2D and 3D) were revealed in the present study. The 2D model
showed higher sensitivity than the 3D model for the BPs studied in the
cell viability assays. Currently, not many studies compare the sensitivity
of both in vitro models in the literature (Berrouet et al., 2020; Serras
etal., 2021). In the Serras et al. (Serras et al., 2021) review the literature
available comparing the sensitivity of different 2D and 3D liver models
exposed to paracetamol, diclofenac and troglitazone was assessed. When
the IC50 of some endpoints were compared for both models, the review
demonstrated that the cell line tested, the growth conditions of the
culture and the conditions of the exposure conditioned the IC50 values.
The explanation from Berrouet et al. (Berrouet et al., 2020) about the
differences in IC50 between the 2D and 3D models in a drug screening
were connected to: drug diffusivity, drug action mechanisms, and cell
proliferation capabilities. These properties are cues to determine the
toxicity dose and could be used to establish limitations in regulatory
programmes.

In the present study, the 2D in vitro model showed higher sensitivity
than the 3D model in: both exposure times, responses such as cell
viability, percentage in area change, percentage of ROS and different
phases of the cell cycle. Further, different strategies to respond to the
exposure to BPs was observed as there was an increase in ROS in the 2D
model and a decrease in ROS in the 3D model at the same concentrations
and sampling times. The BPs tested elicited a chronic effect in the
endpoints measured. Both in vitro models demonstrated a higher
sensitivity after 96 h of exposure, greater in the 3D models, when the
results for 24 h were compared with those of 96 h. In the study by
Sendra et al., (Sendra et al., 2023) human hepatocyte spheroids also
evidenced greater effects during 96 h of exposure in relation to those
after 24 h. Despite, both studies [25, and the present study] using the
same BPA analogues, concentrations and exposure time, analysing the
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sensitivity of the cell line revealed the higher sensitivity of SH-SY5Y with
respect to the HepG2 cell line. Chronic assays are needed to elucidate the
effects provoked, as there is a daily and permanent exposure to BPA and
BPA analogues in consumer products, both indoors and outdoors (Chen
et al., 2016).

The recovery assays have provided useful information about the
resilience or sensitivity of SH-SY5Y spheroids in terms of recovering
their viability and the morphology. In relation to cell viability, the re-
covery time was needed to counteract the previous exposure to the BPs
(except for BPFL where the cell viability was lower, and for BPS no
significant effects were found), where more than 20% of cell viability
was recovered with regard to the chronic assays (96 h). Although cell
viability was recovered in most cases, the spheroids could not maintain
their morphology. In this way the 3D model could lose the representa-
tiveness of spheroids as an organ or tissue, while the 2D cells maintain a
proliferative capacity. The spheroids exposed to BPA and BPC were able
to recover their area and shape for all the concentrations tested in
relation to chronic exposure. This could be indicative of a partial or total
recovery if the exposure to these BPs ceased. On the other hand, the
recovery of the area only occurred for doses from 2.5-40 uM for BPs
such as BPFL, BPAP and BPAF. However, at higher doses the structure
was lost. This means, that mechanisms such as replication and prolif-
eration were recovered, while the mechanisms responsible for main-
taining the morphology of the spheroids could be negatively affected by
previous chronic exposure. Some results have demonstrated that pro-
teins related to cell junctions and the extracellular matrix are also known
to be involved in the control of cell proliferation and these two related
mechanisms are complex (Zaidan Dagli and Hernandez-Blazquez,
2007). However, this relation was not observed under chronic expo-
sure for some of the BPs.

Exposure to these BPs not only provoked cytotoxicity but also gen-
otoxicity, which was studied by analysing the cell cycle. Significant
changes were observed at 1 pM, such as was observed in the HepG2
spheroids for this endpoint and different genotoxic responses were
recorded (Sendra et al., 2023). In the work by Senyildiz et al. (Senyildiz
et al., 2017), DNA methylation and global levels of H3K9me3, H3K9ac
and H3K4me3 histone modifications were observed at 10 uM of BPA for
96 h. In addition, alterations to the regulation of chromatin modifying
genes were also observed and these may be used as bioindicators of the
genotoxicity of BPs (Senyildiz et al., 2017).

5. Conclusions

The toxic effects of BPA and the BPA analogues (BPS, BPAP, BPAF,
BPFL and BPC) in neuroblastoma cell line have been revealed in this
work. The BPs tested, except for BPS, do not represent safer alternatives
to the classic BPA. Among the BPA analogues tested; BPFL, BPAF, BPAP
and BPC were actually shown to be more toxic than BPS and BPA. This
study has demonstrated that these BPA analogues triggered a higher
toxicity response after a chronic exposure in comparison to an acute
exposure. These results are relevant because a low dose of BPA ana-
logues maintained over time could provoke irreversible effects.
Although chronic exposure provoked unwanted effects, after a recovery
time of 96 h the spheroids were able to recover their cell viability and
morphology except for the spheroids previously exposed to the highest
concentration of BPFL, BPAF and BPAP for 96 h.

2D and 3D SH-SY5Y models were compared to evaluate the potential
of 3D cell culture as an alternative in vitro model to test neuro-
toxicological chemical compounds. The dimensionality of the 3D models
provides functions mimicking the in vivo model. The performance of the
3D SH-SY5Y model in this work could be applied in environmental
toxicity testing as an alternative to non-representative 2D models.
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