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SUMMARY

Bisphenol A (BPA) is a key monomer in the production of plastics. It has been

shown to be hepatotoxic. Inflammation and oxidative stress are closely linked with

liver fibrosis, the major contributing factor to hepatic failure. Therefore, the aim of

this study was to evaluate the impact of chronic exposure to BPA on the develop-

ment of hepatic fibrosis in male rats and to determine the cross-talk between the

hepatic cytokine network, oxidative stress and apoptosis. For this purpose, 30 male

Wistar albino rats were divided into three equal groups as follows: the first group

was given no treatment (normal control group); the second group was given corn oil

once daily by oral gavage for 8 weeks (vehicle control group); and the third group

received BPA (50 mg/kg body weight/day, p.o.) for 8 weeks. BPA administration

induced liver fibrosis as reflected in an increase in serum hepatic enzymes activities,

hepatic hydroxyproline content and histopathological changes particularly increased

collagen fibre deposition around the portal tract. In addition, there was inflammation

(as reflected in increase in interleukin-1beta ‘IL-1b’, decrease in interleukin-10 ‘IL-

100 serum levels and increase in IL-1b/IL-10 ratio), oxidative stress (as reflected in

increase in malondialdehyde (MDA) level, reduction in reduced glutathione (GSH)

content and inhibition of catalase (CAT) activity) and apoptosis [as reflected in an

increase in caspase-3 level and a decrease in numbers of B-cell lymphoma 2 (BCL2)-

immunopositive hepatocytes]. Interestingly, BPA had an upregulating effect on an

extracellular matrix turnover gene [as reflected in matrix metalloproteinase-9

(MMP-9)] and a downregulating effect on its inhibitor gene [as reflected in tissue

inhibitor of matrix metalloproteinase-2 (TIMP-2)] expression. Thus, the mechanism

by which BPA induced liver fibrosis seems to be related to stimulation of the inflam-

matory response, along with oxidative stress, the apoptotic pathway and activation

of extracellular matrix turnover.
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Bisphenol A (BPA), 4,40-isopropylidenediphenol, is a ubiqui-

tous environmental endocrine-disrupting chemical. It has

been used extensively in the production of polycarbonate

plastics and epoxy resins that are then used in reusable

drinking and baby bottles, food storage containers, inner-

lining of food cans, dental sealants, currency papers, toys

and computer units (Diamanti-Kandarakis et al. 2009). BPA

can be released from these products in air, water and food

under high temperature and acidic or basic conditions (Wel-

shons et al. 2006). Moreover, people are exposed to this

contaminant during handling of thermal papers used in cash

register receipts through dermal contact (Biedermann et al.

2010). Thus, human exposure to BPA is unavoidable in

daily life. Neonates and infants are exposed to BPA during
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maternal pregnancy and/or lactation through the placenta

(Wan et al. 2010) and breast milk (Sun et al. 2004). Such

exposure can induce deleterious effects on reproductive

organ development (Suzuki et al. 2002) and disturbances in

metabolic (Liu et al. 2013), cardiovascular, immune and

neuroendocrine functions as well as cancer (De Coster &

van Larebeke 2012; Rochester 2013).

The liver is an essential metabolic organ responsible for

keeping homeostasis all over the body. It has several major

functions such as metabolism, detoxification of xenobiotics,

storage of glycogen and production of bile, cholesterol and

proteins (Grijalva & Vakili 2013). As BPA is primarily

metabolized by the liver through glucuronic acid conjuga-

tion, this organ is more vulnerable to lower doses of BPA

than other organs (Pottenger et al. 2000; Moon et al. 2012).

BPA induces oxidative stress and partial fat infiltration and

inhibits cytochrome P450 isoforms in the liver of rats (Han-

ioka et al. 1998; Bindhumol et al. 2003; R€onn et al. 2013).

Other in vivo experimental studies have shown that develop-

mental exposure to BPA causes liver diseases, including hep-

atic steatosis (Jiang et al. 2014), liver tumours (Weinhouse

et al. 2014) and metabolic syndrome (Wei et al. 2011; van

Esterik et al. 2014). Moon et al. (2012) have reported that

BPA may upregulate the expression of pro-inflammatory

cytokines, including interleukin-6 (IL-6) and tumour necrosis

factor-alpha (TNF-a), inducing lipid peroxidation in the

liver and impairing hepatic mitochondrial function. Chronic

liver injury is one of the major causes of progressive liver

fibrosis, bringing about cirrhosis, liver failure and carcinoma

(Thompson & Patel 2010). A plethora of evidence has

shown that an uncontrolled inflammatory cascade and gen-

eration of reactive oxygen species (ROS) are involved in

hepatic tissue remodelling and fibrosis (Steib et al. 2007;

Friedman 2008). On these bases, hepatic fibrosis is a likely

consequence of BPA-induced liver injury. Therefore, this

study aimed to explore the hepatotoxic effect of BPA after

long-term exposure in male rats and to underline molecular

mechanisms.

Materials and methods

Chemicals

Bisphenol A (BPA) (purity > 99%), hydroxyproline (Hyp),

chloramine-T and p-dimethylaminobenzaldehyde were pur-

chased from Sigma Chemical Co. (St Louis, MO, USA).

Corn oil was supplied from ARMA Oils Company (10th of

Ramadan City, Egypt). All other chemicals were of the

commercially available highest grade.

Animals

Thirty male Wistar albino rats (2–3 months old) weighing

180–220 g were obtained from the Egyptian Organization

for Biological Products and Vaccines (Cairo, Egypt). Rats

were housed in an air-conditioned atmosphere, at a temper-

ature of 25°C with alternatively 12-h light and dark cycles.

They were acclimatized for 1 week in stainless steel rodent

cages prior to starting the experiment. Animals were kept

on a standard rodent chow (El-Nasr, Abu Zaabal, Egypt)

and water ad libitum. The diet pellets contained 20% pro-

tein, 13% fiber and ash, 5% total fat (including 2% unsatu-

rated fat) and 62% carbohydrate.

Experimental design

Animals were divided randomly into three groups (10 ani-

mals per group) as follows: the first group was given no

treatment (normal control group); the second group was

given 1 ml vehicle (corn oil) once daily by oral gavage for

8 weeks (vehicle control group); and the third group (BPA

group) received BPA dissolved in corn oil (50 mg/kg body

weight/day, p.o.) for 8 weeks (Hassan et al. 2012). At the

end of the experimental period, rats were fasted overnight

and anesthetized with urethane (1.3 mg/kg) and blood sam-

ples were collected from the retro-orbital plexus and

allowed to clot. Serum was separated by centrifugation at

1000 g for 20 min and used immediately for the assessment

of liver function enzymes (alanine transaminase (ALT) and

aspartate transaminase (AST) activities. The remaining ali-

quot of serum was stored at �20°C until use for the deter-

mination of IL-1b and IL-10 levels. Then, rats were

sacrificed by decapitation and liver tissues were dissected,

washed with ice-cold saline, one portion (0.5 g from the

right lobe) was frozen in liquid nitrogen (�170°C), kept at

�80°C and subjected to determination of Hyp content, and

matrix metalloproteinase-9 (MMP-9) and tissue inhibitor of

matrix metalloproteinase-2 (TIMP-2) gene expressions.

About 0.3 g of each liver tissue was homogenized in cold

phosphate buffer (pH = 7.5). Tissue homogenates were cen-

trifuged at 1000 g for 15 min at 4°C, and then supernatants

were further used for the assessment of oxidative stress mar-

ker (malondialdehyde (MDA) and antioxidants (reduced glu-

tathione (GSH) contents and catalase (CAT) activity)), as

well as pro-apoptotic maker (caspase-3) level. A 4-mm slice

of hepatic tissues (from the right lobe) was fixed with 10%

neutral-buffered formaldehyde for histopathological and

immunohistochemical examinations.

Biochemical analysis of serum ALT and AST enzymatic
activities

These enzyme levels were determined spectrophotometrically

by commercial diagnostic kits (Diamond Co., Cairo, Egypt)

(Reitman & Frankel 1957) according to the manufacturer’s

instruction.

Quantification of Hepatic Hydroxyproline (Hyp)
Content

The hepatic Hyp content was determined as previously

described using the method of Fujita et al. (2003). Briefly,

liver samples were hydrolysed in 6 N HCl at 120°C for

18 h. After filtration of the hydrolysate, 5 ll was added to
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5 ll citric/acetate buffer (pH = 6) and 100 ll chloramine-T

solution in an ELISA plate. The mixture was incubated at

room temperature for 20 min and then treated with 100 ll
p-dimethylaminobenzaldehyde solution and incubated at

65°C for 15 min. After cooling to room temperature for

10 min, optical densities of samples were read spectrophoto-

metrically using a microplate reader (Sunrise, Austria) at

550 nm against a reagent blank containing no tissue and

compared with a standard curve of known amounts of Hyp.

Results were expressed as lg/g of wet tissue.

Histopathological examination

After proper fixation, liver specimens were dehydrated in

ascending grades of ethyl alcohol (70%, 90%, 100%),

cleared in xylol, impregnated and then embedded in paraffin

wax. Five-micrometre-thick sections were cut using rotatory

microtome (Leica RM 2155, England). Liver sections were

stained with Mallory trichrome stain to study collagen fibers

in relation to hepatic fibrosis (Drury & Wallington 1980).

Sections were examined under a light microscope, and repre-

sentative images were obtained. Area percentage of collagen

fibers/(lm)2 surface area in liver tissue was measured mor-

phometrically by Leica Qwin 500 image analyser (England)

which was connected to a Leica microscope in five high-

power microscopic fields/section within total six sections

from ten rats/group (Mohamad et al. 2011).

Real-time quantitative reverse-transcription polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from frozen liver using SV Total

RNA Isolation System (Promega, Madison, WI, USA) and

quantified spectrophotometrically at 260/280 nm. Residual

genomic DNA was removed by incubating RNA with

Rnase-free DNase I. The total extracted RNA was reverse-

transcribed into complementary DNA (cDNA) using RT-

PCR kit (Stratagene, USA). Random hexamers (primers) for

MMP-9 (GenBank accession number NM_009660.3),

TIMP-2 (GenBank accession number NM_029482.1) and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, house-

keeping gene) (GenBank accession number NM _071085.1)

genes were used for reverse transcription of RNA. The pri-

mer sequences used, product size and annealing temperature

are listed in Table 1. Total volume of the master mixture

was 19 ll for each sample. This mixture was added to the

13 ll RNA-primer mixture resulting in 32 ll of cDNA. The

last mixture was incubated in the programmed thermal

cycler for 1 h at 37°C followed by inactivation of enzymes

at 95°C for 10 min and finally cooled at 4°C. RNA was

then changed into cDNA. The amplification reactions were

performed in a 50 ll final volume, with thermal cycling con-

ditions of 2 min at 50°C, 10 min at 95°C and 40 cycles of

15 s at 95°C, 30 s at 60°C, 30 s at 72°C and 10 min at

72°C. A mixture of 25 ll SYBR Green I qPCR mixture

(2x), 0.5 ll liver cDNA, 2 ll primer pair mix and 22.5 ll
H2O was prepared in each optical tube. After finishing

PCR, the tubes were removed from the machine. The real-

time PCR result was analysed with qPCR equipment, step

one applied biosystem software (Qiagen). The cycle number

at which the transcripts were detectable (cycle threshold, Ct)

was normalized to the cycle number of GAPDH, referred to

as DCt. Relative changes in gene expression levels of sam-

ples to control were determined using the comparative

(2�DDCt) method (Schmittgen & Livak 2008).

The ECM turnover marker was calculated, as previously

described by Song et al. (2004), using the following equa-

tion: ECM turnover marker = MMP-9 mRNA expression/

TIMP-2 mRNA expression.

Assessment of serum of pro-inflammatory and anti-
fibrotic cytokines

Both IL-1b and IL-10 levels in serum were measured using

RayBio� rat enzyme-linked immunosorbent assay (ELISA)

kits (RayBiotech Inc., Norcross, GA, USA) using a microti-

tre plate reader (Sunrise, Austria) at 450 nm following the

manufacturers’ recommendations. The concentrations of

these cytokines were expressed as pg/ml.

Determination of lipid peroxidation product
(malondialdehyde “MDA”) content

Malondialdehyde (MDA) was estimated spectrophotometri-

cally by measuring the concentration of thiobarbituric acid-

reactive substances (TBARS) in the liver using Biodiagnostic

kit (Biodiagnostic, Dokki, Giza, Egypt) (Ohkawa et al. 1979).

Briefly, 1 ml TBA reagent was added to 0.2 ml of tissue

homogenate. Samples were incubated at 100°C for 30 min

and cooled. The supernatant absorbance was read at 534 nm.

Lipid peroxide level was expressed as nmol of TBARS/g wet

tissue using 1,1,3,3-tetraethoxypropane as a standard.

Table 1 The primers used for real-time PCR

Gene Primer sequence Annealing temperature Product size

MMP-9 Forward primer: 50-CACAGACAGCCTTCTGCAAC-30 60°C 141 bp

Reverse primer: 50-CATTTCCCACAGCCTTGAAT-30

TIMP-2 Forward primer: 50-AATGACATCTATGGCAACCCC-30 58°C 426 bp
Reverse primer: 50-AAGAACCATCACTTCTCTTG-30

GAPDH Forward primer: 50-AGC CAC ATC GCT GAG ACA C-30 55°C 148 bp

Reverse primer: 50-GCC CAA TAC GACCAA ATCC-30
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Measurement of hepatic antioxidants

To determine the non-enzymatic antioxidant (GSH) content,

we used the commercially available kit (Biodiagnostic, Dokki,

Giza, Egypt) according to the method of Beutler et al. (1963).

About 0.5 ml of tissue homogenate was added to a tube with

0.5 ml of 10% trichloroacetic acid (TCA). The tubes were

shaken gently and allowed to stand for 5 min, followed by

centrifugation at 700 g for 15 min. An aliquot of the resulting

supernatant (0.5 ml) was added to a test tube containing 1 ml

phosphate buffer and 0.1 ml Ellman’s reagent (5,50-dithiobis
(2-nitrobenzoic acid)), and absorbance was read at 412 nm

after 10 min. Results were expressed as mmol/g wet tissue.

Estimation of enzymatic antioxidant (CAT) activity was made

using kits provided by Biodiagnostic, Dokki, Giza, Egypt.

CAT activity was assessed colorimetrically, where each unit

of CAT decomposes 1 lM of hydrogen peroxide (H2O2) per

min at 25°C and pH = 7 according to the method of Aebi

(1984). CAT reacts with a known quantity of H2O2. The

reaction was stopped after exactly one min with CAT inhibi-

tor. In the presence of peroxidase, remaining H2O2 reacts

with 3,5-dichloro-2-hydroxybenzene sulphonic acid and 4-

aminophenazone to form a chromophore with a colour inten-

sity inversely proportional to the amount of CAT in the origi-

nal sample. Absorbance was read off at 510 nm. Enzyme

activity was expressed as unit/g wet tissue.

Estimation of caspase-3 level in hepatic tissues

Caspase-3 level was determined using ELISA Kit (CUSABIO

BIOTECH CO., LTD, China) and a microtitre plate reader

(Sunrise, Austria) at 450 nm according to the instructions of

the manufacturers. Levels were expressed as nmol/g tissue.

B-cell lymphoma 2 (BCL2) Immunohistochemical
staining

Paraffin-embedded liver sections were deparaffinized and

rehydrated. To block endogenous peroxidase activity, sec-

tions were incubated with 5% H2O2 for 10 min at room

temperature. After rinsing the slides with phosphate-buffered

saline (PBS), they were incubated with primary antibodies

against BCL2 (Santa Cruz Biotechnology, Santa Cruz, CA,

USA). Biotinylated secondary antibodies (DakoCytomation,

Carpinteria, CA, USA) directed against immunoglobulin

were then added and incubated for 15 min. Protein expres-

sion level was evaluated using a streptavidin–biotin–peroxi-
dase kit. Sections were stained with diaminobenzidine

(DAB) solution as a chromogen for BCL2 detection and

then counterstained with haematoxylin (Xiaohui et al.

2007). A negative control was generated using normal tis-

sues but omitting the primary antibody. Slides were exam-

ined under a light microscope, and representative images

were taken. The number of BCL2-positive hepatocytes was

counted morphometrically in five randomly selected high-

power microscopic fields within total six liver sections from

ten rats/group using a computerized image system composed

of a Leica Qwin 500 image analyser (England) which is con-

nected to a Leica microscope and was expressed as cell

number per lm² (Salama et al. 2013).

Statistical analysis

Data were presented as mean � SD, and statistical analysis

was performed by GraphPad Prism software. Differences

between the means of data were compared by one-way anal-

ysis of variance (ANOVA) test and Tukey–Kramer post hoc

test for analysis of group differences. The correlations

between the studied parameters were assessed using the

Pearson’s correlation coefficient (r). A P value of <0.05 was

considered to be statistically significant.

Ethical approval statement

This study was performed according to ethical guidelines of

the local ethics committee of animal handling (ECAHZU)

(Zagazig University, Egypt) and the recommendations of

Weatherall report.

Results

Liver function indices

Liver enzymes activities (ALT and AST) were decreased sig-

nificantly in the control group receiving corn oil as com-

pared to the normal group (P < 0.05). On the other hand,

Table 2 Effect of daily oral administration of bisphenol A (50 mg/kg body weight) for 8 weeks on serum liver function biomarkers

and cytokines as well as hepatic oxidative stress markers in male rats

Groups

Parameters

ALT (U/l) AST (U/l) IL-1b (pg/ml) IL-10 (pg/ml) IL-1b/IL-10
MDA

(nmol/g tissue)

GSH

(mmol/g tissue)

CAT

(U/g tissue)

Normal group 20.09 � 1.07 41.3 � 3.09 96.8 � 6.03 95 � 4.43 1.03 � 0.11 129.7 � 3.79 2.68 � 0.18 5.72 � 0.11

Control group 16.68 � 1.72* 34.17 � 4.4* 78.88 � 2.61* 109 � 6.29* 0.73 � 0.06 81.6 � 2.67* 3.47 � 0.29* 6.09 � 0.07*
BPA group 57.43 � 1.84$ 97.04 � 4.98$ 238.1 � 19.33$ 15.18 � 1.82$ 16.01 � 3.34$ 307 � 10.09$ 0.71 � 0.04$ 1.72 � 0.04$

Values were expressed as mean � SD (n = 6/group). *Significantly different from normal group at P < 0.05, $significantly different from control

group at P < 0.001 using ANOVA followed by Tukey–Kramer as a post hoc test. BPA, bisphenol A; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; IL-1b, interleukin-1beta; IL-10, interleukin-10; MDA, malondialdehyde; GSH, reduced glutathione; CAT, catalase.
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BPA administration significantly increased them by 3.44-fold

and 2.84-fold, respectively, with respect to control values

(P < 0.001) (Table 2).

Liver fibrosis markers

Liver fibrosis was evaluated biochemically by measuring

Hyp content as an index of collagen accumulation and histo-

logically by morphometric analysis of the area percentage of

blue colour (collagen fibers) using Mallory trichrome stain.

Biochemical measurement revealed a significant increase in

the liver Hyp content in BPA-intoxicated group reaching

6.36-fold as matched to the control group (P < 0.001) (Fig-

ure 1). Liver sections from normal and control groups

stained with Mallory trichrome revealed normal distribution

of collagen fibers (blue stain) around central vein (CV) and

portal tract (PT). However, BPA administration for 8 weeks

resulted in a marked increase in the density of collagen fibers

around portal tract (PT) (Figure 2A–C). Histomorphometric

analysis supported these results where BPA induced a signifi-

cant increase in fibrotic area around portal tract/lm2 surface

area of liver tissue by 6.58-fold compared to the control

group (P < 0.001). In contrast, although corn oil alone sig-

nificantly reduced hepatic Hyp content (P < 0.001), it pro-

duced a non-significant reduction in fibrotic area% with

respect to the normal group (Figures 1 and 2D).

Extracellular matrix turnover (ECM) markers

BPA-administered rats exhibited a significant increase in

hepatic MMP-9 mRNA expression in comparison with the

control group (P < 0.001). On the other hand, they dis-

played a significant decrease in hepatic TIMP-2 mRNA

expression relative to their control counterparts (P < 0.001)

(Figure 3). ECM turnover marker (MMP-9/TIMP-2 mRNA
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Figure 1 Effect of daily oral administration of bisphenol A
(50 mg/kg body weight) for 8 weeks on hepatic Hyp content in
male rats. Values were expressed as mean � SD (n = 6/group).
#Significantly different from normal group at P < 0.001,
$Significantly different from control group at P < 0.001 using
ANOVA followed by Tukey–Kramer as a post hoc test. BPA,
bisphenol A; Hyp, hydroxyproline.

Figure 2 Representative photomicrographs of liver sections
stained by Mallory trichrome (9200): (A) A liver section of an
adult male albino rat of normal group, showing the normal
distribution of collagen fibers around central vein (CV) and
portal tract (PT) (arrows). N.B. The collagen fibers are stained
blue. (B) A liver section obtained from an adult male albino rat
of control group receiving vehicle (corn oil), showing normal
distribution of collagen fibers around central vein (CV) and
portal tract (PT) (arrows). (C) A liver section taken from an
adult male albino rat receiving BPA, showing a marked increase
in collagen fibers deposition around portal tract (arrow) and
congested portal vein (PV) [Mallory trichrome 9 200]. (D) The
mean fibrosis (collagen) area percentage/lm2 surface area of
liver tissue in the studied groups of adult male albino rats.
Values were expressed as mean � SD (n = 6/group). $
Significantly different from control group at P < 0.001 using
ANOVA followed by Tukey–Kramer as a post hoc test. BPA,
bisphenol A.
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Figure 3 Hepatic MMP9 and TIMP2 mRNA expressions
relative to GAPDH in male rats receiving corn oil and/or
bisphenol A (50 mg/kg body weight) for 8 weeks. Values were
expressed as mean � SD (n = 6/group). #Significantly different
from normal group at P < 0.001, $Significantly different from
control group at P < 0.001 using ANOVA followed by Tukey–
Kramer as a post hoc test. BPA, bisphenol A; MMP-9, matrix
metallopeptidase-9; TIMP-2, tissue inhibitor of matrix
metalloproteinase-2.
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ratio) was significantly increased in BPA group compared to

the control group (84.72 � 19.12 vs. 0.79 � 0.2)

(P < 0.001), implying an imbalance between MMP-9 and

TIMP-2. The reverse pattern was observed in corn oil-trea-

ted control group when compared to the normal group

(P < 0.001) (Figure 3) except for ECM turnover marker

which showed a non-significant decrease from the normal

value (0.79 � 0.2 vs. 1.97 � 0.22).

Cytokines

Corn oil alone significantly reduced serum pro-inflamma-

tory cytokine (IL-1b) and increased serum anti-fibrotic

cytokine (IL-10) levels as matched to the normal group

(P < 0.01). However, BPA-intoxicated group showed a sig-

nificant increase in serum IL-1b level and a significant

reduction in serum IL-10 level in comparison with the con-

trol group (P < 0.001). Moreover, BPA induced a signifi-

cant increase in the ratio between IL-1b and IL-10 relative

to the control group (P < 0.001), suggesting a shift of

cytokine balance towards the pro-inflammatory cytokine

(IL-1b) (Table 2).

Hepatic oxidative stress

Corn oil possesses antioxidant properties as it significantly

lowered hepatic lipid peroxidation and increased both enzy-

matic and non-enzymatic antioxidants as compared to the

normal group. BPA induced oxidative stress in rat liver as

manifested by the significant increase in MDA as well as the

significant decrease in reduced GSH contents and CAT

activity with respect to control group (P < 0.001) (Table 2).

Liver apoptotic markers

In vehicle-treated control group, the level of hepatic cas-

pase-3 protein was significantly lower than the normal value

(P < 0.001), whereas the number of immunopositive BCL2-

stained hepatocytes was higher than the normal value

(P < 0.05). The BCL2 immune staining of liver sections of

normal and vehicle receiving rats revealed strong positive

cytoplasmic immunoreactions for BCL2 while those receiv-

ing BPA for 8 weeks showed weak positive cytoplasmic

immunoreactions for BCL2. Administration of BPA caused

also a significant increase in hepatic pro-apoptotic protein

caspase-3 level and a significant decrease in the number of

immunopositive BCL2-stained hepatocytes compared to the

control group (P < 0.001) (Figures 4 and 5A–D).

Correlations

Positive correlations between serum ALT, IL-1b, IL-1b/IL-
10, hepatic MDA, caspase-3 and fibrosis markers, MMP-9

gene expression as well as the ECM turnover marker were

observed. On the other hand, there were negative
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Figure 4 Hepatic caspase-3 protein level in male rats receiving
corn oil and/or bisphenol A (50 mg/kg body weight) for
8 weeks. Values were expressed as mean � SD (n = 6/group).
#Significantly different from normal group at P < 0.001,
$Significantly different from control group at P < 0.001 using
ANOVA followed by Tukey–Kramer as a post hoc test. BPA,
bisphenol A.

Figure 5 Representative photomicrographs of liver sections
illustrating expression of BCL2 antigen by immunohistochemical
staining (avidin–biotin–peroxidase stain with H counter stain,
magnification 9400). (A) A liver section of an adult male albino
rat of normal group, showing strong positive cytoplasmic
immunoreactions for BCL2 (arrows). (B) A liver section taken
from an adult male albino rat of control group receiving vehicle
(corn oil), showing strong positive cytoplasmic immunoreactions
for BCL2 (arrows). (C) A liver section obtained from a BPA-
intoxicated adult male albino rat, showing a weak positive
cytoplasmic immunoreaction for BCL2 (arrow). (D) Number of
BCL2-positive hepatocytes/lm2 surface area of liver tissue in the
studied groups of adult male albino rats. Values were expressed
as mean � SD (n = 6/group). #Significantly different from
normal group at P < 0.05, $significantly different from control
group at P < 0.001 using ANOVA followed by Tukey–Kramer as a
post hoc test. BPA, bisphenol A; BCL2, B-cell lymphoma 2.
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correlations between hepatic GSH, CAT, BCL2 and fibrotic

markers (Table 3).

Discussion

The major finding of the current study was that BPA

(50 mg/kg body weight) administration for 8 weeks induced

hepatic fibrosis in male rats. BPA mediated this deleterious

effect through increasing the pro-inflammatory cytokine (IL-

1b) and decreasing the anti-inflammatory/anti-fibrotic

cytokine (IL-10) as well as exaggerating oxidative stress

through inhibition of the antioxidant enzyme activity of

CAT and reduction in GSH content. All these effects

enhanced hepatocyte apoptosis and hence fibrosis.

In this study, oral administration of BPA-induced liver

fibrosis represented by massive collagen deposition and the

increase in Hyp content (fibrosis marker) in the liver tissues

of rats. In addition, the expression of genes encoding MMP-

9 was enhanced and TIMP-2 was decreased. These results

are in agreement with the recent findings of Crespo et al.

(2015) and Liang et al. (2015) where CCl4-induced liver

fibrosis in mice is associated with increased transcription of

MMP-9. The observed upregulation in MMP-9 gene expres-

sion in liver fibrosis progression could be also attributed to

activation of hepatic stellate cells generating MMP-2, MMP-

9 and MMP-3, which destroy the basement membrane, lead-

ing to recruitment of inflammatory cells to the site of injury

(Kisseleva & Brenner 2008; Brenner 2009; Cohen-Naftaly

& Friedman 2011). It has been thought that MMP-9 plays a

primary role in liver fibrosis by breaking down the normal

basolateral matrix. Thus, the subsequent decrease in ECM

degradation by MMP-9 can result in excessive ECM accu-

mulation and hence liver fibrosis (Vempati et al. 2007).

Increased hepatic MMP-9 mRNA expression here might be

also a compensatory mechanism for severe liver fibrosis in

BPA-intoxicated rats to degrade collagen fibers. Interest-

ingly, similar to our results, a previous study revealed that

TIMP-2 activity was increased significantly only in CCl4 cir-

rhotic not fibrotic rat liver (Segovia-Silvestre et al. 2011).

Increases in MMPs and TIMPs are frequent in fibrotic dis-

eases, suggesting significant ECM remodelling, a require-

ment of fibrosis (Mandal et al. 2003). Normal ECM is

crucial for preserving the homeostasis of all liver cells. Con-

sequently, degradation of the ECM by MMP-9 might alter

cell matrix and cell–cell interactions promoting hepatocyte

vulnerability to necrosis and/or apoptosis caused by pro-

longed BPA exposure (Davis et al. 2000; Ghatak et al.

2011). Current results indicated that BPA markedly

increased the ratio between MMP-9 and TIMP-2 genes

expressions (ECM turnover marker) in the liver. Likewise,

an increase in the MMP to TIMP gene ratio is critical to

depress ECM degradation enhancing further ECM

Table 3 Correlation between liver fibrosis markers and each of liver function index, serum inflammatory markers, hepatic oxidative

stress and apoptosis among studied groups

Fibrosis markers

Liver function
Inflammatory markers Oxidative stress markers Apoptotic markers

ALT IL-1b IL-1b/IL-10 MDA GSH CAT Caspase-3 BCL2

Hyp r = 0.99* r = 0.97* r = 0.95* r = 0.98* r = �0.97* r = �0.99* r = 0.98* r = �0.99*
Collagen area% r = 0.99* r = 0.98* r = 0.97* r = 0.98* r = �0.95* r = �0.99* r = 0.98* r = �0.99*
MMP-9 r = 0.99* r = 0.99* r = 0.99* r = 0.98* r = �0.96* r = �0.99* r = 0.98* r = �0.98*
TIMP-2 r = �0.95* r = �0.95* r = �0.91* r = �0.97* r = 0.96* r = 0.95* r = �0.96* r = 0.96*
ECM turnover

marker (MMP-9/
TIMP-2mRNA)

r = 0.97* r = 0.99* r = 0.99* r = 0.94* r = �0.92* r = �0.97* r = 0.96* r = �0.95*

*Significant at P < 0.0001.

Figure 6 Proposed pathways by which liver fibrosis is
programmed in BPA-exposed male rats.
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deposition and exacerbation of liver fibrosis (Yoshida &

Matsuzaki 2012).

Pro-inflammatory cytokines and chemokines, including IL-

1b, IL-6, TNF and monocyte chemoattractant protein-1

(MCP-1), are produced from hepatic macrophages in vari-

ous murine models of liver injury (Tu~n�on et al. 2009; Zim-

mermann et al. 2012; Shen et al. 2015; Ferreira et al.

2016). Furthermore, the release of these cytokines can acti-

vate macrophages during infection, injury and inflammation

(Kim et al. 2007; Li et al. 2012). IL-1b also stimulates the

production of other cytokines and recruits inflammatory

cells (Tilg & Diehl 2000). The increased serum level of IL-

1b here in BPA-intoxicated rats may be attributed to

increased transcription of such cytokine during the inflam-

matory response. ROS and lipid peroxidation products

could also activate nuclear factor-kappa B (NF-jB) stimulat-

ing the release of various cytokines, comprising TNF, IL-6,

transforming growth factor-beta1 (TGF-B1) and others upon

BPA administration. Upregulation of pro-inflammatory

cytokines was able to induce hepatic inflammation by trans-

porting mononuclear and polymorphonuclear leucocytes

into inflamed tissues (Wei et al. 2014). The increase in IL-

1b level here coincided with a reduction in the serum level

of IL-10 following BPA administration. IL-10 can downreg-

ulate various pro-inflammatory macrophage functions. It is

expressed during macrophage activation in liver injury. IL-

10 has a therapeutic role in downregulation of inflammation

in vivo. Recombinant IL-10 shows effectiveness against hep-

atic inflammation/fibrosis in acute alcoholic hepatitis

(Thompson et al. 1998). This is consistent with positive cor-

relations between hepatic Hyp content, fibrotic area, MMP-

9 mRNA expression and serum IL-1b as well as IL-1b/IL-10
in the present study.

Oxidative stress is another harmful cellular effect of BPA

on the liver (Bindhumol et al. 2003). Bisphenol A is decom-

posed to various metabolites such as bisphenol A radical

produced via a reaction with radical oxygen (Sajiki 2001).

In the liver, exposure to hepato-toxicants triggers macro-

phage generation of ROS comprising superoxide anion and

hydrogen peroxide (McCloskey et al. 1992). Disturbing the

redox balance in cells could also contribute to BPA-induced

oxidative stress (Hasselberg et al. 2004). The cell possesses

several defence mechanisms to combat oxidative stress, like

free radicals scavenging antioxidant systems, including GSH,

CAT and glutathione peroxidase (GPx). CAT catalyses dis-

mutation of the superoxide anion into hydrogen peroxide,

which is then converted to water by GPx, conferring protec-

tion against highly reactive hydroxyl radical, derived from

hydrogen peroxide (Sayed-Ahmed et al. 2010). This study

revealed that BPA reduced hepatic GSH content and CAT

activity. This is consistent with the previous findings that

reported downregulation of gene expression of antioxidant

enzymes (CAT, GPx, superoxide dismutase ‘SOD’) and

reduction in their activities in the liver (Hassan et al. 2012),

kidney (Kabuto et al. 2003) and sperm (Chitra et al. 2003)

of male mice and rats exposed to BPA. Because GSH is an

important cofactor for GPx activity (Huang et al. 2004),

reduction in hepatic GSH content here may reduce GPx

activity enhancing oxidative stress. Glutathione-S-transferase

(GST) is another important enzyme that catalyses the conju-

gation of GSH to electrophilic centres on different of sub-

strates and xenobiotics, including lipid peroxides enhancing

their detoxification (Douglas 1987; Leaver & George 1998).

Thus, exposure to BPA in the current study might increase

the activity of GST to help in the detoxification of BPA and

degradation of lipid peroxides at the expense of GSH con-

tent that participates in the catalytic activity of GST. It has

been proposed that BPA exposure produces ROS by inhibit-

ing the activities of antioxidant enzymes or that generation

of ROS depletes enzymatic and non-enzymatic antioxidants

(Moon et al. 2012). In addition, both ALT and AST activi-

ties were increased significantly following BPA administra-

tion. This may be attributed to BPA-induced oxidative

damage to the liver releasing hepatic enzymes into the blood

or to hyperactivity of the liver (Kourouma et al. 2015). In

consistence, inflammatory response to BPA administration

might be involved in BPA-induced liver damage here because

hepatic enzyme activities are strongly and positively corre-

lated with the pro-inflammatory cytokine (IL-1b) level and

IL-1b/IL-10 ratio.

In this study, oral administration of BPA induced an

increase in the pro-apoptotic protein caspase-3 level and a

reduction in the anti-apoptotic protein (BCL2) immunoreac-

tivity in the liver of male rats. It has been suggested that

mitochondria are target organelles of BPA effects (Xia et al.

2014). They play an important role in apoptosis through

releasing of intermembrane space proteins, including cyto-

chrome c, a key mediator of apoptosis via activation of cas-

pases in the cytosol (Kroemer et al. 2007; Vaux 2011).

Therefore, the mechanism of BPA-induced apoptosis is also

likely to be due to an alteration in the ratio of expression of

pro-apoptotic to anti-apoptotic proteins of the BCL-2-asso-

ciated X (BAX) and BCL2 family on the outer mitochon-

drial membrane modulating the release of apoptogenic

factors (Kluck et al. 1997; Xu et al. 2002). Oxidative stress

plays also an important role in apoptosis. In line with this,

BPA was found to enhance oxidative stress and provoke cel-

lular apoptosis in hepatocytes in vitro (Asahi et al. 2010). It

was proposed that BPA-induced hepatic mitochondria dys-

function was likely to be due to oxidative stress. Damaged

mitochondria can produce more ROS (Moon et al. 2012).

Mitochondria are susceptible to ROS due to deterioration of

the antioxidant defence and DNA repair enzyme systems

(Turrens 1997). Furthermore, accumulation of ROS in the

mitochondria induces mitochondrial dysfunction, DNA

depletion and cellular apoptosis (Ott et al. 2007). A previ-

ous study showed that hepatocyte apoptosis seem to be a

key stone in hepatic inflammation and fibrosis (Malhi et al.

2010).

Interestingly, we observed that liver function indices,

ECM matrix turnover markers, as well as inflammatory

markers, hepatic oxidative stress and apoptotic markers, all

were significantly improved in the corn oil group when com-

pared with the normal group. Supporting this notion it has
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been reported that mice fed with corn oil-based diet for

8 weeks displayed hepatoprotection against ethanol and

iron-induced liver injury. This could be attributed to attenu-

ation of hepatic oxidative stress and steatosis, preservation

of the enzymatic antioxidant defence system (CAT, GPx),

modulation of the inflammatory cascade and fibrogenic

pathways, protecting against liver fibrosis (Tan et al. 2013).

However, we did not observe such improvement in liver

functions and structure in the BPA group although it was

dissolved in the same dose of corn oil as in the vehicle con-

trol group. This might be attributed to the use of corn oil

concurrently with BPA as a protective agent rather than its

use as a prophylactic therapy for the prevention of BPA hep-

atotoxic effects. Another explanation could be the fact that

BPA-induced liver damage was so severe that corn oil co-

administration failed to reduce such damage to approach

the control group. In concordance, previous studies indi-

cated BPA induced deleterious effects on the liver and other

organs even it was dissolved in corn oil (El Ghazzawy et al.

2011; Yıldız & Barlas 2013; Kourouma et al. 2015; Kazemi

et al. 2016).

In conclusion, the current study established that inflam-

mation, oxidative stress and apoptosis are implicated in

BPA-induced liver injury and fibrosis (Figure 6). These

results strongly suggest that BPA exposure is harmful to the

liver. So, its exposure should be avoided and workers in

plastic factories should undergo periodical monitoring of

liver functions. Corn oil seems to keep and improve liver

function and structure in the normal state. However, these

beneficial effects did not occur in the group received BPA

dissolved in corn oil. Therefore, clinical and experimental

studies should be conducted in the future to determine pro-

phylactic strategies for people chronically exposed to BPA.

In addition, further studies should be performed to compare

between the hepatotoxic effect of BPA dissolved in corn oil

and in another aqueous vehicle.
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