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Abstract: Bisphenol A (BPA) is a ubiquitous synthetic compound used as a monomer in the produc-
tion of polycarbonate plastics and epoxy resins. Even at low doses, BPA has been associated with
the molecular progression of diseases such as obesity, metabolic syndrome, and hormone-regulated
cancers due to its activity as an endocrine-disrupting chemical (EDC). Consequently, the use of BPA
has been regulated worldwide by different health agencies. BPA structural analogs such as bisphenol
S and bisphenol F (BPS and BPF) have emerged as industrial alternatives, but their biological activity
in the molecular progression of cancer remains unclear. Prostate cancer (PCa) is a hormone-dependent
cancer, and the role of BPA structural analogs in PCa progression is still undescribed. In this work,
we use an in vitro model to characterize the transcriptomic effect of low-concentration exposure
to bisphenol A, S, or F in the two main stages of the disease: androgen dependency (LNCaP) and
resistance (PC-3). Our findings demonstrated that the low concentration exposure to each bisphenol
induced a differential effect over PCa cell lines, which marks the relevance of studying the effect of
EDC compounds through all the stages of the disease.

Keywords: prostate cancer; endocrine disrupting chemicals; transcriptome; bioinformatics; DNA
damage

1. Introduction

Bisphenol A (BPA) is the monomer used in the synthesis of epoxy resins and poly-
carbonates, also used as a plasticizer for thermoplastic polymers [1]. Global production
of BPA increased from 5 million metric tons to 8 million between 2012 and 2016, and it is
expected to reach 10.6 million metric tons by the end of 2022 [2]. On the one hand, BPA
derivates are used in a wide broad of applications, including polycarbonates for bottles,
toys, thermal paper, household appliances, and medical equipment. On the other hand,
epoxy resins are applied as protective coatings for food and beverage packaging, adhesives,
paints, and electronic laminates [3]. Due to its extensive number of uses, BPA residues have
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been found in agricultural and industrial soils [4], air [5,6], water, sewage, sediments [7],
and food [8]. Hence BPA is a ubiquitous molecule, and humans are constantly exposed to it
through multiple routes such as food, the skin, particle ingestion, and inhalation [9]. Health
agencies have determined the presence of BPA in more than 90% of urine samples in a
human reference population (US population) [10]. However, current evidence regarding the
potential harm of BPA exposure to human health remains inconclusive, leaving uncertainty
regarding the specific conditions under which it may be harmful to human health.

BPA exposure is involved in different human diseases due to its activity as an en-
docrine disruptor chemical (EDC). According to the U.S. Environmental Protection Agency
(EPA), endocrine disruptor chemicals are defined as exogenous agents capable of interfer-
ing with hormone action in their synthesis, transport, binding, and metabolism, causing
adverse effects in an organism or population [11]. EDCs are capable of disrupting hormone
receptors at their rapid genomic and non-genomic signaling. In 2019, the Expert Con-
sensus Statement identified ten different molecular mechanisms underlying EDCs action,
including hormone receptor agonism, hormone receptor antagonism, signal transduction,
regulation of hormone receptors expression, epigenetic modifications, hormone synthesis
regulation, hormone transport, distribution, and clearance, as well as cell fate dysregulation.
It is noteworthy that BPA is capable of exerting its EDC activity by using nine of these ten
molecular mechanisms [12]. Thus, it is not surprising that BPA has been related to several
human diseases such as obesity [9,13], cardiovascular disease [14], type 2 diabetes [15],
polycystic ovarium syndrome [16], asthma [17], as well as in the progression of hormone-
regulated cancers such as breast [18], testicular [19], thyroid [20,21] ovary [22,23], and
prostate [24,25]. Although there is evidence linking BPA exposure to different diseases,
the controversy surrounding the biological effect of EDCs remains. This is because most
studies testing these compounds, including BPA, have been used in higher concentrations
than those found in the environment. To solve this conundrum, the U.S. Environmental
Protection Agency (EPA) and the National Toxicology Program (NTP) defined low-dose
effects as the biological changes that occur at (1) the range of typical human exposures,
(2) doses at lower ranges than those used in standard protocols (below traditional toxicolog-
ical assessment), and (3) any dose below lowest observed adverse effect level (LOAEL). As a
result, it is important to test low concentrations of EDCs because of their biological relevance.
Moreover, another reason for characterizing the biological impact of low-concentration
EDCs is the presence of their broad mechanisms, which exhibit non-linear dose-response
effects, commonly known as non-monotonic effects (NME) [26]. Consequently, the effects
of EDCs at low concentrations are difficult to predict and must be characterized.

The European Food Safety Authority (EFSA) reduced the BPA reference dose, prompt-
ing restrictions and regulations regarding its use and production in North America and the
European Union [27–29]. Governmental institutions and public awareness led to the produc-
tion and utilization of structural analogs, such as bisphenol F (BPF; 4,4′-methylenediphenol)
and bisphenol S (BPS; 4-hydroxyphenyl sulfone), which have shown similar cytotoxic and
endocrine disruptive activity [30,31]. Therefore, it is pertinent to fully characterize the
molecular role of low-dose exposure to BPA and its structural analogs, BPS and BPF, in
several disease states. Here, we will focus on the investigation of the effect of the low dose
of BPA, BPF, and BPS in prostate cancer, a hormone-regulated cancer.

Prostate cancer (PCa) is the second leading cause of cancer among men worldwide,
and it is the main cause of cancer in Western countries [32]. Prostate gland organogenesis
is highly regulated by the presence of steroid hormones, where androgens and estrogens
have a key role in prostate development [33,34]. Different studies have related EDC com-
pounds to the development and progression of prostatic disease [35] as well as prostate
cancer [36]. In vivo reports have shown that BPA heightens prostate cancer susceptibility
in a dose-specific manner [37]. Moreover, epidemiological studies revealed that BPA is
positively correlated to prostate cancer risk [24]. Molecular evidence proved that BPA regu-
lates prostate cancer cell proliferation and induces cell cycle arrest in androgen-dependent
prostate cancer cell lines (LNCaP, LAPC4) [38], as well as the induction of DNA adducts and
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promotion of calcium-dependent migration [39] in prostate cancer cells [40]. These effects
are highly dependent on the affinity of BPA to the estrogen receptors Erα and Erβ [41] and
the androgen receptor (AR). Notably, AR mutations such as the AR protein mutant AR-
T877A seem to influence the activity of BPA. At environmentally relevant concentrations
(1 nM), this agent is capable of activating the expression of prostate-specific antigen PSA,
and inducing accelerated tumor growth in vivo, consequently facilitating the biochemical
recurrence in tumors after therapy [42–44]. BPA proved to possess androgenic and anti-
androgenic effects in rodent models [45]. The molecular mechanisms behind this activity
remained unclear. To solve this problem Hess-Wilson, et.al. determined the transcriptomic
profile of LNCaP cells exposed to BPA 1 nM. This group found that BPA activated mech-
anisms of cell proliferation by the downregulation of ERβ [46]. Taking into account that
ERs are mainly expressed in the male reproductive system, it is worth considering that the
effects of BPA on prostate cancer are due to their effects on estrogen receptors [47].

However, this evidence only considers the effects of bisphenol A during the early
stages of PCa, where cells are highly sensitive to the action of androgens but fail to describe
what happens when androgen-resistant prostate cancer cells are exposed to BPA. It is
pertinent to use other models to fully characterize the effect of low-concentration BPA
exposure alongside the course of the disease. The PC-3 cell line might be the ideal model
to evaluate the action of BPA in advanced stages of prostate cancer. Comparing LNCaP
and PC-3 cell lines is a common course of action due to their phenotypic differences since
LNCaP cells share characteristics with early-stage prostate cancer (adenocarcinoma), while
PC-3 has common features with small-cell neuroendocrine carcinoma (SCNC) [48]. To
provide a further understanding of the molecular impact of low-concentration exposure
of BPA and its structural analogs BPS and BPF, this work aims to characterize the effect of
these exposures on both LNCaP and PC-3 prostate cancer cell lines.

2. Results
2.1. Low-Concentration Bisphenol Exposure-Induced Cytotoxicity and Produced Changes in the
Cell Proliferation Pattern in Androgen-Independent PC-3 Prostate Cancer Cells

To understand the molecular mechanisms of low-concentration (nM) exposure to
BPA and analogs through the course of the disease, LNCaP and PC-3 prostate cancer cells
were exposed to 1, 5, or 10 nm concentrations of BPA, BPS, and BPF for 48 h. Then, cell
viability was measured to determine the cytotoxic effects of BPA and analogs. Androgen-
dependent LNCaP prostate cancer cells failed to exhibit statistically significant cytotoxic
effects at any exposure (Figure 1A). In contrast, cell viability in PC-3 cells was diminished
at 10 nM concentration. It is worth noting that there were substantial differences in the
dose-response pattern between both cell lines, as PC-3 cells exhibited a non-monotonic
pattern (Figure 1B), and although statistically significant differences were not detected at
concentrations of 1 and 5 nM, a similar dose-response pattern was reported in rat prostatic
epithelial cells exposed to nM concentrations of BPA [49]. Once the effect over cell viability
was determined, 5 nM concentration was chosen for further assessment since it was the
highest concentration with no adverse effect observed.

Cell proliferation was measured in prostate cancer cells at 24, 48, 72, and 96 h. LNCaP
cells were not affected by any exposure (Figure 1C), and PC-3 cell lines seemed to have
a time-dependent differential effect on proliferation; however, a statistically significant
difference was only found with the BPA exposure at 24 h (Figure 1D). These results suggest
that the effect of bisphenols exposure on prostate cancer cytotoxicity and proliferation
might differ depending on the stage of the disease and the concentration of the exposure.
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Figure 1. Cell viability in prostate cancer cell lines: (A) Cell viability in the androgen-sensitive pros-
tate cancer cell line LNCaP; (B) Cell viability in the androgen-independent prostate cancer cell line 
PC-3. In both cases, cells were exposed for 48 h to each bisphenol (A, S, and F) at 1, 5, and 10 nM 
concentrations. (C) Cell proliferation in the androgen-sensitive prostate cancer cell line LNCaP; (D) 
Cell proliferation in the androgen-independent prostate cancer cell line PC-3. In both cases, cells 
were exposed for 24, 48, 72, and 96 h to each bisphenol (A, S, and F) at 1, 5, and 10 nM concentrations. 
An ordinary one-way ANOVA (cell viability) and an ordinary two-way ANOVA test (cell prolifera-
tion), followed by Dunnett’s multiple comparison tests, were performed to determine the differ-
ences between each group versus the control group, considering an α = 0.05 and p < 0.05. The amount 
of asterics indicate how high is the significance. ** p ≤ 0.01, **** p ≤ 0.0001. 
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data, differential expression analysis was done using empirical Bayes statistics for differ-
ential expression (eBayes). Exposure to BPA in LNCaP cells resulted in a total of 2750 dif-
ferentially expressed genes (DEGs); 1533 were upregulated, and 1217 were downregu-
lated (Figure 2A). Similarly, BPS exposure induced 2416 DEGs, 1922 upregulated and 494 
downregulated (Figure 2B), and BPF exposure presented 3931 DEGs, 2847 upregulated 
and 1084 downregulated (Figure 2C). The expression profile for each exposure was repre-
sented in a clustergram, revealing that each compound induced a unique transcriptomic 
effect in the LNCaP cell line (Figure 2D). The androgen-resistant prostate cancer cell line 
PC-3 was less sensitive to bisphenol exposure, as fewer DEGs were observed. The expo-
sure to BPA resulted in 738 DEGs, 318 upregulated, and 420 downregulated (Figure 2E). 
BPS exposure induced the differential expression of 456 DEGs; 208 were upregulated and 

Figure 1. Cell viability in prostate cancer cell lines: (A) Cell viability in the androgen-sensitive
prostate cancer cell line LNCaP; (B) Cell viability in the androgen-independent prostate cancer cell
line PC-3. In both cases, cells were exposed for 48 h to each bisphenol (A, S, and F) at 1, 5, and
10 nM concentrations. (C) Cell proliferation in the androgen-sensitive prostate cancer cell line LNCaP;
(D) Cell proliferation in the androgen-independent prostate cancer cell line PC-3. In both cases,
cells were exposed for 24, 48, 72, and 96 h to each bisphenol (A, S, and F) at 1, 5, and 10 nM
concentrations. An ordinary one-way ANOVA (cell viability) and an ordinary two-way ANOVA test
(cell proliferation), followed by Dunnett’s multiple comparison tests, were performed to determine
the differences between each group versus the control group, considering an α = 0.05 and p < 0.05.
The amount of asterics indicate how high is the significance. ** p ≤ 0.01, **** p ≤ 0.0001.

2.2. Transcriptomic Effect of Bisphenols Exposure

Total RNA from LNCaP and PC-3 prostate cancer cells exposed to 5 nM bisphenols
(BPA, BPS, and BPF) for 48 h was used to characterize the transcriptomic profiles through
the microarray technique. After quality assessment and normalization of the microarray
data, differential expression analysis was done using empirical Bayes statistics for differ-
ential expression (eBayes). Exposure to BPA in LNCaP cells resulted in a total of 2750
differentially expressed genes (DEGs); 1533 were upregulated, and 1217 were downregu-
lated (Figure 2A). Similarly, BPS exposure induced 2416 DEGs, 1922 upregulated and 494
downregulated (Figure 2B), and BPF exposure presented 3931 DEGs, 2847 upregulated and
1084 downregulated (Figure 2C). The expression profile for each exposure was represented
in a clustergram, revealing that each compound induced a unique transcriptomic effect
in the LNCaP cell line (Figure 2D). The androgen-resistant prostate cancer cell line PC-3
was less sensitive to bisphenol exposure, as fewer DEGs were observed. The exposure
to BPA resulted in 738 DEGs, 318 upregulated, and 420 downregulated (Figure 2E). BPS
exposure induced the differential expression of 456 DEGs; 208 were upregulated and 248
downregulated (Figure 2F). Finally, in BPF exposure, there were 359 DEGs, 106 upregulated,
and 253 downregulated (Figure 2G). The clustergrams illustrating the expression profiles
of each bisphenol exposure revealed a unique transcriptomic profile for each bisphenol
exposure (Figure 2H).
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Figure 2. Differential expression analysis of prostate cancer cell lines (LNCaP and PC-3) exposed to
bisphenols A, S, and F. Volcano plots present the differentially expressed genes upon the bisphenol
exposure, blue dots represent downregulated genes and red dots represent upregulated genes.
Heatmaps reproduce expression profiles for differentially expressed genes when comparing the
control (vehicle) against each bisphenol exposure. Volcano plots for LNCaP cells exposed to (A) BPA
5 nM, (B) BPS 5 nM, (C) BPF 5 nM, and (D) expression profiles for LNCaP cells exposed to bisphenols
A, S, and F. Volcano plot for PC-3 cells exposed to (E) BPA 5 nM, (F) BPS 5 nM, (G) BPF 5 nM,
(H) Expression profiles for PC-3 cells exposed to bisphenols A, S, and F. Upset plot showing the
shared DE genes between all bisphenol exposures. Dots indicate the levels of interactions, and bars
indicate the number of DE genes (I).
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An upset plot was built to compare the transcriptomic effects of the different exposures
to bisphenols in prostate cancer cell lines. The exposure of LNCaP cells to BPS and BPF
shared 1004 DE genes, while exposure to three bisphenols shared only 161 DE genes.
For PC-3 cell lines, exposures to BPA and BPS shared 60 DE genes, and exposures to
BPF and BPS shared 52 DE genes. Only 27 DE genes were shared in the three exposures
for the PC-3 cell line. In conclusion, each bisphenol exposure has a differential effect
over the transcriptome of prostate cancer cell lines (LNCaP and PC-3), and the possible
implications of these effects need to be explored; due to this, we performed the functional
characterization of the transcriptomic effect of these bisphenol exposures (Figure 2I).

2.3. Pathway Over-Representation Analysis

To further understand the possible role of these transcriptomic changes on prostate
cancer cell lines, a pathway over-representation analysis was performed using the EnrichR
package [50]. The over-representation analysis determined whether genes from predefined
sets, as GO terms, are more present than would be expected in our data. To perform
this analysis, the protein-coding DE genes for each bisphenol exposure were split into
two gene sets, one containing the overexpressed DE genes (FC > 2) and the other one
containing the downregulated DE genes (FC < −2). Once the datasets were split, pathway
over-representation was performed, considering that GO terms were overrepresented if
they had a p-value < 0.05 and were sorted by their combined score.

2.3.1. Upregulated Pathways

In LNCaP cells exposed to BPA, the only statistically overrepresented pathway was
activin receptor signaling (Figure 3A) which was previously associated with the regu-
lation of prostatic cell adhesion and viability [51]. BPS disrupted thirteen pathways re-
lated to biomolecule metabolism, protein processing, differentiation, and mitosis control
(Figure 3B,G). BPF exposure altered sixty-six pathways of biomolecule metabolism, vesicle
transport, cell cycle control, vacuole function, and cell response to stimulus (Figure 3C,G).
There were only six GO terms shared between BPF and BPS exposure (mainly related to
metabolism, vacuolar function, and RNA processing), indicating that the effect of these
compounds over the upregulated DE genes was more similar than compared with the other
exposures (Figure 3G). In PC-3 cell lines, the main overrepresented pathways due to BPA
exposure were epithelial cell-to-cell adhesion (Figure 3D), blood circulation in the case of
BPF exposure, and seventeen enriched GO terms (Figure 3F) for the BPS exposure related
to biomolecule metabolism (such as nucleotides), immune cell chemotaxis, and protein
processing (Figure 3E,G).

2.3.2. Downregulated Pathways

For all the bisphenol exposures, there were more statistically significant enriched
pathways than downregulated DE genes used as a query for the EnrichR analysis. In
LNCaP cells exposed to BPA, the statistically enriched pathways were related to DNA
elongation, metabolism, and repair, as well as response to DNA damage, cell cycle control,
mitotic cell cycle phase transition, and mitochondrial function (Figure 4A). For the BPS
exposure in LNCaP cells, the main overrepresented pathways were the ones related to
sterol and cholesterol import and metabolism, which also disrupted different biomolecule
biosynthesis (Figure 4B).
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Figure 3. Pathway over-representation analysis from upregulated DE genes. Dot plots represent the
enriched pathways. The size of each dot indicates the odd ratio, and the color represents the p-value
for each pathway. Dot plots for LNCaP cells exposed to BPA (A), BPS (B), and BPF (C) indicate the
top twenty enriched pathways for each exposure. For the PC-3 cell line, the main overrepresented
pathways were represented by the dot plots (D) for BPA (E), BPS (F), and BPF (G) exposure. The
upset plot with the main overrepresented pathways for each bisphenol exposure is represented in
Figure (G).
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represented by the dot plots for BPA (D), BPS (E), and BPF (F) exposure. The upset plot with the
main overrepresented pathways for each bisphenol exposure is represented in Figure (G).



Int. J. Mol. Sci. 2023, 24, 9462 9 of 19

BPF exposure disrupted pathways related to DNA repair, replication, metabolism, cell
cycle control, and chromatin organization in LNCaP cells (Figure 4C). In PC-3 cell lines,
bisphenol A disrupted pathways related to cell division, proliferation, cell cycle control,
DNA damage response, and apoptosis regulation (Figure 4D). Bisphenol S exposure im-
pacted pathways related to apoptotic signaling in mitochondria, phosphate ion transport,
protein insertion in mitochondria, and vascular endothelial growth factor (Figure 4E).
In the case of BPF exposure, it downregulated genes related to cell cycle control regula-
tion, mitotic phase transition, mitochondrial transport, and DNA damage repair response
(Figure 4F). From the upset plot, we determined that there were some common shared
enriched pathways among the different bisphenol exposures (Figure 4G). There was one
enriched pathway shared between LNCaP exposures to BPA, BPF, and PC-3 exposure to
BPS and BPF, which was the GO term GO:0006839, associated with mitochondrial transport.
Another shared GO term between four exposures was GO:0030330 (DNA damage response,
signal transduction by p53 class mediator) which was shared between PC-3 exposure to
BPA and BPF, also between LNCaP exposures to BPA and BPF. There were twenty-three GO
terms shared between three bisphenol exposures (Figure 4G), most of them related to cell
cycle control, DNA damage response, and biomolecule metabolisms such as GO:0010564
(regulation of cell cycle process), GO:0000086 (G2/M transition of the mitotic cell cycle),
GO:0006977 (DNA damage response, signal transduction by p53 class mediator resulting
in cell cycle arrest), GO:0007077 (mitotic nuclear membrane disassembly), and GO:0007346
(regulation of mitotic cell cycle), to give some examples (File S1). As most of the enriched
GO terms shared between three or more bisphenol exposures were related to DNA damage,
cell cycle control, and biomolecule metabolism, further assays were performed to elucidate
whether the disruption on the transcriptome was capable of inducing a phenotypic effect.

2.4. DNA Damage Induction by Exposure to Bisphenols

The bioinformatic analysis confirmed that the exposure to bisphenols A, S, and F at
nanomolar concentration was capable of disrupting pathways related to DNA damage re-
pair, elongation, metabolism, and cell cycle control through DNA damage; it was relevant to
characterize whether the DNA damage was detectable in cells exposed to these compounds.
To answer this question, two different methodologies were used: the Cytokinesis-Blocked
Micronuclei Assay (CBMN) and the Comet Assay.

CMBN assay allows the detection of chromosomal breaks or whole chromosome
excisions from the nuclear material, as well as bud formation and chromatin bridges.
Exposure of 5 nM BPA, BPS, or BPF in LNCaP and PC-3 cells did not affect the micronuclei
number (Figure 5A,B).

As no permanent DNA damage after exposing prostate cancer cells to low concentra-
tion of bisphenols was observed by the CMBN assay, we performed an alkaline comet assay
to detect repairable DNA insults such as DNA double-strand breaks, DNA single-strand
breaks, and incomplete excision repair sites, among others [52]. In this assay, all bisphenols
A, S, and F at 5 nM concentration were capable of inducing DNA damage for both cell
lines LNCaP (Figure 5C) and PC-3 (Figure 5D), represented by an increase in the moment
of the comet tails (relationship between each comet length and signal intensity). All ex-
posures were compared against the vehicle (ethanol), and we included a DNA damage
positive control, Mitomycin C (MMC) at 5 µM concentration. These results indicate that
the exposure to bisphenols A, S, and F was not capable of inducing irreversible chromo-
somic DNA damage, but these exposures were capable of increasing the amount of strand
DNA damage in prostate cancer cell lines, which confirms the bioinformatic results for the
transcriptome analysis.
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2.5. Cell Cycle Analysis

As results from the pathway over-representation analysis showed that most of the main
DE genes were involved in cell cycle control and checkpoint mechanisms, we evaluated
the cell cycle in prostate cancer cells exposed to bisphenols. To compare the effects that
bisphenol exposure might have on the cell cycle regulation, human lymphocytes were
used as G0/G1 phase positive control, and prostate cancer cell lines were treated with the
antineoplastic agent nocodazole which inhibits the microtubule synthesis arresting cells
in G2/M phase. All groups were compared with negative control (prostate cancer cell
lines treated with ethanol) (Figure 6A). Exposition of the androgen-sensitive LNCaP cells
to BPA, BPS, or BPF did not affect any cell cycle phase. In contrast, PC-3 cells exposed
to 5 nM BPA induced cell cycle arrest in G0/GQ (Figure 6B). Cell cycle inhibition was
previously reported in human prostate cancer cells, and the possible mechanism was the
downregulation of cyclin D1 expression and the overexpression of cell cycle inhibitors as
p21 and p27 [38]. However, further research is still needed to explain this mechanism in
both stages; androgen-sensitivity and androgen-independence with more BPA analogs.
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3. Discussion

In this work, we showed that exposure to bisphenol A, S, and F at nanomolar concen-
trations has a differential effect as cytotoxic agents in prostate cancer cell lines. PC-3 cells
were more sensitive to the cytotoxic effect, presenting a statistically significant reduction
in cell viability after bisphenols exposure at 10 nM concentration. In the case of LNCaP
cells any bisphenol exposure presented cytotoxic effects. A similar pattern was observed
in cell proliferation assays; in LNCaP cells, proliferation was not affected, in contrast to
PC-3 cells that presented an increase in cell proliferation after 24 h exposition to BPA (5 nM)
and BPF (10 nM). The differences might be explained by specific features of each cell line
LNCaP cells share characteristics with early-stage prostate cancer (adenocarcinoma), while
PC-3 is a cell line that resembles a small cell neuroendocrine carcinoma (SCNC), including
the expression of the androgen receptor (AR) and prostate-specific antigen (PSA) whereas
PC-3 cells do not express these proteins [48]. Another substantial difference between cell
lines is the presence of hormone receptors besides AR, such as estrogen receptors ER-α
(ESR1)and estrogen receptors ER-β (ESR2). In vitro models demonstrated that LNCaP cells
express ER-β but not ER-α, while PC-3 cells express ER-β at the mRNA level [53]; however,
at the protein level, LNCaP cells failed to express any of the estrogen receptors but express
AR. PC-3 cells express ER-α but not AR [54]. It was previously reported that ER-α tends to
promote prostate tumorigenicity [55]. Interestingly, in other cellular models (HeLa), it was
proved that bisphenol A has dual effects as an agonist and antagonist for ER-α, activating
the receptor activity at low concentrations [56]. This evidence supports that PC-3 is more
sensitive to both cytotoxic and proliferative effects than LNCaP cells which is consistent
with our observations. Exposure to bisphenols at 5 nM did not exhibit any cytotoxic effects;
therefore, the remaining analysis was performed by exposing PCa cells to bisphenols at this
concentration. We characterized the effect of bisphenols on transcription on LNCaP and
PC-3 since previous evidence showed that the transcriptional profile of cell cycle regulation
and proliferation could be impacted by BPA [46], as an increase in cell proliferation but
not cell proliferation in LNCaP cells. This difference can be explained due to the time
difference between these studies, as they exposed LNCaP cells to bisphenols for 24 h, and
we performed most of the assays after 48 h exposure, considering the time to complete one
cell replication cycle.

Microarray expression analyses demonstrated that each bisphenol exposure has a
unique transcriptional profile. LNCaP cells had a higher rate of DEGs compared to PC-3
cells, which might be explained by the inherent characteristics of both cell lines and their
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expression of hormone receptors. It has been reported, in other models, that BPA has
estrogenic activity but may also act as an anti-androgenic compound [57]. Additionally, it
was reported that BPA, BPS, and BPF induce ER-α/ERβ, antagonizing AR activity [58]. As
LNCaP cells present estrogenic and androgenic functions, more differentially expressed
genes were found when exposed to bisphenols, in contrast to PC-3 cells which only express
ER-α, and therefore fewer DEGs were observed after bisphenol exposure.

To determine the potential pathways of the DEGs, we performed a pathway over-
representation analysis and found that there were less statistically significant enriched GO
terms when using the upregulated DEGs as query terms compared to the downregulated
ones. The LNCaP cells exposed to BPF had more upregulated GO terms than all the
other exposures, and most of the statistically significant enriched pathways were related
to biomolecule metabolism. There were no clear shared patterns of pathway enrichment
among the bisphenol exposures for the upregulated DEGs. In contrast, the downregulated
DEGs induced the dysregulation of more GO terms. In the case of downregulated pathways,
there were more biological functions shared among all the exposures, and most of them
were related to cell cycle regulation, DNA damage repair mechanisms, DNA elongation
and metabolism, and biomolecule metabolism. It was previously reported that bisphenols
are capable of inducing DNA damage in different cell models through oxidative stress and
disrupting cMYC and CTNNB1 signaling pathways, inducing cell cycle arrest [59–62]. In
normal epithelial cells, evidence proved that BPA induces DNA damage (RWPE-1) [63]
and cell cycle arrest in human non-transformed epithelial prostate EPN cells and prostate
cancer cells (LNCaP) [38]. However, there is a lack of evidence regarding the effect of these
three structural analogs (BPA, BPS, and BPF) in both androgen-sensitive and independent
prostate cancer cells LNCaP and PC-3.

Our observations show the effect of bisphenols exposure on DNA damage and cell
cycle control. Despite the fact that permanent chromosomic DNA excisions or damage
in the micronuclei assay were not apparent, there was a tendency towards an increased
amount of micronuclei after bisphenol exposure, we found a statistically significant increase
of DNA breaks, as shown by the comet assay for all bisphenol exposures suggesting
bisphenols might affect DNA strand breaks both, single or double, or they may induce
an incomplete excision repair sites. The accumulation of small DNA breaks might be
able to induce larger chromosomal abnormalities, reflected in the increasing amount of
micronuclei number; this latter was only observed as a trend. The effects of bisphenols on
DNA damage were consistent with those from the transcriptomic analyses, where we found
a downregulation in DNA damage repair genes. Similar results were reported in normal
epithelial prostate cells RWPE-1 exposed to BPA, BPS, and BPF where repair proteins,
OGG1, Ape-1, MyH, and p53 involved in the base excision repair were downregulated
during bisphenol exposures [63]. Similarly, Chen Yin-Kai et al. reported downregulation of
TP53 and CDKN1A, putatively promoting DNA damage [59].

LNCaP cells showed greater DNA damage than PC-3 cells, as shown by the comet
assay.. In terms of toxicological potency, the three bisphenols did not show a statistically
significant difference in the comet tail moment; however, there is a tendency where bisphe-
nol F exposure induced slightly higher comet tails in both prostate cancer cell lines. In
the case of PC-3 cells, cell cycle analysis revealed an induction of cell cycle arrest in the
G0/G1 stage. For the other treatments, there was no statistically significant difference.
Integrating the pathway over-representation analysis and the cell cycle results for PC-3
cells exposed to BPA, we identified the downregulation of important genes for cell cycle
control, such as TP63, MYO19, and CDC25 were downregulated after the exposure. In
fact, TP63 ablation has been related to G1 cell cycle arrest [64]. With these assays, we
confirmed that there was single and double-strand DNA damage induction in both LNCaP
and PC-3 cells and that the cell cycle was only affected by BPA in the androgen-independent
prostate cancer cell line PC-3. Cell cytotoxicity, cell proliferation, transcriptomic profiles,
bioinformatic pathway analysis, DNA damage, and cell cycle assays indicate that exposure
to low-concentration bisphenols might have a differential effect in prostate cancer cells,
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which may correlate in vivo with a distinctive disease stage. This can have an explanation
considering the androgenic, anti-androgenic, and estrogenic activities, other endocrine
disrupting mechanisms, and epigenetic changes of bisphenols differentially impacting PC-3
and LNCaP [65,66].

Further research, such as in vivo models and mechanistic molecular tests, will be
needed to fully understand the mechanistic differences between these exposures. Nev-
ertheless, this work provides a first insight highlighting the impact of bisphenol at the
transcription level for prostate cancer progression. Environmental toxicology, omic sci-
ences, and translational medicine should be integrated to provide more consistent evidence
related to EDCs and their impact on non-communicable diseases.

4. Materials and Methods

In this study, prostate cancer cell lines LNCaP and PC-3 were exposed to environ-
mentally relevant concentrations of BPA, BPS, and BPF (1, 5, and 10 nM) to determine the
exposure effect over cytotoxicity, proliferation, transcriptome, DNA damage, and cell cycle.

4.1. Chemicals

Bisphenol A (4,4′-Isopropylidenediphenol; Cas. 239658-50G; Lot #MKBX9458V),
Bisphenol S (4,4′-Sulfonyldiphenol; Cas. 103039-100G; Lot # MKCF0795) and Bisphenol
F (4,4′-Methylenediphenol; Cas. B47006-1G; Lot #00125KJ) were acquired from Sigma–
Aldrich company [67–69]. To treat cells with these compounds, bisphenols were diluted in
absolute ethanol as a vehicle.

4.2. Cell Culture

Prostate cancer cell lines LNCaP (CRL-1740) and PC-3 (CRL-1435) were acquired from
the American Type Culture Collection (ATCC, Inc., Manassas, VA 20110-2209 USA) [70,71].
All cells were cultured with RPMI 1640 media (pH = 7.4) (Sigma–Aldrich, Inc., St. Louis,
MI, USA, R8758) [72] with 10% of fetal bovine serum (FBS) and incubated under standard
conditions (5% CO2, 37 ◦C).

4.3. Cell Viability Assay

Approximately 1× 104 and 5× 103 prostate cancer cells LNCaP and PC-3 were seeded
into 96-well plates. Twenty-four hours after seeding, cells were hormone depleted using
RPMI 1640 media without phenol red and FBS charcoal stripped (1%). A low concentration
of FBS is crucial to perform this assay to starve cells avoiding cell proliferation. After
hormone depletion and starvation, cells were treated with bisphenols added to their
cell culture media to reach final concentrations of 1 nM, 5 nM, and 10 nM (vehicle final
concentration was 1% v/v).

Forty-eight hours after treatment, cell culture media was removed, and cells were
washed with phosphate-buffered saline (PBS) 1X, then fresh culture media prepared with
MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Abcam, Inc., Cam-
bridge, MA, USA, ab211091) reactive [73] was added. For each well, an equivalent of
15 µL of MTT reactive per well was added, and they were diluted in 35 µL of cell culture
fresh media. After this, cells were incubated for two hours under standard conditions (5%
CO2, 37 ◦C) until formazan crystals (purple) were observed. Then, 100 µL of MTT reactive
solvent was added to each well of the plate. Cells were incubated at room temperature
until the cells had been lysed and the purple crystals had been dissolved. The absorbance
was measured at 570 nm using a microplate reader. Cell viability was normalized against
the cell viability of cells without any treatment.

4.4. Cell Proliferation

Approximately 2.5 × 103 prostate cancer cells LNCaP and PC-3 were seeded into
96-well plates. Twenty-four hours after seeding, cells were hormone depleted (but with
10% of charcoal-stripped FBS) and treated with bisphenols A, S, and F at 1 nM, 5 nM, and
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10 nM. The cell proliferation assay using crystal violet was performed at four different
times for each cell line (24, 48, 72, and 96 h), following the next protocol. After each one
of the established times for treatments, the cell culture media was removed. Then, cells
were washed twice with 50 µL of PBS 1× After washing, cells were fixed with 50 µL of 4%
paraformaldehyde for ten minutes. Once fixed, we removed paraformaldehyde and let
cells dry at room temperature. Then we washed cells again with 50 µL of PBS 1×. PBS was
removed, and cells were stained with 0.02% crystal violet in deionized water (50 µL/well)
for 10 min. The excess was discarded by washing cells again with PBS 1×. The cell-bound
dye was redissolved in 33% v/v acetic acid/water. In the end, optical density was measured
at λ = 595 nm. Cell proliferation was normalized against the cell viability of cells without
any treatment.

4.5. RNA Extraction and Quality Assessment

RNA purification was performed using TRI reagent (Sigma–Aldrich, Inc., St. Louis,
MI, USA) [74], following the manufacturer’s protocol for cells cultured in monolayer.
Once extracted, the RNA concentration and purity were measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) [75], determining
the sample absorbance at a wavelength of 260 nm, and for purity evaluation, we measured
the absorbance ratio at 260/A280 nm and 260/A230 nm. We considered that a sample was
relatively pure when the 260/A280 nm ratio was ~2.0, and the 260/230 ratio was between
2.0 and 2.2. Then the RNA quality was determined by automated electrophoresis, using
the Agilent, Inc., Santa Clara, CA, USA, 2100 Bioanalyzer Instrument [76], following the
manufacturer’s indications. Samples with an RNA integrity number (RIN) ≥ 9.0 were
considered suitable for the microarray assay.

4.6. Microarray Assay

To determine the exposure effect of bisphenols A, F, and S on the transcriptome of
prostate cancer cell lines, we used the Clariom™ D Assay, human from (Thermo Fisher
Scientific, Inc., Waltham, MA, USA), which contains probes to recognize >542,500 human
transcripts, providing a wide view of human transcriptome expression profile [77]. We
followed the manufacturer’s protocol for sample preprocessing, labeling, hybridization,
and microarray imaging [78].

4.7. Data Analysis
4.7.1. Differential Expression Analysis

Data were analyzed using Thermo Fisher Scientific’s Transcriptome Analysis Console
(TAC 4.0.2). Raw data were processed for normalization and gene-level analysis using the
robust multi-array average (RMA) included in the TAC 4.0.2 software. Each experimental
condition has three independent microarray replicates. Differentially expressed transcripts
were calculated using the means of the gene expression signals to obtain a fold change (FC)
of the expression values. Statistical analysis was done using the eBayes limma method
included in the TAC 4.0.2 software. Those FC values ≥ 2, ≤−2, and with a gene-level
p-value ≤ 0.05 were considered significant. Volcano plots and clustergrams (heat maps)
were obtained from the TAC 4.0.2 software [79].

4.7.2. Pathway Over-Representation Analysis

The DEGs from each bisphenol exposure were filtered into two new data sets, one
containing the upregulated DEGs and the other with the downregulated DEGs. Each
new dataset was used as input for the EnrichR package in R [50] to perform the pathway
over-representation. The GO_biological_Process_2018 library was considered to perform
the over-representation analysis. Pathways were considered statistically enriched if they
had a p-value < 0.05 and were sorted considering their odd ratio. Dot plot visualization
was built using the ggplot2 R package [80].
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4.7.3. Cytokinesis-Blocked Micronuclei (CBMN) Assay

The CBMN assay is a worldwide validated method used to analyze genotoxic effects.
The assay was conducted according to the conditions described by Fenech M. et al. [81]
but adapted to monolayer-grown cells. The 0.5 × 106 cells were seeded onto a cover slip
in 60 mm dishes. Cells were exposed to bisphenols A, F, and S (1 nm, 5 nM, and 10 nM)
for 48 h. After the treatment time, cytochalasin B (3 mg/mL final concentration) was
added for 24 h. Cells on the coverslips were fixed in methanol/acetic acid (3:1). The cover
glasses were stained with Wright’s colorant and were mounted on slides for microscopy
evaluation. Cell proliferation kinetics were analyzed by determining the frequency of
mononucleated (Mono), binucleated (Bi), and polynucleated (Poly) cells. The cytostatic
activity was determined by calculating the nuclear proliferation index (NPI) with the
formula NDI = [M + 2(BN) + 3(P)]/N, with N being the total counted cells. The frequency
of MN was determined in 500 binucleated cells per treatment group, and this measure is
associated with DNA damage.

4.7.4. Alkali Comet Assay

To perform an alkali comet assay, we followed the indications described by Lu, Y.
et al. [82], adapted to monolayer-grown prostate cancer cell lines LNCaP and PC-3. Cells
were exposed to bisphenol A, S, and F (1, 5, and 10 nM) for 48 h. After exposure, the culture
was detached from the monolayer and resuspended in 1 mL of RPMI 1640. Then, they
were incubated for one hour with 10 µL of N- hydroxyurea. After incubation, 150 µL of
low melt-point point agarose (LMP) was added to each sample. A total of 75 µL of the
solution was added to previously prepared low melting point agarose in glass slices. Glass
slices were covered with a coverslip and incubated at 4 ◦C for 5 min. After incubation, the
other 75 µL were added to the glass slices and incubated for another 5 min. Glass slices
were submerged into 50 mL of lysis solution (2.5 M NaCl, 100 mM Na2EDTA, 100 mM Tris)
with 5 mL of dimethylsulfoxide (DMSO) and 0.5 mL of Triton X-100 solution. Glass slices
were incubated in this solution for an hour. Once the cells were mounted into the slices
with agarose, electrophoresis was performed for 40 min at 25 V. After electrophoresis, glass
slices were washed with 2 mL of Tris pH 7.4 and were fixed with ethanol. Slices were dried
under environmental conditions.

To read the samples, 10 µL of bromide ethidium was added to each sample to stain the
nuclei chromatin and observe the DNA fragments that compose the comet. We determined
the comet presence and moment (relationship between length and intensity) with the
Perceptive Instruments Comet Assay IV image analysis systems [83].

4.7.5. Flow Cytometry and Cell Cycle Analysis

Cell cycle analysis was performed through the propidium iodine method coupled to
flow cytometry. Cells were exposed to bisphenol A, S, and F (1, 5, and 10 nM) for 24 and
48 h. Then, they were digested with 1 mL of trypsin and centrifuged at 1200 rpm for 8 min
at 4 ◦C. The cell pellet was resuspended in 40 µL of ice-cold PBS, and then 460 µL of cold
ethanol was added. The suspension was stored at −20 ◦C for at least 24 h. After the storage
time, cells were centrifuged at 2000 revolutions per minute (rpm) for 6 min at 4 ◦C. Then
cell pellets were resuspended into a staining solution (propidium iodine 2 mg/mL) and
incubated in dark conditions for 30 min. Each sample was loaded into the cytometer, and
results were analyzed with Verity’s ModFit LT software version 3.3 [84].

5. Conclusions

Bisphenol A structural analogs BPF and BPS are widely known to exert biological
effects; therefore, it is imperative for the scientific community to describe the consequences
of their exposure and to fully understand the molecular mechanisms that might relate the
bisphenols exposure to disease development. This research provides an initial insight into
the effects of exposure to low-concentration bisphenol A structural analogs in two different
stages of an in vitro model of prostate cancer. Further molecular research will be needed
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to fully assess whether BPA structural analogs might have a differential effect in prostate
cancer, depending on the stage of the disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24119462/s1, File S1: Full Pathway Over-representation Tables.

Author Contributions: Conceptualization, S.A.C.-R., M.R.-D. and A.M.S.; methodology and exper-
imental parts, S.A.C.-R., M.S., A.M.S. and M.M.-P.; data analyses, S.A.C.-R. and K.V.-S.; writing—
review and editing, S.A.C.-R., M.C.-B., A.L.-G., M.M.-P., A.M.S., G.R.-M., K.V.-S., I.G.-R., V.G.-C.,
V.M.-L. and P.O.-W.; funding acquisition, M.R.-D. and A.M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by CONACyT (Grant number A1-S-26446).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the Gene
Expression Omnibus (GEO) database, reference number GSE233165.

Acknowledgments: Sergio Alberto Cortés Ramírez is a doctoral student from Programa de Doctorado
en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and received a
fellowship (No. CVU 925983) from CONACYT.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Llevot, A.; Grau, E.; Carlotti, S.; Grelier, S.; Cramail, H. From Lignin-derived Aromatic Compounds to Novel Biobased Polymers.

Macromol. Rapid Commun. 2016, 37, 9–28. [CrossRef]
2. Research and Markets. Bisphenol-A—A Global Market Overview [Internet]. 2016. Available online: https://www.prnewswire.

com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022
-up-from-156-billion-in-2016---research-and-markets-300303934.html (accessed on 31 March 2023).

3. Abraham, A.; Chakraborty, P. A review on sources and health impacts of bisphenol A. Rev. Environ. Health 2020, 35, 201–210.
[CrossRef]

4. Sánchez-Brunete, C.; Miguel, E.; Tadeo, J.L. Determination of tetrabromobisphenol-A, tetrachlorobisphenol-A and bisphenol-A
in soil by ultrasonic assisted extraction and gas chromatography–mass spectrometry. J. Chromatogr. A 2009, 1216, 5497–5503.
[CrossRef] [PubMed]

5. Xue, J.; Wan, Y.; Kannan, K. Occurrence of bisphenols, bisphenol A diglycidyl ethers (BADGEs), and novolac glycidyl ethers
(NOGEs) in indoor air from Albany, New York, USA, and its implications for inhalation exposure. Chemosphere 2016, 151, 1–8.
[CrossRef]

6. Kouidhi, W.; Thannimalay, L.; Soon, C.S.; Mohd, M.A. Occupational exposure to bisphenol A (BPA) in a plastic injection molding
factory in Malaysia. Int. J. Occup. Med. Environ. Health 2017, 30, 743. [CrossRef] [PubMed]

7. Fromme, H.; Küchler, T.; Otto, T.; Pilz, K.; Müller, J.; Wenzel, A. Occurrence of phthalates and bisphenol A and F in the
environment. Water Res. 2002, 36, 1429–1438. [CrossRef] [PubMed]

8. Schecter, A.; Malik, N.; Haffner, D.; Smith, S.; Harris, T.R.; Paepke, O.; Birnbaum, L. Bisphenol A (BPA) in U.S. Food. Environ. Sci.
Technol. 2010, 44, 9425–9430. [CrossRef]

9. Lehmler, H.-J.; Liu, B.; Gadogbe, M.; Bao, W. Exposure to Bisphenol A, Bisphenol F, and Bisphenol S in U.S. Adults and Children:
The National Health and Nutrition Examination Survey 2013–2014. ACS Omega 2018, 3, 6523–6532. [CrossRef]

10. Calafat, A.M.; Kuklenyik, Z.; Reidy, J.A.; Caudill, S.P.; Ekong, J.; Needham, L.L. Urinary concentrations of bisphenol A and
4-nonylphenol in a human reference population. Environ. Health Perspect. 2005, 113, 391–395. [CrossRef]

11. EPA Endocrine Disruptor Screening and Testing Advisory Committee Final Report. EDSTAC Final Rep. 1998, 1–17. Available
online: http://www.epa.gov/endo/pubs/edstac/chap3v14.pdf (accessed on 27 March 2023).

12. La Merrill, M.A.; Vandenberg, L.N.; Smith, M.T.; Goodson, W.; Browne, P.; Patisaul, H.B.; Guyton, K.Z.; Kortenkamp, A.;
Cogliano, V.J.; Woodruff, T.J.; et al. Consensus on the key characteristics of endocrine-disrupting chemicals as a basis for hazard
identification. Nat. Rev. Endocrinol. 2020, 16, 45–57. [CrossRef]

13. Rancière, F.; Lyons, J.G.; Loh, V.H.Y.; Botton, J.; Galloway, T.; Wang, T.; Shaw, J.E.; Magliano, D.J. Bisphenol A and the risk of
cardiometabolic disorders: A systematic review with meta-analysis of the epidemiological evidence. Environ. Health 2015, 14, 46.
[CrossRef] [PubMed]

14. Moon, S.; Yu, S.H.; Lee, C.B.; Park, Y.J.; Yoo, H.J.; Kim, D.S. Effects of bisphenol A on cardiovascular disease: An epidemiological
study using National Health and Nutrition Examination Survey 2003–2016 and meta-analysis. Sci. Total Environ. 2021, 763, 142941.
[CrossRef]

https://www.mdpi.com/article/10.3390/ijms24119462/s1
https://www.mdpi.com/article/10.3390/ijms24119462/s1
https://doi.org/10.1002/marc.201500474
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
https://doi.org/10.1515/reveh-2019-0034
https://doi.org/10.1016/j.chroma.2009.05.065
https://www.ncbi.nlm.nih.gov/pubmed/19524246
https://doi.org/10.1016/j.chemosphere.2016.02.038
https://doi.org/10.13075/ijomeh.1896.00917
https://www.ncbi.nlm.nih.gov/pubmed/28584331
https://doi.org/10.1016/S0043-1354(01)00367-0
https://www.ncbi.nlm.nih.gov/pubmed/11996333
https://doi.org/10.1021/es102785d
https://doi.org/10.1021/acsomega.8b00824
https://doi.org/10.1289/ehp.7534
http://www.epa.gov/endo/pubs/edstac/chap3v14.pdf
https://doi.org/10.1038/s41574-019-0273-8
https://doi.org/10.1186/s12940-015-0036-5
https://www.ncbi.nlm.nih.gov/pubmed/26026606
https://doi.org/10.1016/j.scitotenv.2020.142941


Int. J. Mol. Sci. 2023, 24, 9462 17 of 19

15. Hwang, S.; Lim, J.-E.; Choi, Y.; Jee, S.H. Bisphenol A exposure and type 2 diabetes mellitus risk: A meta-analysis. BMC Endocr.
Disord. 2018, 18, 81. [CrossRef]

16. Hu, Y.; Wen, S.; Yuan, D.; Peng, L.; Zeng, R.; Yang, Z.; Liu, Q.; Xu, L.; Kang, D. The association between the environmental
endocrine disruptor bisphenol A and polycystic ovary syndrome: A systematic review and meta-analysis. Gynecol. Endocrinol.
2018, 34, 370–377. [CrossRef] [PubMed]

17. Abellan, A.; Mensink-Bout, S.M.; Garcia-Esteban, R.; Beneito, A.; Chatzi, L.; Duarte-Salles, T.; Fernandez, M.F.; Garcia-Aymerich,
J.; Granum, B.; Iñiguez, C.; et al. In utero exposure to bisphenols and asthma, wheeze, and lung function in school-age children:
A prospective meta-analysis of 8 European birth cohorts. Environ. Int. 2022, 162, 107178. [CrossRef]

18. Keshavarz-Maleki, R.; Kaviani, A.; Omranipour, R.; Gholami, M.; Khoshayand, M.R.; Ostad, S.N.; Sabzevari, O. Bisphenol-A in
biological samples of breast cancer mastectomy and mammoplasty patients and correlation with levels measured in urine and
tissue. Sci. Rep. 2021, 11, 18411. [CrossRef]

19. Nava-Castro, K.E.; Ramírez-Nieto, R.; Méndez-García, L.A.; Girón-Pérez, M.I.; Segovia-Mendoza, M.; Navidad-Murrieta, M.S.;
Morales Montor, J. Environmental Pollution as a Risk Factor in Testicular Tumour Development: Focus on the Interaction between
Bisphenol A and the Associated Immune Response. Int. J. Environ. Res. Public Health 2019, 16, 4113. [CrossRef] [PubMed]

20. Zhang, X.; Guo, N.; Jin, H.; Liu, R.; Zhang, Z.; Cheng, C.; Fan, Z.; Zhang, G.; Xiao, M.; Wu, S.; et al. Bisphenol A drives
di(2-ethylhexyl) phthalate promoting thyroid tumorigenesis via regulating HDAC6/PTEN and c-MYC signaling. J. Hazard. Mater.
2022, 425, 127911. [CrossRef]

21. Chen, P.-P.; Yang, P.; Liu, C.; Deng, Y.-L.; Luo, Q.; Miao, Y.; Zhang, M.; Cui, F.-P.; Zeng, J.-Y.; Shi, T.; et al. Urinary concentrations
of phenols, oxidative stress biomarkers and thyroid cancer: Exploring associations and mediation effects. J. Environ. Sci. 2022,
120, 30–40. [CrossRef]

22. Sang, C.; Song, Y.; Jin, T.-W.; Zhang, S.; Fu, L.; Zhao, Y.; Zou, X.; Wang, Z.; Gao, H.; Liu, S. Bisphenol A induces ovarian cancer
cell proliferation and metastasis through estrogen receptor-α pathways. Environ. Sci. Pollut. Res. Int. 2021, 28, 36060–36068.
[CrossRef]

23. Zahra, A.; Dong, Q.; Hall, M.; Jeyaneethi, J.; Silva, E.; Karteris, E.; Sisu, C. Identification of Potential Bisphenol A (BPA) Exposure
Biomarkers in Ovarian Cancer. J. Clin. Med. 2021, 10, 1979. [CrossRef]

24. Tse, L.A.; Lee, P.M.Y.; Ho, W.M.; Lam, A.T.; Lee, M.K.; Ng, S.S.M.; He, Y.; Leung, K.; Hartle, J.C.; Hu, H.; et al. Bisphenol A and
other environmental risk factors for prostate cancer in Hong Kong. Environ. Int. 2017, 107, 1–7. [CrossRef] [PubMed]

25. Di Donato, M.; Cernera, G.; Giovannelli, P.; Galasso, G.; Bilancio, A.; Migliaccio, A.; Castoria, G. Recent advances on bisphenol-A
and endocrine disruptor effects on human prostate cancer. Mol. Cell. Endocrinol. 2017, 457, 35–42. [CrossRef]

26. Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R.J.; Lee, D.-H.; Shioda, T.; Soto, A.M.; vom Saal, F.S.; Welshons,
W.V.; et al. Hormones and endocrine-disrupting chemicals: Low-dose effects and nonmonotonic dose responses. Endocr. Rev.
2012, 33, 378–455. [CrossRef] [PubMed]

27. Siddique, S.; Zhang, G.; Coleman, K.; Kubwabo, C. Investigation of the migration of bisphenols from baby bottles and sippy cups.
Curr. Res. Food Sci. 2021, 4, 619–626. [CrossRef] [PubMed]

28. Chen, D.; Kannan, K.; Tan, H.; Zheng, Z.; Feng, Y.-L.; Wu, Y.; Widelka, M. Bisphenol Analogues Other Than BPA: Environmental
Occurrence, Human Exposure, and Toxicity—A Review. Environ. Sci. Technol. 2016, 50, 5438–5453. [CrossRef]

29. Resnik, D.B.; Elliott, K.C. Bisphenol A and risk management ethics. Bioethics 2015, 29, 182–189. [CrossRef]
30. Ullah, A.; Pirzada, M.; Jahan, S.; Ullah, H.; Khan, M.J. Bisphenol A analogues bisphenol B, bisphenol F, and bisphenol S induce

oxidative stress, disrupt daily sperm production, and damage DNA in rat spermatozoa: A comparative in vitro and in vivo study.
Toxicol. Ind. Health 2019, 35, 294–303. [CrossRef]

31. Rosenmai, A.K.; Dybdahl, M.; Pedersen, M.; Alice van Vugt-Lussenburg, B.M.; Wedebye, E.B.; Taxvig, C.; Vinggaard, A.M. Are
structural analogues to bisphenol a safe alternatives? Toxicol. Sci. 2014, 139, 35–47. [CrossRef]

32. Global cancer observatory Prostate Cancer fact sheet Globocan 2020. Cancer Today 2020, 419, 119–120. Available online: https:
//gco.iarc.fr/today/data/factsheets/cancers/27-Prostate-fact-sheet.pdf (accessed on 27 March 2023).

33. Toivanen, R.; Shen, M.M. Prostate organogenesis: Tissue induction, hormonal regulation and cell type specification. Development
2017, 144, 1382–1398. [CrossRef]

34. Prins, G.S.; Korach, K.S. The role of estrogens and estrogen receptors in normal prostate growth and disease. Steroids 2008, 73,
233–244. [CrossRef]

35. De Falco, M.; Laforgia, V. Combined Effects of Different Endocrine-Disrupting Chemicals (EDCs) on Prostate Gland. Int. J.
Environ. Res. Public Health 2021, 18, 9772. [CrossRef] [PubMed]

36. Hess-Wilson, J.K.; Knudsen, K.E. Endocrine disrupting compounds and prostate cancer. Cancer Lett. 2006, 241, 1–12. [CrossRef]
[PubMed]

37. Prins, G.S.; Shu-Hua, Y.; Lynn, B.; Xiang, Z.; Ana, C.; Han, L.; Esther, C.-G.; Jacob, G.; Wen-Yang, H.; Shuk-Mei, H.; et al. Prostate
Cancer Risk and DNA Methylation Signatures in Aging Rats following Developmental BPA Exposure: A Dose–Response Analysis.
Environ. Health Perspect. 2022, 125, 77007. [CrossRef] [PubMed]

38. Bilancio, A.; Bontempo, P.; Di Donato, M.; Conte, M.; Giovannelli, P.; Altucci, L.; Migliaccio, A.; Castoria, G. Bisphenol A induces
cell cycle arrest in primary and prostate cancer cells through EGFR/ERK/p53 signaling pathway activation. Oncotarget 2017, 8,
115620–115631. [CrossRef]

https://doi.org/10.1186/s12902-018-0310-y
https://doi.org/10.1080/09513590.2017.1405931
https://www.ncbi.nlm.nih.gov/pubmed/29191127
https://doi.org/10.1016/j.envint.2022.107178
https://doi.org/10.1038/s41598-021-97864-6
https://doi.org/10.3390/ijerph16214113
https://www.ncbi.nlm.nih.gov/pubmed/31731436
https://doi.org/10.1016/j.jhazmat.2021.127911
https://doi.org/10.1016/j.jes.2022.01.009
https://doi.org/10.1007/s11356-021-13267-0
https://doi.org/10.3390/jcm10091979
https://doi.org/10.1016/j.envint.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/28644961
https://doi.org/10.1016/j.mce.2017.02.045
https://doi.org/10.1210/er.2011-1050
https://www.ncbi.nlm.nih.gov/pubmed/22419778
https://doi.org/10.1016/j.crfs.2021.08.006
https://www.ncbi.nlm.nih.gov/pubmed/34541551
https://doi.org/10.1021/acs.est.5b05387
https://doi.org/10.1111/bioe.12079
https://doi.org/10.1177/0748233719831528
https://doi.org/10.1093/toxsci/kfu030
https://gco.iarc.fr/today/data/factsheets/cancers/27-Prostate-fact-sheet.pdf
https://gco.iarc.fr/today/data/factsheets/cancers/27-Prostate-fact-sheet.pdf
https://doi.org/10.1242/dev.148270
https://doi.org/10.1016/j.steroids.2007.10.013
https://doi.org/10.3390/ijerph18189772
https://www.ncbi.nlm.nih.gov/pubmed/34574693
https://doi.org/10.1016/j.canlet.2005.10.006
https://www.ncbi.nlm.nih.gov/pubmed/16298040
https://doi.org/10.1289/EHP1050
https://www.ncbi.nlm.nih.gov/pubmed/28728135
https://doi.org/10.18632/oncotarget.23360


Int. J. Mol. Sci. 2023, 24, 9462 18 of 19

39. Derouiche, S.; Warnier, M.; Mariot, P.; Gosset, P.; Mauroy, B.; Bonnal, J.-L.; Slomianny, C.; Delcourt, P.; Prevarskaya, N.; Roudbaraki,
M. Bisphenol A stimulates human prostate cancer cell migration via remodelling of calcium signalling. SpringerPlus 2013, 2, 54.
[CrossRef]

40. Gao, H.; Yang, B.-J.; Li, N.; Feng, L.-M.; Shi, X.-Y.; Zhao, W.-H.; Liu, S.-J. Bisphenol A and hormone-associated cancers: Current
progress and perspectives. Medicine 2015, 94, e211. [CrossRef]

41. Nadal, A.; Ropero, A.B.; Laribi, O.; Maillet, M.; Fuentes, E.; Soria, B. Nongenomic actions of estrogens and xenoestrogens by
binding at a plasma membrane receptor unrelated to estrogen receptor α and estrogen receptor β. Proc. Natl. Acad. Sci. USA 2000,
97, 11603–11608. [CrossRef]

42. Wetherill, Y.B.; Petre, C.E.; Monk, K.R.; Puga, A.; Knudsen, K.E. The xenoestrogen bisphenol A induces inappropriate androgen
receptor activation and mitogenesis in prostatic adenocarcinoma cells. Mol. Cancer Ther. 2002, 1, 515–524.

43. Wetherill, Y.B.; Hess-Wilson, J.K.; Comstock, C.E.S.; Shah, S.A.; Buncher, C.R.; Sallans, L.; Limbach, P.A.; Schwemberger, S.;
Babcock, G.F.; Knudsen, K.E. Bisphenol A facilitates bypass of androgen ablation therapy in prostate cancer. Mol. Cancer Ther.
2006, 5, 3181–3190. [CrossRef]

44. Wetherill, Y.B.; Fisher, N.L.; Staubach, A.; Danielsen, M.; de Vere White, R.W.; Knudsen, K.E. Xenoestrogen action in prostate
cancer: Pleiotropic effects dependent on androgen receptor status. Cancer Res. 2005, 65, 54–65. [CrossRef]

45. Marcoccia, D.; Pellegrini, M.; Fiocchetti, M.; Lorenzetti, S.; Marino, M. Food components and contaminants as (anti)androgenic
molecules. Genes Nutr. 2017, 12, 6. [CrossRef] [PubMed]

46. Hess-Wilson, J.K.; Webb, S.L.; Daly, H.K.; Leung, Y.-K.; Boldison, J.; Comstock, C.E.S.; Sartor, M.A.; Ho, S.-M.; Knudsen, K.E.
Unique bisphenol A transcriptome in prostate cancer: Novel effects on ERbeta expression that correspond to androgen receptor
mutation status. Environ. Health Perspect. 2007, 115, 1646–1653. [CrossRef] [PubMed]

47. Acconcia, F.; Pallottini, V.; Marino, M. Molecular Mechanisms of Action of BPA. Dose-Response 2015, 13, 1559325815610582.
[CrossRef] [PubMed]

48. Tai, S.; Sun, Y.; Squires, J.M.; Zhang, H.; Oh, W.K.; Liang, C.-Z.; Huang, J. PC3 is a cell line characteristic of prostatic small cell
carcinoma. Prostate 2011, 71, 1668–1679. [CrossRef]

49. Huang, D.; Wu, J.; Su, X.; Yan, H.; Sun, Z. Effects of low dose of bisphenol A on the proliferation and mechanism of primary
cultured prostate epithelial cells in rodents. Oncol. Lett. 2017, 14, 2635–2642. [CrossRef]

50. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016,
44, W90-7. [CrossRef] [PubMed]

51. Simon, D.P.; Vadakkadath Meethal, S.; Wilson, A.C.; Gallego, M.J.; Weinecke, S.L.; Bruce, E.; Lyons, P.F.; Haasl, R.J.; Bowen, R.L.;
Atwood, C.S. Activin receptor signaling regulates prostatic epithelial cell adhesion and viability. Neoplasia 2009, 11, 365–376.
[CrossRef] [PubMed]

52. Pu, X.; Wang, Z.; Klaunig, J.E. Alkaline comet assay for assessing DNA damage in individual cells. Curr. Protoc. Toxicol. 2015,
2015, 3.12.1–3.12.11. [CrossRef]

53. Lau, K.-M.; LaSpina, M.; Long, J.; Ho, S.-M. Expression of Estrogen Receptor (ER)-α and ER-β in Normal and Malignant Prostatic
Epithelial Cells: Regulation by Methylation and Involvement in Growth Regulation1. Cancer Res. 2000, 60, 3175–3182.

54. Lafront, C.; Germain, L.; Weidmann, C.; Audet-Walsh, É. A Systematic Study of the Impact of Estrogens and Selective Estrogen
Receptor Modulators on Prostate Cancer Cell Proliferation. Sci. Rep. 2020, 10, 4024. [CrossRef] [PubMed]

55. Furic, L.; Lawrence, M.G.; Risbridger, G.P. Pro-tumorigenic role of ERα in prostate cancer cells. Aging 2015, 7, 356. [CrossRef]
[PubMed]

56. Hiroi, H.; Tsutsumi, O.; Momoeda, M.; Takai, Y.; Osuga, Y.; Taketani, Y. Differential Interactions of Bisphenol A and17β-estradiol
with Estrogen Receptor α (ERα) and Erβ. Endocr. J. 1999, 46, 773–778. [CrossRef] [PubMed]

57. Sohoni, P.; Sumpter, J.P. Several environmental oestrogens are also anti-androgens. J. Endocrinol. 1998, 158, 327–340. [CrossRef]
58. Pelch, K.E.; Li, Y.; Perera, L.; Thayer, K.A.; Korach, K.S. Characterization of Estrogenic and Androgenic Activities for Bisphenol

A-like Chemicals (BPs): In Vitro Estrogen and Androgen Receptors Transcriptional Activation, Gene Regulation, and Binding
Profiles. Toxicol. Sci. 2019, 172, 23–37. [CrossRef]

59. Chen, Y.-K.; Tan, Y.-Y.; Yao, M.; Lin, H.-C.; Tsai, M.-H.; Li, Y.-Y.; Hsu, Y.-J.; Huang, T.-T.; Chang, C.-W.; Cheng, C.-M.; et al.
Bisphenol A-induced DNA damages promote to lymphoma progression in human lymphoblastoid cells through aberrant
CTNNB1 signaling pathway. iScience 2021, 24, 102888. [CrossRef]

60. Gassman, N.R.; Coskun, E.; Stefanick, D.F.; Horton, J.K.; Jaruga, P.; Dizdaroglu, M.; Wilson, S.H. Bisphenol A Promotes Cell
Survival following Oxidative DNA Damage in Mouse Fibroblasts. PLoS ONE 2015, 10, e0118819. [CrossRef]

61. Pfeifer, D.; Chung, Y.M.; Hu, M.C.-T. Effects of Low-Dose Bisphenol A on DNA Damage and Proliferation of Breast Cells: The
Role of c-Myc. Environ. Health Perspect. 2015, 123, 1271–1279. [CrossRef]

62. Di Pietro, P.; D’Auria, R.; Viggiano, A.; Ciaglia, E.; Meccariello, R.; Russo, R.D.; Puca, A.A.; Vecchione, C.; Nori, S.L.; Santoro, A.
Bisphenol A induces DNA damage in cells exerting immune surveillance functions at peripheral and central level. Chemosphere
2020, 254, 126819. [CrossRef]

63. Kose, O.; Rachidi, W.; Beal, D.; Erkekoglu, P.; Fayyad-Kazan, H.; Kocer Gumusel, B. The effects of different bisphenol derivatives
on oxidative stress, DNA damage and DNA repair in RWPE-1 cells: A comparative study. J. Appl. Toxicol. 2020, 40, 643–654.
[CrossRef]

https://doi.org/10.1186/2193-1801-2-54
https://doi.org/10.1097/MD.0000000000000211
https://doi.org/10.1073/pnas.97.21.11603
https://doi.org/10.1158/1535-7163.MCT-06-0272
https://doi.org/10.1158/0008-5472.54.65.1
https://doi.org/10.1186/s12263-017-0555-5
https://www.ncbi.nlm.nih.gov/pubmed/28239427
https://doi.org/10.1289/ehp.10283
https://www.ncbi.nlm.nih.gov/pubmed/18007998
https://doi.org/10.1177/1559325815610582
https://www.ncbi.nlm.nih.gov/pubmed/26740804
https://doi.org/10.1002/pros.21383
https://doi.org/10.3892/ol.2017.6469
https://doi.org/10.1093/nar/gkw377
https://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.1593/neo.81544
https://www.ncbi.nlm.nih.gov/pubmed/19308291
https://doi.org/10.1002/0471140856.tx0312s65
https://doi.org/10.1038/s41598-020-60844-3
https://www.ncbi.nlm.nih.gov/pubmed/32132580
https://doi.org/10.18632/aging.100769
https://www.ncbi.nlm.nih.gov/pubmed/26143334
https://doi.org/10.1507/endocrj.46.773
https://www.ncbi.nlm.nih.gov/pubmed/10724352
https://doi.org/10.1677/joe.0.1580327
https://doi.org/10.1093/toxsci/kfz173
https://doi.org/10.1016/j.isci.2021.102888
https://doi.org/10.1371/journal.pone.0118819
https://doi.org/10.1289/ehp.1409199
https://doi.org/10.1016/j.chemosphere.2020.126819
https://doi.org/10.1002/jat.3934


Int. J. Mol. Sci. 2023, 24, 9462 19 of 19

64. Bergholz, J.; Xiao, Z.-X. Role of p63 in Development, Tumorigenesis and Cancer Progression. Cancer Microenviron. 2012, 5, 311–322.
[CrossRef]

65. Ahn, C.; Jeung, E.-B. Endocrine-Disrupting Chemicals and Disease Endpoints. Int. J. Mol. Sci. 2023, 24, 5342. [CrossRef] [PubMed]
66. Corti, M.; Lorenzetti, S.; Ubaldi, A.; Zilli, R.; Marcoccia, D. Endocrine Disruptors and Prostate Cancer. Int. J. Mol. Sci. 2022,

23, 1216. [CrossRef]
67. Sigma-Aldrich. Bisphenol A 239658 [Internet]. 2022. Available online: https://www.sigmaaldrich.com/MX/es/product/aldrich/

239658 (accessed on 5 July 2022).
68. Sigma-Aldrich. Bisphenol S 103039 [Internet]. 2022. Available online: https://www.sigmaaldrich.com/MX/es/product/aldrich/

103039 (accessed on 5 July 2022).
69. Sigma-Aldrich. Bisphenol F B47006 [Internet]. 2022. Available online: https://www.sigmaaldrich.com/MX/es/product/aldrich/

b47006 (accessed on 5 July 2022).
70. Collection ATC. PC-3 CRL-1435. 2022, pp. 1–7. Available online: https://www.atcc.org/products/crl-1435 (accessed on 1

March 2023).
71. American Type Culture Collection. LNCaP Clone FGC CRL-1740. 2022, pp. 1–3. Available online: https://www.atcc.org/

products/crl-1740 (accessed on 1 March 2023).
72. Merck KGaA. RPMI-1640 Medium Sigma-Aldrich [Internet]. 2022. Available online: https://www.sigmaaldrich.com/MX/es/

product/sigma/r8758 (accessed on 5 July 2022).
73. Abcam, MTT Assay Kit (Cell Proliferation) [Internet]; Abcam: Cambridge, MA, USA, 2020; Available online: https://www.abcam.

com/mtt-assay-kit-cell-proliferation-ab211091.html (accessed on 15 March 2023).
74. Sigma-Aldrich. TRI Reagent. 2022. Available online: https://www.sigmaaldrich.com/MX/es/product/sigma/t9424 (accessed

on 15 March 2023).
75. ScientificTM, T.F. NanoDropTM One/OneC [Internet]. Available online: https://www.thermofisher.com/order/catalog/

product/ND-ONE-W (accessed on 15 March 2023).
76. Agilent Technologies, I. 2100 Bioanalyzer Instrument [Internet]. Available online: https://www.agilent.com/en/product/

automated-electrophoresis/bioanalyzer-systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250 (accessed on 15
March 2023).

77. Thermo Fisher Scientific Inc. ClariomTM D Solutions for Human, Mouse, and Rat. 2016, 122, 1–8. Available online: https:
//assets.thermofisher.com/TFS-Assets%2FLSG%2Fbrochures%2FEMI07313-2_DS_Clariom-D_solutions_HMR.pdf (accessed on
15 March 2023).

78. Thermo Fisher Scientific Inc. GeneChipTM WT PLUS Reagent Kit Manual Target Preparation for GeneChip Whole Transcript
(WT). 2020. Available online: https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0018137_703174_WTPlus_
Reagentkit_Assay_UG.pdf (accessed on 15 March 2023).

79. Affymetrix, I. Transcriptome Analysis Console (TAC) 4.0.2 User Guide. ThermoFisher Sci. 2019, 8, 219.
80. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis, 2nd ed.; Springer International Publishing: Cham, Switzerland, 2016;

ISBN 9783319242774.
81. Fenech, M.; Chang, W.P.; Kirsch-Volders, M.; Holland, N.; Bonassi, S.; Zeiger, E. HUMN project: Detailed description of the

scoring criteria for the cytokinesis-block micronucleus assay using isolated human lymphocyte cultures. Mutat. Res. 2003, 534,
65–75. [CrossRef] [PubMed]

82. Lu, Y.; Liu, Y.; Yang, C. Evaluating In Vitro DNA Damage Using Comet Assay. J. Vis. Exp. 2017, 128, e56450. [CrossRef]
83. Perceptive instruments. Comet Assay IV [Internet]. 2016. Available online: http://www.perceptive.co.uk/products/comet-

assay-iv/ (accessed on 5 July 2022).
84. Verity Software House. ModFit LT User Guide [Internet]. 2013. Available online: https://www.vsh.com/Documentation/

ModFitLT/mf40userguide.pdf (accessed on 17 March 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12307-012-0116-9
https://doi.org/10.3390/ijms24065342
https://www.ncbi.nlm.nih.gov/pubmed/36982431
https://doi.org/10.3390/ijms23031216
https://www.sigmaaldrich.com/MX/es/product/aldrich/239658
https://www.sigmaaldrich.com/MX/es/product/aldrich/239658
https://www.sigmaaldrich.com/MX/es/product/aldrich/103039
https://www.sigmaaldrich.com/MX/es/product/aldrich/103039
https://www.sigmaaldrich.com/MX/es/product/aldrich/b47006
https://www.sigmaaldrich.com/MX/es/product/aldrich/b47006
https://www.atcc.org/products/crl-1435
https://www.atcc.org/products/crl-1740
https://www.atcc.org/products/crl-1740
https://www.sigmaaldrich.com/MX/es/product/sigma/r8758
https://www.sigmaaldrich.com/MX/es/product/sigma/r8758
https://www.abcam.com/mtt-assay-kit-cell-proliferation-ab211091.html
https://www.abcam.com/mtt-assay-kit-cell-proliferation-ab211091.html
https://www.sigmaaldrich.com/MX/es/product/sigma/t9424
https://www.thermofisher.com/order/catalog/product/ND-ONE-W
https://www.thermofisher.com/order/catalog/product/ND-ONE-W
https://www.agilent.com/en/product/automated-electrophoresis/bioanalyzer-systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250
https://www.agilent.com/en/product/automated-electrophoresis/bioanalyzer-systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250
https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fbrochures%2FEMI07313-2_DS_Clariom-D_solutions_HMR.pdf
https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fbrochures%2FEMI07313-2_DS_Clariom-D_solutions_HMR.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0018137_703174_WTPlus_Reagentkit_Assay_UG.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0018137_703174_WTPlus_Reagentkit_Assay_UG.pdf
https://doi.org/10.1016/S1383-5718(02)00249-8
https://www.ncbi.nlm.nih.gov/pubmed/12504755
https://doi.org/10.3791/56450
http://www.perceptive.co.uk/products/comet-assay-iv/
http://www.perceptive.co.uk/products/comet-assay-iv/
https://www.vsh.com/Documentation/ModFitLT/mf40userguide.pdf
https://www.vsh.com/Documentation/ModFitLT/mf40userguide.pdf

	Introduction 
	Results 
	Low-Concentration Bisphenol Exposure-Induced Cytotoxicity and Produced Changes in the Cell Proliferation Pattern in Androgen-Independent PC-3 Prostate Cancer Cells 
	Transcriptomic Effect of Bisphenols Exposure 
	Pathway Over-Representation Analysis 
	Upregulated Pathways 
	Downregulated Pathways 

	DNA Damage Induction by Exposure to Bisphenols 
	Cell Cycle Analysis 

	Discussion 
	Materials and Methods 
	Chemicals 
	Cell Culture 
	Cell Viability Assay 
	Cell Proliferation 
	RNA Extraction and Quality Assessment 
	Microarray Assay 
	Data Analysis 
	Differential Expression Analysis 
	Pathway Over-Representation Analysis 
	Cytokinesis-Blocked Micronuclei (CBMN) Assay 
	Alkali Comet Assay 
	Flow Cytometry and Cell Cycle Analysis 


	Conclusions 
	References

