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ABSTRACT

Exposure to bisphenol A (BP), an environmental pollutant, is potentially harmful to both human
health and the environment. The purpose of the current research was to evaluate the effectiveness
of B-caryophyllene (CF) (200 mg/kg) on rat cerebellar tissues exposed to BP (250 mg/kg). Thirty-
five randomly selected male rats were split into five groups as: control (CON), olive oil (OL), BP,
CF, and CF+BP. On day 15 of the experiment, all rats' cerebellar tissues were immediately
extracted, followed by stereological and histological examination. Our results revealed that MDA
level was significantly elevated in the BP group compared to the CON group (p<0.05). While no
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Iéec);wogdg: llene significant difference was detected in the mean cerebellar volume among the experimental groups,
Bisprg;npolyA the BP group’s the Purkinje cell number was significantly reduced when compared to the CON
Cerebellum group (p<0.05). In the CF+BP group, we found a significantly lower level of MDA and higher
Male rat number of Purkinje cells compared to the BP group (p<0.05). Histopathological examination
Stereology revealed that the BP group had the marked neuronal deterioration; however, in the CF+BP group,

this structural alteration was not as severe than the BP group. Our findings showed that exposure to
BP caused oxidative damage to cerebellar tissues, and administration of CF attenuated BP-induced

toxicity via improvement of oxidative stress.
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Introduction

Bisphenol A (BP) is one of the most widely produced
chemicals worldwide, which is frequently found in the
environment. Following their entry into the body via
different routes, BP is accumulated in a variety of vital
tissues (Vandenberg et al., 2007). Due to its extensive use,
this hazardous chemical pollutant poses a risk to public
health due to a serious adverse effect on the biosystem
(Yahyazadeh, 2024b). Experimental studies have revealed
that toxicity of BP may be associated with disorder in the
nervous, reproductive, cardiovascular, metabolic, and
immune systems (Cooper & Posnack, 2022; Costa &
Cairrao, 2024). It acts as an agonist or antagonist through
endocrine  receptor-dependent  signalling pathways
(Maniradhan & Calivarathan, 2023). Therefore, the cause
of numerous endocrine problems may be related to BPA.
Previous scientific research has indicated a connection
between BP treatment and obesity prevalence, impaired
glucose tolerance, and abnormal lipid metabolism in mice
(Newbold et al., 2009). Exposure to BS has also been
reported to interfere with the structure and functioning of
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the nervous system (CNS) (Khan et al, 2019). As
suggested by experimental studies, exposure to BP
contributes to disruption of the neuroendocrine system (Ma
et al., 2019).

The central nerve system (CNS) is among the body's
most susceptible systems to oxidative stress, which may
sustain further damage (Suresh & Vellapandian, 2024). BP
has been reported to be associated with oxidative damage
to multiple organ tissues. As an indicator of oxidative
stress, malondialdehyde (MDA) is an important product
formed by the peroxidation of fatty acids containing
multiple bonds (Amini et al.,, 2023). An earlier study
suggested that MDA level was significantly elevated in the
nervous system following exposure to BP (Abdou et al.,
2022).

A crucial group of compounds, antioxidants, is thought to
be beneficial to help inhibit or reduce free radical-induced
damage to vital tissues. [-caryophyllene (CF), a
phytocannabinoid, renowned for its safety and beneficial
nutrients, is commonly found in high concentrations in spices.
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The therapeutic potential of CF has been attributed to its
anticancer, anti-inflammatory, anti-apoptotic, and antioxidant
properties (Al-Taee et al., 2019; Mannino et al., 2021).

The current experimental investigation was aimed to
gain insight into the potential hazards of BP on cerebellar
tissues in Wistar albino rats. We also surveyed the
antioxidant capability of CF on BP-induced alteration in
the cerebellum tissues using stereological, biochemical,
histopathological techniques.

Materials and Methods

In this research, 35 male Wistar albino rats (8-10 weeks
of age and body weight of 180-200 g) were employed. The
Karabuk University Laboratory Animal Ethics Committee
granted this study ethical approval (Protocol No.
2023/10/28). Rats were kept in a plastic cage with 12 hours
of darkness and light, a temperature of 21-24 °C, and 45—
55% humidity. Each subject had unrestricted access to tap
water and a standard chow diet throughout the trial. After
being randomly split up into five groups (n = 7), rats
underwent the following experimental procedures:

e Control (CON) group: Animals received no substance
during for 14 days.

e Olive 0il (OL) group: Animals were administrated OL
orally for a period of 14 days.

e  Bisphenol A (BP) group: Animals were administered
250 mg/kg BP orally for 14 days (Vanani et al., 2020).

e [-caryophyllene (CF) group: Animals received 200
mg/kg CF orally for 14 days (Refaat & El-Boshy, 2022).

e [-caryophyllene + bisphenol A (CF+BP) group:
Animals were administered 200 mg/kg CF orally for
14 days. Moreover, 250 mg/kg BP was given via oral
rout to each rat for 14 days.

Upon completion of the trial, animals received
intraperitoneal injections of xylazine (6—-8 mg/kg) and
ketamine (60-80 mg/kg) to induce anaesthesia. First, blood
samples were collected through intracardial puncture, then
placed in heparinized tubes. After sacrificing subject, their
cerebella were harvested for the histopathological
evaluation and stereological examination. Furthermore,
serum was collected from blood collection tubes
centrifuged for 10 minutes at 3500 rpm. All serum samples
were then stored at -80°C for biochemical analysis.

Histological Study

The cerebellar tissues were fixed using a 10% neutral
formalin fixative for 48 h. The histological tissues were
then processed by running them through a series of graded
alcohols, xylene, and paraffin. After embedding in paraffin
as an ideal medium, cerebellar tissue blocks were sectioned
into 7 um-thickness using a rotary microtome. All sections
were then placed on glass slides, followed by an overnight
incubation at 60°C in an oven to remove excess paraffin.
Finally, sections stained with cresyl violet were studied
using a Leica HD digital camera-equipped LED
microscope (Leica DM2500).

Biochemical Analysis

Measurement of MDA level was carried out in
accordance with the technique of an earlier study
(Yoshioka et al., 1979), which was based on reaction with

thiobarbituric acid (TBA) at 90-100°C. MDA
concentration was also given as nmol/ml.

Stereological Study

To determine the mean volumes of the cerebellum and
its main components, we adapted the point-counting grid
and Cavalieri techniques (Yahyazadeh, 2024a). Each
section's region of interest was first photographed, then
microscopic photographs were randomly overlaid with a
point-counting grid. After it was determined the number of
points that had hit the region of interest, the points were
counted. Ultimately, areas (A) of cerebella and their parts
were calculated as:

Area(A) = a(p) X YP

Where the number of counted points is represented by
"¥P", and the area of the point interval is denoted by "a(p)".
The mean volumes (V) of the cerebella and their parts were
then calculated as follows:

XV=ZAXt

where the total thickness of sections and intervals is
represented by "t", and the area of the regions of interest in
cerebella is denoted by "XA".

Physical disector was also employed as a comparative
tool in the stereology to provide an unbiased estimation of
the neuron number. The pairs are made up of the
consecutive sections, which consist of the reference
sections and look-up at a specific distance. The counting
frame was placed on the disector pairs following the
localization of the corresponding fields. Nerve cells were
then counted in the pairs’ identical fields. Prior to
estimating the Purkinje neuron number, their numerical
density (Nv) was first computed using the following
formula:

Ny= 297
>V disector
where "XV disector” refers to the total disector frame
volumes, and "XQ" refers to the counted neuron number in
the pairs. The Purkinje cell number (N) was ultimately
estimated as:

N (number of neurons) = Ny X V¢

where "Nv" refers to the numerical density of Purkinje
cells, and "Vref" refers to the mean volume of cerebellar
tissues.

Statistical Analysis

IBM SPSS software (version 25.0; SPSS Inc., Chicago,
IL, USA) was employed for analysing the quantitative data
of stereology and biochemistry. Given that the data were
regularly distributed, the parametric analysis was chosen.
The Tukey's post hoc test and the One-Way ANOVA have
been employed to compare the differences between groups.
We expressed the data as the mean =+ standard deviation.
Besides, p value less than 0.05 was the threshold adopted
to define statistical significance for the results.
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Results and discussion

Biochemical results

The biochemical data of MDA level are given in Figure
1. Our finding indicated that the MDA level, a marker for
oxidative stress, was significantly higher in the BP group
when compared to the CON (p<0.05), OL (p<0.05), and
CF (p<0.01) groups. In the CF+BP group, significantly
lower level of MDA was detected Compared to the BP
group (p<0.05).

Stereological Results

The Purkinje cell number is given in Figure 2. The
Purkinje cells number in the BP group was significantly
lower when compared to the CON (p < 0.01), OL (p <
0.01), and CF (p < 0.01) groups. In the CF+BP group, it
was determined to be significantly higher compared to the
BP group (p < 0.05). Furthermore, a significant reduction
of Purkinje cell number was detected in the CF+BP group
when compared to the CON (p < 0.01) and CF (p < 0.01)
groups.

The mean volumes of grey matter are given in Figure
3. Given the statistical analysis of data, the mean grey
matter volume was not significantly different between the
BP and CON groups or the CF+BP and BP groups. A
significant elevation was observed in the BP group
compared to the CF group (p < 0.05).

The mean volumes of white matter are given in Figure
4. Our data showed no significant difference between the
BP group and the CON group. Besides, the mean white
matter volume was significantly higher in the BP group
when compared to the CF group (p < 0.05).

The mean volumes of cerebella are given in Figure 5.
The BP group's mean cerebellar volume was significantly
higher compared to the CF group (p < 0.05), but there was
no significant difference among other groups.

The volume fraction ratios of grey matter to cerebellum
are given in Figure 6. Our finding revealed no statistically
significant difference in the volume ratio of grey matter to
cerebellum among all groups

The volume fraction ratios of white matter to
cerebellum are given in Figure 7. No significant difference
was found in the volume ratio of white matter to
cerebellum among all groups.

The volume fraction ratios of grey matter to white
matter are given in Figure 8. Statistical analysis of data
indicated no significant difference in the volume fraction
ratio of grey matter to white matter among all groups.

Histopathological Results

The histopathological examination of cerebellar tissues
exhibited healthy and intact structures in the CON, OL, and
CF groups (Figure 9). In contrast, there was marked
alteration in cerebellar tissue’s architectures in the BP
group (Figure 10a and b). Our finding revealed
degeneration in Purkinje cells and vascular congestion in
cerebellar tissues. Although structural alterations were
observed in the CF+BP group, they were less pronounced
than the BP group (Figure 10 c and d).

Given our biochemical finding, the exposure to BP
contributed to significantly higher levels of MDA in the BP
group than the CON group. A possible reason for this

change was due to an oxidative imbalance induced by an
increased generation of ROS after exposure to BP.

20,00 4 +,#,*
16,00 e
E s T *k
° 12,00
£ 10,00 4 H
5 800 -
< o
8 60
= 4,00
w CON oL BP
Groups

Figure 1. MDA levels. +, significantly different from
the CON group; #, significantly different from the OL
group; asterisk, significantly different from the CF group;
double asterisk, significantly different from the BP group
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Figure 2. The Purkinje cells number. +, significantly
different from the CON group; #, significantly different
from the OL group; asterisk, significantly different from
the CF group; ++, significantly different from the CON

group; double asterisk, significantly different from the BP
group; &, significantly different from the CF group
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Figure 3. The mean volume of cerebellar grey matter.
Asterisk, significantly different from the CF group

3

50

40 4

30 4

20

10

Mean volume of white
matter (mm?3)

CON oL BP CF CF+BP
Groups
Figure 4. The mean volume of cerebellar white matter.
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Figure 9. Micrographs of cerebellar tissues in the CON (a an
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Figure 10. Micrographs of cerebellar tissues in the BP (a

and b) and CF+BP (c and d) groups. White arrow, intact

Purkinje cells; black arrow, degenerated Purkinje cells;

asterisks, vascular congestion arrowhead, granular cells.
Scale bars =25 ym

In alignment with our research, the CNS neurotoxicity
caused by oxidative stress has been shown to be linked to
BP exposure (Khan et al., 2019). MDA formation can
cause major damage to membrane components, as well as
deterioration in membrane properties such as ion transport
and enzyme activity (Ayala et al., 2014). The abundance of
polyunsaturated fatty acid in neuronal membranes is a
crucial factor contributing to the CNS's vulnerability to
oxidative stress (Singh et al., 2019). High susceptibility of
the CNS to oxidative stress is also attributed to increased
oxygen consumption and neuronal cell antioxidant
inadequacy. In the CF+BP group, the improvement of BP-
triggered oxidative stress was evidenced by a significant
decline in MDA level compared to the BP group. This
evidence, as a novel finding, revealed the antioxidant
capability of CF on cerebellar tissues.

The present quantitative data indicated that the BP
group had significantly decreased number of Purkinje cells
than the CON group. This supported our speculation
regarding the harmful impact of BP exposure on the rat
cerebellar tissues. Neurological problems may result from
oxidative damage to crucial macromolecules such lipids,
proteins, RNA, and DNA in biological systems (Deepika
& Maurya, 2022; Salim, 2017). After Lipid peroxidation,
apoptosis may also occur owing to the impairment in the
functioning of cell membranes (Pisoschi & Pop, 2015;
Sevastre-Berghian et al., 2022). The influence of BP on
various physiological systems depends on the dose,
exposure route, life stage, and length of exposure (Rubin,
2011). Studies have also revealed that the structure and
function of neurons can undergo significant alteration
following BP administration (Miyatake et al., 2006).

The CF+BP group had a significantly higher number of
Purkinje cells than the BP group, indicating that CF could
serve as a protective antioxidant against BP-induced
cerebellar change. Since the development and progression
of neurological disorders can be impressed by oxidative
stress, increasing antioxidant intake may boost oxidative
balance and lead to longer and higher quality life (Naureen
et al.,, 2022). CF has been suggested to abolish neural
apoptosis via suppressing the caspase-3 expression and
improving Bcl-2 expression (Wang et al., 2018). This

antioxidant has been proven to mitigate neurodegeneration
through suppressing the p38 activity and thereby by
downregulation of NF-kB expression (Machado et al.,
2018). The neuroprotective potential of CF may also be
attributed to its antioxidant activity mediated by Nrf2,
which detoxifies ROS (Assis et al., 2014). Furthermore,
treatment of CF can help alleviate oxidative damage to
mitochondrial DNA (Chavez-Hurtado et al., 2020).

The current study's histopathological analysis exhibited
that the BP group's neurons possessed marked structural
alteration, which corroborated our stereological findings. It
has been documented that BP-induced caspase-3 activation
triggers apoptosis, which in turn leads to architectural
alteration and cell death (Balci et al., 2020). In the CF+BP
group, CF administration exerted an ameliorative efficacy
on BP-induced cerebellar tissue destruction, which was
consistent with an earlier report (Zhang et al., 2017).

To the best of our knowledge, this is the first
experimental examination regarding the potential benefit
of CF in reducing BP-induced cerebral tissue abnormality
in male rats. Additional research should also be carried out
to help preserve cerebellar tissue against environmental
pollutants; this could help address public health concerns.

Conclusion

The current study’s findings revealed significantly
elevated level of MDA, and decrease number of Purkinje
cells, as well as architectural alteration in cerebellar tissues
exposed to BP. BP-induced excessive ROS generation was
suggested as the main factor in pathogenesis of cerebellar
alteration via interfering with the antioxidant defence system.
Besides, oxidative stress was alleviated following CF
treatment, which diminished BP-induced anomalies in
cerebellar tissues. This substance as an antioxidant agent may
be useful in safeguarding cerebellar tissues exposed to BP.
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