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A B S T R A C T

Bisphenol A (BPA) is an endocrine disruptor whose ubiquitous presence in the environment has been related
with impairment of male reproduction. BPA can cause both transcriptomic and epigenetic changes during
spermatogenesis. To evaluate the potential effects of male exposure to BPA, adult zebrafish males were ex-
posed during spermatogenesis to doses of 100 and 2000μg/L, which were reported in contaminated water bod-
ies and higher than those allowed for human consumption. Fertilization capacity and survival at hatching were
analysed after mating with untreated females. Spermatogenic progress was analysed through a morphometri-
cal study of testes and apoptosis was evaluated by TUNEL assay. Testicular gene expression was evaluated
by RT-qPCR and epigenetics by using ELISA and immunocytochemistry. In vitro studies were performed to
investigate the role of Gper. Chromatin fragmentation and the presence of transcripts were also evaluated in
ejaculated sperm. Results on testes from males treated with the highest dose showed a significant decrease
in spermatocytes, an increase in apoptosis, a downregulation of ccnb1 and sycp3, all of which point to an
alteration of spermatogenesis and to meiotic arrest and an upregulation of gper1 and esrrga receptors. Addi-
tionally, BPA at 2000μg/L caused missregulation of epigenetic remodelling enzymes transcripts in testes and
promoted DNA hypermethylation and H3K27me3 demethylation. BPA also triggered an increase in histone
acetyltransferase activity, which led to hyperacetylation of histones (H3K9ac, H3K14ac, H4K12ac). In vitro
reversion of histone acetylation changes using a specific GPER antagonist, G-36, suggested this receptor as
mediator of histone hyperacetylation. Males treated with the lower dose only showed an increase in some hi-
stone acetylation marks (H3K14ac, H4K12ac) but their progeny displayed very limited survival at hatching,
revealing the deleterious effects of unbalanced paternal epigenetic information. Furthermore, the highest dose
of BPA led to chromatin fragmentation, promoting direct reproductive effects, which are incompatible with
embryo development.

© 2019.

1. Introduction

In recent times, scientific interest in endocrine disruptor mole-
cules, which are capable of interacting with endocrine receptors, has
increased considerably. Bisphenol A (BPA, 2,2-Bis(4-hydrox-
yphenyl)propane) is a well-known environmental endocrine disruptor,
widely used in polycarbonate manufacturing and epoxy resins (Rubin,
2011; for review see Manfo et al., 2014) which has become a part
of everyday items such as baby bottles, food packaging, dental ma-
terials, thermal paper, electronic equipment or medical devices (Shi
et al., 2017). Its ubiquitous presence in the environment has resulted
in chronic low-level exposure in humans and reported to be found
in the urine of approximately 90% of people in the United States
(Calafat et al., 2008). The presence of high levels of BPA has been
related in particular to health disorders such as diabetes, obesity, car-
diovascular diseases or carcinogenesis (Adoamnei et al., 2018; Bansal
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et al., 2017; Fénichel and Chevalier, 2017; Lombó et al., 2015; Manfo
et al., 2014; Rubin, 2011). BPA has also been described as impair-
ing fertility, and as being related to recurrent miscarriages or pre-
mature births in women (Rubin, 2011) or correlated to a decrease in
seminal quality and DNA damage in spermatozoa in men (Li et al.,
2011, 2010). Effects on sperm quality entail low sperm counts, re-
duced volume and density and poor mobility in mammals (Li et al.,
2011; Manfo et al., 2014) and fish (Hatef et al., 2012; Haubruge et al.,
2000; Lahnsteiner et al., 2005).

The reported effects are related to the ability of BPA to mimic
estrogen actions binding to estrogen receptors (ERs), and promoting
genomic (on gene expression) and non-genomic (interference with
cell signalling) effects (Acconcia et al., 2015; Manfo et al., 2014).
Apart from canonical ERs, estrogen-related receptors (ERRs), partic-
ularly ERRγ (Acconcia et al., 2015; Okada et al., 2007) and the seven
transmembrane G protein-coupled estrogen receptor, GPER (Prossnitz
et al., 2008), show BPA binding affinity. Moreover, according to
MacKay and Avizaid (MacKay and Abizaid, 2018), BPA seems to act
antagonistically on the androgen receptor (AR), and their anti-andro-
genic effects have also been claimed to be responsible for BPA male
reproductive toxicity (Wang et al., 2017b).

https://doi.org/10.1016/j.envpol.2019.01.127
0269-7491/ © 2019.
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BPA interference with the signalization mediated by these recep-
tors could explain different alterations on male reproductive capacity,
such as the reduction of sperm quality, given their interference with
cell proliferation or apoptosis during spermatogenesis. Additionally,
as has been reported in mice (Berger et al., 2016; Drobná et al., 2018;
Xin et al., 2015) and zebrafish (Dong et al., 2018; Lombó et al., 2015),
some of the toxic effects of BPA can be transmitted to the next genera-
tions via parental inheritance; specifically, paternal exposure increases
the percentage of malformed descendants who have never been ex-
posed to BPA. These data imply that other types of changes occur,
which are still not well understood and which alter the information
provided to the zygote by gametes. Our aim is to evaluate the changes
caused by BPA exposure during spermatogenesis in the paternal in-
formation, which may be responsible for the transmission of negative
effects to the progeny, as observed in zebrafish (Lombó et al., 2015).

As reviewed by Herráez and coworkers (Herráez et al., 2017), pa-
ternal information transmitted by sperm is comprised in the genome
and also in the epigenetic marks (such as DNA methylation and hi-
stone modifications), the non-coding RNAs and the mRNAs, which
are transmitted to the zygote upon fertilization, and which could be
translated by the embryo in the early stages of development (Swann
and Lai, 2016). Alteration of transcriptome or epigenetics during sper-
matogenesis could be responsible for transgenerational inheritance of
the toxic effects of BPA to non-exposed progeny (Lombó et al., 2015).
Despite erasure of epigenetic marks of parental-contributed genomes
in the early embryo and the establishment of the somatic pattern, con-
siderable evidence confirms that some marks evade the reprogram-
ming process, allowing the paternal transmission of some epigenetic
information to the embryo (Brykczynska et al., 2010; Yamauchi et
al., 2011). As has been demonstrated, alteration of specific epigenetic
marks of mature spermatozoa, such as the repressive histone modifica-
tion H3K9me3 in Caenorhabditis elegans (Klosin et al., 2017) or the
reduced methylation at lysine 4 and 9 of histone 3 (H3K4 and H3K9)
in mice, can further affect forthcoming progeny (Pérez-Cerezales et
al., 2017). Moreover, sperm DNA methylome has been shown to be
inherited by embryos in zebrafish (Jiang et al.,, 2013). Exposure to
BPA during spermatogenesis may affect the following factors: i) the
genome may be affected by chromatin fragmentation as has been re-
ported in somatic human cells (Herz et al., 2017), during rat spermato-
genesis (Liu et al., 2014a,b) and in human spermatozoa (Meeker et al.,
2010a; 2010b); ii) the transcriptome may be affected by endocrine dis-
ruption of estrogenic pathways, and iii) the epigenome may also be af-
fected by BPA, as has lately been reported in several studies (Bhandari
et al., 2015; Chianese et al., 2017; Mao et al., 2015; Martin and Fry,
2018; Zheng et al., 2017). Due to the high transcriptional and epige-
netic activity required to progress through mitotic and meiotic phases
and to achieve the required epigenetic reprogramming, spermatogene-
sis represents a potential window of susceptibility to BPA exposure.

Our hypothesis is that BPA can affect sperm chromatin integrity
and cause both transcriptomic and epigenetic changes during sper-
matogenesis, which could modify the germ line and potentially al-
ter offspring developmental ability. In order to prove this hypothesis,
we used zebrafish (Danio rerio) to explore the effects of BPA in the
aquatic environment during spermatogenesis.

2. Material and methods

2.1. Chemicals

The toxic 2,2-Bis(4-hydroxyphenyl)propane (BPA) was purchased
from Sigma-Aldrich (St. Louis, MO) and the specific GPER antago-
nist (G36) was obtained from Cayman Chemical (USA). All the anti-
bodies used were acquired from Abcam (Cambridge, UK). All other
reagents used in this study were purchased from Sigma-Aldrich, un-
less noted otherwise.

2.2. Animals

Mature zebrafish (Danio rerio) AB strain (6–12 months old) were
maintained at 27–29°C with 14h light/10h dark cycle photoperiod in
a recirculating water system (pH 7.0–7.5; 400–500μS; ZebTEC, Tec-
niplast System, Italy). Fish were fed twice a day with special dry food
(Special Diets Services) and supplemented with live brine shrimp. For
in vivo treatments male breeders were randomly selected and grouped
in fours in independent glass tanks (1.5 L). All animals were manipu-
lated in accordance with the Guidelines of the European Union Coun-
cil (2010/63/EU) following Spanish regulations (RD1205/2005, abro-
gated by RD 53/2013) and their use was specifically approved by the
Research Ethics Committee of the University of León (project number
ULE009-2016).

2.3. In vivo exposure of zebrafish to BPA

During treatments, males were kept in 1.5L tanks (4 males per
tank) for 21 days with: i) ethanol 0.014% (v/v) (vehicle used as sol-
vent) (control animals); ii) 100μg/L BPA (0.44μM) or iii) 2000μg/
L BPA (8.76μM). Exposure rounds were developed 15 times to ob-
tain the number of samples required to perform each one of the sub-
sequent analysis. The solutions were totally renewed every day and
the stability of BPA during the exposure time was analysed by HPLC
(Supplementary Material, SM). On the 22nd day, males were either
mated with female breeders for fecundity evaluation or squeezed to
collect the sperm following the indications of Carmichael and col-
leagues (Carmichael et al., 2009). Subsequently, fish were euthanized
with ethyl 3-aminobenzoate methanesulfonate (15.31 mM). Gonads
were removed, rinsed in PBS (8.37 mM Na2HPO4, 1.83mM KH2PO4,
149.9mM NaCl, pH 7.4; 335 mOsm/kg), then immersed in 0.5% (v/
v) of commercial bleach in PBS for 2min and finally washed again in
PBS for 2min. Testes were used immediately for subsequent analysis
after removal of fat and blood. Sperm collected on PBS was immedi-
ately centrifuged and cell pellets were stored at −80°C until RNA ex-
traction (SM Fig. 2).

2.4. In vitro exposure of zebrafish testes to BPA

Adult zebrafish males were dissected to obtain testes for tissue cul-
ture experiments, following the indication of Leal MC and colleagues
(Leal et al., 2009). Basal tissue culture medium contained 10mM
HEPES, 0.5% bovine serum albumin fraction V (BSA) (Fisher Sci-
entific), 10nM retinoic acid, 0.4mg/L amphotericine B (Fungizone®,
Invitrogen), 200 U/mL penicillin (Invitrogen) and 200μg/mL strep-
tomycin (Invitrogen) in Leibovitz-15 (Gibco) medium, pH 7.4. For
each male, one testis was incubated under control conditions (basal
medium supplemented with 0.014% (v/v) ethanol, vehicle used as
solvent) and the contralateral one under experimental conditions: i)
basal medium supplemented with 32μM BPA, or ii) preincubation
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with 10nM G36 for 6h prior to BPA exposure in the absence of the an-
tagonist (n = 6). The incubation time was extended for 4 days at 26°C
and after that time testes were used for the following analysis.

2.5. Fecundity evaluation

Four males per treatment were mated with non-treated females,
each male being kept in a mating tank with two females. The ob-
tained fertilized embryos were counted, rinsed for 2min with 0.5% (v/
v) bleach and 10s with 70% (v/v) ethanol. Then they were transferred
to embryo medium (7.5 mM NaCl, 0.25mM KCl, 0.5mM MgSO4,
0.7mM, KH2PO4, 0.02mM Na2HPO4, 0.5mM CaCl2, 0.35mM
NaHCO3 and 0.05% (v/v) methylene blue; pH 7.2). Embryos were
kept at 28°C in darkness, and the percentage of surviving embryos
was obtained at hatching (48 h postfertilization, hpf) (mean ± SEM,
n= 4).

2.6. Testis evaluation

2.6.1. Histological testes evaluation
Experimental and control testes were processed for haema-

toxylin-eosin staining (Pariante et al., 2016) in order to perform mor-
phometric analyses. Testes processing and image analysis are de-
scribed in SM, data expressed as the percentage of area occupied by a
specific cell type relative to the total number of points of the analysed
grid (mean ± SEM, n= 3).

2.6.2. Apoptosis assay
Apoptotic cell death was evaluated in testicular cells and in testes

sections using the In Situ Cell Death Detection Kit (Fluorescein,
Roche) (TUNEL assay), following the manufacturer's instruction with
some modifications. Testes of individual males (n = 4) were dissoci-
ated in Leibovitz's medium (L-15, Gibco) containing 0.2% (w/v) col-
lagenase (Gibco), 10mM HEPES, 0.5% (w/v) BSA (Fisher Scientific)
and DNaseI 1U/mL (Thermo Fisher Scientific). Tissues were incu-
bated at 28°C for 2h, with pipette mixing every 15min. Cell suspen-
sions were filtered through a 0.75μm filter and washed twice with
PBS. Next, pellets were fixed in 4% (w/v) paraformaldehyde and used
subsequently for the TUNEL assay as detailed in SM. Data from tes-
ticular cells apoptosis are expressed as the percentage of TUNEL-pos-
itive cells (mean ± SEM, n= 4).

The previously described paraffin-embedded testis sections were
used for evaluating the percentage of apoptotic cells, following the
indications stated in SM. Data from tissue section apoptosis are ex-
pressed as the ratio of TUNEL-positive cells respect to the total image
area (mean ± SEM, n= 3).

2.6.3. RNA/protein extraction and cDNA synthesis
Total RNA and protein from testes of in vivo experiment (n = 4)

or for in vitro exposure (n = 4) were extracted using TRIzol™ reagent
(Invitrogen), following the manufacturer's instructions. Total RNA
was solubilized in 30μL DEPC (diethyl pyrocarbonate) – water and
total protein was resuspended in 50μL protein buffer (8 M urea, 4%
sodium dodecyl sulphate (SDS) and protease/phosphatise inhibitor
cocktail 1X (Thermo Scientific)). RNA integrity was confirmed by
agarose gel electrophoresis before reverse transcription to comple-
mentary DNA (cDNA) (data not shown). Total RNA quantity was de-
termined spectrophotometrically at 260nm (Nanodrop 1000, Thermo
Scientific) and total protein concentration was assessed by Pierce™
BCA Protein Assay Kit (Thermo Scientific), absorbance being mea-
sured at 562nm on a Synergy™ HT microplate reader (BioTek).

Approximately 1 μg of total RNA was reverse transcribed using
the High Capacity cDNA Reverse Transcription kit (Applied Biosys-
tems) following the recommended protocol and stored at −20°C until
further analysis. Conditions of reverse transcription were set as: 25°C
for 10min, 37°C for 120min and 85°C for 10min.

2.6.4. Gene expression evaluation
Quantitative real-time PCR (RT-qPCR) was performed to analyse

gene expression of different transcripts related to: i) estrogen or estro-
gen-related receptors (esr1, esr2a, esr2b, esrrga, gper-1); ii) cell cy-
cle/spermatogenesis (ccnb1, ccnd1; scyp3); iii) apoptosis (noxa, bcl2);
iv) DNA methylation remodelling (dnmt1, dnmt3, dnmt5, dnmt8); v)
histone acetylation/deacetylation (kat2b, hdac6, kat6a, hdac4) and
vi) histone methylation/demethylation (ezh2, kdm6b, kmt2a, kdm5a).
RT-qPRC was performed in a StepOnePlus™ System (Applied
Biosystems). Run conditions and primer sequences are annotated in
SM. The normalized mRNA levels were compared using 2−ΔCt

(ΔCt = Ct target – Ct reference) and data were expressed as
mean ± SEM (n = 4).

2.6.5. Western blot
Thirty μg of protein were loaded onto a 12% polyacrylamide gel

(SDS-PAGE, Bio-Rad) and electrophoresis was set at 100 V for
180 min. Proteins were transferred to a nitrocellulose membrane (In-
vitrogen) using a wet transfer system (Bio-Rad) at 30 V for 16 h.
Ponceau S staining (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid)
was used for checking protein transfer. Membranes were blocked
in 5% (w/v) BSA in 0.2% (v/v) Tween-20 in Tris-buffered saline
(TBS-T) for at least 1 h at room temperature. After that, they were in-
cubated overnight at 4 °C with the corresponding primary antibody di-
luted at 1/1000 (rabbit polyclonal to G-protein coupled receptor 30,
ab137479; rabbit polyclonal to ERK1 + ERK2, ab17942; mouse mon-
oclonal to ERK1 (pT202/pY204) + ERK2 (pT185/pY187), ab50011;
rabbit monoclonal to CREB, ab32515; rabbit monoclonal to CREB
(phosphor S133), ab32096). Anti-rabbit or anti-mouse secondary an-
tibody conjugated with horseradish peroxidase (Invitrogen) at a dilu-
tion of 1/3000 was incubated for 1 h at room temperature and was de-
veloped using the SuperSignal™ West Pico PLUS Chemiluminescent
substrate (Thermo Scientific). Vinculin (rabbit monoclonal to vin-
culin, ab129002) or tubulin (rabbit polyclonal to beta tubulin, ab6046)
levels were used as loading control. Exposed and developed films
were scanned in a GS800 densitometer (Bio-Rad). Band intensity was
quantified by Image J software (Gallo-Oller et al., 2018). Data were
obtained as OD and expressed as mean ± SEM (n= 4).

2.6.6. Global histone H3 acetylation
Testes were dissociated as stated above (see 2.6.b). Once the cell

pellet was obtained, histones were extracted according to the proto-
col described by Schechter and colleagues (Shechter et al., 2007).
Protein concentration was measured with Pierce™ Coomassie (Brad-
ford) Protein Assay Kit (Thermo Scientific) at 595nm in a microplate
reader Synergy™ HT (BioTek) and diluted to obtain a final concen-
tration between 200 and 400ng/μL. Global histone H3 acetylation was
determined using the Histone H3 Acetylation Assay Kit (ab115102,
Abcam) following the manufacturer's instructions. For quantification,
acetylated histone H3 standards were used from 100ng to 10ng and
a calibration curve was determined. Acetylation was measured at
450nm using a microplate reader Synergy™ HT (BioTek). Data are
expressed as acetylated H3 (ng)/total protein (mg) (mean ± SEM;
n= 5).
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2.6.7. Histone acetyltransferase (HAT) activity assay
Testicular nuclear extracts were obtained following a routine pro-

tocol. Briefly, testes were dissociated as previously stated and the ob-
tained cell pellets were resuspended in 50μL lysis buffer A (10 mM
HEPES pH 7.5, 10mM KCl, 0.1mM EDTA, 1mM DTT, 0.5% (v/v)
NP-40 and 1X protease inhibitor (Thermo Scientific)). After an incu-
bation period of 20min on ice, the suspensions were centrifuged at
12000g for 10min at 4 °C. The supernatants, corresponding to the cy-
toplasmic extracts, were kept at −80°C for further analysis and the nu-
clei pellets were resuspended in 25μL lysis buffer B (20mM HEPES
pH 7.5, 400mM NaCl, 1mM EDTA, 1mM DTT and 1X protease
inhibitor (Thermo Scientific)). The suspensions were incubated for
30min on ice, with vortex mixing (5 s) every 5min. After that pe-
riod, extracts were sonicated 3× 10s and centrifuged at 12000g for
15min at 4 °C. Supernatants, corresponding to nuclear extracts, were
maintained at −80°C until their analysis. Protein quantity in cytoplas-
mic and nuclear extracts was quantified using the Bradford method
as indicated before. Histone acetyltransferase activity was evaluated
with the EpiQuik™ HAT Activity/Inhibition Assay Kit (EpiGentek),
following the manufacturer's instructions. HAT standards (5–0.5ng)
were used for curve calibration and 2μL of nuclear extracts were
assayed. Enzymatic activity was determined at 450nm using a mi-
croplate reader Synergy™ HT (BioTek). Absorbance values were
used for HAT quantification (ng) and these values were normalized to
the initial protein quantity (mg). Data are expressed as HAT (ng)/total
protein (mg) (HAT activity; mean ± SEM, n= 3).

2.6.8. Evaluation of specific epigenetic marks
Testes were dissociated as stated above (see 2.6.b) and used for

the quantification of 5mC, H3K9ac, H3K14ac, H3K27ac, H3K27me3
and H4K12ac by immunolabelling, following the indications de-
scribed in SM. Data obtained from flow cytometry quantification are
expressed as the ratio of the corresponding channel intensity respect to
the size of the gated population in arbitrary units (APC/FSC or Alex-
aFluor®488/FSC, for 5mC or acetylated histone evaluation, respec-
tively) (mean ± SEM, n= 4 and n= 6 in samples from in vivo or in vitro
experiments, respectively).

2.7. Sperm assessment

2.7.1. RNA extraction and cDNA synthesis
Sperm from four males was pooled and total RNA from approxi-

mately 106 sperm cells was extracted with a RNeasy Mini Kit (Qia-
gen), following the manufacturer's indications. RNA was solubilized
in 20μL DEPC-water, RNA integrity was confirmed by agarose gel
electrophoresis and RNA quantity was determined at 260nm (Nan-
odrop 1000, Thermo Scientific). Approximately, 1μg of RNA was re-
verse transcribed as described for testicle procedure.

2.7.2. mRNA level evaluation
Quantitative real-time PCR (RT-qPCR) was performed for

analysing gene expression of those genes transcriptionally altered af-
ter BPA treatment in testes: i) DNA methylation remodelling (dn-
mt5); ii) histone acetylation (kat6a); iii) histone demethylation (kd-
m6b); iv) estrogen-related receptors (esrrga, gper-1) and v) spermato-
genesis (scyp3). RT-qPRC was performed in a StepOnePlus™ System
(Applied Biosystems) using oligonucleotides described in SMTable
I. The reaction mixture was the same as that used previously, un-
less the quantity of cDNA was 600ng. PCR conditions were as pre-
viously stated (see SM). Three technical replicates were

performed for each sample and 18S rRNA was used as endogenous
reference gene. The normalized mRNA levels were compared us-
ing 2−ΔCt (ΔCt = Ct target – Ct reference) and data are expressed as
mean ± SEM (n = 3).

2.7.3. DNA fragmentation
DNA fragmentation was analysed using the Comet assay (or

SCGE, Single Cell Gel Electrophoresis), following the indications of
Fernández-Díez and coworkers (Fernández-Díez et al., 2018). Sperm
was obtained and subsequently diluted to 106 cells/mL in PBS. Tech-
nical duplicates and positive controls (20μM H2O2, 15min) were in-
cluded in the assay. Once slices were fixed, 20μL 0.5μg/mL DAPI
were used for nuclear staining and comet visualization. Approxi-
mately, images of 50cells per slide were acquired with a fluores-
cence microscope (Eclipse E800, Nikon; equipped with a digital cam-
era DXM1200F, Nikon), fitted with a 510–560nm excitation filter and
a 590nm barrier filter. To quantify DNA damage, the percentage of
tail DNA (% DNAt) was measured using the free CaspLab software
(1.2.3beta2; http://www.casp.of.pl) (mean ± SEM, n= 4).

2.8. Statistical analysis

Statistical evaluation was carried out with SPSS version 24.0
(IBM, EEUU). Normality of data was tested by the Shapiro-Wilk test.
For non-parametric data, a Kruskal-Wallis test was performed using
Dunn's post hoc test (p< 0.05). For parametric data, an analysis of
variance (ANOVA) with a Bonferroni or DMS post hoc test was run
(p< 0.05). Results are shown as media ±SEM.

3. Results

3.1. BPA stability

BPA stability was confirmed by HPLC assay during a 24h cy-
cle of exposure. Monitoring curve did not reveal any alteration of
BPA concentration in water (SM Figs. 1 and 2), averages values being
83.76± 1.25 and 1684.81± 13.02 for 100μg/L and 2000μg/L experi-
mental conditions, respectively.

3.2. BPA affects fecundity and embryo development

Males treated with 100μg/L BPA did not show reduced fecundity
but survival at hatch was reduced from 47.03% ± 8.7 (mean ± SEM)
in batches from control males to 6.97% ± 2.6 in batches from treated
males (p= 0.004, gl = 11) (Fig. 1A and B). Treatment with the highest
BPA dose severely affected fertilization capacity (2000μg/L BPA re-
duced in 81.6% the number of fertilized embryos respect to control),
and none of the obtained embryos survived at hatching (p= 0.001,
gl = 11) (Fig. 1A and B).

3.3. BPA compromises spermatogenetic activity

After paternal BPA exposure, morphometric study revealed that
neither spermatogonia, spermatids nor spermatozoa percentages were
altered after in vivo exposure to BPA; however, the highest dose
of the toxic significantly reduced the proportion of spermatocytes
from a ratio of 0.22± 0.02 (mean ± SEM) in vehicle to 0.13± 0.01
in 2000μg/L of BPA (p= 0.018, gl = 8) (Fig. 1C and D). Moreover,
TUNEL assay carried out in dissociated-testicular cells revealed an in-
crease in apoptotic cells after treatment with the highest dose of BPA
that affected the three evaluated populations (p= 0.024, p= 0.033 and
p= 0.047 for haploid, diploid and tetraploid, respectively, gl = 8) (Fig.
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Fig. 1. Progeny evaluation and morphometric analysis in testes after in vivo exposure to BPA of zebrafish males. (A) Number of fertilized eggs and (B) percentage (%) of embryo
survival at hatching is represented after in vivo control or experimental conditions. (C) Representative histological images of sections of control and treated zebrafish testicles, stained
with haematoxylin and eosin. Sg: spermatogonias; Sc: spermatocytes; St: spermatids; Sz: spermatozoa. Scale bar: 20μm. (D) Quantification of testicular cell types after BPA expo-
sure. Proportion (%) of area occupied by cells is represented for each experimental condition (n= 3). (E) Apoptosis evaluation by TUNEL and flow cytometry in dissociated testicles,
expressed as the percentage of cells with fragmented DNA for all testicular cell populations (n, haploid; 2n, diploid; 4n, tetraploid) after BPA treatment (n= 4, acquiring at least 10000
events in triplicate). (F) Apoptosis evaluated in testicle slices, expressed as the number of cells with fragmented DNA respect to the microscope field size (μm2) (n = 3). An example
of a fluorescence image corresponding to a 2000μg/L BPA-exposed testicle is shown. (G) Relative mRNA level of cell cycle and spermatogenesis genes (ccnb1, ccnd1, sycp3) and
(H) apoptosis genes (noxa, bcl2) were calculated using 2−ΔCt method relative to actb2 gene (n = 4). Data are expressed as mean ± SEM. Asterisks show significant differences with
respect to control samples (*p < 0.05; **p< 0.01).

1E). We also confirmed this observation when the number of apoptotic
cells per field was analysed in testicle slices, the highest dose of BPA
promoting a significant increase in apoptosis (p= 0.014, gl = 8) (Fig.
1F). Moreover, a downregulation of transcript related to cell cycle/
spermatogenesis was confirmed after paternal exposure to 2000μg/
L of BPA (ccnb1 (cyclin B1) (p= 0.045, gl = 10) and sycp3 (synap-
tonemal complex protein 3) (p= 0.041, gl = 11)) (Fig. 1G); however,
neither ccnd1 (cyclin D1), noxa (pmaip1, phorbol-12-myristate-13-ac-
etate-induced protein 1) nor blc2 (apoptosis regulator a) showed any
change in expression (Fig. 1H).

3.4. Effect of BPA on estrogen and estrogen-related receptors

Expression of estrogen and estrogen-related receptors as well as of
genes downstream of their pathways was affected by BPA treatment.
No changes in the expression profile either of esr1 (estrogen receptor
1), esr2a (estrogen receptor 2a) or esr2b (estrogen receptor 2b) were
observed. In contrast, an upregulation in esrrga (estrogen-related re-
ceptor gamma a) and gper1 (G protein-coupled estrogen receptor 1)
was observed after treatment with the highest dose of BPA (p= 0.032
and p= 0.014, respectively, gl = 11) (Fig. 2A).
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Fig. 2. Relative expression of receptor genes and protein level of Gper signalling after in vivo and in vitro BPA exposure. (A) Relative mRNA level of estrogen or estrogen-related
receptors (esr1, esr2a, esr2b, esrrga, gper1) were calculated using 2−ΔCt method relative to actb2 gene (n = 4). Effect of in vivo (B-D) or in vitro (E-F) BPA exposure on protein levels
are represented. Bands and their corresponding optical densities normalized to vinculin (124kDa) are represented. Gper (42 kDa) bands and their corresponding normalized ratios are
shown (n = 4) after in vivo (B) or in vitro (E) exposure. ERK1/2 (42–44kDa) and pERK1/2 (44 kDa) bands and their corresponding ratios pERK1/2:tERK1/2 were represented after
in vivo (C) or in vitro (F) BPA exposure. CREB (37 kDa) and pCREB (37kDa) and pCREB:tCREB ratio are illustrated after in vivo BPA exposure (D). Results are expressed as
mean ± SEM and asterisks show significant differences when compared to the control group (*p < 0.05; **p< 0.01).

3.5. BPA interference on GPER signalling

Western blot analysis revealed an increase of Gper protein level
promoted by BPA both in vivo (p= 0.007 and p= 0.007, for 100μg/
L and 2000μg/L BPA, respectively, gl = 11) (Fig. 2B) and in vitro
(p= 0.023, gl = 7) (Fig. 2E). pERK1/2:tERK1/2 and pCREB:tCREB
assessment did not show a downstream activation of the ERK pathway
after paternal exposure to BPA (Fig. 2C and D). Similar results were
observed when testes were in vitro exposed to 32μM BPA (Fig. 2F).

3.6. Effect of BPA on epigenetic remodelling enzymes

BPA exposure significantly modifies testicular expression of some
genes involved in epigenetic remodelling. With regard to methylation,

dnmt5 (DNA (cytosine-5)-methyltransferase beta, duplicate b.3) and
kdm6b (lysine (K)-specific demethylase 6B) were upregulated after
treatment with the highest dose of BPA (p= 0.029, gl = 8, and
p= 0.018, gl = 11, respectively) (Fig. 3A and C). Regarding enzymes
related to acetylation, kat6a (K(lysine) acetyltransferase 6A) under-
went a downregulation after exposure to the highest dose of BPA
(p= 0.046, gl = 10), whereas hdac4 (histone deacetylase 4) transcript
showed an increase with the same treatment (p= 0.027, gl = 8) (Fig.
3B).

3.7. Global hyperacetylation after BPA treatment

The study of global H3 acetylation confirmed that the two BPA
doses promoted H3 hyperacetylation in vivo (p= 0.044 and p= 0.046
for 100μg/L and 2000μg/L of BPA, respectively, gl = 14) (Fig. 4A).
Moreover, analysis of global HAT activity in nuclear extracts from
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Fig. 3. Relative expression of zebrafish genes after male BPA exposure in testes. Relative mRNA level of (A) DNA methyltransferases genes (dnmt1, dnmt3, dnmt5, dnmt8), (B)
histone acetylation remodelling enzymes (kat2b, hdac6, kat6a, hdac4) and (C) histone methylation remodelling enzymes (ezh2, kdm6b, kmt2a, kdm5a) were calculated using 2−ΔCt

method relative to actb2 gene. Results are expressed as mean ± SEM and asterisks show significant differences when compared to the control group (n = 4, p< 0.05).

Fig. 4. Evaluation of epigenetic modifications in zebrafish testes after BPA treatment of zebrafish males. (A) Global acetylation of histone H3. Data are expressed as the quantity
of acetylated histone H3 (ng) respect to the total amount of histones used in the assay (mg) (n = 5). (B) Histone acetyltransferase (HAT) activity was determined in testes nuclear or
cytoplasmic extracts. Data are expressed as the quantity of HAT enzyme (ng) respect to the total amount of protein (mg) (n = 3). Specific epigenetic marks were evaluated by flow
cytometry after (C-H) in vivo or (I-J) in vitro BPA exposure. Graphs represent the ratio of fluorescence intensity mean respect to the mean of the gated population size (FSC) for
the three testicular cell populations studied (n: haploid, 2n: diploid and 4n: tetraploid cells) and after vehicle or BPA treatment (n= 4 for in vivo experiments or n= 6 for in vitro
experiments). Different fluorophores were used, AlexaFluor®488 being used for (C, I) H3K9ac, (D) H3K14ac, (E) H3K27ac, (F, J) H4K12ac and (H) H3K27me3 and APC for (G)
5 mC determination. Bars represent the mean ± SEM and asterisks show significant differences compared to the untreated samples (*p < 0.05; **p < 0.01; ***p< 0.001).

zebrafish testes after male exposure allowed us to verify the increase
in HAT activity after 2000μg/L of BPA treatment (p= 0.014, gl = 8),
in accordance with the detected hyperacetylation on histones. As ex-
pected, there was scarce HAT activity on cytoplasmic extracts (Fig.
4B).

3.8. Alteration of specific epigenetic marks promoted by BPA

BPA exposure significantly modified the epigenetic status of spe-
cific DNA and histone marks of zebrafish testes. Regarding histone
acetylation, an overall increase was observed in the studied marks.
H3K9ac increased in the three analysed testicular cells (p= 0.024 for

haploid; p= 0.016 for diploid and p= 0.014 for tetraploid cells, gl = 10)
with the highest dose of BPA (Fig. 4C). H3K14ac was intensified in
haploid cells with the two tested doses and in diploid cells with the
highest dose of BPA (p= 0.030, p= 0.029 for haploid cells after expo-
sure to 100μg/L and 2000μg/L of BPA, respectively and p= 0.037 for
diploid cells, gl = 10) (Fig. 4D). H3K27ac did not reveal any change
of pattern in any of the cells respect to the vehicle (Fig. 4E). More-
over, hyperacetylation of lysine 12 on histone H4 (H4K12Ac) was
revealed in all testicular cells after exposure to the two BPA doses
(p= 0.016 and p= 0.000134 for haploid cells; p= 0.032 and p= 0.003
for diploid cells and p= 0.028 and p= 0.028 for tetraploid cells after
100μg/L or 2000μg/L of BPA, respectively, gl = 11) (Fig. 4F). DNA
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methylation, evaluated by analysing the 5-methylcytosine mark
(5 mC), showed hypermethylation in both haploid and tetraploid cells
after 2000μg/L BPA exposure (p= 0.025 and p= 0.017, respectively,
gl = 10) (Fig. 4G). It was also observed that 2000μg/L of BPA caused
a decrease of H3K27me3 in all testicular cells respect to the control
testicles (p= 0.022; p= 0.028 and p= 0.003, respectively, gl = 11) (Fig.
4H).

In vitro exposure of testes to 32μM BPA promoted a decrease of
H3K9ac in all testicular cells (p= 0.005, p= 0.026 and p= 0.027 for
haploid, diploid and tetraploid cells, respectively, gl = 10) which was
reverted when testes were previously treated with G36 (Fig. 4I). Like-
wise, BPA caused a reduction of H4K12ac in haploid and tetraploid
cells (p= 0.042 and p= 0.026, respectively, gl = 10), which was re-
stored by the GPER-antagonist (Fig. 4J). In order to confirm whether
the altered transcription in testicle implied the presence of a modified
pattern of transcripts in spermatozoa, expression of those genes that
presented an up/downregulation in testes was evaluated. However, no
differences were observed except for sycp3 which showed a signifi-
cant downregulation after 100μg/L and 2000μg/L of BPA (p= 0.014
and p= 0.014, respectively, gl = 8) (Fig. 5A).

The comet assay revealed that treatment with the highest dose of
BPA also promoted an important DNA fragmentation during sper-
matogenesis, increasing from 8.64% ± 2.36 in sperm of control males
to 50.00% ± 3.24 in sperm from those treated with 2000μg/L
(p= 0.010, gl = 11) (Fig. 5B and C).

4. Discussion

BPA is an endocrine disruptor, widely spread through the environ-
ment, with proven effects on reproductive functions. Testicular atro-
phy and small gonadal size have been attributed to direct BPA ex-
posure which reduced testosterone levels in rat and mice (Manfo et
al., 2014; Peretz et al., 2014). These effects on male reproduction

Fig. 5. Evaluation of remnant mRNAs and chromatin integrity in zebrafish sperm after
BPA exposure. (A) mRNA level in spermatozoa where obtained relative to 18S rRNA
using 2−ΔCt method (n= 3). (B-C) Sperm chromatin fragmentation evaluated by Comet
assay. (B) Representative fluorescence image of spermatozoa. Scale bar: 100μm. (C)
Percentage of tail DNA evaluated in sperm cells from males exposed to control condi-
tions or BPA (n= 4). Bar results are expressed as mean ± SEM and asterisks show sig-
nificant differences regarding vehicle samples (p< 0.05).

have been related to its capacity to bind to estrogen receptors (ERs),
modifying the physiological control exercised by the hypothalamic-pi-
tuitary-gonadal axis and, consequently, impairing spermatogenesis
(Rahman et al., 2017). The tested doses are very high compared to
those nowadays allowed for human consumption but are in range of
concentrations occasionally reported in contaminated water bodies,
relevant for aquatic organisms. As summarized by Willhite and col-
leagues (Willhite et al., 2008) typical surface water concentrations
range from 0.0005 to 0.4μg/L but from 0.0005 to 98μg/L (the lower
tested dose) was detected in river and surface water, wastewater and
tap water. 100μg/L dose has been considered safe in drinking water
for human consumption relatively recently (Willhite et al., 2008), and
2000μg/L is close to that reported in water leachates generated by mu-
nicipal solid waste plants (Fudala-Ksiazek et al., 2017; Morin et al.,
2015). Our results suggest that environmental exposure of male ze-
brafish to the highest dose severely impaired spermatogenesis, affect-
ing the production of spermatozoa and modifying the information con-
tained in sperm cell. As a result, fertilization ability was dramatically
reduced and the obtained embryos were unable to survive at hatch-
ing. Effects promoted by the lower dose seem to be less critical: the
treatment caused epigenetic changes in the absence of other detectable
modifications, males maintained their fertilization capacity but em-
bryo development was impaired.

Testes from males exposed to 100μg/L showed a normal sper-
matogenic pattern, whereas an intense alteration of spermatogenic
cell proliferation was observed in males exposed to 2000μg/L BPA:
spermatocyte population was reduced and apoptosis was clearly en-
hanced, suggesting a disruption of the meiotic process. Several re-
ports have previously described the induction of spermatocytes apop-
tosis together with the disruption of meiotic progression after BPA
treatment in mammals (mice and rats) (Ali et al., 2014; Liu et al.,
2013; C. Wang et al., 2017a,b; Xie et al., 2016) and fish (Zhang et
al., 2016). Moreover, in vitro BPA exposure promoted meiotic arrest
in rat seminiferous tubules (Ali et al., 2014) or in zebrafish oocytes
(Thomas, 2017). All these effects could reflect an alteration of the mi-
totic and meiotic progression of spermatogenesis, which could be re-
lated to the observed downregulation of two specific transcripts: cc-
nb1, cyclin involved in G2-M cell cycle transition, and sycp3, cod-
ing a protein of the synaptonemal complex, generated at prophase I.
BPA interference with apoptotic pathways has been also documented.
Fas/FasL and caspase-3 expression have been upregulated increasing
apoptosis in mice testes (Li et al., 2009) and germ cells (Wang et al.,
2010) after BPA exposure. An increase in caspase activity has been
also observed after in vitro BPA exposure of mouse and rat spermato-
cytes (Qian et al., 2015; Wang et al., 2014) as well as of mouse sper-
matogonial stem cells (Gong et al., 2017) and of human spermatozoa
(Barbonetti et al., 2016). Our study revealed that the increase in apop-
tosis after incubation in 2000μg/L of BPA affected all types of testicu-
lar cells. In another cyprinid (Gobiocypris rarus), exposure to 225μg/
L BPA induced spermatocytes apoptosis and altered expression of
several genes, which suggests upregulation of the intrinsic mitochon-
drial apoptotic pathway (bcl2, bax, casp9, cytc and mcl1b) (Zhang et
al., 2016). In our case, however, we did not observe any alteration in
gene expression of proapoptotic (noxa) or antiapoptotic (bcl2) genes,
questioning the activation of the intrinsic pathway.

Binding to hormone receptors is considered the primary cause of
BPA toxic effects (Manfo et al., 2014). Evidence has suggested that
BPA can bind to a wide range of estrogen receptors, from the classical
nuclear receptors ERα and ERβ, to non-classical membrane ERs, as
well as to the membrane G-protein–coupled estrogen receptor GPER
(as reviewed by MacKay and Abizaid (2018)). Zebrafish exposure to
natural and synthetic estrogens showed the overexpression of esr1 in
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organs such as liver, intestine, brain and testis (Chandrasekar et al.,
2010). However, our analysis concerning mRNA levels in testicle did
not reveal any change in classical ER expression. BPA binding affin-
ity for ERs is 1000–10000-fold lower compared to the natural ligand
17β-estradiol. Nevertheless, an upregulation of errga and gper1 was
clearly noticed after 2000μg/L BPA exposure. The increased gper1
gene expression was also confirmed at the protein level by west-
ern blot for both in vivo and in vitro approaches. BPA has been de-
scribed as binding to GPER with an affinity 8–50 times higher than to
ERs (Thomas and Dong, 2006). Regarding reproduction and, specif-
ically, spermatogenesis, the specific role of GPER on this process
is not clear. GPER expression has been identified in spermatogonia,
spermatids, Sertoli cells, Leydig cells (Chimento et al., 2014; 2011;
Prossnitz and Arterburn, 2015). Moreover, GPER is able to regulate
proliferation and apoptosis during rat spermatogenesis (Chimento et
al., 2010), modifying the expression of cyclins and apoptotic factors
through the EGFR/ERK pathway (Chimento et al., 2011; Wang et
al., 2017a,b). All this evidence suggests that BPA could act as a lig-
and to GPER modulating cell proliferation and apoptosis via MAPK/
ERK pathway. Nevertheless, our results, both in vivo and in vitro, rule
out activation of ERK as mediating these effects: increased expres-
sion of GPER and the absence of ERK phosphorylation suggest the
activation of different downstream pathways. GPER trans-activation
of EGFR promotes subsequent phosphorylation of MAPK/ERK tar-
gets as well as activation of PI3K/AKT signalization (Chimento et al.,
2010; Feldman and Limbird, 2017; Prossnitz et al., 2008; Prossnitz
and Barton, 2011; Thomas, 2017). It has also been described the
stimulation of adenyl cyclase and mobilization of intracellular cal-
cium by GPER (Chimento et al., 2014; Feldman and Limbird, 2017).
These modes of GPER signalization are implicated in mediating rapid
non-genomic responses or in genomic responses regulating gene ex-
pression and should be further explored. Moreover, the anti-andro-
genic effects of BPA (Fang et al., 2017; Sun et al., 2006) could also
mediate spermatogenesis impairment and should be seriously consid-
ered.

Spermatogenesis entails huge epigenetic remodelling (in the form
of DNA/histone methylation or histone acetylation) which is essen-
tial to allow the required transcriptional and conformational changes
(Hazzouri et al., 2000; Schagdarsurengin and Steger, 2016). There-
fore, the process represents a susceptible window of exposure to
epigenotoxicants. In the present study we provide detailed informa-
tion of epigenetic marks in testicular cells after adult male expo-
sure. The window of exposure used in this study is sufficiently long
to cover the entire zebrafish spermatogenesis, estimated at 21 days
(Schulz et al., 2010). After treatment, we observed, for the first time,
a global hyperacetylation of histones in testes. This increase in his-
tone acetylation was in accordance with the increment in testicular hi-
stone acetylatransferase enzymatic activity observed after BPA treat-
ment. To better understand this alteration, we evaluated the level of
specific histone acetylation marks, a found an increase of H3K9ac,
H3K14ac and H4K12ac in testicular cells after in vivo BPA exposure,
H4K12 and H3K14 acetylation increasing even after treatment with
the lower doses. The scarce and fragmentary data available regarding
histone acetylation after BPA exposure in mammals reveal differen-
tial results: a similar increase of global H3K9ac and H4K12ac was ob-
served after oocyte BPA exposure in mice (Liu et al., 2017), but de-
creases of H3ac and H3K14ac in StAR promoter were reported after
BPA mice embryo treatment (Hong et al., 2016) and in H3K9ac and
H3K27ac after BPA diet intake in rat testes (Chen et al., 2017). Our
in vitro model provides inverse results to those reported in vivo, with
BPA causing a decrease rather than an increase of the analysed marks
(H3K9ac and H4K12ac). The use of in vitro models requires different
exposure conditions (doses and times), that could promote differential

effects. These changes were reverted to the basal acetylation level ob-
served in control testes when organs were treated with GPER-antago-
nist G-36, thus indicating the involvement of GPER signalling in me-
diating the observed changes in histone acetylation.

Additionally, we observed a decrease of H3K27me3 in haploid,
diploid and tetraploid testicular cells, which had not been previously
reported after male BPA treatment. Reduction of the trymethylated
histone mark and the increase of acetylated histones had been pre-
viously described in cancer cell lines after estrogen supplementation
(Dagdemir et al., 2013) and suggested a more permissive scenario to
transcriptional activity. Regarding to the effects of male BPA treat-
ment on DNA methylation, the available data are some conflicting.
Our findings show a hypermethylation (in terms of 5-methylcytosine)
of testicular DNA. This observation had been previously reported, in
a specific gene promoter, in ovaries and testes of rare minnow Gob-
yocypris rarus (Liu et al., 2014a,b; Yuan et al., 2016; Zhang et al.,
2017). However, other studies reveal a decrease in DNA methylation
in fish gonads (Laing et al., 2016; Liu et al., 2016; Yuan et al., 2017)
or the stability of the pattern of DNA methylation, both in rat/mice
(Dere et al., 2018; Zhang et al., 2013) and in zebrafish (Lombó et al.,
2015). To sum up, BPA exposure through spermatogenesis affects the
epigenetic pattern of germinal cells during differentiation. Any epige-
netic alteration during pre-meiotic and meiotic phases could jeopar-
dize haploid cells, modifying the epigenome of the mature gametes,
which could have serious consequences not only on the spermatogen-
esis process itself but also, as reviewed by Champroux and colleagues
(Champroux et al., 2018), on the forthcoming progeny.

The transcriptional status of the enzymes involved in histone acety-
lation show paradoxical changes of expression: downregulation of
kat6a (histone acetyltransferase) and upregulation of hdac4 (histone
deacetyltransferase), suggestive of a totally different histone acety-
lation profile than the observed one. This effect could reflect the
activation of a compensating mechanism to restore normal histone
acetylation status, especially considering that analysis of the enzy-
matic acetyltransferase activity revealed a clearly enhanced activity
in treated males. Nevertheless, kdm6b (histone demethylase) was up-
regulated in zebrafish testes, according to the decrease in H3K27me3,
and dnmt5 levels (de novo DNA methyltransferase) were increased,
in agreement with the rise in DNA methylation after BPA treatment.
Alteration of DNA methyltransferases transcripts had been previously
observed in F2 zebrafish offspring after paternal BPA exposure, where
several enzymes were downregulated (Chen et al., 2015).

Altered transcriptional and epigenetic landscape in somatic and
pre-meiotic cells, which are transcriptionally active, could modify
the number of transcripts transmitted to spermatozoa at the end of
spermatogenesis. Our analysis of spermatic transcripts on ejaculates
showed a sharp decrease in one of them (sycp3) in males exposed to
BPA. Sperm RNAs are widely accepted to be part of the paternal epi-
genetic information delivered to the oocyte and maintained in the zy-
gote (Avendaño et al., 2009; Hamatani, 2012; Johnson et al., 2011;
Ostermeier et al., 2004) and, as noticed by Swan and Lai (Swann and
Lai, 2016), could be translated by the embryo upon fertilization. Thus,
paternal exposure to BPA during spermatogenesis promotes an en-
docrine disruption which missregulates specific transcripts in testes
and sperm, unbalancing the information received by the zygote upon
fertilization. Indeed, mRNA level alteration in sperm has been pro-
posed as being responsible for the malformations observed in prog-
eny after paternal exposure to BPA or 17-α-ethinylestradiol (Lombó
et al., 2015; Valcarce et al., 2017). Moreover, post-meiotic haploid
testicular cells, which comprise late spermatids and spermatozoa, dis-
played a significantly altered epigenetic pattern after BPA exposure,
even at the lowest doses. The observed effects on the transcriptome
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and epigenome could thus lie behind the high mortality observed in
the progeny of treated males during embryo development.

The effects promoted by 2000μg/L BPA also include a sharp in-
crease in sperm DNA fragmentation. BPA has been reported to im-
pair DNA integrity during rat spermatogenesis (Liu et al., 2014a,b; Liu
et al., 2013). The mechanism could be related, among other factors,
to the imbalance of the DNA repairing activities (Murata and Kang,
2018) or to the excessive level of reactive oxygen species (ROS),
which has been related to BPA exposure (Barbonetti et al., 2016; Kaur
et al., 2018; Yin et al., 2017). The high degree of DNA fragmentation
observed after treatment with 2000μg/L BPA would overcome the re-
pairing ability of the zygote after fertilization (Fernández-Díez et al.,
2018), and could be responsible for promoting embryo death during
development.

In conclusion, our study highlights the fact that male exposure to
high BPA doses during spermatogenesis induces apoptosis in testicu-
lar cells, impairs meiotic progress, missregulates gene expression and
promotes epigenetic changes leading to histone hyperacetylation and
DNA hypermethylation. Some of these events, particularly changes in
histone acetylation, seem to be mediated via GPER upregulation. The
promoted testicular alterations affect spermatic transcripts, increase
sperm DNA fragmentation and change epigenetic landscape in sper-
matozoa. Doses of 100μg/L of BPA, considered safe for water con-
sumption until recent times, and occasionally reported in surface wa-
ters and effluents, also modify spermatic epigenetic pattern, compro-
mising forthcoming progeny development upon fertilization.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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E T O C B L U R B

Male BPA exposure impairs spermatogenesis and alters the epigenetic pattern
of testicular cells, leading to hyperacetylation of histones and DNA hyperme-
thylation, which can promote adverse effects on the zygote upon fertilization.


	
	


