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Bisphenol A (BPA) is one of the most produced chemicals in the world and has been widely employed in

the food industry. Continuous and widespread exposure to BPA through drinking water and food leads to

health concerns for humans. This study evaluated the effects of boron (B) on BPA-mediated oxidative

stress in male Wistar albino rats. Rats were equally divided into 5 groups; corn oil was given orally to the

control group; 25 mg kg−1 of BPA dissolved in corn oil was given orally to the second group. All other

groups received the same dose of BPA and different doses of B (5, 10, and 20 mg kg−1 per day, respect-

ively) orally for 30 days. The administration of BPA significantly decreased glutathione levels and increased

malondialdehyde levels in rat tissues. Furthermore, BPA treatment reduced the catalase and superoxide

dismutase activities in tissues and erythrocytes. Also, mRNA expression levels of TNF-α, IL-1β, and IL-6 in

the brain, liver, and testes of rats were augmented, whereas IL-10 was decreased with BPA treatment.

Besides, BPA treatment adversely altered biochemical parameters and caused damage to the cell integrity

of rat tissues. However, B administration reversed BPA-induced alterations in rat tissues in a dose-depen-

dent manner. Furthermore, B exhibited antioxidant and anti-inflammatory effects and regulated metabolic

and histopathological alterations in male Wistar albino rats exposed to BPA.

1. Introduction

Bisphenol A (BPA) is a monomer widely found in polycarbo-
nate plastics including food storage containers, baby bottles
and water bottles.1,2 It is also employed in the production of
internal coatings for beverage and food cans to protect the
food content from direct contact with the metal. However, BPA

residues can migrate into foods due to high temperatures.
Exposure to BPA occurs mainly by ingestion, inhalation, and
dermal routes.1,3 This substance causes various adverse health
effects such as cancer, and endocrine, reproductive, metabolic
and cardiovascular disorders.4,5 BPA also induces ROS-
mediated oxidative stress by decreasing antioxidant enzymes
(especially, superoxide dismutase, catalase, GSH reductase and
GSH peroxidase) and by increasing the level of thiobarbituric
acid-reactive substances. In addition, ROS generation caused
by BPA significantly compromises mitochondrial function.6

Some reports have indicated that enhanced inflammation
plays important roles in BPA-induced disorders.4,7–9 Fischer
et al.4 showed that BPA altered the production of inflammatory
cytokines and subsequently caused immune dysfunction,
which may promote the development of breast cancer. Aboul
Ezz et al.8 reported that BPA caused cardiotoxic effects by the
overproduction of free radicals. Besides, Yin et al.9 suggested
that ROS plays a pivotal role in BPA-caused male reproductive
toxicity.

Boron (B) is an element of the metalloid group and pos-
sesses properties between nonmetals and metals.10 It is found
only in compounds because it does not occur in free form in
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nature. The most common compounds of boron include boric
acid, borax, borax-pentahydrate, sodium perborates, ulexite,
and colemanite. In addition, boric acid is the most probable
form of boron after ingestion by the organism.11,12 Boron com-
pounds are employed in the food industry as food preserva-
tives, emulsifiers, water softeners, stabilizers, and pH adjus-
ters. They are also used in various applications, including
glass fiber, insulation, laundry bleach, chemical fertilizer, her-
bicides, frit, enamel coating, and ceramic glazes.10,13,14 Boron
is an essential element found in plants, and high levels of this
element are provided by several foodstuffs, including beans,
peanuts, avocado, grape juice, table wine, and chocolate
powder. A single adult diet contains up to 40 mg of B.15,16

Also, B plays a significant role in metabolism by regulating
enzymes and hormones.17–19 Moreover, B exhibits antioxidant
activity through inhibiting the generation of ROS and has anti-
genotoxic and hepatoprotective effects.20–22 Based on the well-
known positive effects of B, the consumption of foodstuffs rich
in B may ameliorate the negative health outcomes of risky
chemicals such as BPA.

This study aimed to investigate the possible protective role
of B in BPA-induced oxidative stress, alterations in biochemical
parameters and histopathological alterations in rat tissues. In
addition, the expression levels of IL-1β, IL-10, IL-6, and TNF-α
genes were evaluated in the brain, liver, and testis tissues.

2. Materials and methods
2.1. Materials

BPA and boric acid (H3BO3) were purchased from Alfa Aesar
(Karlsruhe, Germany) and Sigma-Aldrich Co. (St Louis,
Missouri, USA), respectively. Boric acid is employed in this
study as the boron source due to its high purity (>99%) and
good absorption features in the gastrointestinal tract. Besides,
B was dissolved in physiological saline and BPA was dissolved
in corn oil. All other reagents and chemicals were of analytical
grade and obtained from various commercial sources.

2.2. Study design

2.2.1. Animals and groups. Thirty-five male Wistar albino
rats (250–300 g) were purchased from the Experimental Animal
Application and Research Center of Afyon Kocatepe University,
Turkey. All experimental protocols were confirmed by the
Afyon Kocatepe University Ethics Committee (permit number:
49533702-31). Before starting the experiment, the rats were
adapted to the animal facility circumstances for seven days.
Throughout the experimental period, all animals were kept in
a well-ventilated room at 25 °C with 50–55% relative humidity
in a 12 h light/dark cycle. Also, they were maintained on fresh
deionized water and a diet containing a low level of B23

ad libitum. To determine the level of B in the rat diet, ICP-OES
(Optima 8300 DV, Waltham, MA, USA) was employed. The rats
were allocated into five groups (n = 7). All groups were treated
with the related compounds for 30 days. Group I served as the
control group and was treated orally with corn oil (0.5 ml).

Group II was given 25 mg kg−1 day−1 of BPA by gastric gavage.7

Moreover, the same dose of BPA concomitantly was given with
different doses of B (5, 10 and 20 mg kg−1 day−1, respectively)21

to Groups III, IV and V.
2.2.2. Sample collection and processing. The male Wistar

albino rats were fasted overnight and on the following day they
were anesthetized with ketamine/xylazine. After the collection
of blood samples by cardiac puncture, the rats were sacrificed
and their tissues including the lung, liver, testis, kidney, heart,
and brain were obtained. Firstly, plasma samples were
obtained from blood samples within 30 min by means of cen-
trifugation (3500 rpm, 15 min, 4 °C). Then, the precipitated
erythrocytes were washed 3 times in isotonic saline (pH 7.4) to
obtain a 10% erythrocyte suspension. The above-mentioned
rat tissues were directly washed with ice-cold 0.9% NaCl
buffer. Afterwards, in chilled Tris-HCl buffer (pH 7.4), tissue
samples were trimmed and rinsed. In the same buffer, the
tissues were homogenized and then centrifuged (3500 rpm,
10 min, 4 °C). The prepared supernatants were kept at −20 °C
until the measurement.

2.3. Measurement of oxidative stress markers

The level of malondialdehyde (MDA), an important lipid per-
oxidation biomarker, was measured in whole tissue homo-
genates and blood samples according to the spectrophoto-
metric methods of Ohkawa et al.24 and Draper and Hadley,25

respectively. The concentration of MDA was determined at
532 nm by using a UV-Visible spectrophotometer (Shimadzu
1601, Tokyo, Japan) and expressed as nmol per g in wet tissue
and nmol per ml in blood.

The level of reduced glutathione (GSH), an important sub-
stance of the non-enzymatic defence system, was spectrophoto-
metrically measured in tissue and blood samples.26 The
method determines the reaction between glutathione and 5,5′-
dithiobis-2-nitrobenzoic acid resulting in thiolate formation at
412 nm. The GSH level was expressed as nmol per g wet tissue
and nmol per ml blood.

Superoxide dismutase (SOD) and catalase (CAT) are anti-
oxidant enzymes that play an essential role against oxidative
stress. The SOD activity of the erythrocyte lysate and the tissue
homogenate was spectrophotometrically measured at 560 nm
(ref. 27) and expressed as U per g protein in tissue and U per g
hemoglobin (Hb) in erythrocyte. The activity of CAT in the
erythrocyte lysate28 and the tissue homogenate29 was spectro-
photometrically determined through monitoring the decompo-
sition of H2O2 at 240 nm for 45 s at room temperature and
expressed as k per µg protein in tissue and k per gHb in erythro-
cyte (k; nmol min−1). The hemoglobin content of erythrocytes
and the protein content of tissues were required for the calcu-
lation of CAT and SOD activities and measured according to the
methods of Drabkin and Austin30 and Lowry et al.,31 respectively.

2.4. Histopathology of tissues

After the dissection of the rats, their tissues were collected and
fixed with formaldehyde solution (10% w/v). Afterwards, histo-
pathological analysis of the tissues including the brain, lung,
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heart, liver, testis and kidney was performed by employing
follow-up procedures. At the end of this procedure, the tissues
were embedded in paraffin blocks. Then, they were cut as
paraffin sections (5–6 μm thick) and stained with haematoxy-
lin–eosin. Histopathological changes of the tissues were ana-
lyzed using a light microscope (Olympus Bx51) which was com-
bined with an Olympus DP20 camera and the results are pre-
sented in Table 6.

2.5. Determination of biochemical parameters

The plasma concentrations of aspartate transaminase (AST),
alkaline phosphatase (ALP), alanine transaminase (ALT),
glucose, triglyceride, low-density lipoprotein (LDL), high-
density lipoprotein (HDL), cholesterol, creatinine and blood
urea nitrogen (BUN) were determined by using commercial
diagnostic kits (Biolabo Laboratories, Maizy, Picardy, France)
according to the manufacturer’s recommendation.

2.6. Determination of the expression levels of IL-1β, IL-6,
TNF-α, and IL-10 genes

Real-time PCR was employed to determine the expression
levels of IL-1β, IL-6, TNF-α, and IL-10. Tri-Pure Reagent (Roche,
Germany) was used to extract total RNA of the tissues (testis,
liver and brain). The quantification of the isolated RNA was
performed by using Nanodrop ND-1000 (Thermo, USA) and
the RNA purity was determined at OD260/280. An RT2 HT First
Strand kit (Qiagen, Germany) was used for the reverse tran-
scription of total RNA. Specific primers for IL-1β (sense:
CACCTCTCAAGCAGAGCACAG, anti-sense: GGGTTCCATGGTG-
AAGTCAAC), IL6: (sense: CCTGGAGTTTGTGAAGAACAACT anti-
sense: GGAAGTTGGGGTAGGAAGGA), IL 10: (sense: AGTGGAG-
CAGGTGAAGAATGA, anti-sense: TCATGGCCTTGTAGACACCTT),
TNF-α (sense: CTTCTGTCTACTGAACTTCGG, anti-sense:
GTGCTTGATCTGT-TGTTTCC), and GAPDH (GAPDH sense:
ACCACAGTCCATGCCATCAC, anti-sense: TCCACCACCCTGTTG-
CTGTA) were acquired from Ella Biotech GmbH (Martinsried,
Germany). The qRT-PCR analysis was carried out through a
Rotor-Gene Q with RT2 SYBR-Green ROX master mix (Qiagen,
Germany). The gene expression level was analyzed in triplicate
for each sample. The normalization of the data was performed
against GAPDH. The results were given as relative gene
expression by the 2−ΔΔCt method.

2.7. Data analysis

The data from the study were analyzed using SPSS (20.0) soft-
ware and expressed as means with their standard deviations
(±SD). One-way analysis of variance was performed followed by
the post hoc test of Duncan. p < 0.05 was accepted as statisti-
cally significant.

3. Results
3.1. Boron content analysis of animal feed

The B content of the prepared rodent diet was analyzed and
the level of B was found to be less than 0.018 mg kg−1. The

influence of this concentration of B is insignificant; therefore,
the diet was found to be suitable for the present study.

3.2. Effect on LPO and GSH

Treatment with BPA significantly increased MDA levels of
blood, testis, liver, brain, and kidney, (p < 0.001); lung (p =
0.001); and heart (p < 0.05) tissues when compared to the
control group. In contrast, B dose-dependently ameliorated the
changes in whole blood and tissues (Table 1). Administration
of BPA decreased GSH levels in whole blood and lung (p <
0.001), heart and kidney (p = 0.001), liver (p < 0.01), and brain
and testis (p < 0.05) tissues compared to the control group.
However, B application yielded higher levels of GSH in blood
and other tissues in the control group than in the BPA group
(Table 2).

3.3. Effect on antioxidant enzymes

SOD activities in the BPA group were found to be lower in
erythrocytes, lung and liver (p < 0.001); brain and testis (p <
0.01); and heart and kidney (p < 0.05) tissues compared to the
control group (Table 3). Similarly, the CAT activities of the BPA
group were also reduced in erythrocytes, brain, lung, kidney,
heart, and testis (p < 0.001); and liver (p = 0.001) tissues com-
pared to the control group (Table 4). However, B treatment
reversed the changes in the activities of SOD and CAT.

3.4. Effects on gene expression levels

Treatment with BPA increased the expression levels of TNF-α
(Fig. 1A), IL-1β (Fig. 1B), and IL-6 (Fig. 1C) genes, whereas it
decreased the expression level of the IL-10 (Fig. 1D) gene in
the brain, liver, and testis tissues compared to the control
group (p < 0.001). However, application of B ameliorated BPA-
induced changes in the expression levels of these inflam-
mation-related genes dose-dependently.

3.5. Effects on biochemical parameters

Administration of BPA (25 mg kg−1, p.o.) significantly
increased the plasma levels of AST, ALT, ALP, glucose, LDL,
cholesterol, BUN, creatinine (p < 0.001), and triglyceride (p <
0.01), whereas it decreased the HDL level (p < 0.001). Boron
administration reversed BPA-induced changes in the bio-
chemical parameters of rats (Table 5).

3.6. Effects on histopathology

Table 6 and Fig. S1–S6 in the ESI† demonstrate the histopatho-
logical alterations of tissues. In the BPA group, neuronal
degeneration and focal gliosis were observed in the brain
tissue (Fig. S1-B†), and thickening of the interalveolar septal
tissue and alveolar edema (Fig. S2-B and C†) were observed in
the lung tissue. Hyaline degeneration areas in the myocardium
(Fig. S3-B and C†) were also observed. In the kidney, focal
mononuclear cell infiltration in the glomerulus and degenera-
tive changes in tubular epithelial cells were seen (Fig. S4-B and
C†). In the liver, sinusoidal dilatation, hyperemia and degen-
erative changes in hepatocytes were observed (Fig. S5-B and
C†). Reduced spermatogenic density and degenerative changes
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in Sertoli cells (Fig. S6-B and C†) in the testis tissue were also
observed. In the groups that received B, moderate histopatho-
logical changes were seen in all of the above-mentioned

tissues in a dose dependent manner compared to the BPA
group (Fig. S1–6C, D and E†). No significant changes were
observed in the rat tissues of the control group (Fig. S1–6A†).

Table 1 Effects of BPA treatment and concomitant treatment of BPA with B5, B10, and B20 on malondialdehyde levels in rat tissues

Treatment
design

Blood
(nmol ml−1)

Kidney
(nmol g−1 tissue)

Liver
(nmol g−1 tissue)

Heart
(nmol g−1 tissue)

Brain
(nmol g−1 tissue)

Lung
(nmol g−1 tissue)

Testis
(nmol g−1 tissue)

Control 6.71 ± 0.77d 5.14 ± 0.39c 6.22 ± 0.81c 3.53 ± 0.26b 3.36 ± 0.84b 4.36 ± 0.66c 4.41 ± 0.90b

BPA 12.16 ± 1.21a 9.25 ± 0.92a 11.10 ± 1.22a 4.64 ± 0.81a 6.01 ± 0.90a 6.14 ± 0.87a 7.04 ± 1.07a

B5 + BPA 8.45 ± 1.43bc 9.07 ± 1.10a 7.36 ± 0.91b 4.12 ± 0.77ab 5.22 ± 0.86a 5.79 ± 0.59ab 4.93 ± 0.44b

B10 + BPA 9.16 ± 1.31b 7.65 ± 0.85b 7.26 ± 0.69bc 4.23 ± 0.80ab 5.38 ± 1.03a 5.23 ± 0.80b 4.52 ± 0.78b

B20 + BPA 7.47 ± 1.09cd 6.05 ± 1.00c 7.16 ± 0.86bc 3.86 ± 0.43b 5.13 ± 1.17a 5.20 ± 0.63b 4.58 ± 0.47b

BPA: bisphenol A at a dose of 25 mg kg−1; B5: boron at 5 mg kg−1 dose; B10: boron at 10 mg kg−1 dose; B20: boron at 20 mg kg−1 dose. Values are
mean ± standard deviations; n = 7. a,b,c,dIn the same column, values with different letters show statistically significant differences in the blood,
kidney, liver, brain, testis (P < 0.001), lung (P = 0.001), and heart (P < 0.05).

Table 2 Effects of BPA treatment and concomitant treatment of BPA with B5, B10, and B20 on glutathione levels in rat tissues

Treatment
design

Blood
(nmol ml−1)

Kidney
(nmol g−1 tissue)

Liver
(nmol g−1 tissue)

Heart
(nmol g−1 tissue)

Brain
(nmol g−1 tissue)

Lung
(nmol g−1 tissue)

Testis
(nmol g−1 tissue)

Control 62.84 ± 7.30a 27.80 ± 3.52a 29.32 ± 4.17a 22.77 ± 3.46a 22.13 ± 2.90a 27.94 ± 2.76a 24.75 ± 3.40a

BPA 42.18 ± 5.03c 19.09 ± 2.35b 22.85 ± 2.00c 16.93 ± 1.11c 18.01 ± 2.57b 21.93 ± 1.91c 21.36 ± 1.62b

B5 + BPA 47.91 ± 6.20b 24.14 ± 4.18a 23.42 ± 2.44bc 18.74 ± 1.50bc 20.30 ± 1.87ab 23.25 ± 1.25bc 21.69 ± 2.140b

B10 + BPA 51.48 ± 5.45b 24.91 ± 2.25a 24.94 ± 3.44bc 18.88 ± 1.32bc 21.74 ± 1.92a 24.43 ± 1.56b 22.31 ± 1.43ab

B20 + BPA 61.77 ± 6.64a 25.04 ± 4.34a 27.17 ± 3.88ab 19.79 ± 2.74b 21.91 ± 2.87a 24.49 ± 1.98b 23.45 ± 1.33ab

BPA: bisphenol A at a dose of 25 mg kg−1; B5: boron at 5 mg kg−1 dose; B10: boron at 10 mg kg−1 dose; B20: boron at 20 mg kg−1 dose. Values are
mean ± standard deviations; n = 7. a,b,cIn the same column, values with different letters show statistically significant differences in the blood,
lung (p < 0.001), heart, kidney (p = 0.001), liver (p < 0.01), brain and testis (p < 0.05).

Table 3 Effects of BPA treatment and concomitant treatment of BPA with B5, B10, and B20 on superoxide dismutase activities in erythrocytes and
tissues of rats

Treatment
design

Erythrocyte
(U gHb−1)

Kidney
(U μg−1 protein)

Liver
(U μg−1 protein)

Heart
(U μg−1 protein)

Brain
(U μg−1 protein)

Lung
(U μg−1 protein)

Testis
(U μg−1 protein)

Control 21.57 ± 1.75a 8.14 ± 1.48a 8.54 ± 1.20a 7.13 ± 0.96a 7.40 ± 1.38a 5.58 ± 0.89a 5.90 ± 1.15a

BPA 14.89 ± 1.48b 5.58 ± 1.73b 5.52 ± 0.76c 5.68 ± 0.98b 4.37 ± 0.96c 3.64 ± 0.87c 4.01 ± 1.04b

B5 + BPA 15.25 ± 2.28b 5.76 ± 1.53b 6.26 ± 1.23bc 6.42 ± 0.67ab 5.26 ± 1.23bc 4.12 ± 0.79bc 4.65 ± 0.82b

B10 + BPA 16.06 ± 2.91b 7.11 ± 1.42ab 7.32 ± 1.10ab 6.44 ± 0.72ab 6.18 ± 1.34ab 4.88 ± 0.7ab 4.13 ± 0.92b

B20 + BPA 21.56 ± 3.35a 6.94 ± 1.27ab 7.45 ± 1.24ab 7.08 ± 1.03a 6.3 ± 1.46ab 5.12 ± 0.63a 4.50 ± 0.77b

BPA: bisphenol A at a dose of 25 mg kg−1; B5: boron at 5 mg kg−1 dose; B10: boron at 10 mg kg−1 dose; B20: boron at 20 mg kg−1 dose. Values are
mean ± standard deviations; n = 7. a,b,cIn the same column, values with different letters show statistically significant differences in erythrocytes,
lung, liver (p < 0.001), brain, testis (p < 0.01), kidney and heart (p < 0.05).

Table 4 Effects of BPA treatment and concomitant treatment of BPA with B5, B10, and B20 on catalase activities in erythrocytes and tissues of rats

Treatment
design

Erythrocyte
(k per gHb)

Kidney
(k per μg protein)

Liver
(k per μg protein)

Heart
(k per μg protein)

Brain
(k per μg protein

Lung
(k per μg protein)

Testis
(k per μg protein)

Control 6.34 ± 1.3a 1.71 ± 0.39a 6.68 ± 1.28a 1.12 ± 0.38a 1.08 ± 0.17a 1.31 ± 0.19a 0.43 ± 0.07a

BPA 3.08 ± 0.71c 0.68 ± 0.12c 4.23 ± 1.03b 0.46 ± 0.11b 0.48 ± 0.15c 0.61 ± 0.10c 0.13 ± 0.03c

B5 + BPA 3.18 ± 0.97c 0.87 ± 0.16c 4.33 ± 0.75b 0.88 ± 0.19a 0.66 ± 0.19b 0.68 ± 0.17c 0.15 ± 0.04c

B10 + BPA 4.04 ± 0.66c 1.54 ± 0.33ab 4.61 ± 1.20b 0.87 ± 0.23a 0.75 ± 0.13b 0.85 ± 0.13b 0.17 ± 0.03c

B20 + BPA 5.19 ± 1.06b 1.35 ± 0.26b 5.06 ± 0.89b 0.93 ± 0.15a 1.03 ± 0.16a 1.27 ± 0.17a 0.25 ± 0.05b

BPA: bisphenol A at a dose of 25 mg kg−1; B5: boron at 5 mg kg−1 dose; B10: boron at 10 mg kg−1 dose; B20: boron at 20 mg kg−1 dose. Values are
mean ± standard deviations; n = 7. a,b,cIn the same column, values with different letters show statistically significant differences in erythrocytes,
kidney, brain, lung, testis, heart (p < 0.001), and liver (p = 0.001).
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4. Discussion

The present study showed that oral exposure to BPA caused
lipid peroxidation whereas it decreased SOD and CAT enzyme
activities and GSH levels in Wistar albino rats. In accordance
with our study, recent studies about BPA have also demon-
strated that the administration of this substance at different
doses adversely affected oxidative stress parameters by increas-
ing MDA levels, decreasing GSH levels, and decreasing SOD
and CAT activities in experimental animals.8,32–34 Also, several
antioxidant substances have been evaluated for their protective
or preventive effects against BPA induced oxidative stress. For
instance, Poormoosavi et al.35 reported that BPA treatment
(10 mg kg−1, 8 weeks) increased MDA levels and decreased
GSH levels and total antioxidant capacity in the serum of rats.
Furthermore, concomitant treatment with an Asparagus offici-
nalis extract (400 mg kg−1) exhibited protective effects against
BPA-induced oxidative damage. Similarly, Morgan et al.36

observed that BPA administration to rats at a dose of 25
mg kg−1 for 50 days increased MDA levels and decreased GSH
levels and the enzyme activities of SOD and CAT in the kidney,
brain, and testis tissues. However, cinnamon treatment
(200 mg kg−1) ameliorated BPA induced oxidative damage.
Also, Jain et al.37 investigated the effect of concomitant admin-
istration of BPA (2 and 20 µg kg−1 for 28 days) and
N-acetylcysteine (100 mg kg−1) on oxidative stress parameters
in rat brains and concluded that N-acetylcysteine successfully
reversed BPA-induced alterations. Consistent with these
studies, B, which is a potent antioxidant substance,38 showed
protective effects on BPA-induced oxidative damage in the

blood and brain, heart, lung, kidney, testis, and liver tissues of
rats in our study. This protective effect of B may be associated
with its scavenger effects on free radicals.20,21

Oxidative stress plays an essential role in the emergence of
a number of chronic disorders such as diabetes and cancer by
inducing inflammation. This situation can activate several
transcription factors such as p53 and NFκB, which might
demonstrate the relation of BPA with the inflammatory pro-
cesses.34,39 Elswefy et al.40 gave BPA (50 mg kg−1) to rats orally
for 8 weeks and reported that BPA administration significantly
increased the serum level of IL-1β and reduced the level of
IL-10. Also, Hussein and Eid41 administered BPA to Swiss
Albino male mice via drinking water after dissolving in 1%
ethanol for 3 weeks at doses of 48, 60, 80, 120 and 240 mg kg−1

which correspond to 1/50, 1/40, 1/30, 1/20 and 1/10 LD50 of
BPA, respectively. They concluded that IL-1β expression levels
were significantly increased in the liver at all selected doses.
Moreover, the expression level of IL-6 was augmented signifi-
cantly at higher doses (1/20 and 1/10 LD50). Similarly, we
determined that BPA treatment at a dose of 25 mg kg−1

increased the expression of TNF-α, IL-6, and IL-1β, while it
reduced the expression level of IL-10. In contrast, B treatment
reversed BPA-induced alterations in a dose dependent manner
based on its anti-inflammatory effect.38,42

Different doses and durations of BPA treatment have
affected biochemical parameters in experimental
studies.33,35,43,44 The intraperitoneal application of BPA to
mice at doses of 0.5 and 2 mg kg−1 for 4 weeks dose-depen-
dently increased the levels of blood glucose, triglycerides, total
cholesterol and LDL, and significantly reduced the levels of

Fig. 1 Effects of BPA treatment and concomitant treatment of BPA with B5, B10, and B20 on TNF-α (A), IL-1β (B), IL-6 (C), and IL-10 (D) gene
expression levels in the liver, brain and testis tissues of male rats by RT-PCR. BPA: bisphenol-A at a dose of 25 mg kg−1; B5: boron at 5 mg kg−1 dose;
B10: boron at 10 mg kg−1 dose; B20: boron at 20 mg kg−1 dose.
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HDL.43 Poormoosavi et al.35 reported that exposure of 10 mg
kg−1 of BPA to rats for 8 weeks significantly increased the bilir-
ubin, urea and creatinine levels and the activities of AST, ALT,
and ALP. Moreover, Asparagus officinalis extract (400 mg kg−1)
supplementation significantly normalized these parameters
compared to BPA-treated rats. Also, Abdel-Wahab44 determined
that 10 mg kg−1 of BPA treatment in rats elevated the level of
total bilirubin and the activity of AST and ALP in the serum,
and the levels of markers are reversed by thymoquinone treat-
ment at a dose of 10 mg kg−1. Our results are in agreement
with the above-mentioned studies. Administration of BPA
increased plasma ALT, ALP, AST, triglyceride, LDL, cholesterol,
glucose, BUN and creatinine levels and decreased HDL levels.
Concomitant treatment of BPA and B brought the levels of
these markers close to that of the control group dose-
dependently.

The present study suggests that oral administration of BPA
(25 mg kg−1) induces obvious histopathological alterations in
various rat tissues including focal gliosis and neuronal
degeneration in the brain; hyaline degeneration in myocardial
cells; interalveolar septal thickening and alveolar edema for-
mation in the lungs; focal glomerular mononuclear cell infil-
tration and degenerative changes in tubular cells in the
kidney; degenerative changes in hepatocytes around the vena
centralis in the liver; and degenerative changes in Sertoli cells
and decrease of spermatogenic density in the testis. Morgan
et al.36 investigated the effects of BPA (25 mg kg−1) on the
kidney, brain, and testis tissues of male Wistar albino rats and
found that BPA treatment induced hypercellularity and
glomerular congestion in the kidney; pyknosis, neuronophagia
and perineuronal satellitosis in the mid brain; and peri-
vascular edema, hyperemia, and degeneration in the testis.
Comparably, BPA treatment (25 mg kg−1) of rats caused con-
gestion areas in the kidney,45 necrotic lesions and congestion
areas in the liver7 and the formation of many hyperchromatic
cells in the brain.46 Similarly, Kamel et al.34 reported that oral
treatment with BPA at a dose of 20 mg kg−1 for 30 days
induced degenerative changes of parenchymal cells, sinusoidal
congestion, multifocal vacuolar degeneration and lymphoid
aggregates in the liver of rats. Moreover, an irregular outline of
seminiferous tubules and detached degenerative primary
spermatogonia from the wall of seminiferous tubules were
seen in the testes. Also, Kattaia and Abdel Baset47 reported
that a 50 mg kg−1 BPA treatment resulted in mild thickening
of the interalveolar septa and inflammatory cell infiltration in
focal areas, and extravasated red blood cells in the alveolar
and bronchiolar lumen of the lung tissue of male rats.
Poormoosavi et al.35 observed that the treatment of rats with
10 mg kg−1 BPA induced necrotic alterations of hepatocytes,
and increased lymphocytic infiltration and proliferation of
Kupffer cells. Besides, glomerular congestion, swelling in prox-
imal tubules and acute tubular necrosis were seen in the
kidney. Also, Kanwal et al.48 indicated that application of a
high dose of BPA (100 mg kg−1) induced hepatic toxicity, illus-
trated by the pyknotic nucleus, necrosis, vacuolization, and
inflammation around the portal and central vein of maleT
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Wistar albino rats. The results of the current study regarding
histopathological changes are in accordance with previously
reported studies and B ameliorated BPA induced changes in
rat tissues due to its antioxidant and cell protective effects.21,38

5. Conclusion

To the best of our knowledge, this work is the first to research
the effects of B on BPA-induced toxicity in rat tissues by evalu-
ating the changes in antioxidant, biochemical, inflammatory,
and histopathological parameters. The present study demon-
strated that B successfully reversed BPA-induced alterations in
oxidative stress, alterations in biochemical parameters and
inflammation. Also, B prevented tissue damage by inhibiting
lipid peroxidation and activating antioxidant enzymes.
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