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a b s t r a c t

Bisphenol A (BPA), an endocrine and metabolic disruptor, is widely used to manufacture polycarbonate
plastics and epoxy resins. Accumulating evidence suggests that paternal BPA exposure adversely affects
male germlines and results in atypical reproductive phenotypes that might persist for generations to
come. Our study investigated this exposure on testicular architecture and sperm quality in mouse off-
spring, and characterised underlying molecular mechanism(s). A total of 18 immature male Swiss albino
mice (3.5 weeks old) were randomly divided into three groups and treated as follows: Group I, no treat-
ment (sham control); Group II, sterile corn oil only (vehicle control); Group III, BPA (400 lg/kg) in sterile
corn oil. At 9.5 weeks old, F0 males were mated with unexposed females. F0 offspring (F1 generation)
were monitored for postnatal development for 10 weeks. At 11.5 weeks old, the animals were sacrificed
to examine testicular architecture, sperm parameters, including DNA integrity, and oxidative stress
biomarkers. Results showed that BPA significantly induced changes in the body and testis weights of
the F0 and F1 generation BPA lineages compared to F0 and F1 generation control lineages. A decrease
in sperm count and motility with further, increased sperm abnormalities, no or few sperm DNA alter-
ations and elevated levels of MDA, PC and NO were recorded. Similar effects were found in BPA exposed
F0 males, but were more pronounced in the F0 offspring. In addition, BPA caused alterations in the tes-
ticular architecture. These pathological changes extended transgenerationally to F1 generation males’
mice, but the pathological changes were more pronounced in the F1 generation. Our findings demon-
strate that the biological and health BPA impacts do not end in paternal adults, but are passed on to off-
spring generations. Hence, linking observed testis and sperm abnormalities in the F1 generation to BPA
exposure of their parental line was evident in this work. The findings also illustrate that oxidative stress
appears to be a molecular component of the testis and sperm pathologies.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Growing evidence suggests that exposure to a variety of envi-
ronmental insults, such as stress, nutritional abnormalities, and
environmental toxicants adversely affect human health (Nilsson
et al., 2019; Rahman et al., 2020; Waterland, 2009). The multigen-
erational (F0 and F1) and transgenerational (F2 and F3) transmis-
sion of environmentally induced phenotypic variations from
parents to offspring is increasingly substantiated (Skinner et al.,
2010). Such phenotypic abnormalities can involve multigenera-
tional inheritance, where subsequent generations are affected by
in mice
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exposure that occurs only during the first generation (Nilsson et al.,
2019; Nilsson and Skinner, 2015; Skinner et al., 2013). Transgener-
ational inheritance of abnormalities/diseases is described in rats
(Manikkam et al., 2012), plants (Henderson and Jacobsen, 2007),
nematode worms (Greer et al., 2011), flies (Ruden and Lu, 2008),
mice (Guerrero-Bosagna et al., 2012) and humans (Pembrey,
2010). An animal study have established that exposure to environ-
mental toxicants during postnatal life, intrauterine life and early-
life; contribute to phenotypic variations and disease susceptibility
in later life (Skinner et al., 2013). Phenotypic abnormalities are
implicated in abnormalities in immune and reproductive systems
(Anway et al., 2006), behavioural and brain abnormalities (Crews
et al., 2007), prostate diseases, as well as alterations in kidney
(Anway et al., 2006), ovary (Manikkam et al., 2012; Nilsson et al.,
2012), testis (Al-Griw et al., 2015; Salian et al., 2009), and liver
(Al-Griw et al., 2017). These specific transgenerational alterations
may be important biomarkers for paternal/ancestral environmen-
tal exposures and abnormalities (Manikkam et al., 2012; Skinner
et al., 2013).

The ubiquitous presence of environmental toxicants poses a sig-
nificant risk to humans and animals (Rattan and Flaws, 2019). The
exposure to bisphenol A (BPA) via the contaminated food or water,
causes several negative health effects (Björnsdotter et al., 2017;
Thoene et al., 2020). BPA, a famous endocrine disruptor, plays
important roles in many pathological conditions such as nervous
and reproductive system dysfunction, metabolic disorders,
obesity, breast cancer, and oxidative stress (Beronius et al., 2010;
Birnbaum et al., 2012; Vandenberg et al., 2013). The BPA exposure
during development process may negatively alter hormone levels
and produce abnormalities within embryonic cells and tissues.
Adulthood exposure to BPA can also predispose developing repro-
ductive tissue to diseases/abnormalities that are subsequently
being passed down to subsequent generations (Skinner et al.,
2013).

Multigenerational and transgenerational actions of the environ-
mental toxicants are extensively studied (Manikkam et al., 2012;
Skinner et al., 2013). However, a paucity of data exists for the her-
itability of BPA effects and its ability to induce testicular architec-
ture abnormalities and reduced sperm quality. Mechanisms of
action that underlie the transmission of BPA caused abnormalities
to future generations is still unclear, and it is possibly that BPA
could act be either genetic or epigenetic alterations or both. The
aim of the current study was to explore multigenerational effects
of BPA on testicular architecture, sperm quality, and to elucidate
the underlying molecular mechanism of testis and sperm
pathologies.
2. Materials and methods

2.1. Animals and housing conditions

Ethical approval for animal work was obtained from the
Research Ethics Committee at the Biotechnology Research Center
(Reference BEC-BTRC 10-2019). A total of 18 male Swiss Albino
mice, aged 3.5 weeks and weighing 14.23 ± 1.92 g, were used in
this study. Animals were bred and housed under standard condi-
tions of a 12-hour light/dark cycle and temperature (26 ± 2 �C) in
the animal facility at the Faculty of Sciences, University of Tripoli.
All animals had access to food and water ad libitum.
2.2. Experimental design

The animals were randomly divided into three groups and trea-
ted as follows: Group I, no treatment (sham control); Group II, ster-
ile corn oil only (vehicle control); Group III, BPA (BPA dose: 400 lg/
2

kg, Sigma-Aldrich, Germany) in sterile corn oil. The animals were
dosed by intraperitoneal (i.p.) injection twice per week for 6 weeks.
BPA dose was selected based on prior studies on BPA adverse
effects (Khodayar et al., 2020; Sadowski et al., 2014; Tyl et al.,
2008). Treatment lineages were designated ‘control’ and BPA lin-
eage ‘populations’.

At 9.5 weeks old, F0 males were allowed to mate with control
(unexposed) females, confirmed for their fertility. Presence of vagi-
nal plugs indicated mating. The day the vaginal plug was noticed
was considered the first day of gestation (GD-1). Weights of female
mice were measured twice a week during the mating phase. Once
impregnated, females were separated and caged individually.
Moreover, to confirm pregnancy, F0 dams were monitored and
body weights measured daily. Dams were left to deliver naturally,
and the day of delivery was considered to be postnatal day 0
(PND-0). After a 14-day mating period, unmated males, designated
as infertile, were housed singly. On postnatal day 1 (PND1) weights,
sizes, sex ratios and stillbirths of F1 pups were recorded. Per cent of
live dead F1pups were calculated on PND-1. F0 offspring (F1 gener-
ation) were monitored for postnatal development for 10 weeks.

The male mice treated with BPA were referred to as the F0 gen-
eration and their progeny as the F1 generation. F1 offspring were
not directly exposed to BPA. Inbreeding artefacts were avoided
by preventing cousin or sibling breeding. At 11.5 weeks old, 6
males from each experimental group of F0 and F1 generations were
sacrificed for biochemical and histological examination.

2.3. Clinical assessment

Abnormal clinical and behavioural signs were monitored for
effects related to F0 male exposure. Survival rate over the course
of the study was recorded. Deaths that occurred overnight were
documented the following next morning. An independent observer
established the cause of death to exclude non-exposure related
mortality.

2.4. Body and testis weights

Percent change in the body weights at the beginning and end of
the experiment was documented. The testes were dissected, and %
relative weight was determined.

2.5. Sample collection

F0 and F1 mice were sacrificed by cervical dislocation, and the
target organ was rapidly resected. For sperm analysis, the caudal
end of the epididymis was collected. One testis was washed thor-
oughly with ‘washing buffer’ and homogenised. The homogenate
was used for the measurement of oxidative stress indices and other
parameters. A portion of tissues was immediately placed in 10%
formalin solution and stored until analysed for histological
changes. Spermatozoa from control, F0, F1 and BPA groups were
obtained by mincing epididymis in normal saline.

2.6. Sperm DNA fragmentation test

Sperm DNA fragmentation was examined as previously
described (Kim et al., 2013). Briefly, each raw semen sample
(10 lL) was smeared on a slide and air-dried. Slides were fixed
by immersion in 1:1 methanol: acetone for 5 min. Following
hydrolysis in 0.1% HCL for 2 min, the slides were stained with tolu-
idine blue (Sigma-Aldrich, Germany) for 10 min. Slides were then
rinsed in phosphate-buffered saline (PBS) for 1 min. Finally, slides
were rinsed in water, air-dried and visualised under a light micro-
scope. In each slide, 200 spermatozoa were randomly counted from
different areas at �1.000 magnification. Immature sperm stained
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dark blue after eosin counterstaining. Abnormal chromatin con-
densation in sperm was determined as the ratio of the number of
dark blue stained sperm to the total number of sperm analysed.

2.7. Measurement of sperm count and sperm head morphology

The motility and numbers of epididymal sperm were assessed
as previously described (Al-Griw et al., 2015; Lane et al., 1982).
Briefly, epididymis was placed in a Petri-plate containing 1 ml of
normal saline and cut into small pieces. Sperm released into solu-
tion were collected by removing cell debris by centrifugation at
1000 rpm for 3 min. Supernatants were used for sperm counting
and its quality.

One ml of supernatant was diluted 1:1 and loaded into a count-
ing chamber (Neubauer’s haemocytometer, Germany). Sperm pre-
sent in five squares of the chamber were counted using a 40�
objective lens, and the total count was multiplied by 106 to arrive
at sperm count per millilitre (sperm/ml). Sperm head morphology
was examined by mixing 0.5 ml of the above supernatant and
0.5 ml 2% eosin Y solution and incubated for 60 min. Two to three
drops of the mixture were used to prepare a smear. The smear was
air-dried and fixed by immersing the slide in absolute methanol for
3 min. Morphological alterations were evaluated under oil immer-
sion light microscope by counting 200 sperm per animal. Data are
shown as % abnormal sperm.

2.8. Lipid peroxidation assay

Malondialdehyde (MDA), an index of lipid oxidative stress, was
quantified as thiobarbituric acid reactive substrate as previously
described (Al-Griw et al., 2016; Alghazeer et al., 2018; Zhang
et al., 2004). Briefly, testicular tissues were disrupted with a tissue
homogeniser (IKA, RW 20.n, Germany) in 10% (w/v) PBS. Homoge-
nate was centrifuged, and 500 mL of clear supernatant was added to
2 ml of reagent containing thiobarbituric acid 0.37%, 0.24 N HCL
and 15% TCA, heated to 100 �C for 15 min, and left to cool. The mix-
ture was centrifuged at 3000 rpm for 10 min, and the absorbance of
the supernatant was read at 532 nm. A standard curve was pre-
pared using concentrations of 1, 1, 3, 3-tetramethoxypropane,
and the concentration of TBA-MDA adducts in tissues was inferred
from the standard curve. MDA level was expressed as nmol/ml.

2.9. Total protein isolation and measurement

Total testicular proteins were measured as previously described
(Bradford, 1976; Goa, 1953). In brief, testes from control and BPA
treated mice were homogenised in sodium phosphate buffer (pH
7.4) and the homogenate centrifuged at 6000g, for 15 min. The
supernatant was separated, and the protein content was estimated
using bovine serum albumin as a standard.

2.10. Protein peroxidation assay

Carbonyl concentration in testes was quantified with a protein
carbonyl assay as previously described (Wang et al., 2013).

2.11. Nitric oxide (NO) measurement

Testicular NO levels were measured as described previously (Xu
et al., 2011) with some modifications. Testis were homogenised in
0.9% saline, and a clear supernatant of the homogenate was
obtained after centrifugation at 10,000 rpm for 5 min at 4 �C.
One millilitre of the supernatant was mixed with an equal volume
of Greiss reagent (0.1% naphthylethylenediamine, 1% sulphanil-
amide in 5% phosphoric acid). The mixture was left for 30 min at
room temperature, and absorbance was measured at 546 nm. NO
3

content was inferred from standard curve prepared using a sodium
nitrate solution.

2.12. Histopathological studies and microscopy

For histological analysis, testicular tissues were processed as
detailed elsewhere (Al-Griw et al., 2015; Ginsberg et al., 1981).
Formalin-fixed testis were dehydrated in a series of graded ethanol
solutions and embedded in paraffin. Thin paraffin sections (5 mm)
were cut, deparaffinised, hydrated, and stained with H&E. Slides
were examined under a light microscopy (Leica, Germany).

Histological analysis was carried out according to the scoring
method detailed elsewhere (Almeida et al., 2006; Glander et al.,
2000). On the scoring scale from 0 to 10, where 10 indicates the full
spermatogenesis; 9, disorganised tubular epithelium; 8, few late
spermatids; 7, no late spermatids; 6, few early spermatids; 5, no
spermatids; 4, few spermatocytes; 3, spermatogonia only; 2, no
germ cells, Sertoli cells only; and 1, no seminiferous epithelial cells.
Eight scores were averaged for tissue, and this average was consid-
ered as one replicate. Likewise, eight scores were averaged by tes-
tis section, and this average was considered as one replicate.
Structural changes in testicular tissue from each animal were eval-
uated blind by a histopathologist. Tissue architecture of testes was
examined and documented by light microscope using low- and
high-power objectives (Leica, Germany).

2.13. Statistics

Results were analysed using SPSS (version 20.0 Statistical Pack-
age for Social Science SPSS Inc., Chicago, IL, USA). Normal distribu-
tion was assessed using skewness and kurtosis detection tests.
Homogeneity of variances was examined by Livene’s Test. Statisti-
cal differences between studied groups were determined by Stu-
dent’s t-test. Data were expressed as means ± SEM. A p-value of
0.05 was considered statistically significant.

3. Results

3.1. Paternal exposure to BPA-induced abnormalities in F0 male mice
reproductive system across generations

BPA exposure promoted adult onset of testis abnormalities in F0
male mice (Fig. 1). Testis abnormalities increased testicular oxida-
tive injury and damage to sperm parameters in F0 generation were
observed. However, testis and sperm abnormalities were more
pronounced in the F1 generation. Transgenerational inheritance
suggests that toxic effects of the environmental toxicant BPA were
manifest in exposed F0 and F1 generations.

3.2. F0 paternal BPA exposure did not affect animal survival

Survival/mortality rates of controls and BPA lineage animals
were compared. During the course of the study, no mortality
among mice any groups and no signs of acute toxicity were
observed. No significant differences were found between BPA and
control lineages.

3.3. The effect of F0 paternal exposure to BPA on body and testis
weights

Total body weight (TBW) of each animal was monitored from
birth until the end of the study. Testis weight was recorded only
at the time of necropsy (Fig. 2). Mean of TBW was significantly
increased in the BPA lineage populations compared to sham con-
trol (Fig. 2), but sham and vehicle control groups showed no signif-



Fig. 1. Schematic diagram of the treatment procedure. Paternal (F0 generation) exposure to BPA induces testis abnormalities in the F1 generation, implying
intergenerational transfer of testis abnormalities. Offspring of F0 (F1 generation) were not exposed directly to BPA. F0 male somatic cells (e.g. testis) and germ cells (e.g.
sperms) were directly exposed to BPA. Parental BPA exposure caused abnormalities in the germlines (F1 generation).

Fig. 2. BPA exposure increased body and testis weights of F0 and F1 generation
BPA lineages. F0 male mice were exposed to the same conditions as sham, vehicle
or BPA. (A) Quantification of the TBW. (B) Quantification of the testis weight. Data
are presented as mean ± SEM for at least 6 independent biological replicates. (*)
indicates p < 0.05, (**) indicates p < 0.001, and (***) indicates p < 0.001.
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icant difference. Specifically, the F0 generation of BPA treated mice
showed a significant (p = 0.0002) difference in the mean TBW com-
pared to respective control (Fig. 2A). Similar effects were observed
in F1 mice group (p = 0.009; Fig. 2A). Also, a marked difference was
found in the testis weight of the F0 generation BPA lineages com-
pared to respective control (p = 0.0268; Fig. 2B). Similar effects
were observed in the F1 generation of BPA-treated mice
(p < 0.001; Fig. 2B).

3.4. F0 paternal BPA exposure did not affect F1 sperm DNA integrity

The percent of abnormal sperm DNA in the BPA and control lin-
eages was measured. Differences between F1 and F0 generation
BPA lineage mice compared to respective control lineages were
not statistically significant (p > 0.05; data not shown).

3.5. BPA exposure impaired sperm quality of F0 and F1 generation BPA
lineages

BPA exposure resulted in deleterious effects on the counts,
motility, but not in head morphology, of cauda epididymal sperms
4

in F0 generation BPA lineage mice compared to respective control
(Fig. 3A). The quantitative assessment showed that both sperm
counts and motility in the caudal epididymis in the F0 generation
BPA lineage mice was significantly decreased (p = 0.0355,
p = 0.0034, respectively; Fig. 3 1A & B). Similar effects were
observed in male F1 generation BPA lineage mice (p = 0.0053,
p = 0.0073; Fig. 3A & B). BPA exposure had no impact on sperm
morphology in either F0 or F1 generation BPA lineages
(p = 0.5554, p = 0.6331, respectively; Fig. 3C).

3.6. BPA exposure increased oxidative stress indices in F0 and F1
generations

We assessed the possible role of oxidative stress in BPA-induced
testis and sperm abnormalities across generations. Lipid peroxida-
tion, measured as MDA level, was notably increased in the testicu-
lar tissues of F1 generation BPA lineage mice, but not F0
generation, compared to respective control lineages (p = 0.2591,
p < 0.001, respectively; Fig. 4A). Also, a significant increase in pro-
tein peroxidation (carbonylation), measured as protein carbonyl
(PC) level, was seen in the testicular tissues of both generations
of BPA lineages (p = 0.0012, p < 0.001, for F0 and F1, respectively;
Fig. 4B). Notably, increases in the MDA and PC levels were more
pronounced in the F1 generation BPA lineage (Fig. 4A & B). Results
reflect a robust intergeneration toxicological effect of BPA.

Subsequently, we examined inflammatory responses in F0 and
F1 generations by measuring NO levels in the testicular tissues.
The NO levels were greatly increased (overproduced) in F0 and
F1 BPA lineages compared to respective controls (p < 0.0004,
p < 0.001, respectively; Fig. 4C). These findings indicate that a pro-
nounced toxicological effect on the F1 generation due to direct
paternal BPA exposure.

3.7. BPA exposure caused testis pathology in F0 and F1 generations

Histopathological findings demonstrated that BPA exposure
induced pathological changes in the tissues of testes of the F0



Fig. 3. BPA exposure reduced quality of sperm parameters of F0 and F1 generation BPA lineage mice. F0 male mice were exposed to the same conditions of sham, vehicle
or BPA. Quantifications of (A) sperm counts, (B) sperm motility, and (C) sperm morphology in F0 and F1 generations. Data are expressed as mean ± SEM (n = 6). (*)
indicates < 0.05, (**) indicates p < 0.01, and (***) indicates p < 0.001. Data are presented as mean ± SEM for at least 6 independent biological replicates. (*) indicates p < 0.05,
(**) indicates p < 0.001, and (***) indicates p < 0.001.

Fig. 4. BPA exposure increased levels oxidative stress indices in F0 and F1 generations. F0 male mice were exposed to the same conditions of sham, vehicle or BPA.
Quantification of (A) MDA levels (nmol/ml), (B) protein carbonyl content (mg/ml), and (C) nitric oxide (mM) in F0 and F1 generations. Data are presented as mean ± SEM for at
least 6 independent biological replicates. (*) indicates p < 0.05, (**) indicates p < 0.001, and (***) indicates p < 0.001.
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and F1 BPA lineages compared to respective controls. Specifically,
the testis tissues of the control mice of the F0 and F1 generations
exhibit normal seminiferous tubules and normal spermatogenesis
(panels i and iii; Fig. 5). Testis tissues of the BPAmice of the F1 gen-
eration display disorganisation and distortion of the seminiferous
tubules and arrest of spermatogenesis at different levels (panel ii,
Fig. 5). Similar BPA effects were seen in male F0 BPA lineage mice,
but the effects were more pronounced in the F1 generation (panel
iv, Fig. 5).
Fig. 5. Representative photomicrographs of H&E stained sections showing testis
pathology in F0 and F1 generation BPA lineages compared to F0 and F1 control
lineages. Testis tissues of control group F0 and F1 mice (panels i and iii,
respectively) exhibit normal seminiferous tubules and spermatogenesis (?). Testis
tissues of BPA treated mice from F0 and F1 generation mice (panels ii and iv,
respectively) showing spermatogenesis arrest and disturbances at different levels
(M). Scale bar = 100 mm, X 200.
4. Discussion

The principal findings of this work demonstrate that BPA expo-
sure significantly promoted testis pathology as revealed by bio-
chemical test and histological changes. Specifically, BPA triggered
significant alterations in the body and testis mass of the F0 and
F1 generations of BPA lineages compared to F0 and F1 generations
control lineages. A reduction in sperm count and motility with fur-
ther increased sperm abnormalities, no/little sperm DNA alter-
ations, and elevated levels of MDA, PC, and NO were recorded.
Similar effects were found in BPA exposed F0 males, but were more
pronounced in the F0 offspring (F1 generation). In addition, BPA
caused alterations in the testicular architecture of the F0 compared
to control lineages. These pathological changes extended transgen-
erationally to F1 generation males’ mice, but the pathological alter-
ations were more pronounced in the F1 generation. The findings
also illustrate that oxidative stress appears to be a molecular com-
ponent of the testis and sperm pathologies.A growing body of evi-
dence suggests that exposures to environmental toxicants,
5

abnormal nutrition, or stress lead to increased risks of developing
abnormalities/diseases later in life (Al-Griw et al., 2016; Anway
et al., 2005; Kent, 2012; Manikkam et al., 2012; Nilsson et al.,
2018; Salian et al., 2009). Such abnormalities/diseases can be
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passed to subsequent generations, based on substantial evidence
(Hou et al., 2012). Parental and/or ancestral environmental toxi-
cant exposures adversely affect male germlines and results in atyp-
ical reproductive phenotypes that might persist for generations to
come (Al-Griw et al., 2016; Manikkam et al., 2012; Nilsson et al.,
2018). Previously, we reported that exposure to the environmental
toxicant trichloroethylene induced testis and sperm abnormalities
(Al-Griw et al., 2015a; Al-Griw et al., 2015b).Exposure to environ-
mental toxicants results in atypical reproductive phenotypes that
might persist for generations to come. Exposure of F0 generation
gestating rodents to a well-known environmental toxicant BPA
led to reduced fertility in F3 generation males (Salian et al.,
2009), prostate, kidney diseases, tumours, immune system abnor-
malities, polycystic ovarian disease, and uterine haemorrhage dur-
ing pregnancy (Guerrero-Bosagna et al., 2012; Nilsson et al., 2012)
as well as abnormalities in methylation of imprinted genes in
sperm from F3 generation male mice. The possible effect of pater-
nal germ cell exposure on the health of offspring remains a major
public health issue worldwide, and a topic of interest to the
broader scientific community. Recently, BPA exposures of rats at
puberty (F0) produce higher degrees of damage to germ cells of
F1 offspring than to old rats (Almeida et al., 2018; Dobrzyńska
et al., 2018). However, our understanding of the effects of BPA
exposure on the first waves of spermatogenesis before puberty is
still limited. The present work was envisaged to evaluate the
impacts of paternal BPA exposure on testis architecture and
sperm quality of male mouse offspring (F1 generation). Our find-
ings clearly demonstrate that BPA exposure promotes the trans-
mission of testis and sperm phenotypes/abnormalities between
generations. Exposure to environmental factors can impair sper-
matogenesis (Al-Griw et al., 2015a). Altered sperm count, morphol-
ogy, and motility are useful markers to assess fertilisation potential
(Zribi et al., 2011). In this study, we found that BPA exposure
reduced sperm counts and motility with little to no impact on
the sperm morphology in the F0 offspring (F1 generation) com-
pared to their respective control lineage. These abnormalities were
also seen in F0 generation, but the effect was more pronounced in
F1 generation. Inheritance of detrimental phenotypes indepen-
dently of direct exposure to environmental toxicants is attributed
to multigenerational and transgenerational impacts (Anway
et al., 2006). Two mechanisms are proposed: (1) alterations in
the parental germ cell genetic material and (2) alteration of epige-
netic information, including histone modification and DNA methy-
lation (Nadea, 2009; Skinner, 2007). Altered DNA structure due to
DNA single- or double-strand breaks may contribute switching
reproductive status between fertility and infertility (Zribi et al.,
2011). Recently, BPA exposure was found to induce genetic damage
in sperm (Wu et al., 2011), and reduced sperm chromatin integrity
(Pan et al., 2019). Exposure of male zebrafish to BPA (100mg/kg)
during mitosis in spermatogenesis caused a slight increase in
sperm DNA fragmentation, and upregulated DNA repair activity
in embryos (Pan et al., 2019). In contrast, poor sperm integrity
was seen in mice exposed to 2000 lg/kg BPA (Lombó et al.,
2019). Damaging of sperm DNA integrity may result from environ-
mental factors, and genetic abnormalities might be repaired or
inherited in the next generation (Henkel and Franken, 2011). Our
findings demonstrate that BPA exposure promoted sperm DNA
fragmentation in the F0 generation compared to respective control
lineages, but this difference was not statistically significant. These
abnormalities were also seen in the F0 generation, but the effect
was more pronounced in F1 generation. Establishment and mainte-
nance of epigenetic patterns in germ cells are affected by the
impacts of environmental exposures on genome transcription
and translation (Guerrero-Bosagna et al., 2012). These changes
may be passed on to subsequent generations, even in subjects
unexposed to environmental toxicants (Guerrero-Bosagna et al.,
6

2012). The primary exposure of soma to environmental toxicants
either directly or indirectly can lead to development heritable phe-
notypic changes (Jablonka, 2012; Sharma, 2013). Factors such as
RNAs, neurohormones and neuropeptides were shown earlier to
contribute to epigenetic inheritance through communication
between soma and germline (Jablonka, 2012). The flow of informa-
tion from somatic cells to germ cells may be carried out by exo-
somes that carry RNA shed by somatic cells (Cossetti et al.,
2014). Hereditary information transfer from soma to germline
can be relayed despite Weismann barrier principles that indicate
that genetic alterations cannot be passed from somatic cells to
the germline (Cossetti et al., 2014). The mechanism(s) underlying
reproductive system abnormalities/diseases caused by BPA expo-
sures are completely different in F0 generation and their offspring
(F1 generation) (Cossetti et al., 2014; Guerrero-Bosagna et al.,
2012). Our findings showed that testes of the F0 generation carried
defected sperm produced by enhanced apoptosis. This enhanced
apoptosis was carried over to F1 generation, and in outcrossed off-
spring, following non-Mendelian genetic inheritance. Male F0 gen-
eration mice were subjected to direct BPA exposure. In addition, F0
generation germ cells that were directly exposed to BPA are
responsible for the creation of F0 offspring (F1 generation). There-
fore, the F0 generation that is directly exposed to BPA exhibits
transgenerational inheritance of vulnerability to abnormalities/dis
eases. Another major finding in this work is how BPA exposure
contributes to testis and sperm pathologies. Exposure to BPA
induces oxidative stress damage later in male rodent offspring
(Song et al., 2014). Several sperm parameters, including counts,
morphology and motility, are significantly susceptible to oxidative
stress which can reduce sperm fertility (Dobrzyńska et al., 2018;
Saleh, 2002). The findings of this work demonstrate that early-
life BPA exposure promoted testicular oxidative damage in later
life in the F0 generation. The findings also demonstrate that oxida-
tive stress is passed on to F1 generation (F0 offspring). Specifically,
BPA induced a significant increase in MDA and PC in F0 generation
BPA lineages. There was also a significant increase in the NO level.
These effects were more pronounced in F1 mice. Taken together,
these findings suggest that oxidation-reduction processes in BPA
exposed F0 males are affected and produce testis and sperm abnor-
malities in F1 males (F0 offspring).

5. Conclusion

Our findings illustrate that paternal BPA exposure promotes
testis and sperm abnormalities later in life, and that the impacts
of BPA exposure do not end in paternal adults, but are passed on
to F0 offspring (F1 generation). Hence, the linkage of observed tes-
tis and sperm abnormalities in the F1 generation to BPA exposure
of their parental line was evident in this study. Although this study
is not intended for risk assessment; still, our findings have implica-
tions for subjects exposed to environmental toxicants, particularly
people with deficient fertility and increased adult onset of abnor-
malities/diseases, with an increased risk of transmitting to future
generations.
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