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Abstract

Background: During early life, exposure to environmental toxicants, including endocrine disruptor bisphenol A
(BPA), can be detrimental to the immune system. To our knowledge, a few researches have looked at the effects of
developing BPA exposures on the spleen.

Aim: The murine model was developed to investigate the underlying molecular mechanisms and mode of BPA actions
on the spleen subsequent to prolonged early-life exposure to BPA.

Methods: Immature (3-week-old) male and female Swiss Albino mice were intraperitoneally injected with 50 pg/kg
BPA in corn oil or corn oil alone for 6 weeks. Mouse spleens were harvested and examined histologically at 10 weeks
old (adulthood).

Results: We observed neurobehavioral impairments and a significant increase in peripheral monocyte and lymphocyte
counts in mice (males and females). Moreover, several spleen abnormalities in both male and female mice were
observed in adulthood. BPA-treated mice’s histopathological results revealed toxicity in the form of significantly
active germinal centers of the white pulp and a few apoptotic cells. There was also a notable invasion of the red pulp by
eosinophils and lymphocytes that were significantly higher than normal. Agarose gel electrophoresis provided further
evidence of internucleosomal DNA fragmentation and apoptosis in the splenic tissues of BPA-treated mice compared
to controls. In addition, there were increased levels of the lipid peroxidation malondialdehyde end-product, a marker
of oxidative lipid damage, in the spleens of BPA-treated mice compared to controls.

Conclusion: Our study provides evidence that oxidative stress injury induced by early-life exposures to BPA could
contribute to a range of splenic tissue damages during adulthood.

Keywords: Apoptosis, Bisphenol A, Murine model, Oxidative stress, Spleen damage.

Introduction the mature phenotype and vulnerability to abnormalities/

Environmental exposures to toxicants continue to be a diseases in later life (Skinner et al., 2013). Evaluating

major worldwide public health issue. A growing body
of research has cautioned against the extensive use
of environmental toxicants due to their longevity in
the environment and their accumulation in the living
tissues of organisms (Camarca et al,, 2016; Maamar
et al., 2016; Al-Griw et al., 2017; Gassman, 2017). It
is estimated that exposures cause approximately 24%
of human abnormalities/diseases to toxicants, with the
risk of abnormalities/diseases being passed on to future
generations without direct exposure (Hou et al., 2012).
Previous works revealed that environmental exposure to
toxicants during intrauterine life, postnatal-life, early-life,
and/or germ cell plays a significant role in determining

the chemical toxicity, such as cadmium, mercury, dioxin,
trichloroethane, and bisphenol A (BPA), shows that some
of these substances immediately affect the ecosystem.
On the contrary, the others can result in subtle alterations
delayed in the expressions (Al-Griw et al., 2016).

The environmental toxicant BPA, known as an endocrine-
disrupting chemical, has been studied concerning
cancers, metabolic disturbances, and reproductive and
developmental toxicity (Dong et al., 2013; Camarca et
al., 2016). People of all ages are inadvertently exposed
to BPA regularly due to its widespread use in the
manufacturing of plastic containers for food and beverage
(Gassman, 2017; Gear and Belcher, 2017). Several studies
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demonstrated that BPA attributed exposures to cytotoxic,
genotoxic, and carcinogenic consequences; nevertheless,
their findings are still hotly disputed. There is no clear
consensus on BPA’s safety or function in human illnesses.
It has been shown that developmental exposure to BPA
may compromise the immune responses later on in life
(Camarca et al., 2016; Gassman, 2017). Specifically,
in vitro BPA exposure increased the proliferation of
murine splenocytes (Dong et al., 2013). Experiments
carried out to investigate the impact of BPA exposures
on murine spleens showed that BPA has a dose- and
sex-specific effect on the cellular and micro-anatomical
structures of the spleen, showing minor alterations
in immunomodulatory and hematopoietic functions,
irrespective of gender (Gear and Belcher, 2017).

One of the contributing factors may be the lack of
understanding of molecular mechanisms and mode of
actions that designate the various pleiotropic effects
seen during BPA exposure in both humans and wildlife
(Acconcia et al., 2015). Increasing evidence links BPA
exposure to oxidative stress (Asimakopoulos et al.,
2016; Maamar et al., 2016). Furthermore, pathological
studies involved oxidative stress as a cause of cell
death (Li et al, 2010). Oxidative stress may affect
cell integrity but only when antioxidant mechanisms
are compromised and therefore become unable to
deal with the generation of free radicals (Wang et al.,
2013). A variety of reactive oxygen species (ROS)-
mediated modifications of proteins was documented
in many diseases (Wang et al., 2013). ROS have been
linked to the development of autoimmune disorders
by disrupting immune function, causing autoantigen
generation by oxidative modification, and inducing the
creation of autoantibodies (Li ez al., 2010). According to
mounting evidence, ROS-modified proteins can trigger
an autoimmune response and contribute to disease
development (Ben Mansour et al., 2010). Indeed,
autoimmune illness patients have greater amounts of
malondialdehyde (MDA)/4-hydroxynonenal (HNE)-
modified proteins and protein carbonyls, indicating
that these oxidatively changed proteins have a role
in autoimmune disorders (Ben Mansour et al., 2010).
ROS formations, such as the superoxide anion (O,)
and hydroxyl (HO") radicals, can lead to alterations in
the enzyme activity, decreased DNA repair, impaired
utilization of oxygen, glutathione depletion, and lipid
depletion peroxidation. Some of these alterations
induced by oxidative stress are recognized to be
characteristic features of cell death (Khan ef al., 2001).
To the best of our knowledge, a few studies investigated
the impacts of developmental BPA exposures on the
splenic tissue architecture in later life. Since the spleen
includes vascular and lymphoid components and is a
major site for activating primary immune responses
(Suttie, 2006; Dong et al., 2013), there is increased

interest in ascertaining molecular mechanisms and mode
of actions underlying spleen disorders induced by BPA.
The impacts of early-life exposure to low-dose BPA on
the peripheral blood components and spleens of male
and female mice at adulthood were examined in a novel
murine animal model focusing on oxidative stress.

Materials and Methods

Study design and animal husbandry

A total of 36 immature (3-week-old) male and female
Swiss Albino mice weighing 14 + 2 g were used in this
study. The animals were bred in the animal house of the
Zoology Department, Faculty of Sciences, University of
Tripoli (Tripoli, Libya); they were housed under normal
lighting conditions (12-hour cycle) and temperature
(26°C £ 2°C). The animals were fed with a standard diet
and water ad libitum. Mice were selected as the preferred
animals for these experiments because of the resemblance
of the mouse and human spleen in terms of anatomy and
hemodynamics with a slight splenic microstructure. They
were randomly divided into 3 groups, including 12 mice
in each: sham control, vehicle control, and BPA (Sigma-
Aldrich Chemical; St. Louis, MO) 50 pg/kg group, BPA
was dissolved in corn oil. The sham control group did not
receive treatment, while the vehicle control group was
given corn oil. The dose of BPA (50 pg/kg) was chosen
based on previous studies (Sadowski et al., 2014). The
animals were dosed for 6 weeks intraperitoneally (ip);
subsequently, they were euthanized under anesthesia
using sodium pentobarbital (Sigma-Aldrich Chemical;
St. Louis, MO) at the age of 10 weeks.

Clinical assessment

The clinical assessment included animal survival, body
weight, and locomotor activity. During the exposure
period, mice were observed twice daily for any abnormal
clinical signs or behavior that may result from toxicity.
To exclude out non-BPA-related deaths, night fatalities
were recorded. Motor behavior was measured throughout
the study course as previously described (Al-Griw et al.,
2015).

Peripheral blood and tissue harvest

Blood was withdrawn from the inferior vena cava.
Sera from mice were obtained following blood clotting
and centrifugation, and samples were stored in a small
aliquot at —20°C until batch-wise analysis. The animals
were then sacrificed, and the spleen of each mouse was
then rapidly excised and weighed. Tissue samples were
quickly frozen at —=70°C for subsequent measurements of
oxidative stress biomarker. Other portions of the splenic
tissues were immediately used for the investigations
detailed below.

Histopathology processing

The spleens were first preserved in 10% formalin
immediately. Histological slides were prepared and
identified as previously described (Al-Griw et al., 2016;
Maamar et al., 2016).
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Peripheral blood leukocyte count

White blood cells (WBCs) were counted as previously
described (Maamar et al., 2016) on a blood film from
control and BPA-treated mice. Differential WBC counts
were carried out under the high power of the microscope
(Leica), field by field.

Lipid oxidative stress measurement

Lipid peroxidation levels in spleens were determined
spectrophotometrically as a concentration of final
lipid peroxidation products, which upon reacting with
thiobarbituric acid (TBARS) form a color complex
(TBARS-reactive substances) (Zhangetal.,2004). Splenic
tissues were homogenized with a tissue homogenizer
(IKA, RW 20. n, Germany) in ice-cold 10% (w/v)
phosphate-buffered saline solution. After centrifugation, a
500 ml aliquot of spleen homogenate samples was mixed
with 2 ml TCA-TBA-HCI reagent (TBARS 0.37%,
0.24 N HCI, and 15% TCA), heated for 15 minutes at
100°C, and then cooled. The supernatant was removed
after centrifugation at 3,000 rpm for 10 minutes, and the
absorbance was measured at 532 nm. The calibration
curve was obtained using different concentrations of 1, 1,
3, 3-tetra methoxy propane as standard to determine the
TBA-MDA adducts concentration in the tissue samples.
DNA isolation and electrophoresis

DNA was isolated using a QIAamp DNA Minikit
(Qiagen, Germany). Briefly, up to 25 mg of the tissue
samples were ground into small pieces and homogenized
in a DNA lysis buffer. Proteinase K (2 mg/ml) was then
incubated in the same buffer overnight at 56°C. Samples
were treated with RNase A (20 mg/ml), purified on the
spin column, and eluted with Tris/EDTA buffer. The
extracted DNA was measured by UV spectrophotometry
(BioPhotometer, Eppendorf, UK), with an absorbance
of A260/A280 nm ratios at pH 8.0. To determine the
integrity of the extracted DNA, 3 pg of each DNA extract
were fractionated by electrophoresis on 1.5% agarose
gel. The gel was stained with Gel Red™ (Sigma-Aldrich,
Germany), and the DNA bands were visualized under a
UV light source.

Microscopy

The spleen structure under light microscopy (Leica,
Germany) was studied and imaged using a low-power
objective. Two independent investigators investigated all
histological assessments blindly.

Statistics

Statistical analyses were carried out using Statistical
Package for the Social Sciences (SPSS) version 20
(IBM SPSS version 20.0 Inc., Chicago, IL). Data are
expressed as means £ SEM. Normality was assessed
using the Kolmogorov—Smirnov test. Two-way analysis
of variance (ANOVA), followed by a post-hoc test for
multiple comparisons (Dunnett’s), was used to determine
the statistical significance between the treatment groups
and vehicle control within male and female mice. p-values
<0.05 were considered statistically significant.

Ethical approval

This study was carried out in compliance with the
international guidelines set out in the Declaration of
Helsinki (Anonymous, 2014). All efforts were made
to meet the ethical standards of experimentation,
such as minimizing pain during animal handling and
experiments and reducing the number of animals used.
Ethical approval was obtained from Bioethics Committee
of the Biotechnology Research Center with approval
number BEC-BTRC 10-2019. The refinement process
was carried out by trained personnel utilizing recognized
methodologies. In addition, every effort was made to
provide the greatest possible housing, enrichment, and
analgesic conditions for the animals.

Results

Effects of BPA on animal survival

Throughout the study, no mortality was recorded among
the studied groups, except one death in the control group,
3 weeks from the start of the experiments.

Effects of BPA on motor activity

Exposure to low-dose BPA was significantly (p < 0.05)
associated with abnormalities in the neurobehavioral
performance of male and female mice at adulthood
compared to controls. BPA-treated mice displayed
turning motor activity 2 hours after treatment, while the
vehicle did not affect motor behavior (Fig. 1).

Effects of BPA on body and spleen weights

All animals in this study had their body weights tracked
from about 3 weeks of life to the end of the trial, with
final body and spleen weights recorded for examination
at necropsy (~10 weeks of age). ANOVA revealed
significant changes in body weights between controls and
the BPA group (p < 0.05) for body weights (Fig. 2A).
However, there was no sex-specific effect on the animal
body weights in all mice groups. For spleen weights (Fig.
2B), there was a significant (p < 0.05) increase in the
spleen weights of BPA-exposed mice when compared to
controls. There were no significant differences between
the spleen weight of males and females in the two groups
of mice.

Effects of BPA on peripheral blood cellular components
The quantitative analysis showed a significant (p < 0.05)
increase in the total WBC counts (leukocytosis) in the
adult male and female mice exposed to BPA compared
to controls (Fig. 3A and B). Specifically, we observed
a significant increase in the lymphocyte and monocyte
counts in the adult males and females exposed to
BPA compared to the control group (data not shown).
Conversely, neutrophils, eosinophils, and basophils
counts were within the normal range (data not shown).
There were no differences in the total WBC counts
between males and females in all mice groups.
Histopathological investigation of the splenic tissues
Histopathological assessment of BPA-treated splenic
tissues was blindly carried out, considering splenic

25


http://www.openveterinaryjournal.com

26

http.://www.openveterinaryjournal.com

T. Shaibi et al.

Open Veterinary Journal, (2022), Vol. 12(1): 23-32

Bl cham

30-

20- .

w

Motor activity (rpm)

\

317N

2224 Vehicle
] BPA

Male

Female

Gender

Fig. 1. Effects of BPA exposure on neurobehavioral performance. Motor
behavior in males and females exposed to control or BPA conditions. Data
are shown as mean + SEM (n = 12 per group). *Significant differences from
same sex control (p < 0.05) by Dunnett’s multiple comparison test.

>

I Sham
EZZ74 Vehicle
] BPA

w ®

[&)]
o

i
o

3

% Animal weight (g)
]
(&)

o

Male Female

Gender

I Sham

o 00

o) 2777 Vehicle

= = BPA

S

£ %

Ry ®

24

c

) ||

2 |

o

w /

2 0 f '
Male Gender Female

Fig. 2. Effects of BPA exposure on body and spleen weights. (A) Animal body weight of males and females exposed to
control or BPA conditions. (B) Spleen weight of adult males and females exposed to control or BPA conditions. Data
are shown as mean = SEM (n = 12 per group). *Significantly different from same sex control (p < 0.05) by Dunnett’s

multiple comparison test.

tissue architecture changes and cell population changes.
There were no obvious histopathological alterations
in the spleens of male and female control mice (Fig.
4A). Mainly, the control spleens exhibited normal
morphologic white and red pulp structures except for
some apoptotic lymphocytes in the germinal centers
and mildly activated megakaryocytes represented in
increased counts of primitive cells. The red pulp was
infiltrated by mature lymphocytes and a few eosinophils,
The splenic tissues from BPA-treated mice showed highly
activated germinal centers of the white pulp with minimal

apoptotic features and a prominent megakaryocytosis
and lymphohistiocytic infiltrate of the red pulp, and
comparatively increased counts of eosinophils and mature
lymphocytes were detected (Fig. 4A, panels iii and iii").

Additionally, a histiocytosis was represented by a focal
replacement of the red pulp and parts of the white pulp,
by increased macrophage counts. Multifocal erythrocytes
extravasation and multiple hemosiderosis were detected
in the red pulp (Fig. 4A, panels ii and iii). There were
also apoptotic changes in the germinal centers of the
white pulp. In addition, the walls of the central arterioles
were ruptured and showed increasingly narrow lumens.
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Fig. 3. Effects of BPA exposure on the peripheral blood cellular components. (A) Total WBC counts in the peripheral
blood film of different mice groups. (B) The count of total WBC counts in different groups. Data are shown as mean +
SEM (n = 12 per group). *Significantly different from same sex control (p < 0.05) by Dunnett’s multiple comparison test.
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Fig.4.Representative photomicrographs oftheadult male and female microanatomical structures and histopathological
findings of spleens in control and BPA-treated mice. (A) H&E-stained sections show lymphohistiocytic infiltrate
of red pulp with multifocal erythrocytes extravasation (asterisk), multifocal hemosiderosis (arrow), and prominent
extramedullary hematopoiesis of the spleen (arrowhead) in male and female BPA-treated mice (panels iii and iii")
compared to male and female control mice (panels i and ii"), revealing prominent lymph follicles (asterisk) and red
pulp (stern) with easily discernable periarteriolar lymphocyte sheaths (arrow) and extramedullary hematopoiesis
of the spleen (arrowhead). Scale bars indicate 100 um, 100%. (B) Percentages of mice with spleen abnormalities.
Data are shown as mean £ SEM (n = 12 per group). *Significantly different from same sex control (p < 0.05) by
Dunnett’s multiple comparison test.
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Fig. 5. Effects of BPA exposures on DNA biomarkers (quality and integrity) of splenic tissues. (A) Agarose gel
electrophoresis of DNA isolated from splenic tissues of the male and female control and BPA-treated groups. Lane
1, sham control group; lane 2, vehicle control group; and lane 3, BPA-treated group. Almost no DNA degradation
was detected in controls. (B) Quantification of DNA concentration. DNA content (ng/pl) was examined with
mean + SEM presented (7 = 12 per group). *Significantly different from same sex control (p < 0.05) by Dunnett’s
multiple comparison test.
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Fig. 6. Effects of BPA exposure on oxidative stress biomarker (MDA) levels (nmol/ml)
in the splenic tissues of control and BPA-treated groups. MDA levels (nmol/ml) were
examined with the mean + SEM presented (n = 12 per group). Data are shown mean +
SEM (n = 12 per group). *Significantly different from same sex control (p < 0.05) by
Dunnett’s multiple comparison test.
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Furthermore, quantitative analysis showed a statistically
significant increase in spleen abnormalities in BPA-
exposed mice compared to the control group (Fig.
4B). There were no differences in the microanatomical
structure between males and females in all mice groups.
Analysis of DNA fragmentation

Nuclear DNA from mouse groups was analyzed by
agarose gel electrophoresis (Fig. SA). DNA from the
sham and vehicle control-operated spleens was largely
intact and exhibited no/little internucleosomal DNA
fragmentation (Fig. 5A, lanes 1 and 2). However, DNA
from the BPA-exposed group exhibited a characteristic
nucleosome ladder, which might have resulted from
DNA endonucleolytic digestion (Fig. 5A, lane 3). A
smear pattern resulting from random DNA degradation
suggests that necrosis might have occurred concurrently
with apoptosis. There was no difference in the DNA
integrity between adult males and females in all mouse
groups.

Quantitative analysis showed that BPA-exposed mice
exhibited a significant decrease in the DNA concentration,
i.e., 1.4-fold, compared to control mice. Still, the vehicle
alone had no significant effect when administrated under
control conditions (Fig. 5B). There was no difference in
the DNA concentrations between adult males and females
in all mice groups investigated.

Effects of BPA on oxidative stress indices in the spleens
Here we found that early-life exposures to low-dose BPA
resulted in a significant (p < 0.01) increase in the levels
of spleen MDA, a marker of oxidative lipid damage,
compared to the control group (Fig. 6).

Discussion

A growing body of evidence indicates that exposure to
environmental chemicals can cause serious detrimental
effects on different body systems (Camarca et al., 2016;
Maamar et al., 2016; Al-Griw et al., 2017; Gassman,
2017). The endocrine-disrupting chemical BPA has
specifically received increased attention due to its
worldwide distribution with large exposure (Camarca
et al., 2016). Human exposure is thought to be virtually
ubiquitous (Gassman, 2017). Numerous studies have
suggested links between BPA exposures and metabolic
disorders, such as obesity and diabetes, and cardiovascular
diseases (Inadera, 2015; Gassman, 2017). Due to the lack
of knowledge of mechanisms and modes of action that
might explain the varied and pleiotropic effects reported
after BPA, this study aims to use an in vivo model to
elucidate the possible molecular mechanism of splenic
tissue injury induced by the environmentally relevant
level of BPA exposures using a novel murine animal
model. Our study demonstrates that early-life exposures
to a low dose of the environmental toxicant BPA resulted
in abnormalities in the spleens of male and female mice at
adulthood based on the nontoxic a pharmacological dose
0.1% of the oral LD50 for BPA (Vom-Saal and Hughes,

2005; Sadowski et al., 2014). These findings are based on
careful evolutions using different approaches, including
spleen histology, oxidative stress biomarker MDA, and
nuclear alterations, related to splenic tissue damage
molecular mechanisms in all mice groups studied. For
example, BPA induced alterations in peripheral blood cell
counts. Lipid oxidative stress biomarker and apoptosis
were significantly increased in the BPA-treated mice
compared to controls.

The in vivo models used to study the toxicity of chemicals
are of great importance because animal systems are
extremely complicated, and the interaction of chemical
compounds with biological components could lead
to unique bio-distributions and some disturbances in
immune responses and metabolism. As a result, when
assessing the immunomodulatory actions of endocrine
disruptors in a specific organ or cell type, choosing an
appropriately sensitive animal model to evaluate the
toxicity of environmental chemicals with adverse health
risks at birth or later in life has proven to be an essential
factor for generating informative data. Immunotoxicity
screening studies must be able to distinguish sex-specific
immunomodulatory effects of endocrine disruptors due to
the known sexually dimorphic nature of immunological
responses and concerns related to individual susceptibility.
As a result, based on known differences in responses and
sensitivities, all endpoints studied here were addressed
individually for male and female mice. Exposure to
BPA was found in both male and female mice, with sex-
specific effects of BPA exposures observed in both males
and females (Suttie, 2006; Gear and Belcher, 2017).
Exposure to environmental toxicants can significantly
affect human health even at low environmental doses,
which may not be apparent at higher doses used in
traditional toxicological studies (Camarca et al., 2016).
The US Environmental Protection Agency and the
European Food Safety Authority have established a
tolerable daily intake, or reference dose, of 50 mg/kg/day
for BPA as a “safe dose.” However, several researchers
suggested that BPA at such a dose causes various adverse
effects (Vom-Saal and Hughes, 2005; Sadowski et al.,
2014). Fetuses and/or newborns are more sensitive than
adults, and exposure to chemicals during critical stages
of development may cause irreversible long-lasting
consequences (Newbold, 2004; Koike et al, 2018).
Despite this body of evidence, the health risks associated
with chronic and low dose exposures to BPA remain
controversial (Gassman, 2017).

In the present study, we chose an in vivo murine model to
investigate the long-term impacts of early-life exposures
to low-dose BPA (50 pg/kg/day, ip, for 6 weeks) on
the spleens of male and female mice in adulthood. Our
study shows that BPA exposure associates negatively
with increased body and spleen weights of adult male
and female mice. Prenatal and early postnatal BPA
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exposures have been linked to increased body weight
in rats in several studies (Magliano and Lyons, 2013;
Picard and Turnbull, 2013). On the contrary, it was
reported that perinatal exposure to BPA at 2.4 pg/kg/day
was associated with increased body weight in adulthood.
Still, postnatal exposure (from weaning to adulthood)
was not (Akingbemi et al., 2004). The BPA toxic effects
on the spleen are dependent on the doses and route of
administration (Yildiz and Barlas, 2013). For example,
BPA induced functional and structural changes in the
liver, kidney, and spleen after rats aged 4—5 weeks were
exposed to 125 mg BPA/kg/day via oral route for 13
weeks (Yildiz and Barlas, 2013). There was no effect of
BPA on the liver and kidney when mice were exposed to
5 mg BPA/kg/day in dietary, while the toxic effects were
found when exposed to 50 or 600 mg BPA/kg/day (Tyl et
al., 2008; Dong et al., 2013).

Accumulating evidence indicates that neurobehavioral
disorders arise from environmental toxicants (Kulig, 1987,
Al-Griw et al., 2015). BPA has been shown to negatively
impact neurological development and neurobehavioral
disorders (Sathyanarayana et al., 2011; Inadera, 2015).
Here we found that early-life BPA exposure is significantly
associated with neurobehavioral abnormalities in male and
female mice in adulthood. It is noted that BPA increases
motor activity in male and female mice at the dose used
in these experiments and causes turning behavior. Still,
vehicles do not alter locomotion in male and female
control groups, suggesting the BPA has neurotoxicity.
It has been reported that exposure to a dose between 4
and 40,000 pg/kg/day BPA from conception until 1214
weeks of age-induced microstructural changes in mouse
spleens (Gear and Belcher, 2017). These findings also
show that BPA has dose- and sex-dependent influences
on the cellular and microanatomical structures of the
spleen, revealing modest changes in immunomodulatory
and hematological activities. In agreement with other
reports, this study showed that BPA exposures induce
splenomegaly in adult male and female mice, possibly due
to inflammatory processes. In addition, our data showed
serious histological and microstructural changes in the
spleens of male and female mice exposed to BPA.

There were also changes in the splenic tissue architecture;
however, alterations were noticed in the control group.
Such changes included lymphocyte depletion in the
white pulp associated with many aggregates of apoptotic
cells. Furthermore, the core arterioles’ walls broke,
revealing progressively smaller lumens. There were also
significant alterations in the red pulp, such as increased
macrophages, neutrophils, and pyknotic cell nests. The
detection of cell pyknosis in the spleen may be related
to increased splenocyte susceptibility to apoptosis, which
may be an important mechanism of autoimmune diseases
and immune senescence (Hsu and Mountz, 2003). Similar
spleen changes were previously reported (Maamar ef al.,

2016), and all of these changes may be attributed to a
loss of infiltration efficiency. The BPA-treated group
had a significant increase in the number of apoptotic
splenocytes, while controls had only rare apoptotic cells. A
limitation of this study is that the cell death mechanism(s)
triggered by BPA was not investigated. A splenocyte cell
death was viewed to occur by either apoptosis or necrosis
following spleen injury (Li et al., 2010).

Exposures to environmental toxicant BPA can disrupt the
immune system even at lower doses (Rogers et al., 2013;
Schugetal.,2013; Camarca et al.,2016; Koike et al., 2018;
Ozaydin et al., 2018). It is important to note that there are
other mechanisms through which BPA might affect the
immune cells independent mitochondrial function. For
example, how does BPAinduce oxidative stressinthe spleen
and give rise to mitochondrial integrity changes? BPA
induced mitochondrial dysfunction in the liver concurrent
with increases in hepatic oxidative stress (Moon, 2012).
Mitochondria are very susceptible to oxidative stress due
to their double membrane-enclosed structures (Picard
and Turnbull, 2013). Thus, mitochondrial dysfunction
can induce abnormal cell metabolism or even apoptosis
(Dong et al., 2013). An in vitro study showed that BPA
could induce apoptosis via damage to the mitochondria in
rat cells (Lin, 2013). Several studies have indicated that
the possible mechanism of BPA in immune regulation is
mainly through activity at estrogen receptors on immune
cells (Miao, 2008). Recently, the association between
BPA exposures and oxidative stress has become a focus
of study for an additional potential mechanism of toxicity.
Studies have shown that BPA exposures were associated
with an increased risk of asthma; both oxidative stress and
modulated inflammation are thought to be involved in
the underlying mechanisms that relate to BPA exposures
(Chepelev, 2013; Selgrade et al., 2013; Gassman, 2017).
Induction of ROS by BPA may contribute significantly
to its toxicity (Gassman, 2017). It has been reported
that ROS-modified proteins, such as carbonyls and lipid
peroxidation-derived aldehydes, including MDA and
HNE-protein adducts, may elicit an autoimmune response
and contribute to disease pathogenesis (Ben Mansour et
al., 2010; Wang et al., 2013). Patients with autoimmune
diseases had greater amounts of MDA/HNE-modified
proteins and protein carbonyls (Ben Mansour et al., 2010).
Investigations exploring the production of oxidative stress
by BPA, like other parts of BPA research, have produced
inconsistent results concerning pro-oxidant/antioxidant
activity (Babu et al., 2013; Gassman, 2017). To offer new
evidence for the role of oxidative stress in BPA-induced
spleen abnormalities, we investigated the oxidative stress
marker MDA in the splenic tissues compared with controls.
BPA exposures showed a significant increase in the
splenic tissue MDA level, where BPA could generate free
radicals and induce autoimmune disorders (Wang et al.,
2013). The results demonstrated that oxidative stress is a
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potential mechanism mediating spleen abnormalities. The
findings and conclusions of our study indicated that BPA
does not have sex-specific impacts in the spleen consistent
with alterations in hematopoietic and immunomodulatory
functions in both sexes. Taken together, it is plausible to
assume that the oxidative stresses induced by early-life
exposures to low-dose BPA may contribute to spleen
abnormalities in male and female mice in adulthood.

Conclusion

This study found that early-life exposure to a low
dose of BPA promotes spleen damage in adult male
and female mice. In addition, it induced changes in
peripheral blood components and increased oxidative
stress damage to splenic tissues. This injury may be
useful as early-stage biomarkers of toxicant exposure and
adult-onset abnormality/disease. Although not designed
for risk assessment, these findings have implications
for people exposed to various toxicants. The degree of
environmentally induced phenotypic variations implicated
in various disease etiologies remains unknown. Thus, a
robust and proper understanding of the molecular basis
of disease processes, including the role of environmental
epigenetics, could provide insights into new diagnostic
and/or therapeutic options for certain disease conditions.
To explore further the molecular mechanisms and
mode of actions of splenic tissue damage induced by
BPA exposure, further studies focusing on the potential
pathways mediating splenocyte death and the effect of
such damage on the quantity and the characteristics of
circulating blood cells would be required.
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