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. Bisphenol A is known to cause
liver damage, with previous research
indicating the impact of Bisphenol
A levels on the oxidative injury, liver
tissue apoptosis, inflammation, edema,
degeneration, and hepatocyte necrosis.
Additionally, Bisphenol A produces
oxidative stress in the liver.

. This quantitative stereological
study, conducted on the liver structure
after Bisphenol A exposure, indicates
the mitigating effects of resveratrol.
Resveratrol protected the liver of
the study rats against Bisphenol A
by increasing the total liver volume,
hepatocyte nucleus and cytoplasm
volumes, and hepatocyte numbers.

Background: Bisphenol A (BPA) is a widely used chemical
with toxic effects on the liver. Resveratrol (RES) is an herbal
compound with protective properties. This study aimed to
investigate the protective effects of RES on the liver in rats
exposed to BPA.

Methods: This study was conducted in 2018 in Shiraz, Iran.
Thirty Sprague-Dawley male rats were divided into five groups:
a control group (distilled water), a sham group (olive oil as a
BPA solvent), a BPA group (50 mg/kg), an RES group (100 mg/
kg), and a RES+BPA group (50 mg/kg+100 mg/kg). Olive oil,
BPA, and RES were administered to the animals via gavage
for eight weeks. After eight weeks, the animals’ livers were
removed, and stereological measurements were made to obtain
the total liver volume, portal triad volumes, hepatocyte nucleus
and cytoplasm volumes, hepatocyte numbers, sinusoidal space
volumes and lengths, and Kupffer cell (KC) numbers. The data
were analyzed using the one-way analysis of variance test.
Results: The hepatocyte number, the total liver volume, and
hepatocyte nucleus and cytoplasm volumes in the BPA group
decreased by 41% (P<0.001), 18% (P<0.001), 32% (P=0.030),
and 37% (P=0.014), respectively. The number of KCs and
the length of sinusoids in the BPA group were increased
compared with all the other groups (P<0.001). Our histological
study revealed vacuolization, sinusoidal space dilatation, and
congestion in the BPA group.

Conclusion: In this study, the RES group, compared with the
BPA group, exhibited a decrease in the total volume and length
of sinusoids and the number of KCs. Additionally, the RES group
showed an increase in the total liver volume, hepatocyte nucleus
and cytoplasm volumes, portal triad volumes, and hepatocyte
numbers after oral administration.
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Introduction

Bisphenol A (BPA) is found in many artificial products such as
plastics, food packages, paper receipts, medical devices, and
dental materials." Research suggests that BPA can be released
from these materials independent of their temperature and pH
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into food, air, skin, saliva, and blood.? Evidence
showed that BPA-induced reactive oxygen
species (ROS) significantly creates toxicity
and carcinogenic potential.> Exposure to BPA
has harmful effects on various cells and tissues
such as the liver. For instance, BPA can induce
liver damage by affecting the oxidant/antioxidant
balance in the rat liver.* The BPA-glucuronide
complex is the major metabolite of BPAin animals
and humans and has a low estrogenic function.
UDP-glucuronosyltransferase 2B2 (UGT2B) is a
liver enzyme responsible for the glucuronidation
of BPA and other estrogens.®

The liver is the main organ responsible for
drug detoxification; a function that it serves by
regulating toxins and hemostasis.® A study on liver
injury demonstrated that BPA led to increased
levels of alanine aminotransferase and aspartate
aminotransferase. These enzymes enter the
bloodstream when hepatocyte cells are damaged,
and injury to the mitochondrial cytoplasm of
these cells begets impaired liver function.” Liver
dysfunction results in the increased absorption of
toxins in the body and ultimately, liver toxicity.® The
volume of chemicals in the developed community
has grown enormously, an instance of which is the
disconcerting widespread use of plastic materials
and their harmful constructive ingredients.®
Research on the deleterious effects of BPA on
the liver and the resultant diseases has indicated
a relationship between BPA levels and oxidative
injury, liver tissue apoptosis, inflammation,
edema, degeneration, and hepatocyte necrosis."
It has also been shown that BPA produces
oxidative stress in the liver! Therefore, it is
essential to create a new liver-protective agent
that can be easily consumed by the general
public. Resveratrol (RES) is an herbal compound"
shown to exert protective effects on the nervous
and cardiovascular systems'? on the strength of
its anti-inflammatory, antioxidant,’® and anticancer
properties. More recent investigations have also
demonstrated that RES has protective effects on
the kidney,'* ovaries,”® and testes.'® The precise
mechanism of the action of RES is unknown, but
this herbal compound is likely to function through
its antioxidant activity by inhibiting ribonucleotide
reeducates and DNA polymerase enzymes.

Given the significant role that the liver plays
in the body, we aimed to investigate the effects
of RES on the liver structure in rats receiving
BPA for eight weeks.

Materials and Methods

Animals
Thirty male Sprague-Dawley male rats
weighing 200 to 250 g were purchased from
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the Comparative and Experimental Medical
Center of Shiraz University of Medical Sciences.
The animals were kept in standard conditions,
including a 12-hour light/12-hour dark cycle and
free access to water and food, for eight weeks
to maintain environmental compatibility.” BPA
was purchased from Sigma, Germany, and
diluted with olive oil (Sabzdasht, Iran). RES was
purchased in a commercially-available form
of capsules and dissolved in ethanol (MERK,
Germany). The research proposal was approved
in accordance with the guidelines of the Animal
Care'” and Ethics Committee (IR.SUMS.MED.
REC.1398.031) by the Histomorphometry and
Stereology Research Center, Shiraz University
of Medical Sciences, in the year 2018.

Experimental Groups

The rats were randomly divided into the
following five groups (n=6): a control group,
which received distilled water; a sham group,
which received olive oil as a BPA solvent;
and three other groups that were respectively
administered 50 mg/kg of BPA,"® 100 mg/kg of
RES," and 50 mg/kg of BPA plus 100 mg/kg of
RES. Olive oil, BPA, and RES were fed to the
animals via gavage for eight weeks. At the end
of the experiment, the rats were subjected to
overnight fasting and on the day of euthanasia,
they were anesthetized with an intraperitoneal
injection of ketamine (Merck, Germany) at a dose
of 100 pg/kg and xylazine (Merck, Germany) at
a dose of 5 mg/kg. Liver samples were obtained
and fixed in 10% formalin (Merck, Germany)
in preparation for microscopic sections and
tissue passaging. Subsequently, the slides were
prepared and stained by hematoxylin and eosin
(H&E) (Merck, Germany) staining for isotropic
uniform random (IUR) sectioning. The pieces
cut with a trocar were finally prepared for the
calculation of tissue shrinkage.

Stereological Methods

Through unbiased stereology, possible
liver stereological changes were estimated. In
addition to the quantitative reporting of structural
changes, stereological methods can be drawn
upon to define the extent of alterations.?% 2!

Estimation of the Liver Volume

The livers were cleaned, and their total
volume was estimated using the Scherle
method.?? Briefly, a jar filled with isotonic
saline was placed on a scale and weighed (V
primary). Then, the liver was suspended with
thin cotton in the jar, and the liver volume was
estimated. Since IUR sectioning was required to
determine the volume of the liver structures, the
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orientation method was employed, whereby the
whole liver was placed on one circle, a number
was chosen randomly, and the liver was cut in
that direction (here, it was six). Next, the other
part of the liver was placed in another circle, and
the second cut was made at another random
number (here, it was three). The thickness
of the slabs was chosen to guarantee that a
total of 8 to 12 slabs were obtained (figure 1).
Shrinkage was estimated by considering the
radius of the trocar to be the area before (1
r?). After the passage of the tissue, cutting,
and staining, the area after (1 r?) was used to
calculate tissue shrinkage with a magnification
microscope (31). The shrinkage volume in the
liver of each rat was calculated via the following
formula:
Volume shrinkage=1-(area after/area before)'®
The tissue preparation steps were performed
according to the usual method. After paraffin
molding, 5-pm and 20-uym sections were
cut to calculate their volume and number,
correspondingly. Afterwards, the slides were
stained with H&E and the Masson trichrome
staining. Ultimately, the final volume was
calculated via the following formula:?* 2
V final liver=V primaryx(1-volume shrinkage)

Estimation of the Volume Density of the Liver
Components

The volume density of the liver components
was estimated using amicroscope (Nikon, E200,
Japan) and a software tool (Grid-Stereo Lite,
Histomorphometry and Stereology Research
Center, Shiraz University of Medical Sciences,
Iran). Via systematic random sampling, in
an average of 10 to 14 fields of 5-uym slides,
hepatocyte nucleus and cytoplasm volume
densities, sinusoidal space volume densities,
nucleus-to-cytoplasm volume ratios, and portal
triad volume densities were calculated. A point
probe, composed of 25 points, was visualized
by the monitor on the images of the tissue
sections (figure 2A). The volume densities and
total volumes of the liver components were
obtained using the point-sampled intercept
method. Then, the volume density of each
component was measured, using the following
formula:?*

Vv=ZXP structure/ZP reference

where Vv is the volume density and ZP is
the total number of points composed on the
structure and the reference.

Ultimately, the total volume associated with
each component was estimated through the
multiplication of the volume density by the total
volume per animal:?®
V structure=V final liverxVv structure
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Figure 1: Orientated method is shown. (A) The liver tissue i
placed on a uniformly divided circle. A random digit between|
0 and 9 is selected. (B) The liver is sectioned into two parts|
in the orientation of the selected digit. (C) The cut surface]
of one part of the liver is placed bottom-down on the circle

ith cosine-weighted divisions. Again, a new random digi
and orientation are selected and the tissue is cut along this|
angle. The part is sectioned into parallel 17 piece. (D) The
cut surface of the other part of the liver is then placed on the
0-0 direction of the cosine-weighted circle. A new random|
digit is selected and along the new angle, the tissue is cut,
(E) Shrinkage is measured by punching a tissue cylindel
rom a liver piece with a trocar. The diameter of the cylindrical
piece and the area of the circle are counted according to|
simple geometrical formula. (F) Sectioning is done on the
block using a microtome.

Estimation of the Length of the Sinusoid

Length density is the length of the lumen
of the sinusoid per unit volume of the liver
tissue. The lumen density of the structure of
the sinusoidal space was assessed by placing
a counting frame on the live histological image
of the liver tissue. The number of profiles of
each lumen that was inside the count frame and
did not touch the left and bottom borders of the
frame was counted. Length (L) was estimated
using the following formula:?*
Lv=2x3Q/[ZPxarea (f)]x[1-(shrinkage) 2/3]xV
primary

where Lv is the length density of the lumen,
>Q is the total counted profiles of each lumen,
area (f) is the area per frame (here 6908.93
pum?), and Y p is the total number of the counted
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Figure 2: Volume estimation is shown using the point-sampled intercept method (A). The dissector technique is used to show the
length of the sinusoid (arrow) in figure B, and the numbers of Kupffer cells (short arrow) and hepatocyte nuclei (long arrow) are
illustrated in figure C and figure D.

frames in each animal.

To calculate the total volume of the parameters
and the total length of the lumens and to avoid
“reference trap”, the volume fraction or length
density was multiplied by the final volume of the
liver (figure 2B).

Estimation of the Number of Hepatocytes and
KCs

The number of hepatocytes and KCs was
estimated by using an optical dissector, an
unbiased counting frame, and a microcator.
Some fields were also randomly selected
from the 20-pm slides using a microscope
with oil lenses (40X magnification, numerical
aperture=1.30). The hepatocyte nuclei and KCs
were counted without counting the nuclei on
forbidden lines. The numerical densities of the
hepatocytes were calculated using the following
formula:™ 1®
N, =ZQ/(ZPx[area (f)]xh)

where Nv is the numerical density in terms of
number per unit volume (mm3), ZQ is the number
of the cells counted, ZP is the number of the
frames (with the associated point) scrolled, area
(f) is the area along each frame (mm?), and “h”
is the height of the dissector (figures 2 C and D).
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After the calculation of the numerical density,
it was multiplied by the total volume of the liver
to estimate the total number of hepatocytes and
KCs through the following formula:?®
N total=N, xV (total volume of liver)

Statistical Analysis

Allthe statistical analyses were performed using
the GraphPad Prism statistical software, version
6.07 (IBM, Armonk, NY, USA). The data were
analyzed using the one-way analysis of variance
(ANOVA) with the post hoc least significant
difference (LSD). P values of equal to or less than
0.05 were considered to be statistically significant.

Quantitative Changes
Estimation of the Total Volume of the Liver
Thequantitative parametersare showninfigure 3.
The total volume of the liver in the control group was
18% higher than that in the BPA group (P=0.001).
However, this volume was not significantly different
between the RES group and the control group.
Additionally, the volume was increased by 11% in
the RES+BPA group in comparison with the BPA
group (P=0.019) (figure 3A).
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Figure 3: The aligned dot plots of quantitative changes are depicted. The total volume of the liver (A), the total volume of nuclei

(B), the total volume of cytoplasm (C), the total volume of the sinusoidal space (D), the total volume of the portal triad (E), and
the nucleus-to-cytoplasm volume ratio (F) are illustrated. P<0.005 was considered significant. The one-way analysis of variance]
(ANOVA) was done to analyze the data of the different groups. RES: Resveratrol; RES+BPA: Resveratrol+Bisphenol A; BPA:
Bisphenol A

Estimation of the Total Volume of the Liver
Components

The total nucleus volume of the hepatocytes
in the BPA group, compared with the control
group, was decreased by 32%. Moreover,
the nucleus volume of the hepatocytes in the
RES+BPA group, compared with the BPA group,
was increased by 13% (P=0.046) (figure 3B).

The total cytoplasm volume of the
hepatocytes in the BPA group, in comparison
with the control group, was decreased by 37%
(P=0.014). This volume in the RES+BPA group
was increased by 21% in comparison with the
BPA group (P=0.034) (figure 3C). Additionally,
the sinusoidal space showed increases of 17%
(P=0.037), 42% (P<0.001), 31% (P=0.001), and
30% (P=0.001) in the BPA group compared with
the control, RES+BPA, RES, and olive oil groups,
respectively. Furthermore, the total sinusoidal
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space in the RES+BPA group, compared with the
control group, was decreased by 30% (P=0.005)
(figure 3D). The portal triad volume in the BPA
group was decreased by 20% (P=0.001), 13%
(P=0.036), 14% (P=0.021), and 17% (P=0.004)
in comparison with the control, RES, RES+BPA,
and olive oil groups, respectively (figure 3E). The
nucleus-to-cytoplasm volume ratio was reduced
in the RES, BPA, and olive oil groups by 19%
(P=0.017), 24% (P=0.006), and 19% (P=0.017)
compared with the control group, respectively.
Furthermore, this volume ratio in the RES+BPA
group, in comparison with the BPA group,
indicated an 18% increase (P=0.036) (figure 3F).

Estimation of the Total Number of Hepatocyte
Nuclei and KCs in the Liver

The number of hepatocyte nuclei in the BPA,
RES+BPA, and RES groups was decreased
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by 41% (P<0.001), 45% (P=0.001), and 21%
(P=0.004) by comparison with the control
group, respectively. Nonetheless, there was
no significant difference in the number of
hepatocytes between the RES group and the
control group. This parameter in the BPA and
RES+BPA groups was decreased by 50%
(P=0.001) and 27% (P=0.009) compared with
the olive oil group, respectively (figure 4A).
The number of KCs in the BPA group was
increased by 38% (P<0.001), 45% (P<0.001),
50% (P<0.001), and 42% (P<0.001) compared
with the control, RES, RES+BPA, and olive oil
groups, respectively (figure 4B).

Estimation of the Length of the Sinusoids in the
Liver

The length of the sinusoids in the RES+BPA
group was decreased by 10% (P=0.014)
compared with the control group. Furthermore,
the sinusoidal space length in the BPA
group was increased by 13% (P=0.001), 14%
(P=0.001), 21% (P<0.001), and 16% (P<0.001)
in comparison with the control, RES, RES+BPA,
and olive oil groups, respectively (figure 4C).

Qualitative Changes

Histological studies of the liver in H&E-
stained slides in the different groups showed
that the structure of the liver in the control, RES,
and olive oil groups was normal (figure 5A, B, &
F). The RES+BPA group had a relatively normal
liver tissue structure (figure 5C). Vacuolization,
sinusoidal dilatation (figure 5D), and congestion
were observed in the BPA group (figure 5E).

The present quantitative stereological study
was conducted on the structure of the liver after
BPA exposure, and the results indicated the
mitigating effects of RES. We found that the
use of BPA caused several structural changes
in the liver of rats by decreasing total liver and
portal triad volumes, diminishing nucleus and
cytoplasm volumes, truncating hepatocyte
numbers, augmenting sinusoidal space volumes
and lengths, and increasing KC numbers.

Han C and colleagues showed that BPA
exerted substantial destructive effects on the
liver tissue.?” Recently, oxidative stress has
been proposed as another harmful cellular
effect of BPA on the liver.2 The manufacture of
ROS is influenced by the activity of nicotinamide
adenine dinucleotide phosphate oxidase in
hepatic stellate cells, KCs, and hepatocytes.?®
ROS released by KCs and hepatocytes can
increase oxidative stress in hepatocytes and
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thus, their apoptosis.*® Macrophages that enter
the liver tissue when it is exposed to the toxic
effects of BPA, cause the release of oxygen
free radicals (OFRs).?' Hassan and colleagues
demonstrated that BPA caused hepatotoxicity
by inducing oxidative stress in the liver.” Hence,
BPA-induced ROS and oxidative stress may
bring about changes in the liver structure.
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Figure 4: The aligned dot plots of quantitative changes|
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sinusoidal space (C) are depicted. P<0.005 was considered
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as done to analyze the data of the different groups. RES:
Resveratrol; RES+BPA: Resveratrol+Bisphenol A; BPA:
Bisphenol A
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Figure 5: Photomicrographs of the rats’ livers are shown. The control (A), RES (B), RES+BP (C), BPA (D&E), and olive oil (F)
groups were stained with hematoxylin and eosin (H&E x20). Comparisons of the liver tissue between the different groups show a
dilated sinusoidal space, a decreased hepatocyte cytoplasm volume, vacuolated foamy hepatocytes filled with a lipid type (arrow),
and congestion (star sign) in the BPA group. No structural changes are identified in the rats treated with RES. RES: Resveratrol;

RES+BPA: Resveratrol+Bisphenol A; BPA: Bisphenol A

KCs are hepatic macrophages set in the
lumen of the liver sinusoids. When activated,
they release several cytokines and play a
key role in the pathogenesis of various liver
diseases.®?? KCs have been posited as the
source of the inflammatory response, because
they are implicated in the production of pro-
inflammatory cytokines.* The oral administration
of BPA induces inflammatory cellular infiltration,
increases the number of KCs, and causes other
histopathological changes in the mouse liver.3
A study demonstrated that treatment with BPA
led to vacuolated hepatocytes, dilated sinusoids,
and increased KC numbers.% In the same line,
previous research indicated that BPA causes
cell inflammation,*® hepatocyte vacuolation, and
liver damage.*® Our quantitative microscopic
examination confirms these findings.

In the current investigation, we also focused
on identifying the effects of RES on the liver
exposed to BPA and observed the protective
effects of this herbal compound on the liver
manifested as diminished KC numbers,
augmented total liver volume, enhanced
hepatocyte nucleus and cytoplasm volumes,
and increased hepatocyte numbers. Gong
and colleagues reported that RES prevented
the increase in oxidative enzymes, thus
preventing liver oxidation.*” In a previous study,
investigators induced liver damage by the acute
administration of carbon tetrachloride (CCl4),
and observed that the transferase enzymes
in the liver tissue were increased significantly,
while RES completely prevented the increase in
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catalytic enzymes.*® Another study showed that
RES conferred protection against methotrexate-
induced hepatic injury in rats.*® The results of
another investigation on RES suggested that it
lowered mortality and liver damage in mice.°
Kawada and others showed that RES selectively
decreased the level of cell-cycle protein in
stellate cells in the liver and concluded that
the generation of nitric oxide (NO) and tumor
necrosis factor-a (TNF-a) by lipopolysaccharide-
stimulated KCs was strongly inhibited by RES.'

In the present study, BPA consumption
resulted in increased KC numbers, sinusoidal
space lengths and volumes, and tissue
vacuolation, while it led to diminished hepatocyte
numbers, hepatocyte nucleus and cytoplasm
volumes, and portal triad volumes, all of which
affected a reduction in the total volume of the
liver tissue. We observed that the use of 50 mg/
kg of BPA to rats, in comparison with their control
counterparts, created histologically altered liver
tissue, inflammatory factor release, macrophage
accumulation, sinusoidal dilatation, and
vacuolated hepatocytes, followed by increased
KC numbers, diminished liver and portal triad
volumes, and decreased hepatocyte numbers.
In other words, BPA caused severe injury to the
liver, and it appears that BPA increased NO and
led to sinusoidal dilatation.*?

Our findings appear to confirm the notion
that RES protects the liver against damage
by decreasing the total number of KCs and
probably reducing ROS. Moreover, our results
demonstrated that RES conferred an increase
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in the volume of the liver and the total number
of hepatocytes and decreased the sinusoidal
space. The major limitation of the current study
was, however, the currently inevitable practice of
animal euthanasia.

Conclusion

In the present stereological study, rats exposed
to BPA were treated with different combinations
of RES. Complications caused by BPA to the
liver structure included reduced hepatocyte
numbers, decreased hepatocyte nucleus and
cytoplasm volumes, and increased sinusoidal
spaces. The results demonstrated that while
BPA led to oxidative damage to the liver by
augmenting KC numbers, the consumption of
RES conferred liver protection. We recommend
that future studies on RES measure such factors
as liver enzymes to obtain more robust results.
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