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A B S T R A C T   

Bisphenol A (BPA) is an endocrine-disrupting chemical widely distributed in the environment. Its exposure has 
been linked to male infertility in animals and humans due to its ability to induce epigenetic modification. Despite 
extensive research confirming the impact of BPA on epigenetic regulation, fundamental concerns about how BPA 
causes epigenetic changes and the underlying mechanism of BPA on the male reproductive system remain un-
resolved. Therefore, we sought to investigate the effects of BPA on epigenetic regulation and the histone-to- 
protamine (PRM) transition, which is fundamental process for male fertility in testes and spermatozoa by 
exposing male mice to BPA for 6 weeks while giving the mice in the control group corn oil by oral gavage. Our 
results demonstrated that the mRNA levels of the histone family and PRMs were significantly altered by BPA 
exposure in testes and spermatozoa. Subsequently, core histone proteins, the PRM1/PRM2 ratio, directly linked 
to male fertility, and transition proteins were significantly reduced. Furthermore, we discovered that BPA 
significantly caused abnormal histone-to-protamine replacement during spermiogenesis by increased histone 
variants-related to histone-to-PRM transition. The levels of histone H3 modification in the testes and DNA 
methylation in spermatozoa were significantly increased. Consequently, sperm concentration/motility/hyper-
activation, fertilization, and early embryonic development were adversely affected as a consequence of altered 
signaling proteins following BPA exposure. To our knowledge, this is the first study to indicate that BPA exposure 
influences the histone-to-PRM transition via altering epigenetic modification and eventually causing reduced 
male fertility.   

1. Introduction 

Endocrine-disrupting chemicals (EDCs) are well known to have 
detrimental effects on neurological, cardiovascular, developmental, 
metabolic, and reproductive physiology in humans (Schug et al., 2011). 
Bisphenol A (BPA) is one of the most prevalent EDCs due to its diverse 
uses (Ikezuki et al., 2002; Welshons et al., 2006). BPA is broadly used in 
products produced by the plastics industry, including mineral water 
bottles, toys, food and beverage packaging materials, and dental filling 
materials (Hope et al., 2016; Kubwabo et al., 2009; Rahman et al., 
2021a). As a result, BPA exposure is widespread, with human studies 
indicating its presence in more than 90% of urine samples in the United 
States (Bao et al., 2020; Calafat et al., 2008; Rahman et al., 2017). BPA 
can disrupt or mimic hormone action by binding to a range of physio-
logical receptors, including estrogen/androgen receptors, due to its 
estrogen-like structures (Acerini and Hughes, 2006; Schug et al., 2011). 

In recent decades, several studies have shown that BPA is linked to the 
etiology of various chronic diseases, such as obesity, diabetes, cardio-
vascular disease, developmental abnormalities, and reproductive dis-
eases via mitochondrial dysfunctions, abnormal endocrine systems, 
oxidative stress, and genetic and epigenetic changes (Park et al., 2021; 
Park et al., 2020; Rezg et al., 2014; Rochester, 2013; Ryu et al., 2017b). 
Like most EDCs, BPA is reported to exert epigenetic effects (Chianese 
et al., 2018; Rahman et al., 2020). 

Epigenetics is a branch of genetics that investigates how environ-
mental variables cause genetic changes without altering the DNA 
sequence. Non-coding RNA expression, chromatin remodeling, DNA 
methylation, and histone modifications are examples of epigenetic 
changes that can affect the phenotype of different cell types (Dolinoy 
and Jirtle, 2008). Furthermore, epigenetic mechanisms play a crucial 
role in modulating environmental stress responses, thereby influence the 
normal development and cause disorders (Anway et al., 2008). Recent 
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evidence shows that BPA exposure alters the normal epigenetic patterns 
in the male reproductive system (Chianese et al., 2018; Song et al., 
2019). However, the varied effects of BPA in spermatogonia depending 
on the BPA dose indicate that complex underlying mechanisms are 
involved. 

In vitro exposure of mice germ cells to high doses of BPA (1 and 10 
μg/ml) but not lower doses (0.001–0.1 μg/ml) decreased the global 
levels of DNA methylation and H3K9me3 in spermatogonial cells, dis-
rupting spermatogenesis due to a reduction in the mRNA and protein 
levels of DNA methyltransferase, while the low doses increased the 
levels of H3K9me3 and H3K27me (Li et al., 2018). Decreased di- 
methylation of H3K9 was involved in the adverse effects on spermato-
genesis following in vitro exposure of prepubertal mouse testes to BPA 
(Zhang et al., 2018). Similar observations have been reported in 
humans. Human sperm motility, concentration, and mitochondrial 
function were negatively correlated with H3K4me2 (Stiavnicka et al., 
2020), and reduced sperm concentration and motility induced by BPA 
exposure were linked to DNA hydroxymethylation due to histone H3 
trimethylation (Zheng et al., 2017). Furthermore, at the highest dose of 
BPA (50 mg BPA/kg body weight [BW]/day), our previous in-
vestigations found that early-life BPA exposure caused histone modifi-
cation and DNA methylation in spermatozoa, resulting in 
transgenerational and multigenerational effects on offspring phenotypes 
and their fertility (Rahman et al., 2020; Rahman et al., 2021b). 

Mammalian spermatozoa are compartmental cells with a compact 
nucleus, in which the DNA is tightly condensed by protamines (PRMs) 
((Oliva and Ballesca, 2012; Oliva and Dixon, 1991). PRMs are arginine- 
rich, nuclear proteins with two major forms, PRM1 and PRM2. Sper-
miogenesis, the last phase of spermatogenesis, changes round sperma-
tids to spermatozoa. During spermiogenesis, maturing male germ cells 
undergo histone-to-PRM transition, a process critical for testicular 
development and male fertility. Histones are replaced first by transition 
proteins (TNPs) and then by PRMs (Steger et al., 1998), which provide 
extensive DNA compaction, protect the genome from DNA damage, and 
preserve genetic traits (Schneider et al., 2016). Histone modifications 
have an important role in replacing histones with PRMs (Francis et al., 
2014). Although histone replacement occurs in most of the sperm 
genome, many regions retain nucleosomal histones, which are enriched 
in specific epigenetic modifications, such as H3K4me3, H3K27me3, and 
unmethylated DNA. Human clinical studies have shown that sperm DNA 
fragmentation is highly correlated with aberrant PRM replacement and 
the failure of in vitro fertilization (IVF), intracytoplasmic sperm injec-
tion, and pregnancy (Avendano et al., 2010; Carlini et al., 2017; Ni et al., 
2016; Nili et al., 2009; Wdowiak et al., 2015). These studies suggest that 
both histone modification and the histone-to-PRM transition may 
participate in the disruption of male fertility following BPA exposure. 

Although male fertility involves complex functional/physiological 
alterations beyond spermatogenesis, few studies have investigated the 
effects of BPA exposure on histone modification and the histone-to-PRM 
transition in the entire male reproductive system. The aim of this study 
was to determine if BPA exposure causes changes in core histone 
expression levels and the histone-to-PRM transition, which leads to male 
infertility, and if so, to uncover potential biomarkers for diagnosing 
male infertility after BPA exposure. Simultaneously, histone modifica-
tions and DNA methylation were evaluated to comprehensively explore 
the epigenetic alterations in testes and spermatozoa after BPA exposure. 

2. Materials and methods 

2.1. Ethics statement 

All procedures were performed according to the standard guidelines 
for animal studies and were approved by the Institutional Animal Care 
and Use Committee (IACUC) of Chung-Ang University, Seoul, Korea (No. 
a2022016). 

2.2. Chemicals, reagents, and media 

Unless otherwise specified, all chemicals and reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). To obtain the target 
molecular concentration, BPA was dissolved in corn oil. Modified 
Tyrode’s medium was used as the basic medium (BM) for spermatozoa 
according to a previously published study (Ryu et al., 2017a). Bovine 
serum albumin (BSA; 4 mg/ml) was added and incubated at 37 ◦C under 
5% CO2 conditions overnight before the study began. 

2.3. Animals and sample collection 

Four-week-old CD-1 (ICR) male mice were purchased from Daehan 
BioLink® (Chungcheongbuk-do, Korea). Mice were housed at 50–60% 
humidity and 20–25 ◦C under a 12:12-h light:dark cycle and were pro-
vided commercial pellets and water ad libitum. Mice were acclimated to 
the environment for a week and then divided into control and lowest 
observed adverse effect level (LOAEL) groups (n = 40 mice/group). A 
50 mg/kg BW/day BPA dose was chosen for this study as the LOAEL 
defined by the U.S. Environmental Protection Agency (Hengstler et al., 
2011; Tyl, 2009). Corn oil was orally administered to the control mice. 
Both groups were gavaged daily from the ages of 6 to 11 weeks (6-week 
treatment) based on the daily changes in BW. Mice were stabilized for a 
week before sampling. Afterward, testes and spermatozoa were 
collected from each mouse. RNAlater (Invitrogen, Carlsbad, CA, USA) 
was incubated with testes and caput/cauda epididymis overnight at 4 ◦C 
and frozen rapidly in liquid nitrogen (− 196 ◦C) for RNA extraction. At 
the same time, spermatozoa were harvested from cauda, and collected 
spermatozoa were snap-frozen in liquid nitrogen (− 196 ◦C) for RNA 
extraction. Simultaneously, all samples were harvested and stored at 
− 80 ◦C for Western blot. 

2.4. RNA extraction, cDNA synthesis, and quantitative real-time PCR 
(qRT-PCR) 

RNA extraction and cDNA synthesis were conducted on according to 
a previously published study (Pang et al., 2020). PureLink™ RNA Mini 
Kit (Invitrogen) and TRIzol (Invitrogen) were used for RNA extraction 
following the manufacturer’s instructions. RNA concentration and the 
260/280 ratio were assessed using a NanoDrop spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). cDNA synthesis was 
conducted using High-Capacity cDNA Reverse Transcription Kits 
(Applied Biosystems, Foster City, CA, USA) following the manufac-
turer’s instructions. Subsequently, primers were designed using Pri-
merSelect™ software (DNASTAR, Madison, WI, USA) (Supplementary 
Table S1). qRT-PCR was performed using an ABI PRISM 7500 real-time 
PCR system (Applied Biosystems). The relative quantification of gene 
expression level compared to the control group was evaluated using the 
2− ΔΔCt method (Livak and Schmittgen, 2001). 

2.5. Histone extraction and Western blot analysis 

Testes (n = 3 mice/group) were collected and cut into small (1–2 
mm3) pieces with a scalpel. Chopped samples and spermatozoa were 
homogenized in Triton extraction buffer (0.5% Triton X-100, 2 mM 
phenylmethylsulfonyl fluoride, and 0.02% NaN3 in PBS). Homogenized 
samples were centrifuged (3,000 rpm, 4 ◦C, 5 min), and the supernatants 
were removed. The pellets were resuspended in extraction buffer per 
200 mg of testes and 1 × 107 spermatozoa on ice for 30 min. Lysates 
were centrifuged (12,000 rpm, 4 ◦C, 5 min), and the supernatant was 
collected. Acetone was added to the supernatant and incubated at −
20 ◦C overnight. The histone extracts of all samples were then loaded on 
an SDS polyacrylamide gel and electrophoresed as reported (Park et al., 
2020; Ryu et al., 2017a). The separated protein bands were transferred 
to a polyvinylidene fluoride (PVDF) membrane (Amersham, Piscataway, 
NJ, USA). The membrane was incubated with a blocking agent (3%; 
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Amersham) for 1 h at room temperature. Antibodies against histones 
H1/H2A/H2B/H3/H4, p38, and GPR30 (Abcam, Cambridge, England), 
PRM1, TNP1 (Novus Biologicals), PRM2 (Thermo Fisher), TNP2 (LSBio), 
estrogen receptor (ER) α/β, and PI3K (Santa Cruz Biotechnology) were 
incubated with membranes overnight at 4 ◦C. Then, membranes were 
incubated with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Abcam) for 1 h at room temperature. β-actin (Cell Signaling 
Technology) was used as an internal control. The membranes were 
washed with PBS-T three times, and chemiluminescence was applied to 
detect the labeled antigens. Quantification of each band was performed 
using ImageJ software (National Institutes of Health [NIH], Bethesda, 
MD, USA). 

2.6. Immunohistochemistry 

To determine precisely at what moment BPA affects the expression of 
core histone and protamine during the spermatogenesis, IHC staining 
was performed. Testes (n = 3mice/group) were harvested and fixed in 
Bouin’s solution overnight, followed by embedding in paraffin (Hogarth 
and Griswold, 2013). Three-micron-thick sections were deparaffinized 
in xylene and rehydrated in ethanol. The antigen retrieval step was 
performed using a DAKO target retrieval solution (pH 6 and 9; DAKO, 
Glostrup, Denmark). anti-rabbit histones H1.0, H2A, H2B, H3, and H4 
primary antibody (Abcam), anti-rabbit PRM1 primary antibody (Novus 
Biologicals), and anti-rabbit PRM2 primary antibody (Thermo Fisher) 
were incubated overnight. Slides were stained with 3,3′-dia-
minobenzidine (envision kit; DAKO) and then counterstained with he-
matoxylin. Images were captured using a Nikon Eclipse Ni-U equipped 
with a Nikon DS-Ri2 camera and Nikon NIS-Elements Fr software 
(Version 5.11; Nikon Instruments, Inc., Melville, NY, USA). Quantifica-
tion of each protein was conducted using ImageJ Fiji software (National 
Institutes of Health [NIH], Bethesda, MD, USA) according to the 
following protocol (Crowe and Yue, 2019). 

2.7. Total histone H3 modification analysis 

Total histone H3 modification was evaluated using Epigentek’s 
EpiQuik® Histone H3 Modification Multiplex Assay Kit according to the 
manufacturer’s instructions. In brief, acid extraction of histones was 
performed, and the extracts were stably spotted on strip wells. The an-
tigens bound to antibodies were calorimetrically analyzed at 450 nm 
and quantified using a standard curve. 

2.8. Global DNA methylation analysis 

DNA methylation was evaluated using a global DNA methylation test 
kit according to the manufacturer’s instructions (Abcam). The gDNA 
was extracted from the spermatozoa using the procedures described by 
(Rahman et al., 2020). Then, 100 ng of extracted sperm DNA (260/280 
ratio > 1.6) was dissolved in the binding solution and incubated for 1 h 
at 37 ◦C. After washing, 50 µL of the 5-methyl cytosine (5-mC) detection 
complex comprising 5-mC antibodies was dispensed into each well and 
incubated for 30 min at room temperature before being washed again. 
Each well was then filled with 100 µL of developer solution. The enzy-
matic reaction was stopped by introducing a stop solution based on the 
color shift in the 5% positive control (PC) wells (deep blue). Finally, the 
absorbance was measured at 450 nm using a Gemini™ microplate 
reader (Molecular Devices, San Jose, CA, USA). The global DNA 
methylation experiment was repeated for all samples, and the average 
data were used to determine the percentage of 5-mC (for each replica-
tion) using the standard curve generated by the PC and negative control, 
which were run simultaneously in each plate with samples. Under 
specified exposure settings, the final results of DNA methylation are 
provided as a percentage of methylated DNA (% 5-mC). 

2.9. Computer-assisted sperm analysis (CASA) 

Sperm concentration, motility and hyperactivity (HYP) were evalu-
ated using the CASA system (SAIS Plus version 10.1; Medical supply, 
Seoul, Korea). Briefly, Makler chamber (Makler, Haifa, Israel) was used, 
and 10 μL of the sperm suspension (n = 3 mice/group) was placed in it. 
The chamber was heated to a 37 ◦C. We used the SAIS software and 10 ×
phase contrast objective microscope to evaluate sperm motion kine-
matics. The CASA parameters were set as addressed previously (frames 
acquired, 20; frame rate, 30 Hz; minimum contrast, 7; minimum size, 5; 
low/high size gates, 0.4–1.5; low/high intensity gates, 0.4–1.5; non- 
motile head size, 16; and non-motile brightness, 14). 

2.10. IVF 

Female hybrid B6D2F1/CrljOri mice (Nara Biotech, Seoul, Korea) 
were used for IVF between the ages of eight and twelve weeks (n = 3 
mice/group). Mice were given intraperitoneal injections of 5 IU preg-
nant mare serum gonadotropin (PMSG) and 5 IU human chorionic 
gonadotropin (hCG) at 48 h intervals to induce superovulation. 
Cumulus-oocyte complexes (COCs) were collected from the ampulla and 
placed in a sterile cell culture dish with DPBS fifteen hours after the hCG 
injection. The COCs were cultured at 37 ◦C in 5% CO2 for 1 h prior to 
insemination in 50 μL of BM containing 10% fetal bovine serum (FBS) 
under mineral oil (Ryu et al., 2017a). COCs from were divided evenly 
between the control and BPA groups. To induce capacitation, sperma-
tozoa (n = 3 mice/group) from the cauda epididymis were washed and 
cultured for 90 min in BM containing 0.4% BSA (Ryu et al., 2017a) and 
then inseminated (1 × 106 cells/ml) using COCs that had been pre- 
incubated in BM containing 10% fetal bovine serum under mineral oil 
for 6 h. The number of two-cell embryos formed 18 h after insemination 
was used to calculate the fertilization rate. Two-cell embryos were 
cultivated for an additional 4 days in BM with 0.4% BSA under the same 
conditions. We counted all blastocyst-stage embryos. The final cleavage 
and blastocyst development results are expressed as a percentage of each 
parameter under specified exposure settings. 

2.11. Statistical analysis 

Data were analyzed using a one-way ANOVA with IBM SPSS Statis-
tics software (Version 25.0; IBM Corp., Chicago, IL, USA). The Student’s 
two-tailed t-test was used to identify significant differences between the 
means of the control and BPA groups. Differences between the control 
and BPA groups were considered significant at p-values less than 0.05. 
Data are presented as mean ± SD. 

3. Results 

3.1. Impacts of BPA on histone families and PRMs mRNA expression 
levels in testes and spermatozoa 

Six (H2A, H2AC13, H2B, H3C10, H4C8, and H4C12) among ten 
histone families were significantly altered in the testes of the BPA group 
(p < 0.05, Fig. 1A). Moreover, seven histone families were altered in the 
spermatozoa following BPA exposure (p < 0.05, Fig. 1B). Subsequent 
evaluation of the PRM1/PRM2 ratio revealed that BPA exposure 
increased the PRM1/PRM2 ratio in both testes and spermatozoa (p <
0.05, Fig. 1). 

3.2. Impacts of BPA on core histones, PRMs, and TNPs protein expression 
levels in testes 

To assess the regulatory mechanism of histone-to-PRM transition 
following BPA exposure, the levels of related proteins (histones H1/ 
H2A/H2B/H3/H4, PRM1/2, and TNP1/2) were measured in testes. All 
histone families increased following BPA exposure, except for H1 (p <
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0.05, Fig. 2A and C). TNP1 decreased significantly in the BPA group, 
while there was no difference in the TNP2 expression levels between the 
control and BPA-exposed mice. Subsequent analysis showed that the 
PRM1/PRM2 ratio decreased in testes following BPA exposure (p <
0.05, Fig. 2A and C) (see Fig. 3). 

3.3. Impacts of BPA on histone-to-PRM transition-related protein 
expression levels during spermatogenesis 

The expression of each protein was quantified using the ImageJ Fiji 
program. Our results showed that H2A, H2B, H3, and H4 were signifi-
cantly lower in the BPA group compared to the control group in sper-
matogonia, spermatocyte, and spermatid except for H4 in spermatocyte. 
Interestingly, PRM 1 and 2 were significantly higher in spermatids while 

markedly lower in the BPA group in spermatozoon (p < 0.05, Fig. 2E). 

3.4. Impacts of BPA on histone variants and histone-to-PRM transition- 
related genes mRNA expression levels 

To elucidate how BPA hinders the histone-to-PRM transition, we 
evaluated histone variants and cluster genes related to histone-to-PRM 
transition. H1T2 and H2AL2 were significantly upregulated following 
BPA exposure among six histone variants (p < 0.05, Fig. 4). In addition, 
H3F3A was significantly increased among 19 genes related to histone-to- 
PRM transition (p < 0.05, Fig. 4). 

Fig. 1. Difference in levels of histone mRNA expression between control and BPA groups in (A) testes and (B) spermatozoa. Data are mean of three replicates ± SD. 
Asterisks denote significant differences between control and treatment groups at p < 0.05 by two-tailed Student’s t-test. 
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3.5. Impacts of BPA on histone H3 modification in testes and global DNA 
methylation in spermatozoa 

ELISA was performed to evaluate the histone H3 modification 
following BPA exposure. H3K4me1/2/3, H3K9me2/3, H3K27me3, 

H3K36me1/3, H3K79me1, H3Kac, H3K14ac, H3K56ac, and H3S28P 
were significantly expressed in testes following BPA exposure (p < 0.05, 
Fig. 5). We also examined global DNA methylation to gain insights into 
BPA-mediated epigenetic alterations in sperm function and fertility. 
Compared to control males, the 5-mC levels in BPA-treated males were 

Fig. 2. Effects of BPA on protein expression levels 
during spermatogenesis. (A) Density of histone-to- 
PRM transition-related proteins in testes. (B) 
Representative Western blot image of proteins. (C) 
Intensity of histone-to-PRM transition-related pro-
teins in testes. (D) Representative immunohisto-
chemistry images of specific testicular cells. Bar =
100 µm. (E) Intensity of histone-to-PRM transition- 
related proteins in different types of germ cells. 
Data are mean of three replicates ± SD. Asterisks 
denote significant differences between control and 
treatment groups at p < 0.05 by two-tailed Stu-
dent’s t-test.   
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greater when expressed as a proportion of total DNA (Fig. 5, p < 0.05). 

3.6. Impacts of BPA on signaling proteins, sperm kinematic parameters 
and male fertility 

We examined the ERs in the testes to determine the underlying 
mechanism of BPA on testes. BPA decreased the expression of both ERs 
(α and β), PI3K, and GPR30, while p38 was increased, as shown in 
Fig. 5E (p < 0.05). Subsequently, we demonstrated that BPA exposure 
significantly affected sperm concentration, motility, and HYP as a 
consequence of an altered signaling pathway. Finally, we investigated 
the fertilizing ability of spermatozoa with oocytes and early embryonic 
development by an IVF system. BPA exposure decreased the rate of 
cleavage and blastocyst formation ability of the spermatozoa (p < 0.05, 
Fig. 5F). 

4. Discussion 

Our preliminary RNA-sequencing study revealed that BPA influenced 

the expression levels of several histone families, including H2AC13, 
H2BC11, H3C4, H3C10, H4C12, and H4C8, in testes and spermatozoa. 
These RNA-sequencing results were reproduced in the qRT-PCR anal-
ysis. Among six histone families, three (H2AC13, H3C10, and H4C12) 
and two (H2AC13 and H3C10) were significantly increased in testes and 
spermatozoa of BPA-exposed mice, respectively. H2AC13 and H3C10 
have been associated with low-motility sperm via aberrant CpG 
(Pacheco et al., 2011). In addition, H4C8 was linked to teratozoospermia 
in humans (Platts et al., 2007). Based on our findings, we hypothesized 
that the BPA-induced regulation of H2AC13, H3C10, and H4C8 could 
affect sperm motility and aberrant sperm morphology, leading to male 
infertility. Although histone family genes play a critical role in most 
biological systems, little research on male fertility has been undertaken. 
More research is needed to understand better the role of the histone 
family genes in male reproduction. 

Spermatogenesis, the complex process of sperm production involving 
consecutive cell differentiation, can be divided into spermatogonia 
meiosis, spermatocyte meiosis, and spermiogenesis (Hess and Renato de 
Franca, 2008; Roosen-Runge, 1962). During spermatogenesis, 

Fig. 3. Representative immunohistochemistry images of core histones and PRMs. Bar = 100 µm.  
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spermatogonial stem cells undergo self-renewal and differentiate into 
spermatocyte and then spermatid (Rathke et al., 2014). Afterward, 
spermatid elongate to form spermatozoa by spermiogenesis, a 
morphological transition in which the sperm nucleus transformations 
involving chromatin reorganization and condensation occur to protect 
the paternal genetic traits from exogenous and endogenous damage until 
fertilization (Bao and Bedford, 2016; Govin et al., 2004). Sperm DNA 
compaction is a stepwise process; substitution of somatic histones by 
members of the testes-specific histone family, binding of TNPs with a 

spermatid nucleus, and finally, replacement of TNPs by PRMs to 
condense the genetic materials into a highly compact sperm nucleus 
(Bao and Bedford, 2016; Govin et al., 2004; Rathke et al., 2014). PRMs, 
the histone-to-PRM transition, and testes-specific histone variations and 
modifications play important roles in chromatin condensation regula-
tion (Bao and Bedford, 2016; Boskovic and Torres-Padilla, 2013). We 
discovered that BPA exposure significantly altered the expression levels 
of H2A, H2B, H3, H4, and TNP1 using Western blotting and IHC staining 
in testes. Interestingly, we revealed that PRMs are more highly 

Fig. 4. Difference in levels of (A) histone variants and (B) genes-related to histone-to-PRM transition between control and BPA groups. Data are mean of three 
replicates ± SD. Asterisks denote significant differences between control and treatment groups at p < 0.05 by two-tailed Student’s t-test. 
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expressed in the BPA group than in the control group in spermatids but 
lower in the spermatozoon using IHC staining. It is thus plausible that 
BPA impacts spermiogenesis from spermatid to spermatozoon, and 
therefore no proper histone-PRM transition occurred. Although it is 
difficult to explain why the expression of the histone family was 
increased along with PRM deficiency, it might have been due to a 
decrease in various chromatin remodeling proteins required for medi-
ating histone-to-PRM transition during spermiogenesis, according to a 
recent study (Dumasia et al., 2017a). 

Several histone variants/clusters and genes are posited to facilitate 
the histone-to-PRM transition by incorporating TNPs and contributing to 
the chromatin structure (Anuar et al., 2019; Barral et al., 2017; Mon-
tellier et al., 2013; Padavattan et al., 2015; Shinagawa et al., 2015). 
Therefore, we evaluated the histone-to-PRM transition-related gene 
levels to discover the molecular mechanism of BPA exposure to histone- 
to-PRM transition. Our results showed that two histone variants (HIT2, 
H2AL2), and one histone cluster (H3F3A) is significantly increased 
following BPA exposure among 25 genes. H1T2 is a testis-specific gene 
localized explicitly to the spermatid nuclei but not the nuclei of the 
spermatozoon. It is crucial for incorporating PRMs and appropriate 
chromatin condensation (Martianov et al., 2005; Tanaka et al., 2005). 
H2AL2 is also localized to the elongating and elongated spermatid nuclei 
but not the spermatozoon. It is also known to contribute to assembling 
nucleosomes and incorporating TNPs (Barral et al., 2017; Martianov 
et al., 2005). In addition, H3f3a is a gene that encodes a histone H3.3, 
localized in all types of germ cells, and has a critical role in chromatin 
structure and modulating TNP1 removal, and incorporating PRM1 
resulting in male infertility (Thakar et al., 2009; Yuen et al., 2014). 
Therefore, this result has further strengthened our conviction that 
exposure to BPA elevates the expression levels of histone variants and 
clusters, which may influence the incorporation of TNPs and PRMs in 
conjunction with the disruption of histone-to-PRM transition during 

spermiogenesis from spermatid to spermatozoon. Because of these dra-
matic alterations, the modulation of this transition might be considered 
a potential strategy for discovering biomarkers and therapy for BPA- 
related fertility damage. 

We subsequently identified that BPA exposure significantly 
decreased the PRM1/PRM2 ratio in both testes and spermatozoa. A 
certain PRM1/PRM2 ratio is necessary for proper chromatin compac-
tion. An aberrant PRM1/PRM2 ratio can cause sperm DNA damage, 
embryo death, and infertility (Cho et al., 2001; Hammadeh et al., 2010). 
Interestingly, the PRM1/PRM2 ratio tends to recover to the normal ratio 
in spermatozoa (ca. 0.8) compared to the testes (ca. 0.4). It is assumed 
that the spermatids whose process was not normally performed at the 
histone-to-PRM transition fell behind in the process of ejaculation due to 
poor DNA compaction. 

PTMs of histones have critical effects on the chromatin conformation 
by regulating histone–DNA interaction and nucleosome stability. 
Several types of histone modification have been found to induce the 
histone-to-PRM transition, including methylation, ubiquitination, acet-
ylation, and phosphorylation (Luense et al., 2016). Histone H3 modifi-
cation has been frequently associated with the histone-to-PRM 
transition. For instance, H3K4me1/2/3 and H3K36me3 have been 
shown to regulate the gene expression levels of TNPs and PRMs, and 
H3K79me3 has been correlated with histone H4 hyperacetylation to 
modulate the histone-to-PRM transition (Dottermusch-Heidel et al., 
2014; Okada et al., 2007; Wang et al., 2019; Zuo et al., 2018). We found 
that among 21 different types of H3 modification, 13 of them 
(H3K4me1/2/3, H3K9me2/3, H3K27me3, H3K36me1/3, H3K79me1, 
H3Kac, H3K14ac, H3K56ac, and H3S28P) were differentially expressed 
in testes following BPA exposure. Our experiments corroborate previous 
studies that BPA exposure influences many histone H3 modifications, 
such as H3K9me1/2/3 and H3K27me3, during the histone-to-PRM 
transition (Li et al., 2018; Zhang et al., 2018). These histone 

Fig. 5. Effects of BPA on epigenetic modifications, protein expression levels, and male fertility. (A) Changes in levels (%) of H3 modifications in testes and (B) levels 
(%) of 5-mC in spermatozoa. (C) Schematic of estrogenic signaling regulated by BPA. (D) Representative Western Blot images. (E) Density of signaling proteins in 
testis. (F) Differences in sperm concentration, motility, hyper-activation, cleavage rate (%), and blastocyst development (%). Data are mean of three replicates ± SD. 
Asterisks denote significant differences between control and treatment groups at p < 0.05 by two-tailed Student’s t-test. HYP = Hyperactivity. 
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modifications following BPA exposure cause spermatogenesis impair-
ment, abnormal gene translation, and histone-to-PRM transition failure 
resulting in male infertility. 

We established that BPA exposure regulated histone modification, 
including histone methylation at a specific region, in the testes and 
significantly increased DNA methylation in spermatozoa. It is thus 
plausible that BPA induces histone modification on germ cells during 
spermatogenesis and germ cells differentiate into spermatozoa with an 
aberrant PRM1/PRM2 ratio and a high percentage of DNA methylation, 
resulting in abnormal gene modification and male infertility. 

Finally, we investigated ERα/β, the primary nuclear receptor targets 
of BPA to understand better the underlying effect of BPA on the male 
fertility. ERs regulate the expression of their target genes by a DNA- 
binding transcription factor that recruits chromatin remodeling fac-
tors, affecting nuclear chromatin function. Any changes in ER signaling 
may lead to adverse consequences for male genital development and 
reproduction, such as altered hormone levels and thereby alteration of 
hormone-dependent downstream signaling pathways responsible for 
gonad development and sometimes impaired fertility. ER signaling may 
also have a role in epigenetic changes by inducing histone modifications, 
such as phosphorylation, methylation, and acetylation at ER-specific 
target gene promoters (Mann et al., 2011). Dumasia et al. reported 
that treatment with an ERβ agonist reduced DNA methylation at the 
global level as well as at the H19 differentially methylated region in 
spermatozoa (Dumasia et al., 2017a). In addition, they revealed that the 
treatment of ERα agonists increased testicular levels of histone modifi-
cations associated with active and repressed chromatin states, besides 
affecting chromatin remodeling proteins, leading to enhanced histone 
retention and PRM deficiency in spermatozoa, which could together 
decrease fertility (Dumasia et al., 2017b). Consistent with previous 
findings, we found that BPA exposure significantly decreased both ERs. 
It is possible that BPA exposure regulates gene expression through 
binding with ERs, which, in turn, activate transcriptional processes, 
signaling events, or both, leading to an increased histone modification 
and DNA methylation. In addition, MAPK, PI3K, and GPR30 take part in 
rapid non-genomic signaling that is extremely effective in response to 
BPA (Rahman et al., 2022). Although the receptor’s activity may vary 
depending on the stage of development, their dynamic interaction fine- 
tunes the estrogenic signaling, which in turn supports crucial cellular 
functions. Herein, we noticed that exposure to BPA regulated the 
expression of receptors functionally linked to the genomic and non- 
genomic pathways. 

The major finding of this study is that spermatozoa from the testes of 
mice exposed to BPA exhibited significantly lower fertilization and early 
embryonic development rates as a consequence of reduced sperm con-
centration, motility, and HYP. Based on our results, BPA exposure has a 
detrimental impact on the proteins related to histone-to-PRM transition 
and may consequently cause abnormal sperm function and male 
infertility. 

5. Conclusions 

To our knowledge, this is the first study to investigate the effects of 
BPA on testes and spermatozoa by determining the changes in the 
histone-to-PRM transition and male fertility. We demonstrate that BPA 
exposure alters the core histone proteins, PRMs, TNPs, and histone-to- 
PRM transition-related genes (histone variants and cluster), which 
could eventually cause male infertility. The resultant aberrant histone 
modification in the testes and increased DNA methylation in sperma-
tozoa may significantly impact epigenetic transgenerational inheritance 
of male infertility. Simultaneously, our results suggest that the PRM1/ 
PRM2 ratio may be a potential and key testicular and spermatozoa 
biomarker for diagnosing male infertility following BPA exposure. 
However, testicular cells, such as, Sertoli cells, Leydig cells, and other 
interstitial cells are present in the testis alongside the germ cells, which 
makes it more challenging to investigate the process of spermiogenesis. 

Therefore, further studies are needed to fully identify the functions and 
mechanisms of precise BPA dose exposure on specific testicular cell 
types, such as Leydig, Sertoli, and germ cells, for a better understanding 
of the action of BPA mechanisms on histone-to-PRM transition. 
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