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Bisphenol A (BPA) is one of the most widely used and versatile chemical compounds in polymer additives and
epoxy resins for manufacturing a range of products for human applications. It is known as endocrine disruptor,
however, there is growing evidence that it is genotoxic. Because of its adverse effects, the European Union has
restricted its use to protect human health and the environment. As a result, the industry has begun developing
BPA analogues, but there are not yet sufficient toxicity data to claim that they are safe. We investigated the
adverse toxic effects of BPA and its analogues (BPS, BPAP, BPAF, BPFL, and BPC) with emphasis on their
cytotoxic and genotoxic activities after short (24-h) and prolonged (96-h) exposure in in vitro hepatic three-
dimensional cell model developed from HepG2 cells. The results showed that BPFL and BPC (formed by an
additional ring system) were the most cytotoxic analogues that affected cell viability, spheroid surface area and
morphology, cell proliferation, and apoptotic cell death. BPA, BPAP, and BPAF induced DNA double-strand break
formation (yH2AX assay), whereas BPAF and BPC increased the percentage of p-H3-positive cells, indicating
their aneugenic activity. All BPs induced DNA single-strand break formation (comet assay), with BPAP (>0.1 uM)
being the most effective and BPA and BPC the least effective (>1 pM) under conditions applied. The results
indicate that not all of the analogues studied are safer alternatives to BPA and thus more in-depth research is
urgently needed to adequately evaluate the risks of BPA analogues and assess their safety for humans.

1. Introduction widespread use of BPA and its leaching from consumer products has
resulted in its ubiquity in the environment. This leads to chronic expo-

In recent decades, there has been a significant increase in the number sure through diet (food and water) and other means (inhalation, ab-

of chemical additives used in industry to improve the physical and
chemical properties of products for human use (Thomas, 2016).
Bisphenols (BPs) are synthetic chemicals used in a wide range of in-
dustrial applications for the manufacture of epoxy resins, polycarbonate
plastics, and other polymers used to manufacture a wide range of daily
products, including media, construction, optics, automotive, electrical
and electronics, medical, food packaging, housewares and appliances,
interior surface coatings, metal beverage cans, dental sealants, and
thermal paper products (Ballesteros-Gomez et al.,, 2014). The

sorption), which is of great concern as many studies report that BPA
causes adverse effects on human health and the environment (Masoner
etal., 2014; Kawagoshi et al., 2003; Coors et al., 2003). It is known as an
endocrine-disrupting chemical (EDC) (Cantonwine et al., 2013; Wis-
niewski et al., 2015; Zhou et al., 2017), and an increasing number of
studies have reported its genotoxic properties (Usman and Ahmad,
2016; Pradesh et al., 2018; Seachrist et al., 2016). It can cause repro-
ductive, metabolic (metabolic dysfunctions, diabetes, obesity), immu-
nological, cardiovascular, renal, respiratory, and tumour problems
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(Rezg et al., 2014; Rochester, 2013; Sendra et al., 2020; Vandenberg
et al.,, 2012) and impairs cognitive and behavioural development
(Galloway et al., 2018), which has raised questions about its safety. Due
to its hazardous characteristics, the use of BPA has been restricted in the
European Union in order to protect the environment and human health
(Lucarini et al., 2020).

In 2012 and 2013, the U.S. Food and Drug Administration (FDA)
revised its regulations to ban the use of BPA-containing polycarbonate
resins in baby bottles and cups and the use of BPA-containing epoxy
resins as coatings in the packaging of infant formula, respectively (FDA,
2014). Further on, in 2017 the European Chemical Agency (ECHA)
included BPA to the Candidate List of Substances of Very High Concern
(SVHC), and the authorities have been encouraging the replacement of
BPA with presumably safer analogues. In the same year, the European
Food Safety Authority (EFSA) proposed a provisional daily intake limit
for BPA of 4 g/Kg body weight per day (EFSA, 2015), and in 2018, the
EU Regulation (No. 2018/213) lowered the limit for migration of BPA
from food packaging materials into food from 0.6 mg-Kg™' to 0.05
mg-Kg ™. Moreover, the migration of BPA into any baby food or infant
formula has been prohibited (Commission, 2018). Since 2018, the EU
requires that products containing BPA are classified and labelled as toxic
for reproduction (den Braver-Sewradj et al., 2020). In addition, the use
of BPA in the thermal paper is restricted from 2020 by EU Regulation
2016/2235 and REACH (Registration, Evaluation, Authorization, and
Restriction of Chemicals) (https://echa.europa.eu/).

All of these restrictions on the use of BPA in consumer products due
to its harmful effects have prompted the industry to develop more than
200 BPA analogues, presumably as safer alternatives, and global in-
dustrial production of BPA analogues is expected to increase even
further in the near future (Lucarini et al., 2020; den Braver-Sewradj
et al., 2020; Pelch et al., 2019; Russo et al., 2019). The widespread
use of these products has inevitably led to contamination of outdoor and
indoor environments and food, which in turn affects human health. To
date, most BPA analogues have not been regulated or included in
legislation (Lucarini et al., 2020), even though many of them already
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appear to be harmful to humans. In the last two decades, much attention
has been paid in particular to the toxicity of BPA, while few data are
available on BPA analogues, although they are threatening to become
one of the most important environmental pollutants (Liu et al., 2021), at
concentrations sometimes higher than BPA (Pelch et al., 2019). Never-
theless, the presence and internal exposure risks of BPA analogues in the
general population remain poorly understood (Pelch et al., 2019; Jin
et al., 2018; Chen et al., 2016). BPA analogues can be divided into two
main groups: unsubstituted (e.g., BPAP, BPE, BPF, and BPB) and
substituted phenol rings (e.g., BPC and BPPH). In the group of unsub-
stituted phenol rings, the analogues are classified as methyl or ethyl
groups at carbon bridge, ring system at carbon bridge, or other func-
tional groups at carbon bridge. The group of substituted phenol rings is
divided into methyl groups as substituents and ring systems as sub-
stituents (Ziihlke et al., 2020) (Table 1).

Bisphenol-S [4,4'-sulfonyldiphenol (BPS)] as one of the first sub-
stitutes for BPA is commonly used in canned foodstuffs, epoxy glues,
food cartons, thermal receipt papers, luggage tags, flyers, newspapers
etc. (Liao et al., 2012). Literature data suggest that it may act as an EDC
similar to BPA and therefore also needs to be subjected to the restrictions
on BPA at REACH (EU, 2006). ECHA is currently reviewing BPS for its
endocrine-disrupting properties (ECHA, 2020), however, it is still
approved for use in food contact materials under Regulation No 10/
2011. Bisphenol-AP [4,4’-(1-phenylethylidene)bisphenol (BPAP)] and
bisphenol-FL. [9,9-bis(4-hydroxyphenyl)fluorene (BPFL)] are widely
used for the synthesis of polyester polymers such as epoxy resins, pol-
ycarbonates, polyesters, polyurethanes, polyethers, and polyacrylates
(Liuetal., 2008; Dai et al., 2009), especially as indispensable plasticizers
and flame retardants (Zhang et al., 2013). Although BPAP is a poorly
studied BPA analogue, it has been confirmed as an EDC (Xiao et al.,
2018). Bisphenol-AF [4,4'-(hexafluoroisopropylidene)diphenol (BPAF)]
is widely used in the industry as O-rings, seals, and gaskets due to its
thermal stability, chemical resistance, and resistance to compression set
(Choi and Lee, 2017). ECHA has included BPAF in the list of substances
of concern because data show that it is toxic for reproduction (ECHA,

Table 1
Physical and chemical characteristics of BPA and its analogues (BPS, BPAF, BPAP, BPFL and BPC) selected in this work.
Classification Functional Name  Abbreviation  Synonym CAS N° Chemical structure Formula MW
according to groups at (g-mol™ 1)
phenol ring carbon bridge
Unsubstituted Methyl or ethyl ~ BPA Bisphenol A 2,2-bis(4-hydroxyphenyl) 080-05-7 HaC CHs C15H1602 228.29
phenol ring groups at propane
carbon bridge O O
HO OH
Other BPS Bisphenol S 4,4'-Sulfonyldiphenol 080-09-1 o C12H1004S 250.27
functional HO@§QOH
groups at the (e]
carbon bridge BPAF Bisphenol AF 4,4- 1478-61- F4sC CF3 C15H10F602 336.23
(hexafluoroisopropylidene) 1
diphenol O O
HO OH
Ring system at BPAP Bisphenol AP 4,4'-(1-Phenylethylidene) 1571-75- OH CH3C(C6H5) 290.36
carbon bridge bisphenol 1 I (C6H40H)2
HO CHj;
BPFL Bisphenol FL 9,9-Bis(4-hydroxyphenyl) C25H1802 350.41

fluorene

Substituted
phenol ring

Methyl groups BPC Bisphenol C
as substituents cresol

4,4'-Isopropylidenedi-o-

O

79-97-0 HsC CHj, (CH3)2C

HsC CHs [C6H3(CH3)
e, o
HO OH

256.34
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2019). Bisphenol C [4,4'-isopropylidenedi-o-cresol (BPC)] is one of the
most versatile BPs used in a wide variety of products and articles such as
furniture, flooring, curtains, paper products, construction materials,
toys, textiles, electronic devices, and food packaging and storage.
Currently, BPC is being evaluated by ECHA under the Community
Rolling Action Plan (CoRAP) for suspected reproductive toxicity and
potential endocrine-disrupting properties (ECHA, 2021).

Although a growing number of studies show that many BPA ana-
logues already used by industry are not only endocrine disruptors, but
also have harmful genotoxic effects by inducing DNA strand breaks,
affecting 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 (Liao et al., 2012; Ikhlas et al., 2019;
Kim et al., 2017; Shen et al., 2014; Fic et al., 2013; Hercog et al., 2019).

Here, we aimed to investigate the adverse toxic effects of BPA and its
analogues, namely BPS, BPAP, BPAF, BPFL and BPC, with emphasis on
their genotoxic activities due to ECHA recommendations and to unravel
the underlying mechanisms of action. The analogues were selected
based on their occurrence in foodstuffs (Caballero-Casero et al., 2016;
Liao and Kannan, 2013), production volume (ECHA, 2021), occurrence
in human samples (Chen et al., 2018) and structural diversity of their
chemical formula. BPA and its analogues are known to be metabolised in
organisms (Pritchett et al., 2002; Gramec Skledar and Peterlin Masic,
2016; Stampar et al., 2020), therefore, in the present study we used an
experimental model with metabolically competent human hepatocellu-
lar carcinoma (HepGz2) cells to investigate the adverse effects of BPA and
its analogues. Cells were grown in a three-dimensional (3D) shape called
spheroids, as 3D cell models have recently been shown to better reflect in
vivo conditions than traditional 2D cell models. Important advantages of
culturing cells in 3D form include enhanced cell-cell and cell-matrix
interactions and higher expression of liver-specific functions such as
urea synthesis, albumin content, and expression of phase I and II en-
zymes, resulting in a more physiologically relevant model for human
exposure (Stampar et al., 2022; Stampar et al., 2019; Conway et al.,
2020).

In recent years, hepatic 3D cell models have been increasingly used
as in vitro preclinical test systems due to their improved metabolic,
structural, and physiological properties compared with traditional in
vitro two-dimensional (2D) cell models (Conway et al., 2020; Elje et al.,
2019; Elje et al., 2020; Llewellyn et al., 2020; Mandon et al., 2019;
Pfuhler et al., 2020; Shah et al., 2020; Shah, 2018; Stampar et al., 2020;
Bell et al., 2016). Such 3D cell models, unlike monolayer cultures, can be
grown undisturbed for longer periods of time, and allow for prolonged
exposure due to their greater stability, maintaining high cell viability
and morphology for up to several weeks, making them a suitable model
for chronic repeated dose studies (Bell et al., 2016; Bokhari et al., 2007;
Eilenberger et al., 2019; Hughes, 2008; Shah et al., 2020; Stampar et al.,
2020; Wrzesinski and Fey, 2015; Pfuhler et al., 2020). In our study, 3D
models (spheroids) were exposed to BPs in the form of single compounds
for 24 and 96-hours The effects of BPs and its analogues on spheroid
growth was monitored with planimetry by light microscopy, while the
cytotoxic effects were assessed by the MTS assay. Furthermore, a flow
cytometric approach for simultaneous detection of specific lesions was
used for investigating the cell cycle (Hoechst staining), cell proliferation
(KI67 antibodies), mitotic cells (p-H3) and DNA double-strand breaks
(YH2AX antibodies). In addition, flow cytometric analyses were applied
for determination of spheroid cell death (necrosis/apoptosis) by staining
with the PI/ Annexin-V. The induction of DNA single strand breaks was
detected with the comet assay.

2. Materials and methods
2.1. Chemicals

A list of all reagents and chemicals is given in detail in the Supple-
mentary Information (SI, Section SI-2).
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2.2. Cell culture and formation of 3D spheroids

A human hepatocellular carcinoma cell line (HepG2) was purchased
from the cell bank (ATCC-HB-8065™). The cells were grown in MEME
media supplemented with FBS (10 %), NEAA, Na-pyruvate (0.1 g/mL),
pen/strep (100 IU/mL), and r-glutamine (2 mM) at 37 °C in 5 % CO
atmosphere. For the spheroid formation, the forced floating method
explained in Stampar et al. (2019) was used. The spheroids with an
initial density of 3.000 cells/spheroid were seeded onto 96-well plates
and were grown for 3 days.

2.3. Treatment conditions

After 3 days of culture, the growth media was removed and the
spheroids were exposed to the following bisphenols: BPA, BPS, BPAP,
BPAF, BPFL and BPC as single compounds (BPs; Table 1) for 24-h and
96-h. For the 96-h exposure, the media was replaced after 48 h with
fresh media containing the same concentration of BPs. In all experi-
ments, solvent and appropriate positive controls (PC) were included.

2.4. Cytotoxic effects of bisphenols determined by MTS assay

The impact of the following BPs: BPA, BPS, BPAP, BPAF, BPFL and
BPC on cell viability in spheroids after 24 and 96-hour exposure was
determined by the tetrazolium-based assay (MTS). The spheroids were
treated with 5, 10, 20, 40, 80 and 160 uM of BPs for 24-h and 2.5, 5, 10,
20, 40 and 80 pM of BPs for 96-h. The absorbance at 490 nm was
measured using the spectrofluorimeter (Synergy MX, BioTek, USA).
Etoposide (17 uM) served as a positive control (PC). Three independent
biological replicates were performed and each time five spheroids per
experimental point were measured. The difference between solvent
control and treated groups was analysed by the One-way ANOVA with
the post hoc multiple comparisons Dunnetts test using Sigma Plot soft-
ware [p < 0.05 (*), p < 0.001 (**), p < 0.0001 (***) were considered
statistically significant].

2.5. The measurements of surface area, shape and compactness of
spheroids

The surface area (mmz) and micrographs of at least 10 spheroids in
each experiment performed in three independent biological replicates
were recorded from day 3 - immediately before BPs treatment, and after
24- and 96- h of post-treatment. Micrographs were captured by the Ti
Eclipse inverted microscope (Nikon, Japan) at 10x magnification
equipped with a Nikon camera. For the evaluation of micrographs and
planimetry, the ImageJ software was used. The graphical and statistical
analysis was done with Sigma Plot software through a One-way ANOVA
test with a Dunnett post hoc [p < 0.05 (*), p < 0.001 (**), p < 0.0001
(***) were considered statistically significant].

2.6. Flow cytometry analysis

2.6.1. Determination of spheroid cell death

Detection of cell death (apoptosis/ necrosis) induced by BPs was
performed by flow cytometry as previously described by Lah at al. (Lah
et al., 2021) with minor modifications. Subsequently, five spheroids per
experimental point were collected, pooled and split by a combination of
enzymatic digestion (5 mg/mL collagenase in MEME without supple-
ments diluted with TryplE in the ratio 1:2) and mechanical degradation
into a viable single-cell suspension as previously described by Stampar
et al. (Stampar et al., 2020) with minor modification. Afterwards, the
spheroids were disassembled into a single cell suspension by using 200
uL cut pipette tips. Subsequently, the cell viability was estimated by
Trypan Blue (0.4 %) staining. Spheroids were treated with BPs for 24-h
(0.1, 1, 10 and 40 uM) and 96-h (0.01, 0.1, 1 and 10 pM). Early/late
apoptosis was determined by staining the cells with 1 mg/ml Annexin-V-



M. Sendra et al.

FITC and 1 g/ml PI (propidium iodide) solution for 15 min at room
temperature in the dark. The measurements were done using a flow
cytometer MACSQuant Analyzer 10 (Miltenyi Biotech, Germany) and
the results were analysed by the FlowJo software V10 (New Jersey USA).
In all experiments, solvent and positive controls were included. Staur-
osporine (2 uM) was used as a PC. The graphical and statistical analysis
was done by One-way ANOVA with the post hoc multiple comparisons
Dunnetts test with Sigma Plot software [p < 0.05 (¥), p < 0.001 (**),p <
0.0001 (***) were considered statistically significant].

2.6.2. Concurrent measurement of the cell proliferation, cell cycle, gamma-
H2AX and histone-H3 positive cells by flow cytometry

After 24 and 96-h exposure to BPs, 30 spheroids were collected,
pooled and split into the single-cell suspension as described above
(Section Determination of DNA damage induced by BPs - Comet assay).
Cells were then washed with 1x PBS and fixed with 4 % para-
formaldehyde for 15 min at room temperature, followed by washing
with PBS and permeabilization with 0.1 % Triton X-100. Fixed cells were
washed and centrifuged at 1300 rpm for 10 min in cold PBS and labelled
with anti-Ki-67-FITC, anti-H2AX pS139-APC, and anti-Histone H3 pS28-
PE (1:50 diluted antibodies in 1 % BSA) for 30 min at room temperature,
subsequently washed with 1x PBS and stained with Hoechst 33,258 dye
(1:500 dilution in 0.1 % Triton X-100) for 20 min at room temperature
as described by Hercog et al. (Hercog et al., 2019) and Stampar et al.
(Stampar et al., 2022). FITC fluorescence signal was detected in the B1
channel (525/50 nm), Hoechst fluorescence signal was detected in the
V1 channel (450/50 nm), APC fluorescence signal was detected in the
R1 channel (655/73 nm) and PE fluorescence signal was detected in the
B2 channel (585/40 nm). Rea-FITC, Rea-APC and Rea-H3 controls
(Miltenyi Biotec, Germany) were used to avoid the non-specific antibody
binding. Etoposide (1.7 pM) and Colchicine (0.1 pM) served as PC. The
experiments were conducted in three biological replicates, where
20.000 single cells were recorded per experimental point. The data were
analysed using the FlowJo software V10 (New Jersey USA) and graph-
ically presented in the Sigma Plot. The statistical analysis of the fre-
quency distributions of cells in the cell cycle (the percentage of cells in
the GO/G1, S, and G2 phase) was performed by the multinomial logistic
regression, and additional post estimation tests in Stata 15 (StataCorp
LLC, USA). The statistical analysis of Ki67 and mitotic cells (H3 positive
cells) was performed with the Sigma Plot program by the one-way
ANOVA with Dunnett’s multiple comparison test [*p < 0.05 was
considered statistically significant], while the difference of H2AX posi-
tive cells among treated and control groups was tested using exported.
csv values in the R software with the Mixed Effects Models (nlme)
package by REML as described in Ramaiahgari et al. (Ramaiahgari et al.,
2014), [*p < 0.05 was considered statistically significant].

2.7. Determination of DNA damage induced by BPs — Comet assay

Three-day-old spheroids were exposed to BPs for 24-h (1, 10 and 40
uM), and 96-h (0.1, 1 and 10 uM). Subsequently, five spheroids were
collected, split into single-cell suspension (Stampar et al., 2020) as
described above (Subsection 2.6.1 Determination of spheroid cell
death), pelleted, and washed with 1 x PBS. The comet assay was per-
formed on single-cell suspension according to Stampar et al. (Stampar
et al., 2020), as described in MIRCA guidelines (Mgller et al., 2020).
Briefly, 30 pL of cell suspension was mixed with 70 pL of 1 % LMP
agarose and added to the fully frosted slides that had been covered with
a layer of 1 % NMP agarose. The slides were lysed (0.1 M EDTA, 2.5 M
NaOH, pH 10, 0.01 M Tris and 1 % Triton X-100) for 1 h at 4 °C, un-
wound and electrophoresed (300 mM NaOH, 1 mM EDTA, pH 13) for 20
min at 25 V and 300 mA (0.5-1 V/cm). The slides were then neutralized
(0.4 M Tris buffer; pH 7.5) for 15 min and the gels were stained with
Gelred (Biotium, Fremont CA). Etoposide (17 pM) was used as a PC. The
slides were evaluated with the fluorescence microscope (Eclipse 800,
Nikon, Japan) equipped with a Basler camera and the comets were
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analysed by Comet IV image analysis software from Perceptive In-
struments (UK). Fifty randomly selected nuclei were analysed per
experimental point, and experiments were repeated in three indepen-
dent replicates. The results are presented as % of tail DNA. Statistical
analysis was conducted with Sigma Plot software by two-way ANOVA
post hoc multiple comparisons Dunnetts test [p < 0.05 (*), p < 0.001
(**), p < 0.0001 (***) were considered statistically significant].

3. Results

3.1. The impact of BPA and its analogues on the viability of HepG2 cells
in spheroids

The impact of BPA and its analogues (Table 1) on the viability of
HepG2 cells in 3-day-old spheroids after subsequent 24 and 96-h expo-
sure was determined with the MTS assay (Fig. 1). The results showed
that studied BPs did not affect cell viability at concentrations applied (up
to 160 and 80 pM, respectively), with the exception of BPFL and BPC.
Spheroids exposed to BPFL at 160 uM for 24-h and 80 pM for 96-h
showed a significant decrease in metabolic activity of approximately
38 % and 35 %, respectively, compared to solvent control (0.251 %
DMSO). The analogue BPC significantly reduced cell viability at 80 pM
after 96-h exposure for approximately 35 %, compared to solvent con-
trol (0.063 % DMSO). The positive control etoposide (17 uM) reduced
the metabolic activity of HepG2 cells by approximately 29 % and 35 %
after 24 and 96- h, respectively, compared to solvent control.

3.2. The impact of BPA and its analogues on the average surface area,
shape and compactness of spheroids.

The surface area of 3-day old spheroids was monitored at three
different time points: at time 0 (3-day old), which was immediately
before the exposure to BPs and after subsequent 24 and 96-h exposure to
six studied BPs at 2.5, 5, 10, 20, 40, 80 and 160 uM (Fig. 2 and Table S1).
The results revealed no significant changes in the average surface area
after 24-h exposure to BPs compared to the average surface area of
solvent control. After 96-h of exposure, a slight however non-significant
dose-dependent decrease in the average surface area was detected for
BPA, BPS, BPAP and BPAF, while for BPFL and BPC, a significant 1.61-
and 1.35-fold decrease, respectively, in the average surface area in
comparison to solvent control was determined at 160 pyM (Fig. 2A).
Additionally, light microscopy analysis showed changes in the round-
ness, size, shape and compactness of the spheroids after 96-h of exposure
to BPs compared to solvent control (Fig. 2B). BPA and BPS induced
changes at 160 uM, while for BPAP, BPFL, BPAF and BPC, changes were
observed > 40 uM. Positive control etoposide (17 pM) significantly
reduced the average spheroid surface area by 9.51 % in comparison to
solvent control after 96-h of exposure.

3.3. The influence of BPA and its analogues on HepG2 cell death and
apoptosis

The influence of BPs on HepG2 cell death trough apoptotic pathways
was studied by analysing the percentage of early and late apoptotic cells,
viable cells and necrotic cells using flow cytometry (Fig. 3A and 3B and
Table S2). The number of early apoptotic cells (labelled with annexin-V-
FITC) increased to approximately 15-20 % of total cells in BPS, BPAP,
BPAF, BPFL and BPC at 40 pM after 24-h exposure. In the solvent control
and BPA (40 pM), the percentage of early apoptotic cells accounted for
approximately 3 % of total cells, (Fig. 3A). A significant increase in the
amount of late apoptotic cells (annexin-V-FITC/PI stained) was observed
after the exposure to all BPs except for BPAF. For all BPs, the amount of
viable cells decreased in a dose-dependent manner, with the highest
decrease determined for BPS and BPFL, where the percentage of viable
cells at 40 pM accounted for 57 % and 58 % of the total cells, respec-
tively. After 24-hour exposure of spheroids to BPA (40 pM), the
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Fig. 1. Cell viability of HepG2 spheroids after 24 (A) and 96-h (B) of exposure to selected BPs assessed by MTS assay. Etoposide (17 pM) served as a positive control
(PC). Results are presented as % of viable cells + SD normalized to the solvent control (0). Statistical analysis was performed by the Two-way ANOVA with a
Dunnett’s post hoc test [p < 0.05 (*), p < 0.001 (**)].
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Fig. 2. Planimetry measurements of
spheroids before treatment (72 h old) and
after 24 and 96-h of treatment with selected
BPs. A) Figures show the change in % of the
average spheroid area compared to the
average area of the 72-h old spheroid. B)
Representative light microscopy showing
changes in average surface area, compact-
ness, and shape of 72-h-old spheroids
exposed to BPs for 96-h. The growth of
spheroids was monitored at 10x magnifi-
cation using Ti Eclipse inverted microscope
(Nikon). Etoposide (17 uM) served as a
positive control (PC). Results are presented
as mean + SD (N = 10) of three biologically
independent experiments. Statistical anal-
ysis was conducted in SigmaPlot.11 by the
Two-ANOVA with a Dunnett’s post hoc test
[p < 0.05 (M)].
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Fig. 3. Determination of cell death in HepG2 cells from spheroids exposed to selected BPs for 24 (A) and 96-h (B) by flow cytometry. Summary plots represent the
percentage of early apoptotic, late apoptotic, non-viable and viable cells after treatment. Cells were labelled with Annexin V-FITC and propidium iodide (PI).
Staurosporine (2 uM) served as a positive control (PC). Results are presented as mean + SD (N = 3) in SigmaPlot.11 and statistical analysis was performed by Two-
way ANOVA with a Dunnett’s post hoc test [p < 0.05 (*)]. The colour of the asterisks represents the significant difference in the response cited.
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percentage of viable cells accounted for approximately 80 % of all cells,
while in the solvent control group 90 % of cells were viable. Further-
more, a significant decrease in the amount of necrotic cells (PI stained)
after 24-hour exposure of HepG2 spheroids to BPS, BPFL and BPC was
measured, which was mostly due to an increase in the number of early
and late apoptotic cells in the corresponding group.

After 96-h (Fig. 3B), the amount of early apoptotic cells was signif-
icantly elevated only after the exposure to BPAP (>0.01 pM) and BPAF
at 1 pM. The percentage of late apoptotic cells after exposure to all BPs
increased dose-dependently reaching approximately 30-40 % of total
cells at 10 pM, with the lowest increase, detected for BPA, approximately
18 % at 10 pM. On the other hand, the percentage of viable cells
decreased significantly only after the exposure to BPFL (10 pM) and
accounted for only 19 % of all cells. Interestingly the percentage of
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viable cells was the highest after BPA exposure (53 % at 10 pM), while in
the control group 42 % of all cells were viable. The amount of necrotic
cells was the highest in the control group (approximately 57 %), while in
BPs groups (at 10 pM) 30-57 % of cells were necrotic, with the highest
values for BPFL (57 % of necrotic cells). The lowest percentage of
necrotic cells was determined for BPA and BPAP, which at the same time
had the highest percentage of viable cells.

Staurosporine, a well-known apoptogenic agent (Emanuelsson and
Norlin, 2012), was used as a positive control. The results showed that
staurosporine (2 uM) after 24-hours induced an increase in the number
of early and late apoptotic cells, which accounted for 19 and 18 % of all
cells, respectively. The percentages of necrotic and viable cells were
approximately 7 and 52 %, respectively, of all cells. After 96-h, staur-
osporine induced an increase in the amount of early and late apoptotic
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cells, which accounted for 2 and 74 % of all cells, respectively. The
percentages of necrotic and viable cells were approximately 26 and 4 %,
respectively, of all cells.

3.4. The impact of BPA and its analogues on the cell cycle, cell
proliferation, gamma-H2AX positive cells and mitotic cell population

The impact of BPs on the HepG2 cell cycle, cell proliferation, DNA
double-strand break formation and induction of mitotic cells was stud-
ied at two time points (24 and 96-h) by simultaneous detection of
fluorescent signals (the dye Hoechst 33,258 for cell cycle and anti-
bodies, FITC, which coincides with the proliferation marker Ki67,
APC, which coincides with DNA double-strand breaks and PE, which
coincides with the phosphorylated-histone 3p-H3) flow cytometry. The
multi-labelling approach allows the simultaneous investigation of
different endpoints in the same cells of the studied cell population and is
a suitable tool for determining the geno-toxic effects caused by
numerous chemicals and complex mixtures (Patra et al., 2016).

3.4.1. Cell cycle analysis

Fig. 4 shows the effects of BPs on the frequency distributions of cells
among the cell cycle phases compared to the solvent control and the
predicted probabilities of various potential outcomes (GO/G1, S, and
G2) given a set of independent variables, calculated by multinomial
logistic regression, and further post-estimation tests. The predicted
probabilities allow evaluation of the effects of different concentrations
of compounds on cell cycle distribution. The results showed that BPAF
and BPC arrested HepG2 cells in the G2 phase after 24-hour exposure of
3-day-old spheroids. The statistically significant accumulation of cells in
the presence of BPAF was found to be 5.8 percentage points at 10 uM,
while BPC accumulated cells in the G2 at 40 uM however, the difference
was not statistically significant compared to the solvent control. On the
contrary, BPFL at 40 uM marginally arrested cells in the GO/G1 phase
(by 3.4 percentage points) with a concomitant decrease in the number of
cells in the S phase (by 4.6 percentage points) (Fig. 4A and Table S3).
BPA and BPS did not affect the distribution of HepG2 cells across cell
cycle phases.

After 96-h exposure, predicted probability indicated that BPA at the
lowest concentration used (0.01 and 0.1 uM) significantly increased the
amount of cells in the GO/G1 phase (by 11.1 and 5.8) percentage points,
respectively), whereas it reduced the amount of cells in the S (by —1.5
and 1.2) percentage points, respectively) and G2 (by —9.6 percentage
points at 0.01 uM) phases compared to solvent control cells (Fig. 4B).
BPAP and BPAF increased the number of cells in the G2 phase (by 3.5
and 4.9 percentage points at 10 uM, respectively), whereas they reduced
the number of cells in the G1 phase (by —4.5 and —5.2 percentage points
at 10 uM, respectively) compared to solvent control cells. BPS, BPFL and
BPC did not affect cell distribution in the cell cycle after prolonged
exposure time.

3.4.2. Cell proliferation analysis

Cell proliferation after exposure of HepG2 spheroids to BPA and its
analogues was studied using the Ki67 marker (Fig. 5). The obtained
results revealed that after 24-h of exposure only BPFL and BPC affected
HepG2 cell proliferation. BPFL at 10 and 40 uM inhibited cell prolifer-
ation by 12.07 % and 15.36 %, respectively, compared to the solvent
control, while BPC at 40 uM decreased cell proliferation by 18.5 %
(Fig. 5A). A similar effect was observed after 96-h of exposure, when
BPFL and BPC at 10 uM inhibited cell proliferation by 20.85 and 7.32 %
respectively, compared to the solvent control (Fig. 5B). The positive
control etoposide (1.7 uM) reduced cell proliferation by 29.26 and
83.85 % compared to the solvent control after 24 and 96-h of exposure,
respectively.

3.4.3. DNA double-strand breaks formation
The third endpoint measured simultaneously in the same population
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of HepG2 cells isolated from 3-day-old spheroids exposed to BPs for 24
and 96-h was phosphorylated histone H2AX (yH2AX), which has been
described as a prospective early and sensitive marker for DNA double-
strand breaks (DSBs) and DNA adducts (Kopp et al., 2019). The results
showed that none of the BPs studied induced a statistically significant
increase of DNA DBS after 24-h of exposure, with the exception of BPA at
40 uM (Fig. 6A). In addition, after 96-h of exposure, BPA induced a
statistically significant dose-dependent increase in DNA DSB at con-
centrations above 1 uM (Fig. 7B). After prolonged exposure, in addition
to BPA, a significant increase in DNA DBS was also detected for BPAP
(0.1 and 10 uM) and BPAF (10 uM) compared to the solvent control. The
positive control etoposide (1.7 uM) significantly increased the number
of yH2AX positive cells compared to solvent control after both exposure
times.

3.4.4. Analysis of mitotic cell population

We further measured the effect of BPA and its analogues on the
occurrence of mitotic cells using the phosphorylated-histone 3p-H3
antibody (Fig. 7). The results reveal that BPAF and BPC at 40 uM
caused a significant increase in mitotic cells by 5.26- and 1.48-fold,
respectively, at 24-h compared to the solvent control (Fig. 7A). After
prolonged 96-h exposure, BPAF at 10 uM caused a significant 1.59-fold
increase in mitotic cells compared to the solvent control (Fig. 7B), while
BPC did not affect the occurrence of mitotic cells after prolonged
exposure. There was also a significant 1.73-fold increase in p-H3 in
spheroids exposed to BPA (0.1 uM) compared to the solvent control. The
positive control Colchicine (0.1 pM) induced 22.87 and 1.65-fold change
in mitotic cells after 24-h and 96-h, respectively, compared to the sol-
vent control.

3.5. The induction of DNA single-strand breaks by BPA and its analogues

DNA damage induced by BPA and its analogues after 24 and 96-h
exposure of 3-day-old HepG2 spheroids was assessed by the comet
assay (Fig. 8A and 8B). After 24-h of exposure BPA, BPFL and BPC did
not induce DNA damage at applied concentrations (up to 40 pM). On the
contrary, BPS and BPAF significantly and dose-dependently increased
DNA strand break formation at 10 and 40 pM, while BPAP induced DNA
damage at 40 pM (Fig. 8A). After 96-h of exposure, all BPs studied sta-
tistically significantly increased DNA single-strand break formation
compared to solvent control. BPA and BPC induced DNA damage at 10
uM, while BPS, BPAF and BPFL caused elevated DNA damage at 1 and
10 uM. The most potent BP was BPAP, which significantly increased
DNA damage at > 0.1 pM (Fig. 8B). The positive control etoposide (17
uM) induced statistically significant DNA damage at both exposure
times, as expected.

4. Discussion

The harmful effects of bisphenol A (BPA) on human health have
become of great concern worldwide and have led to restrictions on its
use, resulting in the increasing use of bisphenol analogues in food
packaging and other consumer products (e.g., personal care products).
Much is known about the toxic effects of BPA (Durovcova et al., 2022),
whereas knowledge about the toxicity of its analogues is limited, espe-
cially since most studies focus on the effects on the reproductive system,
taking into account the endocrine disrupting activity of BPA (Afifah
Shamhari et al., 2021; Ahsan et al., 2018; Durovcova et al., 2018; Sir-
acusa et al., 2018; Ullah et al., 2018, 2019). Due to insufficient infor-
mation, most BPA analogues are not yet regulated and included in
legislation (Durovcova et al., 2018).

In this study, the cytotoxic and genotoxic activity of BPA and the
following analogues BPS, BPAP, BPAF, BPFL, and BPC was investigated.
Their effects on viability and proliferation, cell cycle distribution,
apoptosis/necrosis, DNA damage, and mitotic cell induction were
evaluated in metabolically competent HepG2 cells grown in three-
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Fig. 5. Percentage of Ki67-positive cells (proliferation) compared with solvent control in HepG2 cells from spheroids after exposure to selected BPs for 24 (A) and 96-
h (B) measured by flow cytometry. Etoposide (1.7 uM) served as a positive control (PC). Results are presented in bar charts as means (N = 3), and statistical analysis
was performed using SigmaPlot.11 software by Two-way ANOVA with a Dunnett’s post hoc test [p < 0.05 (*)].
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Fig. 6. DNA double-strand breaks (assessed by yYH2AX) in HepG2 cells from spheroids after exposure to selected BPs for 24 (A) and 96-h (B) using flow cytometry.
Etoposide (1.7 uM) served as a positive control (PC). The distribution of data is presented in box-plots using SigmaPlot.11. Significant differences between treated
samples and the solvent control (0) for YH2AX were tested using R software by the Mixed Effects Models (nlme) package by REML [p < 0.05 (*), p < 0.001 (**), p <

0.0001 (**%)].
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Fig. 8. DNA strand breaks in HepG2 spheroids were assessed by the comet assay after 24 (A) and 96-h (B) of exposure to selected BPs. Etoposide (17 uM) was
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dimensional (3D) conformation. Recently, the development and use of
3D cell models, which provide more relevant information on human
exposure compared to traditional two-dimensional (2D) cell models, has
gained importance in toxicological studies (Elje et al., 2020; Llewellyn
et al., 2020; Stampar et al., 2020). The advantage of hepatic 3D cell
models is that they exhibit a higher level of liver-specific functions,
including the activities of metabolic enzymes (Stampar et al., 2020), and
the cell morphology and their biochemical properties are more similar to
the microenvironment in vivo. Cells are surrounded by the natural
extracellular matrix, which stimulates tissue-specific architecture and
direct interactions between cells and cells with extracellular matrix (Fey
and Wrzesinski, 2012; Wrzesinski and Fey, 2013). In addition, they
allow for long-term repeated dose studies (Wong et al., 2011) that
enable exposure to lower contaminant concentrations relevant to the
environment and therefore to real human exposure scenarios.

The cytotoxicity results showed that among the BPA analogues
studied, only BPFL and BPC significantly reduced HepG2 cell viability
and the average surface area of HepG2 spheroids. Other BPs had no
important influence on cell viability. The results are in agreement with
other studies performed on HepG2 monolayer cells, where Fic et al. (Fic
et al., 2013) and Hercog et al. (Hercog et al., 2019) reported that BPA
and BPS had no effect on cell viability at concentrations up to 80 uM
after 24-h exposure, whereas Ozyurt et al. (Ozyurt et al., 2022) reported
that BPA and BPS caused a concentration-dependent decrease in HepG2
cell viability at concentrations greater than 200 pM. In contrast, Yue
et al. (Yue et al., 2019), showed that a concentration of 10 pM BPA,
BPAF, and BPS decreased the viability of HepG2 after 24-h of exposure.
Some studies compared the cytotoxicity of BPA and its analogues in
mammalian cell lines (Harnett et al., 2021; Hercog et al., 2019; Russo
et al., 2018; Tsutsui et al., 2000), and the results showed that BPAF and
BPC (Padberg et al., 2019) were the most toxic analogues tested. As far
as we know, there is a lack of information on the cytotoxic activity of
BPA analogues used in industry that contain ring systems (in the carbon
bridge), such as BPFL and BPAP, or substitute the phenol ring with
another functional group, such as BPC. In a study on human breast
cancer cells (MDA-kb2), Ma et al. (Ma et al., 2022) investigated the
toxicity of 18 BPA analogues and showed that BPFL had the greatest
effect on reducing cell viability (IC50: 1.32 uM) after 24-h of exposure
compared to BPA (IC50 > 10 M). Our study showed that BPs affected
the roundness, size, shape, compactness, surface area, and integrity of
HepG2 spheroids during 96-h of exposure. BPA and BPS induced
changes at 160 uM, whereas for BPAP, BPFL, BPAF, and BPC changes
were observed at > 40 pM. In addition, the exposed spheroids were less
compact compared to the control spheroids as the cells loosened and
detached at the surface. To our knowledge, there are few studies
investigating the effects of BPA and its analogues on growth, compact-
ness, and surface area (Park et al., 2022; Sauer et al., 2017; Xie et al.,
2020), but none have been performed in 3D cell models of HepG2 cells.
Previously, BPA was reported to induce morphological changes in Syrian
hamster embryo (SHE) cells (Tsutsui et al., 1998), and epithelial cells
isolated from the breast tissue (MCF7) (Kanai et al., 2001) cultured in a
monolayer.

We further investigated the effects of selected BPs on proliferation
and cell cycle distribution within the same cell population of HepG2
spheroids by flow cytometry. The Ki67 protein is a suitable marker for
estimating the so-called growth fraction of a defined cell population
(Scholzen and Gerdes, 2000). The results showed a decrease in Ki67-
positive HepG2 cells of spheroids exposed to BPFL and BPC, while the
other BPs studied did not affect HepG2 cell proliferation in a statistically
significant manner. A slight reduction in cell proliferation was observed
in cells exposed to BPA after prolonged exposure, but it was not statis-
tically significant. This is consistent with previously published studies
(Atlas and Dimitrova, 2019; Pfeifer et al., 2015), which reported that
BPA and BPS did not significantly affect cell proliferation after pro-
longed exposure to low concentrations (10 uM) in human mammary
epithelial cells (MCF-12A). In contrast, a BPA-mediated increase in cell
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proliferation was detected in monolayer HepG2 cells when exposed to a
low BPA (0.05 pM) concentration in the presence of high glucose for 48
h (Lama et al., 2019), as well as in MCF7 cells due to activation of the
estrogen receptor (ER) (Potratz et al., 2017). On the contrary, a BPA-
mediated decrease in cell proliferation was observed in HepG2 (Pad-
berg et al., 2019) cells and murine osteosarcoma cells (LM8) (Kidani
et al., 2017), however, these studies used higher BPA concentrations
(>100 puM) compared to those tested in the present study. Moreover,
BPA, BPS, and BPC at 100 uM decreased the proliferation of HepG2 cells
(Padberg et al., 2019). BPC caused the greatest decrease, which is
consistent with our results on 3D spheroids, where we showed that BPC
and BPFL decreased cell proliferation even at lower concentrations (10
uM). Furthermore, Fan et al. (Fan et al., 2021), showed a decrease in cell
proliferation of spheroids derived from human endometrial epithelial
cells (Ishikawa cells) after exposure to 100 uM BPA, BPS and BPF, with
BPA causing the greatest decrease in cell proliferation, again confirming
our observation that BPA has a stronger effect than BPS.

In proliferating eukaryotic cells, the cell cycle consists of four phases,
namely G1, S, G2, and M, and is regulated at several checkpoints, G1/S
and G2/M being the most important ones, where decisions related to
DNA replication and the completion of cell division are taken (Bartek
and Lukas, 2001). When DNA damage occurs, the cell cycle is arrested
until the damage is repaired, resulting in the accumulation of cells at one
of the checkpoints. If DNA damage cannot be repaired, cells become
apoptotic (Andrew Murray and Hunt, 1994) or mutations may occur
(Lodish et al., 2000). In HepG2 cells from exposed spheroids, BPs did not
have a biologically important effect on the cell cycle, however, the most
severe and significant changes in cell cycle distribution were found for
BPFL, where cells were arrested in the GO/G1 phase after 24-h of
exposure. This may be related to the decrease in cell proliferation. It is
known that decreased cell proliferation leads to increased arrest of cells
in GO/G1 phase as Ki67 protein is degraded from mitosis to the G1 phase
(Sobecki et al., 2017). Previously, Kidani et al. (Kidani et al., 2017) re-
ported that BPA inhibited DNA synthesis by arresting mouse osteosar-
coma (LM8) cells in GO/G1 phase and inhibited cell proliferation
without affecting cell viability. Moreover, low concentrations of BPA
(50 nM) time-dependently arrested human peripheral blood mono-
nuclear (PBMC) cells in the S-phase of the cell cycle, while a high dose of
BPA (100 pM) caused a significant increase in the proportion of cells in
the GO/G1 phase (Di Pietro et al., 2020).

Apoptosis, or programmed cell death, is a genetically organised
process that occurs when signals for survival and proliferation cease or
when a cell suffers DNA damage (Ashkenazi and Salvesen, 2014);
however, it is important to note that apoptosis is indicative of cell stress
or cytotoxicity and not of genotoxicity (Cheung et al., 2015). Cells un-
dergoing apoptosis disintegrate into apoptotic bodies or membrane-
bound vesicles that are taken up by neighbouring cells and phago-
cytes. In contrast, necrosis is characterised by swelling of the cell and
mitochondria and rupture of the cell membrane with the release of in-
flammatory cell contents into the surrounding microenvironment
(Ashkenazi and Salvesen, 2014). The present study showed that BPS,
BPAP, BPAF, BPFL, and BPC induced a higher percentage of apoptotic
cells compared with BPA at appropriate concentrations after 24-h,
whereas for BPA the highest percentage of viable cells was found
among all BPs studied. A similar observation was noted after 96-h,
where BPA induced the least effect on apoptotic and necrotic cell
death with the highest percentage of viable cells among all BPs. Several
published studies revealed that BPA exerted toxicity in a broad range of
tissue cells by promoting oxidative stress and accelerating cell apoptosis,
however, the underlying mechanisms are unclear (Amjad et al., 2020;
Ho et al., 2017; Michatowicz et al., 2015; Ozyurt et al., 2022; Park et al.,
2022; Stossi et al., 2016). Recently, Abdulhameed et al. (Abdulhameed
et al., 2022) discussed in a review possible mechanisms of BPA con-
cerning apoptosis induced in liver cells. On the other hand, there are
limited literature data on apoptosis induction by other BPA analogues,
which were included in the present study. Previously, Padberg et al.
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(Padberg et al., 2019) reported that BPC induced to the release of cy-
tochrome ¢ from mitochondria in monolayer cultures of HepG2 cells,
suggesting that BPC can induce apoptosis, whereas in the same study
BPA and BPS did not affect mitochondrial membrane potential (Padberg
et al., 2019).

The effect of bisphenols on DNA damage formation in HepG2
spheroids was investigated using the comet and yH2AX assays. The
alkaline comet assay detects a range of DNA lesions, among them DNA
SSBs and DSBs, alkali-labile sites (e.g apurinic/apyrimidinic sites), and
SSBs arising from incomplete excision repair (Moller et al., 2020). On
the other hand, histone H2AX is involved in maintaining genomic sta-
bility by playing a part in the DNA damage response (DDR) repair
pathway to recognise and repair damaged DNA (Rahmanian et al.,
2021). Phosphorylation of H2AX at serine 139 is therefore triggered by
specifically DNA double-strand breaks (DSBs), resulting in yH2AX,
which is known to be a sensitive marker for DNA DSBs and is a marker of
clastogenicity (Cheung et al., 2015; Rogakou et al., 1998. Of the six
bisphenols tested, BPS, BPAF, and BPAP exhibited stronger genotoxic
potential after 24-h exposure than BPA, BPFL, and BPC, which did not
induce increased DNA single-strand break (SSB) formation. At applied
conditions, only BPA induced DNA DSBs. After 96-h exposure, all BPs
studied statistically significantly increased DNA SSB formation detected
with the comet assay, with BPAP being the most potent with an increase
in DNA damage at > 1 uM. BPA, BPAP, and BPAF increased the number
of H2AX-positive cells, with BPAP again having the strongest effect with
a LOEC of 0.1 pM. In the literature, we found only one paper describing
the induction of yH2AX by submicromolar (100 nM) concentrations of
BPA in HepG2 spheroids (Kim, 2018). In monolayer cultures of HepG2
cells, BPA (Hercog et al., 2019; Li et al., 2017; Ozyurt et al., 2022; Fic
et al., 2013), BPAF (Hercog et al., 2019; Li et al., 2017; Fic et al., 2013),
and BPS (Li et al., 2017; Ozyurt et al., 2022; Fic et al., 2013) were re-
ported to significantly increase the frequency of DNA SSB, with BPAF
being the most potent analogue. Moreover, BPA induced concentration-
dependent formation of DNA DSBs in Chinese hamster (V79) cells,
whereas BPS was only marginally active. In V79 cell lines expressing
various human CYP enzymes (V79-hCYP1A1 cells), both BPs induced
DNA strand breaks in a concentration-dependent manner (Yu et al.,
2020). A greater DNA-damaging effect of BPAF compared with BPA was
shown for MCF-7 cells (Lei et al., 2019). Moreover, BPAF induced DNA
DSB in HepG2 cells, which are genetically engineered for expression of
human CYP1A1 (HepG2-hCYP1A1l) (Yang et al., 2022). Furthermore,
the genotoxic activity of BPA, BPS, and BPAF was compared in human
PBMC, where the results reported that BPAF was the most and BPS the
least potent of the studied analogues (Mokra et al., 2015, 2017, 2018) all
of them inducing oxidative DNA damage (Mokra et al., 2018). A similar
observation was reported for BPA in human lymphocytes (Durovcova
et al., 2018). The fact that BPA can trigger oxidative stress has been
proven in numerous studies (Durovcova et al., 2022). Previously,
increased frequency of yH2AX foci induced by BPA was reported in
HepG2 (Hercog et al., 2019; Yuan et al., 2021), HepaRG (Quesnot et al.,
2016), human peripheral blood mononuclear cells (Di Pietro et al.,
2020), MCF-7, human bronchial epithelial (BEAS-2B) cells (George and
Rupasinghe, 2018) and to lower extent also in human breast adeno-
carcinoma (MDA-MB-231) cells (Iso et al., 2006). Conversely, Audebert
et al. (Audebert et al., 2011) described that BPA at concentrations up to
100 pM did not increase the formation of y-H2AX foci in HepG2 cells and
human epithelial colorectal adenocarcinoma cells (LS174T), it only
induced a weak YH2AX signal in human renal cell adenocarcinoma cells
(ACHN) at cytotoxic concentrations (50 and 100 pM). Ibuki et al. (Ibuki
et al., 2008) also observed no genotoxic effects of BPA in human kera-
tinocytes and skin fibroblasts. To the best of our knowledge, we have not
found any data in the literature on the genotoxic effects of BPFL, BPAP,
and BPC.

To further investigate the mode of action of BPA and its analogues,
we evaluated the effects of BPs on the occurrence of mitotic cell pop-
ulations by detecting phosphorylated-histone 3 (p-H3), a marker of
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aneugenicity (Bryce et al., 2014; Cheung et al., 2015; Muehlbauer and
Schuler, 2005). Our results showed that BPAF and BPC induced
phospho-histone p-H3-positive events after a 24-h exposure, with BPAF
being more effective. After prolonged exposure, BPAF marginally
increased p-H3-positive cells. In addition to BPAF, BPA also increased
the frequency of p-H3-positive cells compared with control, but only at a
low concentration (0.1 pM). The combination of YH2AX/phospho-his-
tone p-H3 assays, allows us to distinguish whether a compound is clas-
togenic or aneugenic, which is not possible using the in vitro
micronucleus assay (Bryce, 2014) unless CREST antibodies or FISH
probes are used Hall et al., 2022. The results on HepG2 spheroids suggest
that BPAF, which induced yH2AX and histone p-H3 positive events,
acted as an aneugenic agent, whereas for BPC and BPA there is an
indication that they may have an aneugenic effect, but this should be
further confirmed. Previously, Yu et al. (Yu et al., 2020) described that
BPA and BPS at concentrations > 40 uM enhanced micronuclei forma-
tion (MN) in V79-hCYP1A1l and in a human hepatocellular carcinoma
(C3A) (metabolism-proficient) cell lines. Similarly, BPAF (>5 pM), was
also reported to induce MN in C3A cells (Mokra et al., 2018; Yang et al.,
2022). Moreover, in the same study, BPAF induced centromere-free
micronuclei in HepG2-hCYP1A1 cells, suggesting its clastogenic activ-
ity (Mokra et al., 2018; Yang et al., 2022).

5. Conclusion

In this study, the toxic effects of BPA and its analogues (BPS, BPAP,
BPAF, BPFL, and BPC) were investigated in a three-dimensional (3D) in
vitro HepG2 cell model. The results showed for the first time that BPFL
and BPC exhibited the highest cytotoxic activity among the BPA ana-
logues tested by affecting cell viability and morphology, decreasing
spheroid surface area and cell proliferation, and inducing apoptotic cell
death. When the genotoxic activity was tested, the results showed that
BPA, BPAP, and BPAF increased the amount of DNA double-strand
breaks, indicating their clastogenic activity, while BPAF and BPC
increased the frequency of p-H3-positive cells, indicating their aneu-
genic activity. All BPs included in the study induced DNA single-strand
breaks (BPAP > BPFL > BPAF ~ BPS > BPC =~ BPA), with BPAP (>0.1
pM) being the most effective and BPA and BPC being the least effective
(>1 pM) under the conditions applied. The results showed concentra-
tion- and time-dependent effects, indicating the problem of long-term
and repeated exposure of humans and animals to BPA and its ana-
logues, in which delayed effects may occur. Overall, the present results
indicate that the BPA analogues BPAP, BPAF, BFL, BPS, and BPC cannot
be considered safer alternatives to BPA in terms of their cytotoxic and
genotoxic activities, and therefore further studies on their potential
adverse effects and mechanisms of action are needed to adequately
evaluate the risks of BPA analogues and assess their safety to humans.
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