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ABSTRACT

Introduction: Bisphenol A (BPA) is an environmental contaminant with a global use as a plasticizer. Daily BPA exposure
begins early prenatally and continues throughout a person's life without exact limit or safety raising alarms concerning overall
health.

Objective: To explore potential cardiotoxicity of orally administered BPA in adult rat, and to assess the outcome of recovery
period following BPA stoppage.

Materials and Methods: Forty-eight adult male albino rats were allocated into four groups (12 each); control negative, control
positive, BPA-treated and recovered. For eight weeks, rats in the 3rd group received daily BPA (50 mg/kg body weight, via oral
gavage). In the recovery group, animals obtained BPA, for the same dose and duration similar to that in the 3rd group, then
left to convalesce without BPA administration for 4 weeks. At the experimental end, blood was collected to estimate serum
Creatine kinase-MB(CK-MB) level and heart specimens were handled for histology, immunohistochemistry, and quantitative
morphometry study.

Results: BPA persuaded several histological, immunohistochemical and biochemical alterations manifested as cardiac fiber
disruption, vascular congestion, hemorrhage, RBCs extravasation, inflammatory cell infiltration and fibrosis. Cardiomyocytes
displayed dark acidophilic sarcoplasm, pyknosis and perinuclear vacuolation. Also, the mean area % for collagen fiber
deposition, glycogen content, Bcl-2-associated X protein, Nuclear factor kappa B (NF-kB) and Vimentin immune-expressions
were significantly high. Furthermore, mast cell number/mm? MDA and CK-MB levels were enhanced meanwhile SOD, GSH
and CAT levels were declined. After 4-week recovery, cardiomyocytes and vascular changes exhibited marked improvement
and all previous metrics were directed toward normal values, though most of them were still demonstrating low significant
differences contrasted to controls.

Conclusion: BPA induced cardiac structural and functional alterations via ROS generation, apoptosis, inflammation and
fibrosis with considerable self-recovery following BPA cessation denoting transitory adverse impact. However, the particular
mechanisms underlying cardiotoxicity or recovery still require further study.
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INTRODUCTION

Millions of tons of plastics are produced annually
all over the world. Humans are continuously exposed
to these hazardous environmental contaminants on a
daily basis and life-long without even realizing them.
Bisphenol A is an organic plasticizer principally applied
to synthetize polycarbonate plastics and epoxy resin
monomers. Polycarbonate plastics are commonly used in
many customer products such as baby and water bottles,
toys, plastic food containers, sports equipment, compact
discs (CDs, DVDs), medical devices and dental sealants.
Also, BPA based epoxy resin polymers are utilized as a
protecting inner coating for metallic canned food and
beverage containers as well as for water supply pipes.
Furthermore, it is applied in manufacturing thermal paper
receipt!-3],
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The greatest problematic route of human BPA exposure
is the oral one via food consumption most probably due to
leakage from canned food and beverages as well as through
saliva from dental sealants and tooth coatings. The second
most common route of BPA exposure is the transdermal
absorption primarily through thermal paper handling.
Additionally, BPA inhalation has been reported.

BPA could be absorbed into the bloodstream and
transferred to various tissues and organs. In the liver,
it becomes strongly conjugated to create bisphenol A
glucuronide, a significant metabolite which is excreted in
urine®. In human, BPA could be distinguished not only
in the serum and urine but also in saliva and breast milk.
Additionally, BAP was revealed in the tissue of placenta,
amniotic fluid, maternal blood as well as in umbilical
cord blood indicating that it can pass across the placental
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barrier’®”. Moreover, being one of the endocrine-disruptor
compounds (EDCs), BPA could exhibit hormone-like
properties. It is a xenoestrogen that can bind to estrogen
receptors as an agonist meanwhile bind to  androgen
and thyroid hormone receptors but with antagonistic
characteristics®!. Furthermore, BPA could enhance cancer
susceptibility™.

Actually, EDCs have the ability to modify
cardiovascular function, raising the need for research into
their cardiotoxicity!'”. Evidences from previous studies
revealed that, BPA exposure gave rise to adipogenesis,
obesity, hypertension, as well as various metabolic
disorders!'!l. Also, it might be linked to insulin resistance,
type 2 diabetes mellitus, as well as several cardiovascular
diseases (CVDs)!"2,

Additionally, acute or prolonged BPA exposure has been
associated with coronary, peripheral arterial, and CVDs.
BPA could target intracellular Ca2+ promoting arrhythmia,
accelerating atherosclerosis and inducing myocardial
infarction, dilated cardiomyopathy, and hypertension!'*!4,
Furthermore, in BPA treated fish, calcified aortic valve
disease, structural abnormalities, and extracellular matrix
lesions have been reported!>!6],

On the other hand, the majority of the aforementioned
investigations have focused on the chemical and biological
changes in the cardiovascular system (CVS) and few
research!''8] has studied BPA impact on the histological
cardiac construction. Additionally, scarce studies have
been concerned with the possibility of spontancous
reversibility in the deleterious impact of BPA on various
tissue organs. A recovery period for 4 weeks following
daily oral BPA administration(50mg/kg/day) for 8 weeks
displayed a marked improvement in the structure of all cell
layers of the ductus epididymis!'?, as well as in the hepatic
construction® in adult male albino rats.

Up to our knowledge, there were no known earlier
investigations regarding the curative outcome of recovery
period on BPA induced myocardial histological alterations
following BPA discontinuation. Due to the vast range of
BPA applications, studies of BPA correlation to CVDs
should be highlighted, especially with respect to the possible
underlying mechanisms, prevention and treatment. So, the
current study intends to clarify BPA induced cardiotoxicity,
its reflection on various functional parameters in the adult
rat heart, as well as to assess the possible reversibility
following BPA cessation.

MATERIALS AND METHODS

Animals

The present study was carried out on healthy adult male
Wister albino rats [n=48, aged 20 weeks, weighing 220 +
20 g]. The rats were purchased from Zagazig Scientific
Medical and Researching Center's animal house (ZSMRC)
which was the site of all animal experiments and sample
collection. All through the study period, the animals were
kept in specific stainless-steel cages (three rats / cage)

and were maintained in an air-conditioned room under
environmentally typical laboratory settings [alternately,
12/12 periods of light and dark, a relative humidity of 50
+ 5% and a temperature of 23 + 2 °C]. The rats were fed
on standard laboratory rodent chow pellet besides water ad
libitum. Prior to the start of any experimentation, a 14-day
of acclimatization was permitted. All study protocols and
animal husbandry were in accord with the Care and Use of
Laboratory Animals' Guide, 8th edition?!! and agreed with
research protocols set by the Institutional Animal Care
and Use Committee [TACUC], Zagazig University (ZU),
Egypt, Approval number [ZU-IACUC/3/F/175/2022].

Chemicals

BPA powder (CAS Registry Number: 239658, Sigma),
manufactured by Sigma-Aldrich company (St. Louis, MO,
USA) and has been purchased from Sigma Egypt. The
powder was freshly liquified in corn oil to be gavaged to
non-anesthetized animals.

Experimental protocol

The rats under the present study were assigned at
random as groups I, I, IIT and IV [n=12/group]. Group I
(control negative): comprised animals that administered
distilled water at a dose of ImL. Group II (control positive):
included animals that obtained corn oil at a dose of 1 mL.
Group III (BPA group): involved animals that obtained
BPA dosed 50 mg/kg body weight dissolved in ImL corn
0ilt"?, Throughout the previous treatments in groups
I, IT and III, a single freshly prepared daily dosage was
administered orally by gavage for a total of eight weeks.

Group IV (recovery group): comprised animals that
were administered BPA similar to group III; at the same
dose and for the same duration, then left ad libitum without
BPA administration for another four weeks before sacrifice.

Throughout the study, all rats were kept under constant
observation for any mortality.

Experimental design
Blood and tissue collection

Just before sacrifice, an intraperitoneal injection of
thiopental at a dose of 50 mg/kg body weight was used
to induce general anesthesia in the rats at the end of each
investigational period®?. Venous blood samples from the
retro-orbital plexuses (3ml / rat in each study group) were
obtained using capillary glass tubes. The sampled blood
was left to clot at room temperature for 30 minutes. Then,
the serum was separated via centrifugation for at least
15 minutes at 3000g and 4 °C. The detached serum was
reserved at — 80 °C till used®?!. The animals were then
euthanized via decapitation. The following procedures
were performed on each slain rat in each research group: the
thoracic cavity was opened, the heart was quickly excised,
and washed in an ice-cold saline solution. After that, the
left ventricle was longitudinally dissected and split into 2
slices; one slice was cut into 5 mm?® pieces, fixed in 10%
neutral-buffered formalin (pH = 7.4) for 24 h, and then
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handled routinely to create paraffin blocks. These blocks
were prepared through washing in 0.1 M phosphate buffer
saline (SBS), dehydrating in ascending grades of alcohol,
clearing, and then paraffin embedding. Afterwards,
serially cut slices of 4-5 um thick tissue were handled for
histological and immune-histochemical analysis under a
light microscope®¥. On the other hand, 10% cardiac tissue
homogenate was prepared by homogenizing the other left
ventricular tissue slice in ice-cold isotonic saline using
a homogenizer. After being centrifuged at 3000g for 10
minutes at 4 °C, the supernatant was collected and stored
at — 80 °C Prior to further biochemical valuation.

Serum CK-MB estimation

Serum creatine kinase myocardial band (CK-MB) is a
biomarker and a specific tool for evaluating cardiomyocyte
injury. Quantitative measurement of the CK-MB activity
was assessed spectrophotometrically via commercially
available colorimetric kits (Bio-diagnostics, Giza, Egypt)
as described by the producer.

Oxidative stress parameters evaluation

The supernatants from tissue homogenates were used
to estimate myocardial content of both malondialdehyde
(MDA) (lipid peroxidation end product) and reduced
glutathione (GSH) levels. Additionally, they were applied
to assess cardiac enzymatic activity of both Superoxide
Dismutase (SOD) and Catalase (CAT). Commercially
available colorimetric activity assay kits (Bio-diagnostics,
Giza, Egypt) were utilized as described by the manufacturer.

Light microscopic studies

i. Evaluation of histological alterations, collagen
and glycogen content, and mast cell density

Paraffin sections (4-5 um thick) from each rat distinct
groups were cut, dewaxed, rehydrated, slide mounted.
Then, the slides were stained with H&E (Hematoxylin and
Eosin) stain for cardiac tissue routine histopathological
examination, MT (Masson's Trichrome) stain to
demonstrate collagen fibers for assessment of cardiac
fibrosis. Also, they were stained with PAS (Periodic acid
Schiff's) stain to reveal glycogen deposition and with
toluidine blue to quantitatively analyze the number of
mast cells/mm?. A LEICA research microscope (LEICA
DM 500, Switzerland) with a digital camera (LEICA
ICC50) was used to view the stained sections and obtain
photomicrographs.

ii. Immunohistochemical staining for assessment of
apoptosis, inflammation and fibroblast proliferation

Using duplicate 4-5 pum thick cardiac tissue slices,
the paraffin-embedded tissue blocks of formalin-
fixed left ventricular tissues were stained using
immunohistochemistry. It was done via the avidin biotin
peroxidase technique in accord with®!. For apoptosis
assessment, a primary mouse monoclonal antibody
(Cat: SC-7480, Santa Biotechnology, INC) against Bcl-
2-associated X protein (Bax) was used at a dilution of

1:200. On the other hand, a rabbit polyclonal anti-rat
antibody against the P65 subunit of nuclear factor kappa
B (NF-kB), 1:20 dilution, ab86299, Abcam, Cambridge,
Massachusetts, USA, was used to study NF-kB expression
for inflammation evaluation. Furthermore, to demonstrate
interstitial fibroblasts and endothelial cell lining of blood
vessels in the cardiac tissue, the slices were incubated
with  anti-Vimentin  (mouse monoclonal  Vimentin
antibody, Vim 3B4, Catalog No. M7020; Dakopatts CA,
USA) at a dilution of 1:200. Briefly, 10 sections (4-5
um thickness) /group were subjected to dewaxing in
xylene, rehydration in graded ethanol solutions, bathing
in tap water, preservation with 3% H,O, for 10 minutes
to block the endogenous peroxidase then immersion
in antigen recovery solution. By soaking the sections in
10% normal serum of goat dissolved in phosphate buffer
solution (PBS), common protein binding was prevented.
After that, the sections were incubated with the primary
anti-Bax, anti- NF-kB, or anti-Vimentin antibodies for a
whole night at 4 °C. After washing in PBS, left ventricular
slices received the corresponding biotinylated 2ry antibody
for an hour at room temperature, followed by another
PBS wash. For ten minutes, streptavidin peroxidase was
added followed by washing again in PBS. After that, the
chromogen 3, 3 diaminobenzidine (DAB) - H,O, proved
helpful for identifying the immunoreaction location.
Mayer's hematoxylin was used as a counterstain on the
immunostained heart slices. For slices served as negative
control, the 1ry antibodies were omitted. Positive BAX-
immunoreactivity was microscopically recognized through
visualization of brown cytoplasmic discolored immune-
reactive cells meanwhile it was a +ve brownish nuclear
and/or peri-nuclear cytoplasmic immunoreactivity for
NF-xB. Regarding Vimentin, the reaction was brownish
cytoplasmic for fibroblasts, endothelium lining blood
vessels and endomysium. A light microscope was used to
visualize the slides.

Histomorphometry study

The image analyzing unit in the anatomy department,
faculty of medicine, Zagazig university, Egypt, employed a
Leica Qwin 500 image analyzing computer system for this
investigation (Leica Microsystem Imaging Solution Ltd.,
Cambridge, UK) to determine the subsequent quantitative
morphometry parameters in the distinct study groups.
Quantitative assay of the mean area % for collagen fibers
in MT stained slices and for glycogen content in PAS
stained sections were estimated. Also, the mean area %
of positive BAX; NF-kB and Vimentin immunoreactions
in cardiac sections of all studied groups were assessed.
Furthermore, the number of mast cells/mm? was calculated.
Measurements were obtained from 10 distinct non-
overlapping randomly selected fields from each cardiac
specimen in each rat of all groups under the study at (x400)
magnification. Using Image-J® analysis software (NIH,
USA), the mean value and standard deviation (SD) for
each specimen was computed.
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Statistical analysis

Graph Pad Prism 5.01 was used to computerize and
statistically analyze the collected data for collagen,
glycogen, mast cells/mm?, BAX, NF-kB and Vimentin.
Quantitative data was shown as mean +SD (Standard
deviation). Analysis of variance (ANOVA) was used to
discover whether there were any significant differences
between the experimental groups' mean values. Post
hoc test of ANOVA; Tukey's multiple comparison test,
was conducted when the P value <0.05. The findings
were considered statistically significant. Varying levels
of significance were considered. When the P value <
0.001, it means high significance (***), while it becomes
moderately significant (**) at 0.01 >P value >0.001 and
low significant (*) if 0.05 >P value >0.01.

RESULTS

All rats under the study tolerated the entire experimental
procedures and survived until the end of the investigation.
Also, histological examination of sections obtained from
both control negative and positive groups displayed no
recognized structural differences. Similarly, both groups
were within the same range with no significant differences
between them regarding all studied morphometrical
parameters (P>0.05). Therefore, the group I was selected to
present the results of the group of control and was utilized
in the statistical contrast versus other groups.

BPA induced histological alterations in rat's

myocardium

BPA administration led to evident degenerative
alterations in the rat myocardium signifying cardiotoxicity
with a great improvement following BPA withdrawal.
Using light microscope, H&E stained sections from
left ventricular tissue of control group, exhibited
typical histological construction; formed of branching
and anastomosing cardiac muscle fibers with single
ovoid centrally placed vesicular nuclei and acidophilic
sarcoplasm. Additionally, fibroblasts (had darkly stained
flattened nuclei) and blood capillaries were distinguished
in the connective tissue (CT) gaps between heart muscle
fibers (Figure 1a).

Relative to the control group, sections gained from
BPA-administered rats (group I11), demonstrated significant
degenerative abnormalities manifested as discontinuation,
wide separation, and the disarray of cardiac muscle fibers.
Some cardiomyocytes appeared shrunken and exhibited
deeply stained homogenous acidophilic sarcoplasm
and pyknotic nuclei while others presented perinuclear
sarcoplasmic vacuolation. Also, dilated congested
capillaries were well demonstrated (Figures 1b,c) and
some vessels displayed thick vacuolated walls (Figure 1d).

Additionally, the CT cell proliferation was well
recognized both perivascular (Figure le) and interstitial
(Figure 1f). Furthermore, extensive hemorrhage
(Figure 1g) and RBCs extravasation (Figure 1h) were
exhibited amongst cardiac muscle fibers meanwhile

foci of mononuclear inflammatory cell infiltrate were
demonstrated between cardiomyocytes (Figure 1i) and in
proximity to blood vessels (Figure 1j).

Interestingly, sections taken from animals in the
recovery group (group IV) presented a great improvement
in the heart structure and became more or less identical to
the control group. Most cardiomyocytes appeared normal
and displayed acidophilic sarcoplasm, and oval centrally
located vesicular nuclei. Nevertheless, some cells were
still showing perinuclear vacuolations. Besides, mild
inflammatory cell infiltration, and vascular congestion
were still exhibited (Figures 1k.I).

BPA led to increased myocardial fibrous tissue
content

The widely separated cardiac muscle fibres seen
in H&E-stained sections from BPA-treated rats (group
IIT) would be the consequence of the replacement of the
injured contractile muscle fibers with fibrous structures.
Therefore, sections were stained with the collagen-specific
dye, Masson's trichrome (MT), and were examined using
light microscope to better support this suggestion.

A minor amount of green coloured collagen fibres was
dispersed in the connective tissue (CT) gaps separating
cardiac muscle fibers and also surrounding the blood
vessels in sections of the control group (Figure .2a). In
contrast, cardiac sections from rats that had received BPA
demonstrated the greatly increased amount of collagen
(Figure 2b). On the other hand, after BPA withdrawal for
4 weeks in the recovery group (group IV), comparable
to group III, an evident improvement was manifested
as a marked reduction in the amount of collagen fibre
deposition to be relatively similar to the group serving
as the control (Figure 2c). These findings were further
confirmed by quantification of the collagen area percentage
that established a high substantial rise in the mean area
% occupied by collagen in BPA-treated group (group
III) proportional to the group of control (5.847+ 1.461
and 0.621+ 0.110, respectively, mean + SD, P < 0.0001).
However, in recovery group (group IV), BPA withdrawal
resulted in a highly substantial reduction in mean area
% occupied by collagen compared to BPA-treated group
(group III) (1.515+ 0.288 and 5.847+ 1.461 respectively,
mean + SD, P < 0.0001). Fortunately, there was a non-
significant difference between the recovery and control
groups (P >0.05) (Figure 2d, Table 1).

BPA led to
cardiomyocytes

increased glycogen content of

Regarding the glycogen distribution in the cardiac
muscle fibers determined via PAS stain, sections from
rats in the control group displayed a minimal amount of
glycogen content (Figure 3a). However, the amount of
glycogen was obviously increased in BPA-receiving group
(group III) respect to the control one (Figure 3b). BPA
withdrawal in the recovery group (group IV), seemed to
decrease the amount of glycogen deposited compared to
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BPA-treated group but still more than that in the group
of control (Figure 3c). Additionally, these findings were
further confirmed by quantification of the glycogen arca
percentage that demonstrated a high substantial rise in the
mean area % occupied by glycogen in BPA-treated group
(group III) in comparison to the group of control (12.250+
1.340 and 2.594+ 0.928 respectively, mean + SD, P <
0.0001). However, regarding recovery group (group 1V),
contrasted to BPA-treated rats (group I1I), BPA withdrawal
experienced a high significantly decreased mean value
(4.541+ 1.013 and 12.250+ 1.340 respectively, mean + SD,
P <0.0001). Nevertheless, there was only a low statistically
significant difference between the recovery and control
groups (0.05 >P >0.01). (Figure 3d, Table 1).

BPA induced increased mast cell number in rat's
myocardium

To determine the potential influence of BPA
administration on the heart's mast cells, left ventricular
tissue sections from study groups were stained using
toluidine blue. Mast cells were distinguished (large violet
stained cells in a blue background because of their content
of metachromatic cytoplasmic granules) in slices from rats
in all experimental groups. Regarding the control group,
fewer mast cells were displayed (Figure 4a) meanwhile
the BPA-treated group exhibited obviously an increased
mast cell number (Figure 4b). The recovery group showed
mast cells that appeared moderate in number (Figure 4c).
Furthermore, the morphometrical and statistical analysis
confirmed the previous findings and demonstrated a
significant rise in the mean number of mast cells per
mm? in the BPA-treated group (group III) as compared
with the control group (62.499+ 16.106 and 17.578+
6.176, respectively, mean + SD, P < 0.0001). However,
the recovery group's mean number of mast cells per mm?
was considerably lower compared to the BPA-treated
group, (group II) (29.297+ 8.735 and 62.499+ 16.106
respectively, mean £ SD, P < 0.0001). However, the
difference between the recovery and control groups was
hardly significant (0.05 >P > 0.01) (Figure 4d, Table 1).

BPA induced immunohistochemical alterations
in rat's myocardium Immunohistochemistry and
Morphometry for BAX

Bax immunostained heart sections displayed a
limited positive brown sarcoplasmic reaction in few
cardiomyocytes in the control group (Figure 5a) while it
was strong and widely distributed in most cardiomyocytes
in BPA-treated group (group III) (Figure 5b). Fortunately,
a marked improvement occurred in the recovery group
(group 1V) so the reaction appeared mild to moderate and
included some cardiomyocytes (Figure 5c). These findings
were further established by morphometrical quantification
of Bax immune-expression area %, and a statistical analysis
was performed for comparison among groups. The mean
area % of Bax immune-expression in BPA-treated group
(group III) was highly significantly increased (11.042+

3.721) contrasted with the control group (0.127+ 0.002)
meanwhile, it was highly significantly decreased (1.317+
0.275) in the recovery group (group IV), as compared to
the BPA receiving group. Fortunately, non-significant
difference regarding control versus recovery groups was
found (P > 0.05) (Figure 5d, Table 1).

Immunohistochemistry  and for

NF-xB

Morphometry

Left ventricular sections immunostained with anti-NF-
kB displayed a positive brown nuclear and/or perinuclear
cytoplasmic immune-reaction only in few cardiomyocytes
inthe control group (Figure 6a). The reaction was apparently
strong and widely distributed in most cardiomyocytes in
BPA-receiving group (group III) (Figure 6b). However, it
was declined in the recovery group (group IV) (Figure 6¢).
The previous findings were confirmed via morphometrical
quantification of NF-kB immune-expression area %, and a
statistical analysis was performed for comparison between
groups. The mean area% of NF-xB immune expression
increased significantly in the group that received BPA
(4.325 £ 1.095) contrasted with the control group (0.582+
0.137), meanwhile the mean area% of NF-kB immune
expression decreased significantly (1.715 0.876) in the
recovery group compared to the BPA-receiving group.
However, low significant difference between control
and recovery groups was recognised (0.05 >P > 0.01)
(Figure 6d, Table 1).

Immunohistochemistry and Morphometry for Vimentin

Additionally, by using the Vimentin immunostaining
method, it was possible to see interstitial fibroblasts,
vascular endothelial lining, and endomysium of the control
group's heart sections that had only minor Vimentin
immunoexpressing (Figure 7a). However, sections of
rats that only received BPA showed enhanced Vimentin
expression (Figure 7b) as opposed to reduced expression
in the recovery group (Figure 7c). These findings were
further confirmed by quantification of the Vimentin area
percentage that exhibited a highly significant rise in the
mean area % occupied by Vimentin in the BPA-treated
group (group III) comparable to the group of control
(5.850+ 1.67 and 1.294+ 0.264 respectively, mean = SD, P
< 0.0001). However, regarding the recovery group (group
IV), contrasted to BPA-treated rats, BPA withdrawal
experienced a low instead of high significantly decreased
mean value (group III) (2.421+ 0.52 and 5.850+ 1.67
respectively, mean + SD, P <0.0001). Yet, there was a low
significant difference between recovery and control groups
(0.05>P>0.01) (Figure 7d, Table 1).

BPA induced significant
biochemical parameters

alterations in the

The BPA-treated animals (group III) displayed a
significantly highly increased mean value of MDA
(3.65+£0.079 nmol/mg) and CK-MB (986+37.42 U/L)
levels in contrast to the control group (0.89+0.029 nmol/
mg, 421.2+13.2 U/L respectively) (p < 0.001). On the
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other hand, BPA withdrawal in the recovery group resulted
in regression in the mean values of MDA (1.581+0.054
nmol/mg) and CK-MB (598+26.04 U/L) but still showing
low significant differences versus control group (0.05 > p
> (.01). Furthermore, BPA treatment resulted in a highly
significant decline in GSH level (33.78+2.79 ng/mg),
SOD (63.32+3.32U/mg), and CAT (3.43+£0.53 ng/mg)

activities contrasted to the control group (91.38+3.14 ng/
mg, 118.17+£3.17 U/mg, 7.12+0.66 U/mg respectively) (p
< 0.001). However, following the BPA withdrawal in the
recovery group, their values were increased (69.93+4.17
ng/mg; 97.934+4.15U/g; 5.92+0.71 ng/mg respectively) but
sill presenting low significant difference comparable to the
control group (0.01<p<0.05) (Table 2).

Fig. 1A: Representative photomicrographs of longitudinal sections of left ventricular myocardium of the control group (a) and BPA treated group (b,c,d)
demonstrating [a]: branching and anastomosing cardiac muscle fibers, centrally placed ovoid vesicular nuclei (black arrow), and interstitial CT spaces (blue
arrow) containing blood capillaries (*) and fibroblasts with flat dark nuclei (arrowhead). [b]: cardiac muscle fibers exhibiting discontinuation, wide separation,
dark acidophilic sarcoplasm (arrow) and pyknotic nuclei (arrowhead). [c]: cardiomyocytes exhibiting disarray, perinuclear sarcoplasmic vacuolation (arrow)
with dilated congested capillaries in-between (*). [d]: the blood vessel (*) exhibiting thick vacuolated wall (arrow). (H&Ex 400)
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Fig. 1B: Representative photomicrographs of longitudinal sections of left ventricular myocardium of BPA treated group (e,f,g,h) showing [e]: perivascular CT

cell proliferation (arrow). [f]: interstitial CT cell proliferation (arrow) [g]: extensive hemorrhage (*) among cardiomyocytes. [h]: excess RBCs extravasation
(arrowhead) between cardiac muscle fibres. (H&Ex400)

Fig. 1C: Representative photomicrographs of longitudinal sections of left ventricular myocardium of BPA treated group (i,j) and recovery group (k,l) showing
[i]: mononuclear cellular infiltration (arrow) between cardiomyocytes. [j]: mononuclear inflammatory cell infiltrate(arrow) in proximity to blood vessels. [k]:
mild cellular infiltration (arrow) between apparently normal cardiomyocytes with centrally located oval vesicular nuclei (arrowhead). [1]: some mildly dilated
congested (¥) capillaries and few cardiomyocytes with perinuclear vacuolation (arrowhead). (i,j H&Ex1000 - k,I H&Ex400)
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Fig. 2: Representative photomicrographs of longitudinal sections of left ventricular myocardium stained with MT demonstrating green colored collagen fibers
in the CT spaces between cardiomyocytes (yellow arrow) and around the blood vessels (dark arrow) [a]: demonstrates delicate collagen fibers in the control
group. [b]: exhibits an increased amount of collagen fibers in BPA-treated group. [c]: displays less amount of collagen fibers in the recovery group. (MT stain
% 400). [d]: Bar charts demonstrating the quantitative analysis of collagen fibers area % of the studied groups. Data are presented as mean + SD. ns: Non-
significant

o
B
=
& <=o0.os
s
s
a
El
=3
a
o
Ccontrol BPA Recovery

Fig. 3: Representative photomicrographs of longitudinal sections of left ventricular myocardium stained with PAS displaying glycogen content manifest as
magenta coloration (arrow). [a]: a little glycogen content in the control group. [b]: a marked increase in the glycogen content in BPA-treated group apparent
as diffuse dark magenta coloration. [c]: a moderate amount of glycogen content in the recovery group. (PAS stain x400). [d]: Bar charts demonstrating the
quantitative analysis of area % of glycogen content of cardiac muscle fibers in the experimental groups. Data are presented as mean + SD.

378



Sewelam et. al.,

Control BPA Recovery

Fig. 4: Representative photomicrographs of longitudinal sections of left ventricular myocardium stained with toluidine blue demonstrating mast cell (arrow)
density. [a]: the control group displays few mast cells. [b]: BPA-treated group exhibits obviously increased mast cell number. [c]: the recovery group shows
mast cells that appear moderate in number. (Toluidine blue stain x400). [d]: Bar charts demonstrating the quantitative measurements of density of mast cells
(number/mm?) among all studied groups. Data are presented as mean + SD.
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Fig. 5: Representative photomicrographs of immunohistochemically stained left ventricular sections with anti-BAX antibody demonstrating a positive brown
cytoplasmic immunoreaction for BAX (arrow); in few cardiomyocytes in the control group [a], in many cardiomyocytes in the BPA- treated group [b], in
some cardiomyocytes in the recovery group [c]. (anti-BAX immunostaining x 400). [d]: Bar charts presented quantitative analysis of the area % of anti-BAX
immunostaining in the distinct experimental groups. Data are presented as mean + SD. ns: Non-significant

379



BISPHENOL A WITHDRAWAL INFLUENCE ON RAT HEART

6.0
—D0.05

5.5

5.0

a.s

p
0

y
0

i
0

2.5

2.0

NP area percentage ()

1.5
1.0

o.s5

6d oo

Control BPA Recovery

Fig. 6: Representative photomicrographs of immunohistochemically stained left ventricular sections with anti-NF-kB antibody demonstrating a positive brown
nuclear and/or perinuclear immunoreaction for NF-kB (arrow); in few cardiomyocytes in the control group [a], in many cardiac cells in the BPA- treated group
[b], in some cardiomyocytes in the recovery group [C]. (anti- NF-kB immunostaining x400). [d]: Bar charts present quantitative analysis of the area % of anti-
NF-kB immunostaining in the distinct experimental groups. Data are presented as mean + SD.
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Fig. 7: Representative photomicrographs of immunohistochemically stained left ventricular sections with anti-Vimentin antibody demonstrating a minimal
positive brown cytoplasmic immunoreaction in the interstitial fibroblasts (arrowhead), endothelial lining of blood capillaries (black arrow) and endomysium
(blue arrow) seen in a section from control group [a]. However, a section obtained from BPA-treated group [b] shows moderate Vimentin immunoexpressing
while section taken from recovery group[c] demonstrates a mild immune reaction. (anti-Vimentin immunostaining x400). [d]: Bar charts present quantitative
analysis of the area % of anti-Vimentin immunostaining in the distinct experimental groups. Data are presented as mean + SD.
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Table 1: Mean + SD of area % of collagen, glycogen, BAX, NF-kf, Vimentin, and mean + SD of mast cell number /mm?

Tukey’s Post hoc test

Parameter Mgz(i)rrll t:ll;OSlD Mefnpi SD 1\14{::1? \fgyD ANOVA Control Vs Coatsml B\IIJ;A
BPA Recovery Recovery

Collagen (%) 0.621+0.110 5.847+ 1.461 1.515+0.288 <0.0001 ok ns ok
Glycogen (%) 2.594 +0.928 1.340 12.250+ 1.013 4.541+ <0.0001 ok * ok

BAX (%) 0.127+0.002 11.042+3.721 1.317+0.275 <0.0001 ok ns ok

NF-k (%) 0.582+0.137 4.325+ 1.095 1.715+0.876 <0.0001 ok * ok
Vimentin (%) 1.294+ 0.264 5.850+ 1.67 2.421+0.52 <0.0001 ok * *
Mast cells/mm? 17.578+6.176 62.499+ 16.11 29.297+ 8.735 <0.0001 ok * ok

High significance (***) means P value < 0.001, Moderate significant (¥*) at 0.01 >P value >0.001 and low significance (*) when 0.05 >P value >0.01.

Table 2: Mean + SD of laboratory parameters (MDA, CK-MB, GSH, SOD, and CAT).

Groups CAT (ng/mg) SOD(U/mg) GSH (ng/mg) CK-MB(U/L) MDA (nmol/mg)
Control 7.124+0.66 118.17+£3.17 91.3843.14 421.2+13.2 0.89+0.029
BPA-treated 3.43+0.53 " 63.32+3.32 " 33.78+2.79 *** 986 +£37.42"" 3.65+0.079 ™
Recovery 5.924+0.71" 97.93+4.15" 69.93+4.17" 598+26.04" 1.581+0.054"

Data are presented as means = SD. *p <0 .05 and ***p <0.001 with Low (*) and high significance (***) P value vs control

DISCUSSION

The findings of the current study demonstrated manifest
disturbances in the cardiac tissue construction including
vascular congestion, hemorrhage, RBCs extravasation, cell
infiltration, cardiomyocyte's vacuolation and pyknosis,
associated with numerous signs of fibrosis, apoptosis and
inflammation. Such results were in line with other animal
reports that have described parallel structural changes
in the rat myocardium as a response to either low BPA
doses!'”, high doses, or over a lengthy period of time”.

The deeply stained homogenous acidophilic (hyper-
eosinophilic) sarcoplasm of many cardiomyocytes
displayed in the current work agrees with!'l. Also,
similar findings were reported in association with other
cardiotoxic compounds such as cyclophosphamide!®®,
gentamycin®’and Doxorubicin®®. This hyper-eosinophilia
might be attributed to the increased binding of eosin to
degraded cytoplasmic proteins. This increased protein
degradation might be in part due to the hydrolytic enzymes
released from lysosomes in dying and dead cellsP'32,
The cardiomyocyte perinuclear sarcoplasmic vacuolation
encountered in the current work might be due to distended
T-tubules and sarcoplasmic reticulum according tof*l.

In this work, cardiomyocyte deeply stained pyknotic
nuclei were in parallel with® who proposed that, BPA
could induce oxidizing stress, excess ROS production,
DNA breakdown, apoptosis and/or inflammation with
the subsequent disintegration of structural proteins in
both mitochondria and cell membranes. Additionally, the
previous authors outlined the so-called ROS-induced ROS
release phenomenon, as a contributing factor in which,
excessively released mitochondrial ROS could induce ROS
production in neighboring mitochondria, with subsequent

ROS overproduction. Cardiovascular cells would be
affected by this mitochondrial crosstalk, which results in
apoptosis, necrosis, and even fibrosis.

In the current study, vascular disorders, such as
congestion, dilatation, RBCs extravasation, hemorrhage,
as well as vacuolation and thickening in blood vessel
walls were well demonstrated. These findings confirmed
the results of previous investigators who emphasized that,
BPA exposure is associated with a high risk of developing
coronary as well as peripheral arterial disorders?®>3!,

Vascular congestion and dilatation encountered in the
present study were interpreted by*”! who attributed them
to the enhanced release of endothelial nitric oxide synthase
(eNOS) with resultant excess Nitric Oxide (NO) liberation
next to BPA exposure. Actually, eNOS could normally
preserve in vivo cardiovascular integrity by generating
NO which promotes vasodilation, and possesses several
antiatherogenic properties.

RBCs extravasation and hemorrhage displayed in
current work were in accord with®®* who interpreted them
to be due to the weakened blood vessel wall carried out
by inflammation, endothelial cell detachment, vascular
leakage, and interstitial hemorrhage. Additionally, the
thick-walled, vacuolated blood vessels revealed in this
study agreed with!'®l, who specified similar changes in
the dorsal aorta's wall following BPA administration and
attributed them to atherosclerotic changes.

Klint et a/*7 and Dabravolski et al.B? clarified BPA-
induced atherosclerotic changes to be due to excess
vascular endothelial growth factor (VEGF) generation, an
angiogenic agent facilitating and regulating angiogenesis.
Actually, the augmented VEGF signaling would increase
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angiogenesis contributing to the development of
atherosclerosis by facilitating the formation and rupture of
atherosclerotic plaques.

The interstitial mononuclear cell infiltration
demonstrated in this study agreed withi*” who ascribed
it to be due to BPA- induced excess ROS release with
consequent triggering inflammation reactions and
leukocytes immigration into the injured cardiomyocytes.

In this work, multiple signals were suggestive of BPA-
induced excess myocardial fibrosis manifested as increased
CT cells both perivascular and interstitial in H&E stained
sections; considerable high degree of collagen fibre
deposition demonstrated in MT stained slices, besides the
highly significantly raised area % of Vimentin positive
immunological reaction. These results closely matched !+
who attributed the augmented myocardial fibrosis to be
due to increased fibroblast proliferation with subsequent
excess collagen synthesis.

Actually, fibroblasts are dormant cells in the healthy
heart that simply maintain the extracellular matrix's balance
(ECM). They have a significant role in cardiac remodeling
in the sick myocardium like proliferation, migration, and
enhanced ECM turnover producing a significant amount of
interstitial collagen!®.

Additionally, cardiac mast cells' raised density and/
or activation could be a contributing factor to myocardial
fibrosis through both direct and indirect impacts on
fibroblasts. Mast cells can produce numerous proteases,
cytokines, growth factors, and others!*. Besides, excessive
interstitial fibrosis may be brought on by activation of the
NF-B transcription factort*’!. Also, a molecular mechanism
linking cardiac fibrosis with oxidative stress, nutrition,
and inflammation was outlined®®. Furthermore, both
cardiovascular and central nervous systems simultaneously
experienced detrimental structural remodeling as a result
of oxidative stresst*’..

In the present investigation, the mean area percentage of
Vimentin-positive immunoreaction increased significantly
in the BPA-treated rats compared to the control group. These
findings agreed with®, It was proposed that, Vimentin
and other cytoskeletal protein deviations during cardiac
pathology and failure could affect intracellular signaling,
cardiomyocyte function, as well as cardiomyocyte coupling
to the ECM™. 1In addition, the cardiac cytoskeleton
keeps the cellular organelles organized internally. Also, it
transfers intracellular mechanical stresses to neighboring
cells and ECM™). Furthermore, changes in intracellular
calcium concentrations could be a contributing factor for
the altered Vimentin immunoexpressing?®®!,

The results of the current study displayed a significantly
higher mean number of mast cells per mm? in BPA-
receiving group than that in the other experimental groups.
This agrees with?®! who previously reported that, perinatal
BPA exposure enhanced the activity of mast cells in
adulthood which in turn increased the generation of pro-
inflammatory mediators linked to asthma.

Ingason et al.5? added that, mast cell derived-chymase
has been associated with a number of cardiovascular

illnesses,  including  atherosclerosis,  arrhythmias,
myocardial ischemia, heart failure, and ventricular
hypertrophy.

Contrary to our findings,!'”! examined the BPA impact
(dosed 1.2 mg/kg obtained daily via the intraperitoneal
route for three weeks) on the rat myocardium and reported
non-significant differences in mast cell number of per
mm? amongst the trial groups despite excess myocardial
fibrous tissue and collagen content. However, this would
be attributed to the lesser dose and the shorter time of BPA
exposure comparable to that in our study.

In this study, glycogen accumulation in cardiomyocytes
of BPA-treated group was well demonstrated using PAS
stain, meanwhile the heart sections of control animals
showed a minimal amount. Similar findings were reported
in methotrexate- induced cardiotoxicity whereas PAS
positive reaction was increased in the perinuclear area
of cardiomyocytes, and was attributed to the presence of
perinuclear vacuolation®?!. Also, mitochondrial disorder
of cardiac muscles has been a leading factor in glycogen
accumulation in the perinuclear region of cardiomyocytes
because of free radicals' accumulationl>.

Furthermore, after sub-chronic treatment with the
mitochondrial toxin 3-nitropropionic acid (3NPA),
researchers examined the glycogen content of rat
myocardium and displayed a significant accumulation of
glycogen granules in 3NPA-treated rats meanwhile the
control animals' hearts had almost no glycogen granules.
Actually, animal cells could use glycogen as a secondary
kind of long-term energy storage. Also, both glycogen
synthase and glycogen phosphorylase enzymes could
regulate glycogen production and breakdown respectively.
Regulation of both enzymes is very complicated and is
influenced by a variety of variables™!.

In our study, although the mechanism and the
pathophysiological implications of BPA induced glycogen
accumulation in cardiomyocytes are currently unclear, this
finding offers an interesting starting point for additional
research.

Many investigators have suggested that, in spite of
lacking macroscopic cardiac injury, low BPA doses have
been associated with manifest changes in the heart structure
assessed by liquid chromatography mass spectrometry (LC-
MS/MS) as well as via infrared spectroscopy. Additionally,
low BPA doses have been associated with gene expression
variations, carrying a risk of disease load®®!.

According to this study's immunohistochemistry
results, rats treated with BPA had significantly raised
levels of the mitochondrial-dependent apoptosis pathway
regulator (BAX), as well as the primary inflammatory
mediator (NF-xB) in the cardiac tissue. In support of
these findings in our study, we detected a considerable
decline in their immune-expression levels manifested both
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histologically and by quantitative morphometric methods
after 4-weeks recovery.

Similar to our findings, in other animal investigations,
BPA augmented BAX immunohistochemistry expression
in the cardiac tissuel”, in whole cell layers of the ductus
epididymis!"” as well as in the hepatocytes*.

As a mammalian endocrine disruptor, BPA contributes
to the production of a number of proinflammatory
cytokines such as IL-1, IL-6, and TNFa. Additionally,
proinflammatory mediators like NO and PGE2 as well
as their upstream regulators (iNOS; COX2; cPLA2) were
found to express themselves more often in response to BPA.
Furthermore, according to reports, BPA may cause the NF-
«B signaling pathway to be upregulated and dramatically
increase the phosphorylation and nuclear translocation of
NF-«B p65 via IkB degradation®®®!.

It was emphasized that, NF-kB-mediated inflammation
is one of the primary mechanisms of CVDs. Cytokines,
chemokines as well as adhesion molecules such as
IL-6, MCP-1, and VCAM are produced by means of
NF-xB activation. Additionally, NF-xB contributes to
inflammasomes' control and stimulates pro-inflammatory
gene expression including those encoding cytokines and
chemokines. Furthermore, NF-kB is crucial for innate
immune cell regulation, as well as inflammatory T-cells,
survival, activation, and differentiation. Consequently,
uncontrolled NF-kB activation may have a role in the
pathogenesis of numerous inflammatory illnesses*6%61,

The results of the present study showed that, BPA
administration significantly increased both CK-MB
activity and MDA level compared to control values and
significantly decreased SOD, CAT, and GSH levels below
control values. The previous findings indicated cardiac
tissue injury and inflammation which might be due to
a state of oxidative stress in the rat cardiomyocytes.
These findings were in line with®? who stated that, BPA
administered in a dose of 50 mg/kg/day for 4 weeks had a
negative impact on the heart due to elevation of both CK-
MB activity and MDA level while dropping GSH level.

Also, our findings were in accord with®! who proved
that, BPA significantly impaired the construction and
function of many vital organs; the kidney, liver, testes, and
pancreas, in animal models via raising BPA's production
of ROS. The previous authors added that, BPA could alter
the balance of enzymatic antioxidants by lowering SOD,
GSH, and CAT levels in both blood and pancreas of BPA-
exposed animals.

It was concluded that, several mechanisms have
been implicated with BPA cardiotoxicity. BPA exposure
enhances oxidative stress via inducing the generation of
oxygen radicals, significantly increasing ROS release,
disturbing the dynamic balance of antioxidative enzymes,
with subsequent ROS -antioxidizing defense imbalance,
leading to cell and tissue damage, and homeostatic failure.
Also, DNA, proteins in cells, lipids in cell membranes,

calcium influx, and mitochondria, all can be harmed.
Actually, Superoxide dismutase (SOD), Catalase, and
Glutathione S-transferase (GST), all are examples of
enzymatic antioxidants that can scavenge and neutralize
free radicals, and restore cellular integrity. Hydroperoxides,
hydrogen peroxide (H,O,), and the superoxide radical,
all could be converted into oxygen, water, and harmless
molecules, respectively®,

Additionally,'**%)  reported that, the excessively
generated ROS can mediate many inflammatory responses
via activation of not only NF-kB but also numerous
inflammatory mediators. Furthermore, being a metabolic
and an endocrine disruptor, BPA could interfere with redox
homeostasis by increasing oxidative mediators meanwhile
decreasing antioxidant enzymes, resulting in mitochondrial
malfunction, alterations in cell signaling pathways, and
activation of cell apoptosis and death.

Furthermore,'® revealed that, BPA could impair
cardiac excitability via various intracellular mechanisms
such as inhibition of chief ion channels, disparities in Ca2+
handling, initiation of oxidative stress, and epigenetic
alterations.

In controversy to our findings in this study,” stated
that, neonatal mouse ovarian cells exposed to BPA in utero
or in vitro displayed no appreciable changes in SOD level.
This was attributed to the small BPA dosage used (50ug/kg
body weight) which might be insufficient to cause mice's
antioxidant defense to weaken or not to develop at all.

Interestingly, in the current study, the recovery and
reversibility of cardiac cells following the cessation of
BPA administration were examined. After 4 weeks of BPA
stoppage, it was clear that, the majority of the evaluated
study parameters had greatly improved. The cardiac tissue
has largely returned to normal conditions with only a minor
degree of pathology, including perinuclear vacuolation
of some cardiomyocytes accompanied with remaining
small grade of congestion as well as mild inflammatory
cell infiltration. Also, an apparent decline in the quantity
of collagen, glycogen, and the number of mast cells was
settled.

These findings were additionally confirmed by the
concomitant morphometric measurements in the current
study. A 4-week recovery led to a non-statistically
significant difference (regarding collagen) or only
displayed low significant differences (in the case of
glycogen content, mast cell number per mm? and Vimentin
immunoexpressing) when contrasting to the control group.

An important information regarding the exact BPA-
persuaded cell and tissue damage mechanisms and the
reversibility processes was sparked by the studies made
byl 2 who revealed that, the BPA hazardous impact on
the epididymis and liver, respectively, were also reversed.

It has been long believed that, in adults, cardiomyocytes
were terminally differentiated cells that had been
permanently disengaged from the cell cycle. Though the
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inability of these cells to divide, yet, they could carry out
their physiological function, experience cell hypertrophy,
and eventually decease by apoptosis and/or necrosis(®®.

Given the knowledge that, both cardiomyocyte's
apoptosis and necrosis are considered natural mechanisms
of the organ's wear and tear that increase dramatically with
age and heart pathology, the challenge question concerning
the newly formed cardiomyocyte's sources necessary for
structural and functional myocardial preservation has
been raised. It was evidenced that, the main source of
cardiomyocyte replacement following its injury is the
already-existing cardiomyocytes!*”.

Numerous potential mechanisms for cardio-
myogenesis in the adult heart were acknowledged. Since
they are not terminally differentiated post-mitotic cells,
cardiomyocytes could be able to re-enter the cell cycle and
divide; Existing cardio myocytes could undergo in-vivo
dedifferentiation and develop an embryonic replicating
cell type; New cardiac myocytes could be generated
from resident CSCs (cardiac stem cells) that control
the physiological cellular turnover and cardiac repair
following injury; Also, they could be produced when
circulating hematopoietic stem cells (HSCs) engraft and
transdifferentiate into cardiomyocytes!’”. Furthermore,
by altering their cell cycle, various signaling pathways,
endogenous genes, and environmental factors, terminally
differentiated cardiomyocytes can enter the cell cycle
again and divide!”!.

CONCLUSION

In conclusion, chronic high-dosed BPA exposure
could produce significant structural and functional cardiac
alterations that might be due to the oxidative stress impact
on the heart tissue. After ceasing exposure, BPA-induced
cardiac changes became mostly reversible. Nevertheless,
the particular mechanisms involving bisphenol a cardiac
adverse effects and subsequent recovery are still unclear
and require further research.
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