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HIGHLIGHTS

e Zebrafish liver cell (ZFL) spheroids are a
sensitive in vitro model for testing BPs.
e BPAF, BPAP, and BPPH showed higher

cytotoxicity in ZFL spheroids than BPA.

e The tested BPs caused transient DNA
damage but no DNA double-strand
breaks.

e Toxicogenomics indicated induction of
the TP53 pathway and NER/BER repair
mechanisms.

e The deregulation hormone receptor
genes indicated significant endocrine-
disruptive potential.
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ABSTRACT

With global restrictions on Bisphenol A (BPA), various BPA alternatives are increasingly found in ecosystems,
raising concerns. This study focuses on the genotoxic potential of three emerging BPA alternatives — Bisphenol
AF (BPAF), Bisphenol AP (BPAP), and Bisphenol PH (BPPH) — using an advanced in vitro 3D model system,
spheroids, prepared from a Zebrafish (Danio rerio) liver cell line (ZFL). Their cytotoxicity was evaluated using the
CellTiter-Glo® 2.0 assay, while their genotoxic potential was assessed using the comet assay, YH2AX assay, and
toxicogenomic analysis. The BPA alternatives were more cytotoxic to ZFL spheroids than BPA. Non-cytotoxic
concentrations caused transient DNA damage without a significant increase in DNA double-strand breaks
(DSBs). The toxicogenomic analysis confirmed these findings, indicating activation of the TP53 DNA damage
response pathway, the nucleotide excision repair (NER) and base excision repair (BER) mechanisms, likely in
response to bulky DNA lesions and oxidative DNA damage. In addition, the gene expression analysis indicated
the influence of the tested BPs on the endocrine system. Our results indicate that BPAF, BPAP and BPPH have
considerable genotoxic potential and pose a significant ecotoxicological risk, underscoring the need for further
investigation and careful consideration of these chemicals as BPA replacements.
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1. Introduction

Since Bisphenol A (BPA) has been recognised as an endocrine dis-
ruptor and linked to various health issues in multiple organisms, regu-
latory measures have been implemented to reduce BPA exposure
(COMMISSION DIRECTIVE 2011/8/EU, 2011; COMMISSION REGU-
LATION (EU) 2018/213, 2018). Consequently, manufacturers have
sought BPA alternatives, perceived as safer with a more favourable
toxicity profile. However, emerging research indicates that many of
these substitutes may exhibit similar or even more pronounced
endocrine-disruptive and toxicological properties than BPA. In fact,
most bisphenols are toxic, or even highly toxic, to aquatic organisms and
have been found to exert adverse effects on the endocrine, metabolic,
reproductive, and immune systems across various species (Adamovsky
et al., 2024; Czarny-Krzyminska et al., 2023). Nevertheless, a plethora of
BPA alternatives is already in widespread use and is entering ecosystems
through industrial discharges, wastewater treatment plants, landfill
leaching, and domestic waste. While BPA remains the dominant
bisphenol (BP) detected in the environment, several environmental
monitoring studies have detected BPA alternatives at varying levels,
raising concerns about their ecological impact (Adamovsky et al., 2024).
The use and occurrence of BPA alternatives in the environment are only
expected to increase in the upcoming years, even surpassing BPA, as BPA
and several other BPs, with known adverse effects, are being restricted
further. European agencies such as the European Chemicals Agency
(ECHA) and the European Food Safety Authority (EFSA) have recog-
nised these concerns and have prioritised research on BPA alternatives
(ECHA, 2018).

Among them, bisphenol S (BPS), bisphenol F (BPF), and bisphenol AF
(BPAF) are the most common BPA substitutes for the production of
epoxy resins and polycarbonate plastics (Bousoumah et al., 2021;
Shambhari et al., 2021). BPS and BPF are also most frequently detected in
the environment and are therefore also the most commonly studied in
terms of toxicity and adverse effects (Adamovsky et al., 2024). Data on
other BPA alternatives remain limited. The present study focuses on
three less studied and environmentally highly concerning BPA alterna-
tives: BPAF (4-[1.1.1.3.3.3-hexafluoro-2-(4-hydroxyphenyl)propan-2-
yllphenol), Bisphenol AP (BPAP; 4-[1-(4-hydroxyphenyl)-1-phenyl-
ethyl]phenol) and Bisphenol PH (BPPH; 4-[2-(4-hydroxy-3-phenyl-
phenyDpropan-2-yl]-2-phenylphenol)(Fig. 1).

BPAF is detected in aquatic ecosystems with the third highest
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frequency (up to 15.3 pg/L in surface water and up to 155 ng/g dw in
sediments) and, in addition, has the highest overall environmental
persistence compared to other BPA alternatives (Chen et al., 2016).
BPAP is detected less frequently (up to 56 ng/L in surface water and up
to 2.3 ng/g dw in sediments); however, it is also less commonly included
in monitoring studies (Adamovsky et al., 2024; Chen et al., 2016;
Czarny-Krzyminska et al., 2023). There is limited data on the occurrence
of BPPH in aquatic ecosystems in the literature. The available studies
report no detection or detection of low concentrations up to 9.79 ng/L in
water and < 1.18 ng/g dw in sediment samples (Huang et al., 2020;
Wang et al., 2024; Zhang et al., 2019). However, quantitative structur-
e—property relationship studies suggest that, among other BPs, this
analogue might have one of the highest tendencies to adsorb into sedi-
ments and accumulate in tissues (Chen et al., 2016; Czarny-Krzyminska
et al., 2023). This raises concerns about the potential environmental
presence and ecological risk associated with these emerging BPA
alternatives.

BPAF is structurally and functionally similar to BPA, with tri-
fluoromethyl groups replacing BPA’s methyl groups (Fig. 1). Because the
substituent groups (CF3) have higher biological activity than the methyl
groups (CHjs), previous studies have suggested that BPAF, as a fluori-
nated BPA homologue, might exhibit greater toxicity than BPA (Shi
et al., 2015; Zhu et al., 2020, 2024). It has been shown to exert higher
endocrine-disrupting activity (Zhu et al., 2024) and genotoxic potential
invitro (Ding et al., 2017; Hercog et al., 2019; Mokra et al., 2017) and in
vivo (Zhu et al., 2024) than BPA. Ecotoxicological studies have shown
BPAF to be toxic to several aquatic cyanobacteria and algae species,
affecting the morphology, mortality, and reproduction of Daphnia
magna, the embryonic development of frogs, and inducing mortality,
developmental effects, and estrogenic activity in zebrafish (Danio rerio)
(Czarny-Krzyminska et al., 2023). However, there is still insufficient
data on its hazardous effects for a reliable risk assessment and regulatory
actions (ECHA, 2018).

In BPAP and BPPH, the methyl groups of BPA are replaced with one
and two phenyl groups, respectively (Fig. 1), potentially increasing the
biological activity of the two BPA alternatives. Only a few toxicological
and ecotoxicological studies have been conducted on BPAP, and even
fewer are studying BPPH. BPAP has previously been shown to induce
stronger estrogenic and antiandrogenic effects compared to BPA (Xiao
et al., 2018) and to be toxic for certain microalgae species (Czarny-
Krzyminska et al., 2023). In silico studies on BPPH suggest that it might
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Fig. 1. Chemical structures od BPA and its alternatives BPAF, BPAP and BPPH. The chemical structures of Bisphenol A (BPA; 4,4-(Propane-2,2-diyl)diphenol),
Bisphenol AF (BPAF; 4-[1.1.1.3.3.3-hexafluoro-2-(4-hydroxyphenyl)propan-2-yl]phenol), Bisphenol AP (BPAP; 4-[1-(4-hydroxyphenyl)-1-phenylethyl]phenol) and
Bisphenol PH (BPPH; 4-[2-(4-hydroxy-3-phenylphenyl)propan-2-yl]-2-phenylphenol).
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induce severe adverse effects due to its potential reactivity with nuclear
receptors, steroidogenic enzymes, and proteins involved in the patho-
genesis of non-communicable diseases (Franko et al., 2024). However,
there are no in vitro or in vivo data on its adverse effects. Considering the
lack of information, research is urgently needed to characterise the
potential ecotoxicological impact of these BPA alternatives.

The present study aimed to evaluate the potential genotoxic activity
of the emerging BAP alternatives BPAF, BPAP and BPPH in comparison
to the well-characterised BPA and assess the potential hazardous impact
of these BPA alternatives on aquatic vertebrates. To achieve this, an
advanced in vitro 3D model system (spheroids), prepared from zebrafish
(Danio rerio) liver cells (ZFL), was applied. 3D models offer significant
advantages over traditional 2D cultures by more accurately replicating
in vivo-like cell morphology and function through enhanced cell-matrix
interactions. This makes ZFL spheroids a highly relevant system for
assessing the genotoxic impact of BPs on aquatic organisms (Stampar
and Zegura, 2024). The cytotoxicity and genotoxicity of the tested BPA
alternatives were evaluated using a comprehensive approach that
included cell viability determination through ATP measurement with
the CellTiter-Glo® 2.0 assay, assessment of DNA damage induction
using the comet and yH2AX assays, and toxicogenomic analysis to gain
insight into the cellular responses to BP exposure.

2. Materials and methods
2.1. BPA alternatives

BPA was from Sigma-Aldrich (St. Louis, MO, USA) and its alterna-
tives (Table 1) were purchased from Chiron AS (Trondheim, Norway).
The chromatographic purity of all tested BPs, as determined by LC-UV,
was 99.9 %. Stock solutions of BPA and the tested alternatives were
prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO,
USA) at a concentration of 0,5 M and stored at —20 °C.

2.2. Cultivation of ZFL cells and spheroids

Zebrafish liver cells, ZFL (American Type Culture Collection, CRL-
2634, derived from normal adult zebrafish (Ghosh et al., 1994) were
used in the experiments. Cells were grown at 28 °C in complete ZFL
growth medium with the composition described in Table S1. Cells at
passages between 4 and 13 were used to form the spheroids, which were
prepared using the forced floating method (Stampar et al., 2019). Cells
were initially seeded onto u-bottom 96-well plates (Avantor, Radnor
Township, PA, USA) at 30,000 cells/well, in complete cell growth me-
dium containing 4 % methylcellulose. The plates were centrifuged at
900g for 90 min, and the formed spheroids were left to mature for four
days at 28 °C before the experiment.

Table 1
Information on BPA and its alternatives evaluated in the present study.
Chemical name Molecular formula TUPAC name CAS
(abbreviation) Mol. weight (g/mol) number
Bisphenol  (BPA) Ci5H1602 228.29  4-[2-(4- 80-05-7
A hydroxyphenyl)
propan-2-yl]pheno
Bisphenol ~ (BPAF)  CgpHy6F40,  336.23  4-[1.1.1.3.3.3- 1478-
AF hexafluoro-2-(4- 61-1
hydroxyphenyl)
propan-2-yl]pheno
Bisphenol (BPAP) Co4H2004 290.36 4-[1-(4- 1571-
AP hydroxyphenyl)-1- 75-1
phenylethyl]phenol
Bisphenol (BPPH) Co7Ha4 Oy 380.48 4-[2-(4-hydroxy-3- 24038-
PH phenylphenyl) 68-4
propan-2-yl]-2-
phenylphenol
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2.3. Cytotoxicity evaluation

Cytotoxicity of BPA and the tested BPA alternatives was evaluated
using the CellTiter-Glo® 2.0 Cell Viability Assay (Promega, Madison,
Wi, USA), a luminometric method for the measurement of ATP. ZFL
spheroids were exposed to BPA (5-250 pM) and the BPA alternatives
(5-200 pM) for 24 and 96 h. The assay was conducted in accordance
with the manufacturer protocol, with minor modifications. Briefly, the
spheroids in 50 pL of cell media were transferred to a white-opaque 96-
well plate (Corning, Corning, NY, USA), and 50 pL of the assay reagent
was added per well. The content of each well was thoroughly mixed by
pipetting, and the reaction was incubated for 20 min at room temper-
ature altogether. The resulting luminescence was measured using a
luminometer (Sinergy HTX, BioTek, Winooski, VT, USA). The experi-
ment was repeated three times independently, in five replicates per
experimental point. A negative control (NC; cell medium), a solvent
control (SC; 0.04 % DMSO), and positive controls (PC; 20 and 10 %
DMSO, for 24 and 96 h of exposure, respectively) were included in the
experiments.

2.4. The comet assay

Potential DNA damage induction after exposure to BPA and the
tested BPA alternatives was evaluated using the alkaline comet assay.
ZFL spheroids were exposed to BPA (50-200, and 10-100 pM for 24 and
96 h, respectively), BPAF (10-100, and 5-50 pM for 24 and 96 h,
respectively), BPAP (10-100 pM for both time points) and BPPH (5-50
uM for both time points). After 24 and 96 h of exposure, a single cell
suspension was prepared from the spheroids, and the comet assay was
conducted (comet assay conditions are detailed in Table S2), as previ-
ously described (Stampar et al., 2019). Fluorescent microscopy analysis
was performed using the software Comet Assay IV (Instem, Philadelphia,
USA). In each experiment, a negative (NC; culture medium), a solvent
(SC; 0.02 % DMSO) and a positive (PC; 30 pM benzo[alpyren; BaP;
Sigma-Aldrich, St. Louis, MO, USA) control were included.

2.5. The yH2AX focus assay

The induction of YH2AX foci, a strong biomarker for DNA double-
strand breaks (DSBs), was determined using flow cytometry. ZFL
spheroids were exposed to BPA, BPAF, BPAP and BPPH (concentration
ranges as described for the comet assay). Etoposide (ET;10 pg/ml;
Sigma, St. Louis, MO, USA) served as the positive control. After 24 and
96 h of exposure, spheroids were collected and dissociated into a single-
cell suspension by trypsinisation (trypsin; Thermo Fisher Scientific, MA,
USA) treatment. The prepared single-cell suspension was washed (1 x
PBS) and fixed in 4 % paraformaldehyde (PFA; Sigma-Aldrich, St. Louis,
MO, USA). Cells were then washed again with 1x PBS, and anti-yH2AX
pS139 antibodies were added (dilution 1:250; GENETEX, GTX637288
Lot: 44893) in 1 % BSA and 0.1 % Triton X-100 in 1x PBS for 30 min.
After washing with 1x PBS, cells were labelled with a fluorophore-
conjugated secondary antibody, goat anti-rabbit AlexaFluor 647
(Thermo Fisher Scientific, A-21244) diluted 1:1000 in 1 % BSA and 0.1
% Triton X-100, and incubated for 30 min at room temperature. To
remove unbound secondary antibodies, cells were washed with 1x PBS
and analysed using the MACSQuant Analyzer 10 flow cytometer (Mil-
tenyi Biotech, Germany). Data analysis was performed using FlowJo
V10 (Becton Dickinson, New Jersey, USA).

2.6. Toxicogenomic analysis

The deregulation of selected genes by the tested BPs was analysed
using specifically selected qPCR assays (Applied Biosystems, USA)
(Table S3) and the microfluidic One 48.48 Dynamic Array IFC system
(Fluidigm, USA). Four-day-old ZFL spheroids were exposed to BPA (50
and 200 pM), BPAF (25 and 100 uM), BPAP (25 and 100 pM) and BPPH
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(10 and 50 pM). After 24 and 96 h of exposure, the spheroids were
collected, and total RNA isolation was performed using the RNeasy®
Mini kit (Qiagen, Germany). The quantification and qualification of the
isolated RNA, followed by the reverse transcription using the Reverse
Transcription Kit from Applied Biosystems, (MA, USA), the gene pre-
amplification using TATAA PreAmp GrandMasterMix (Tataa Biocenter,
Gothenburg, Sweden), and the gene expression analysis using TagMan
Universal PCR Master Mix and Tagman Gene Expression Assays detailed
in Table S3, were performed as previously described by Stern et al.
(Stern et al., 2024). A fold change greater than 1.5 (up/down-regulation
- relative gene expression >1.5 or < 0.66, respectively) was considered
biologically important.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism v10
(GraphPad Software, San Diego, CA, USA) on data sets from experiments
that were repeated three times independently, including technical rep-
etitions. Before statistical analysis, data sets were tested for normality
(Shapiro-Wilk for all sample sets and Kolmogorov-Smirnov for flow
cytometry data) and heteroscedasticity (Spearman’s test). One-Way
Analysis of Variance (ANOVA) and Holm-S$idaks’s multiple compari-
son test and nonlinear regression (agonist vs. normalised response) were
applied for determining statistically significant differences in cell
viability between samples, and the calculation of half-maximal inhibi-
tory concentrations (ICsg) and concentrations that reduce cell viability
for 30 % (IC3p), respectively. The data set included at least three tech-
nical repetitions per experimental point (n > 9). The Kruskal-Wallis
nonparametric test and Dunn multiple comparison test were performed
for the analysis of the comet assay data (a minimum of 50 nuclei per
experimental point; n > 150). A Mixed-effects analysis and Holm-
Shidak’s multiple comparison test using median values from a minimum
of 5000 cells per experimental point was performed on the data from the
yYH2AX focus assay (n = 3). ANOVA and Dunnett’s multiple comparison
test were used to evaluate statistically significant differences in gene
deregulations in the data (average from two technical repetitions, n = 3)
from the toxicogenomic analysis.

3. Results and discussion

Despite limited toxicological data, BPA alternatives are being
increasingly used due to BPA restriction measures and are increasingly
detected in the environment, raising concerns about their ecological
impact. This study explores the genotoxic potential of three emerging
BPA alternatives, BPAF, BPAP, and BPPH, in ZFL spheroids, prepared
from Zebrafish (Danio rerio) liver cells (ZFL). Fish cell lines are
frequently used in aquatic toxicology research for assessing toxic and
genotoxic impacts, providing a promising alternative to animal testing
in initial ecotoxicological evaluations (Zegura and Filipi¢, 2019).
Furthermore, as an advanced in vitro model, the ZFL spheroids provide
significant advantages over traditional monolayer cultures. There is
growing recognition that cultivating cells in a three-dimensional (3D)
environment more accurately replicates normal cellular functions,
bridging the gap between in vitro and in vivo. This is due to enhanced
interactions between cells and their surrounding matrix, resulting in cell
morphology and physiology more similar to that of cells in vivo,
mimicking the natural structure of tissues (Bloise et al., 2024; Rodd
et al., 2017; Urzi et al., 2023). Thus, applying ZFL spheroids as a model
system in the present study allows us to generate highly relevant data on
the potential hazardous impact of BPAF, BPAP and BPPH on the aquatic
ecosystem.

3.1. Cytotoxicity of the BPA alternatives BPAF, BPAP and BPPH in ZFL
spheroids

The cytotoxicity of BPAF, PBAP and BPPH was evaluated to assess
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their toxicity profiles compared to BPA in the ZFL spheroid test system
and to identify non-cytotoxic concentrations (< IC3g) suitable for sub-
sequent genotoxicity testing. Identifying non-cytotoxic concentrations is
crucial, as cytotoxic levels may produce false-positive results in geno-
toxicity assessments (Azqueta et al., 2022). Our results showed that
BPAF, BPAP and BPPH exhibited higher cytotoxic activity than BPA
(Fig. 2). Among the tested BPA alternatives, BPPH was the most cyto-
toxic, with ICsg values of 76.47 + 18.90 pM (24 h) and 61.98 + 10.67
UM (96 h), followed by BPAF with ICsq values of 135.35 + 13.21 pM (24
h) and 78.22 4+ 15.71 pM (96 h). BPAP was the least cytotoxic among the
tested BPA alternatives; however, its ICso values were still approxi-
mately 1.5 times lower (164.73 £+ 7.00 pM and 117.76 + 30.15 pM after
24 and 96 h, respectively) compared to the ICsq values for BPA (256.37
+ 18.43 uM and 165.75 + 15.56 pM after 24 and 96 h, respectively).

In line with the observed changes in cell viability (Fig. 2), the
exposure to the tested BPs also induced notable morphological changes
in ZFL spheroids (Fig. 3). With increasing BP concentration, the spher-
oids became darker, and their surface became rough, with cells
detaching from the spheroid structure. At concentrations above ICsg the
spheroids became loose, and their structure collapsed.

There is limited data on the cytotoxicity of the studied BPA alter-
natives in vitro and in vivo, particularly in fish cell models. The ICsg
values obtained in this study are 2-3 times higher than those previously
reported in human cell lines in 2D culture (60.8-7.1 pM for BPAF and
62.0-3.6 M for BPAP) (Rifa and Lavado, 2024). Nevertheless, Sendra
etal. (Sendra et al., 2024) recently reported that SH-SY5Y cells grown in
conventional 2D cultures are much more sensitive to BP-induced toxicity
compared to the 3D model, which may be due to differences in drug
diffusivity, drug action mechanisms, and cell proliferation capabilities
(Bloise et al., 2024). In support of this, no significant cytotoxicity of BPA,
BPAF and BPAP was reported in a human hepatic 3D model, HepG2
spheroids, following 24 h and 96 h of exposure to concentrations up to
160 and 80 pM, respectively (Sendra et al., 2023; Stampar et al., 2023).
On the other hand, reported LCs( values for BPAF and BPAP after 96 h of
exposure in zebrafish embryos were significantly lower, 1.16-1.95 mg/L
(3.45-5.80 pM) and 1.27 mg/L (3.89 pM) (Gao et al., 2022; Mu et al.,
2018), indicating that fish embryo models are much more sensitive to BP
exposure than in vitro cell models. Generally, BPAF is reported to be
more toxic than BPAP, and both alternatives are much more toxic than
BPA (Gao et al., 2022; Rifa and Lavado, 2024; Sendra et al., 2024),
which is in line with our findings. To our knowledge, no cytotoxicity
data for BPPH can be found in the literature.

3.2. Genotoxicity of the BPA alternatives BPAF, BPAP and BPPH in ZFL
spheroids

For the assessment of potential genotoxic effects induced by BPAF,
BPAP and BPPH in ZFL spheroids, DNA damage and DNA double-strand
break (DSB) induction were investigated using the comet assay and the
YH2AX assay, respectively. To gain insight into the cellular stress
response and response to genotoxic stress after exposure to the tested
BPs toxicogenomic analysis was performed.

The comet assay primarily detects single-strand breaks (SSBs) in
DNA, but also detects DSBs, alkali-labile sites, apurinic/apyrimidinic
sites, DNA-DNA and DNA-protein cross-links, as well as SSBs linked to
incomplete excision repair (Collins, 2014). Our results show that all
three tested BPA alternatives (at the highest tested concentrations)
significantly increased DNA damage in ZFL spheroids after 24 h of
exposure (Fig. 4). The lowest observed adverse effect concentration
(LOAEC) for BPAP and BPPH was 50 pM, with the latter exhibiting slight
cytotoxicity at this concentration. For BPAF, the LOAEC was determined
to be 100 pM. BPA on the other hand, induced the most pronounced
increase in DNA damage with a LOAEC of 200 pM. Notably, the LOAEC
of the tested BPA alternatives was lower than that of BPA, indicating a
higher genotoxic potential of BPAF, PBAP and BPPH compared to BPA.

The DNA damage detected after exposure to the tested BPs appeared
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Fig. 2. Cytotoxicity of BPA, BPAF, BPAP and BPPH in ZFL spheroids after 24 and 96 h. Cell viability was determined using the CellTiter-Glo® 2.0 Cell Viability Assay
(Promega). (A) Cell viability is presented as the percentage of the solvent control (0; 0.04 % DMSO). The positive control (20 and 10 % DMSO for 24 and 96 h,
respectively) performed as anticipated and reduced cell viability to 7.2 + 10.2 and 11.3 + 8.9 after 24 and 96 h of exposure, respectively (data not shown in Figure).
Asterix denote statistically significant differences (ANOVA and Holm-Sidéks’s test) between the samples and 0. ***p < 0.001, ****p < 0.0001. (B) Half-maximum
inhibitory concentrations (ICso) and inhibitory concentrations, which reduced the cell viability for 30 % (IC30), were calculated using nonlinear regression (log

(agonist) vs. normalized response—variable slope).

to be largely transient and reversible, as no persistent DNA damage was
observed after 96 h of exposure. The exception was BPAP at the highest
tested concentration (100 pM), which was borderline cytotoxic and
might have contributed to the observed DNA damage through
cytotoxicity-related mechanisms. Transient DNA damage, likely re-
flected initial DNA damage and/or oxidative DNA damage induction and
active repair processes (Azqueta et al., 2014). By 96 h, a successful
repair might have resolved the damage, antioxidant defences dimin-
ished oxidative stress and cells with irreparable damage could have
undergone apoptosis. Another plausible explanation for the transient
effects is cellular adaptation to BP exposure, through the upregulation of
xenobiotic metabolising and detoxifying enzymes, which could have

facilitated the breakdown and excretion of the tested BPs, thereby
reducing their intracellular concentration over time (Pritchett et al.,
2002).

To evaluate whether the tested BPs also induced DSBs, which are
considered the most deleterious type of DNA damage, the phosphory-
lated form of histone H2AX (yH2AX) was quantified using flow cytom-
etry. The phosphorylation of H2AX, one of the earliest cellular responses
to DSBs, is rapid and abundant and therefore serves as a reliable
biomarker of DSB induction (Kopp et al., 2019). The results of the
yYH2AX assay showed no statistically significant induction in DSBs after
24 or 96 h, except after 24-h exposure to the highest tested concentra-
tion of BPA (200 pM) and the highest tested concentration of BPAP (100
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Fig. 3. Morphological changes of ZFL spheroids exposed to BPA, BPAF, BPAP and BPPH for 24 and 96 h. The micrographs were captured using a Nikon Eclipse Ts2R
microscope and a BRESSER MikroCam II camera at 4x magnification. NC: negative control (growth medium), SC: solvent control (0.1 % DMSO), PC: positive control

(10 % DMSO). The scale in each micrograph represents 100 pm.

puM) (Fig. 5). BPAF (100 pM) slightly elevated H2AX phosphorylation
after 24 h of exposure; however, the increase was not statistically sig-
nificant. These results together indicate that the tested BPA alternatives
have a higher genotoxic potential than BPA, and the most potent among
them is BPAP.

There is limited data on the genotoxic potential of BPAF and BPAP in
aquatic vertebrates. BPPH is the least studied of the tested BPA alter-
natives, with no genotoxicity data currently reported in the literature.
To date, only a few in vitro and in vivo studies have investigated

genotoxicity endpoints induced by BPAF and BPAP, primarily using
mammalian test systems involving human or rodent models. BPAF has
been shown to induce DNA damage in human peripheral blood mono-
cytes (Mokra et al., 2018), HepG2 cells (Hercog et al., 2019; Sendra
et al., 2023), mouse oocytes (Ding et al., 2017), and V79 cells (Pfeiffer
et al., 1997), generally indicating a greater genotoxic potential than
BPA. BPAF and BPAP (10 pM) have also been reported to induce DSBs in
HepG2 spheroids after 96 h of exposure (Sendra et al., 2023). In
contrast, no significant increase in cells with chromosomal aberrations
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Fig. 4. DNA damage induction in ZFL spheroids after exposure to BPA, BPAF, BPAP and BPPH, for 24 and 96 h, detected with the comet assay. Data are expressed as
% of tail DNA and presented as violin plots (with 95 % confidence interval). The solid horizontal line indicates the median, while the dotted upper and lower lines
represent the first (25th percentile) and third quartiles (75th percentile). NC: negative control (growth medium), 0: solvent control (0.02 % DMSO), PC: positive
control (30 pM BaP). A statistically significant difference (Kruskal-Wallis and Dunn’s test) between the 0 and the exposed cells is indicated by p values.

or YH2AX foci formation was observed in DT40 cells—either wild-type
or homologous recombination-deficient (RAD54"/~) mutants—follow-
ing exposure to BPAF and BPAP (Lee et al., 2013). On the other hand, a
recent in vivo study demonstrated DNA damage and micronuclei in-
duction by BPAF in male rats, highlighting a similar transient nature of
genotoxic damage as observed in the present study, with the damage

being repaired after a recovery period (Zhu et al., 2024).

To further elucidate the potential genotoxicity of the tested BPs,
toxicogenomic analyses were conducted to identify changes in gene
expression associated with (geno)toxicological outcomes. Gene expres-
sion profiles have been suggested to be a valuable tool in risk assess-
ments, providing insights into the specific molecular mechanisms
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Fig. 5. DNA double-strand break (DSB) induction in ZFL spheroids after exposure to BPA, BPAF, BPAP and BPPH for 24 and 96 h. Phosphorylation of H2AX (yH2AX),
a marker of DSBs, was determined using flow cytometry. The yH2AX AF 647 fluorescence intensity of individual cells is presented as violin plots (95 % confidence
interval). The solid horizontal line indicates the median, while the dotted upper and lower lines represent the first (25th percentile) and third quartiles (75th
percentile). NC: negative control (growth medium), 0: solvent control (0.02 % DMSO), PC: positive control (10 ug/ml ET). Statistically significant differences (Mixed-
effects model and Holm-Shidék’s tests using median values) between the solvent control and the BP-exposed cells are indicated by p values.

triggered by test compounds (Corvi and Madia, 2016). This study
evaluated the expression of selected DNA damage-responsive genes
(DDR genes; tp53, gadd45a, mdm2, oggl, xrcc5 and ercc3) and genes
involved in apoptosis (casp2, baxa, and bcl2) in ZFL spheroids following

exposure to the tested BPs. In addition, genes involved in hormone
signalling (gnrh2, ar, esrl, esr2a, esr2b, vtrg4) were included to confirm
the activation of the primary mechanism of action of the tested BPs in
the applied test system. For each BP, two concentrations were included
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in toxicogenomic analysis: the highest non-cytotoxic concentration for
each time point (24 and 96 h) and an additional concentration corre-
sponding to the no observed adverse effect concentration (NOAEC).

Our results show that gene deregulation was more pronounced after
24 h of exposure, compared to the later time point, 96 h (Fig. 6, Table S4
and Table S5), which further confirms the transient nature of the effects
induced by the studied BPs. The expression of several genes exhibited
more than 1.5-fold change, which is considered a biologically important
alteration. Few changes were also statistically significant; nevertheless,
deregulation patterns could be observed, indicating the triggering of
cellular responses to BP exposure.

The deregulation patterns of the analysed DDR genes indicate that
the TP53 pathway was triggered after 24 h of exposure to the tested BPs,
probably in response to the initial DNA damage, which was observed in
the comet assay. Once DNA damage is detected, TP53 activates a series
of downstream targets that lead to cell cycle arrest, DNA damage repair,
and other survival pathways, as well as the removal of damaged cells
(Helton and Chen, 2007; Hollander et al., 1999). MDM2 regulates TP53
activity and degradation, while GADD45A plays an important role in
DNA damage repair and cell cycle control (Hollander et al., 1999). BPA
(200 pM) significantly upregulated gadd45a and mdm2, and increased
tp53 expression by more than 1.5-fold, though not statistically signifi-
cantly (NS). After 96 h, only gadd45a (200 pM) was significantly upre-
gulated. BPAF at 100 pM significantly upregulated mdm2 and increased
the expression of tp53 and gadd45a by over 1.5 times (NS). At 25 pM,
BPAF increased tp53 and gadd45a expression by over 1.5 times (NS).
BPAP at tested concentrations did not significantly deregulate genes
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after 24 h, but slightly upregulated gadd45a (NS). BPPH caused minimal
DDR gene deregulation, with only mdm2 statistically significantly
upregulated after 24 h at 50 pM. No significant changes in DDR gene
expression were observed after 96 h of exposure to the tested BPA
alternatives.

Interestingly, all tested BPs induced at least a slight upregulation of
ercc3. The ercc3 gene encodes an ATP-dependent helicase (XPB),
involved in nucleotide excision repair (NER) (Fan et al., 2006). NER is a
highly conserved and versatile DNA repair mechanism that addresses a
wide range of bulky, helix-distorting DNA lesions, including bulky
chemical adducts caused by exposure to various chemicals, intrastrand
crosslinks (often induced by chemotherapeutic agents), and oxidative
DNA lesions (Fan et al., 2006; Marteijn et al., 2014). The positive con-
trol, benzo(a)pyrene (BaP), which is known to induce bulky DNA ad-
ducts repaired by NER (Henkler et al., 2012), upregulated the expression
of ercc3 by 2.16 + 0.74 times (NS). In addition, the exposure to the
highest test concentration of BPA (200 uM), BPAF (50 pM) and BPAP
(100 pM) for 24 h upregulated oggl (> 1.5 times; NS), which encodes a
protein crucial for base excision repair (BER), that repairs oxidative DNA
damage. Specifically, OGG1 is involved in the excision of 8-oxoguanine
(8-0x0G), the most abundant type of oxidative DNA damage (Kanvah
et al., 2010). On the other hand, exposure to the tested BPs did not in-
fluence xrcc5 expression. This gene encodes a protein involved in the
non-homologous end joining (NHEJ) pathway of DNA repair that binds
to and initiates DSB repair (Gorre et al., 2014).

Improperly repaired DNA lesions can cause mutations, whereas
excessive, unrepaired damage may trigger the TP53 pathway to induce
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apoptosis, in order to remove damaged cells from the population and
suppress cancer development (Mu et al., 2018). To investigate whether
the chosen non-cytotoxic concentrations of the tested BPs induced
apoptosis in the exposed ZFL spheroids, pro-apoptotic (baxa and casp2)
and anti-apoptotic (bcl2) genes were included in the toxicogenomic
analysis. The results showed that BPA (200 pM) slightly upregulated the
pro-apoptotic gene baxa and downregulated the anti-apoptotic gene bcl2
(by >1.5, NS), indicating possible apoptosis induction after 24 h of
exposure. However, none of the genes involved in apoptosis regulation
were significantly deregulated upon 24 and 96 h exposure to the tested
BPA alternatives, except for a slight upregulation of casp2 following 24 h
of exposure to BPAF (100 pM).

In addition to genotoxicity-related cellular responses, our gene
transcription analysis revealed alterations in hormone signalling path-
ways, consistent with the known endocrine-disrupting activity of BPs
(Fig. 6, Table S4 and Table S5). These findings are not only relevant in
confirming the responsiveness of our test system but also provide
mechanistic insight, as endocrine-disrupting activity has been linked to
secondary genotoxic effects through oxidative stress, disruption of cell
cycle control, and modulation of DNA repair mechanisms (Bukato et al.,
2024; Jiménez-Salazar et al., 2021; Yedidia-Aryeh and Goldberg, 2022).
Therefore, while the primary focus of this study is genotoxicity, the
observed endocrine-related transcriptional changes support the plausi-
bility of indirect genotoxic mechanisms and highlight the multifaceted
toxicity profile of the tested BPs.

Our results confirmed the deregulation of several genes involved in
hormone signalling following exposure to the tested BPs (Fig. 6, Table S4
and Table S5). The genes gnrh2, ar, esrl, esr2a and esr2b encode for the
receptors GNRH2, AR, ERa, ERp2 and Erpl, involved in hormone sig-
nalling. GNRH2 (gonadotropin-releasing hormone 2 receptor) is
involved in the regulation of reproductive hormones (Marvel et al.,
2021), AR (androgen receptor) binds androgens, such as testosterone,
and is crucial for the development and maintenance of male character-
istics (Hossain et al., 2008), and the estrogen receptors ERa (estrogen
receptor alpha), ERB2 (estrogen receptor beta 2) and Erpl (estrogen
receptor beta 1) bind estrogens and have profound roles in reproductive
and other physiological processes (Menuet et al., 2004). The tested BPs
deregulated the selected genes from the endocrine system at both
exposure time points. While gnhr2 was not significantly deregulated
after 24 h, except for following exposure to BPAF, which induced >1.5-
fold downregulation of this gene at both tested concentrations.
Following 96 h of exposure to BPA (50 and 200 M), BPAP (25 pM) and
BPPH (50 pM), gnhr2 was statistically significantly upregulated by >1.5-
fold. The androgen receptor gene, ar was upregulated only after 24 h,
most notably by BPA (200 pM) and BPAF (100 pM). It was also upre-
gulated by >1.5 times after exposure to BPAF (25 pM) and BPAP (100
pM). Among the selected estrogen receptor genes, esr] was poorly
expressed in ZFL spheroids (data not shown). The expression of the other
two estrogen receptor genes, esr2a and esr2b, was most notably influ-
enced by exposure to BPAP and BPPH. Esr2a was upregulated by >1.5-
fold after exposure to BPAP (100 pM) and BPPH (100 pM), while esr2b
was downregulated by BPA (200 pM) and BPAF (25 pM) after 24 h. After
96 h, the upregulation of both genes was statistically significant (esr2a
and esr2b — BPAP 25 M, esr2b — BPPH 50 pM).

Additionally, the expression of the vtrg4 gene was evaluated after
exposure to the tested BPs, since previous studies have shown that vtrg4
is estrogen-inducible and can serve as a biomarker for exposure to es-
trogenic compounds (Hiramatsu et al., 2006). This gene encodes the
vitamin D receptor gamma 4 (VTRG4) that binds vitamin D and is
involved in vitellogenesis, the process of yolk protein production in
oviparous animals (Zhao et al., 2024). The expression of vtrg4 is closely
linked to exposure to estrogenic compounds, as its promoter region
contains multiple estrogen response elements (EREs) (Hiramatsu et al.,
2006). It has previously been shown to be upregulated after exposure to
a variety of estrogenic compounds, also in zebrafish (Rose et al., 2002;
Van Den Belt et al., 2003; Zhao et al., 2024). In ZFL spheroids, vtrg4 was
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significantly upregulated following 24 h exposure to BPA (200 pM). It
was also upregulated more than 1.5 times after 24 h exposure to BPAF
and BPAP (100 pM).

4. Conclusions

In conclusion, our results show that the tested BPA alternatives
(BPAF, BPAP and BPPH) were more cytotoxic to ZFL spheroids than
BPA. Exposure to non-cytotoxic concentrations of these bisphenols (BPs)
induced transient DNA damage, but no significant increase in double-
strand breaks (DSBs) was observed. The toxicogenomic analyses
revealed a significant impact of these BPs on the activation of the TP53
DNA damage response pathway, followed by the activation of the
nucleotide excision repair (NER) repair mechanism, potentially in
response to induction of bulky DNA lesions and oxidative DNA damage,
and activation of base excision repair (BER) in response to induction of
8-0x0G. These types of DNA lesions, especially the transient single-
strand breaks (SSBs) generated during their repair, could have been
the cause of the DNA damage detected in the comet assay. Further, the
DDR gene expression analysis results suggest no activation of the non-
homologous end joining (NHEJ) pathway, confirming the absence of
significant DSB induction following BP exposure, which is in line with
the results of the yH2AX assay. While apoptosis may have been triggered
to some extent by BPA and the highest tested concentration of BPAF,
there was no indication of apoptosis induction following exposure to the
other tested BAP alternatives.

This study is the first to use zebrafish liver (ZFL) spheroids to
investigate the adverse effects of BPs. The toxicogenomic analysis
demonstrated the endocrine-disruptive potential of the tested BPs in this
test system, confirming its suitability for studying BPs. The compre-
hensive data from the present study provides valuable insights into the
ecotoxicological properties of these emerging BPA alternatives and in-
dicates that they have considerable genotoxic and endocrine-disruptive
potential and thus pose a significant ecotoxicological risk. Our findings
underscore the need for further investigation and careful consideration
of these chemicals as BPA replacements.
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