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Abstract
Bisphenol A (BPA) is an estrogenic endocrine disrupting chemical to which humans are frequently exposed during routine daily
life. Curcumin and taurine are natural products that have also been used as antioxidants against different environmental toxin–
induced hepatotoxicity. Furthermore, they have protective and therapeutic effects against various diseases. The present investi-
gation has been conducted to evaluate the therapeutic potential of curcumin (100 mg kg−1) and taurine (100 mg kg−1) for their
hepatoprotective efficacy against BPA (130 mg kg−1)-induced liver injury in rat. BPA significantly elevated the levels of
malondialdehyde (MDA), while it reduced the activities of catalase (CAT), total glutathione S-transferase (GST), total glutathi-
one peroxidase (GPx), and total superoxide dismutase (SOD). Besides, these biochemical changes were accompanied by
histopathological alterations marked by the destruction of normal liver structure. The histological examinations showed that
exposure of BPA caused dilatation of sinusoids, inflammatory cell infiltration, congestion, and necrosis in liver parenchyma. The
BPA-induced histopathological alterations in liver were minimized by curcumin and taurine treatment. Furthermore, no necrosis
was observed in the liver tissues of curcumin plus BPA and taurine plus BPA-treated rats. Oral administration of curcumin and
taurine to BPA-exposed rats significantly reversed the content of lipid peroxidation products, as well as enhanced the activities of
GPx and GST, CAT, and SOD enzymes. These findings have indicated that curcumin and taurine might have a protective effect
against BPA-induced hepatotoxicity in rats.
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Introduction

2,2-Bis (4-hydroxyphenyl) propane, also defined as bisphenol
A (BPA), is a component of epoxy resins and polycarbonate
plastics and has one of the highest volume in industrial
chemicals manufactured in the World (Khan et al. 2016).
The general population is repeatedly exposed to BPA, not only
primarily through the diet (packaged food and drinking water)
but also through medical procedures/products including car-
diopulmonary bypass, hemodialysis, dental sealants (Lakind
and Naiman 2011), dermal exposure, and inhalation of house-
hold dusts (Ezz et al. 2015), and it has been detected in various

human tissues and body fluids (Vandenberg et al. 2010; Nahar
et al. 2015; Ye et al. 2015). Therefore, recently, more attention
has been focused on its impact on human and animal health.

The vast majority of works on BPA have been conducted
on their negative impacts on endocrine system and reproduc-
tive system development (Santos-Silva et al. 2018; Zaid et al.
2018; Lv et al. 2019). Several studies have demonstrated that
BPA may cause cardiovascular disorders (Ezz et al. 2015) and
genotoxic and cytotoxic effects (Dobrzyńska and
Radzikowska 2013). In addition, some previous studies re-
ported potential relationships between BPA exposure and
chronic diseases, obesity, liver dysfunction, cancer, and dia-
betes (Jiang et al. 2015; Hassani et al. 2017).

The main organ taken into consideration in toxicological
studies is the liver, since this organ has a special role in the
metabolism, storage, redistribution, and excretion of endoge-
nous and exogenous substances in the body (Li et al. 2019). In
addition, in animals and humans, the liver is the main organ
which is responsible for BPAmetabolism and transforms BPA
to glucurono-conjugated form (Xia et al. 2014). Thus, it could
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bemore vulnerable to BPA-induced toxicity, than other organs
(Hassani et al. 2017). Exposure to BPA has been shown to
cause defects in oxidative phosphorylation through the inhibi-
tion of the first complex of the electron transfer chain in the
liver mitochondria (Khan et al. 2016; Mahdavinia et al. 2019).
Several studies have reported the negative effects of BPA on
liver function and structure in humans and animals. BPA is
able to cause hepatic steatosis in human (Martella et al. 2016),
increase insulin resistance in HepG2 cells (Geng et al. 2017),
affect liver morphology (Nakagawa and Tayama 2000), ele-
vate liver function enzymes [alkaline phosphatase (ALP), as-
partate aminotransferase (AST), alanine aminotransferase
(ALT), lactate dehydrogenase (LDH), and gamma-
glutamyltransferase (GGT)] in the serum (Hassan et al.
2012; Mahdavinia et al. 2019).

Many environmental contaminants such as industrial
chemicals, fertilizers, ionizing radiation, pesticides, and heavy
metals have been reported to disrupt the prooxidant-antioxidant
balance of cells, thereby inducing oxidative stress (Ognjanović
et al. 2010). Overproduced reactive oxygen species (ROS) like
peroxyl radical (ROO), hydrogen peroxide (H2O2), superoxide
anion (O2-), and hydroxyl radical (OH) are related to cytotoxicity
due to their capacity to induce oxidative stress (Bindhumol et al.
2003). Oxidative stress has been reported to be closely linked
with BPA-induced toxicity in the liver. Previous studies showed
an impairment of oxidant-antioxidant systems balance and in-
crease of lipid peroxidation in the liver of rodents exposed to
BPA (Khan et al. 2016; Hassani et al. 2017). BPA has been
reported to generate ROS including hydroxyl radical, hydrogen
peroxide, and superoxide anion in the body (Jahan et al. 2016).
The study of Chitra et al. (2003) revealed that BPAgenerate ROS
by decreasing the activities of antioxidant enzyme and increasing
lipid peroxidation thereby causing oxidative stress (Chitra et al.
2003). Moreover, it has been shown that the BPA can induce the
production of ROS in the liver by decreasing the expression of
the gene responsible for the prevention of oxidative activity
(Hassan et al. 2012; Kazemi et al. 2016). Experimental animal
studies have demonstrated BPA-induced toxicity by oxidative
stress in different organ systems such as the kidney, pancreas,
heart, and testis (Mahmoudi et al. 2015;Moghaddam et al. 2015;
Apaydin et al. 2019; Kalender et al. 2019).

Taurine, 2-aminoethanesulfonic acid, the most abundant
intracellular amino acid, plays a significant role in several
essential biological events such as the regulation of intracel-
lular calcium concentration, conjugation of bile acids, osmo-
regulation, and biological membrane stabilization
(Marcinkiewicz and Kontny 2014). Taurine exhibits antioxi-
dant, antifibrotic, anticancer, and antitumor activities (Rashid
et al. 2013; Abdel-Moneim et al. 2015). Additionally, taurine
has been shown to protect cells against the cytotoxic effects of
inflammation associated with oxidative stress and to provide
anti-inflammatory effects (Marcinkiewicz and Kontny 2014).
Some researchers have reported its cytoprotective potential in

the liver against various toxic agents-induced the hepatotox-
icity (Abdel-Moneim et al. 2015; Elwy et al. 2019; Abdel-
Daim et al. 2019). The beneficial effects of taurine as an anti-
oxidant have been attributed to its ability to reduce the forma-
tion of lipid peroxidation end products, to scavenge ROS such
as hydroxyl radicals, and to stabilize biological membranes
(Taziki et al. 2018; Abdel-Daim et al. 2019).

Curcumin (1,7-bis-[4-hydroxy-3-methoxyphenyl]-1,6-
heptadiene-3,5-dione), a polyphenolic compound, is the main
yellow color pigment of turmeric (the isolated form of
Curcuma longa rhizome) (Yu et al. 2014). It has a broad spec-
trum of pharmacological activities, including antioxidant, an-
ti-proliferative, antitumor, immunomodulatory, anti-microbi-
al, and anti-inflammatory agent (Sankar et al. 2015). Most
importantly, curcumin has a strong potency in inhibiting the
generation of ROS (Wang et al. 2012). In addition, curcumin
has been shown to indirectly induce the expression of antiox-
idant enzyme such as catalase (CAT), glutathione reductase
(GR), glutathione S-transferase (GST), glutathione peroxidase
(GPx), and superoxide dismutase (SOD) (Trujillo et al. 2013).
The hepatoprotective effects of curcumin against toxic
chemical-induced liver injury are well known and have been
attributed to its intrinsic antioxidant properties (Farombi et al.
2008; Wang et al. 2012; Messarah et al. 2013; Sankar et al.
2015). Geng et al. showed that curcumin diminished insulin
resistance, inflammatory response, and oxidative stress in-
duced by BPA in HepG2 cells (Geng et al. 2017). Curcumin
has also been shown to have renoprotective (Benzer et al.
2018), neuroprotective (Pluta et al. 2015), and cardio-
protective effects (Apaydin et al. 2019) against chemical tox-
icity. Recently, curcumin and taurine have been reported to
ameliorate BPA-induced oxidative stress and histo/
cytopathological changes in testis and heart tissues of Wistar
rats (Apaydin et al. 2019; Kalender et al. 2019).

It is a known fact that the consumption of antioxidant-rich
foods can contribute to reducing the potential toxic effects of
environmental contaminants. Various antioxidant agents have
been studied for their protective effects against BPA-induced
organ toxicity (Avci et al. 2016; Othman et al. 2016; Jahan
et al. 2016; Hassani et al. 2017). However, there is not any
study about the potential effects of curcumin and taurine on
BPA-induced liver damage in rats. Therefore, the current
study has been conducted to investigate the possible hepato-
protective effects of taurine and curcumin against subacute
BPA intoxication in male rats.

Materials and methods

Chemicals

Bisphenol A (≥ 99% purity), taurine (≥ 99% purity), and
curcumin were supplied by Sigma-Aldrich (St. Louis, MO,
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USA). Other chemicals used in this work were purchased
from usual commercial sources [Merck (Germany); Sigma-
Aldrich (St. Louis, MO, USA)].

Animals

Forty-two male Wistar rats (250–300 g) were supplied by
Laboratory Animals Growing and Experimental Research
Center, Gazi University (Ankara, Turkey). All the rats were
in quarantine for 10 days before the beginning of the treat-
ment. All the rats were grouped separately and were housed in
cages under standard conditions (temperature at 20 ± 2 °C,
light-controlled (12 h on–12 h off), a relative humidity 40–
45%). Rats were provided with standard rodent pellets diet
and were given drinking water ad libitum during the experi-
mental period. The Local Ethics Committee on Animal
Experiments of the University (Approval number: G.U.ET-
14.075) approved the experimental protocol.

Animals were exposed to all tested compounds by oral
gavage during 28 days. At the first day of the experiment
(day 0), they were separated into two main groups: control
(n = 12) and experimental groups (n = 30). Based on the
solvents, two control groups were selected, each consisting
of six rats: distilled water and olive oil groups. The experi-
mental group was separated into five subgroups, each
consisting of six rats: curcumin, taurine, BPA, curcumin plus
BPA, and taurine plus BPA. The experimental design was
shown in Table 1.

The dose of BPA in this study was determined from previ-
ous experimental studies of Yıldız and Barlas (2013) and Wu
et al. (2013). The doses of curcumin and taurine were selected
on the basis of previous studies (Lonare et al. 2014; Aly and
Khafagy 2014) that reported protection against the toxicity of
environmental contaminant.

All the rats were anesthetized via intramuscular enjection
with a combination of ketamin-xylazine at the end of a 4-week
treatment period. The liver of the rats was isolated to assess the
activities of antioxidant enzyme, the levels of MDA, and light
microscope examinations.

Evaluation of body and liver weights

The body weight of the rats was recorded on day 0 and there-
after on day 28. On day 28, the rats were dissected under
anesthesia. The liver tissues were isolated, weighed, and re-
corded. The relative weight of liver was calculated according
to the following formula:

Relative liver weight = (liver weight/body weight of the
animal on sacrifice day) × 100

Determination of liver malondialdehyde
and antioxidant enzyme activities

After the isolation of dissected rat liver tissues, they were
rinsed with sodium phosphate buffer (pH 7.2), and kept at −
80 °C for subsequent analysis. Liver homogenates were pre-
pared using Heidolph Silent Crusher M, then were centri-
fuged. In order to determine the malondialdehyde (MDA)
levels and antioxidant markers and the absorbance of the sam-
ples, they were measured with a Shimadzu UV 1700 spectro-
photometer (Kyoto, Japan). Protein concentrations in homog-
enates were estimated by colorimetric method described by
Lowry et al. (1951), using bovine serum albumin as standard.

The MDA level has been frequently used as an indicator of
membrane lipid peroxidation. The MDA level in the liver was
determined, based on the thiobarbituric acid (TBA) test at 532
nm, according to the methods of Ohkawa et al. (1979). MDA
levels were defined as nanomoles of MDA per milligram of
protein−1.

The activity of hepatic total SODwas detected as described
by Marklund and Marklund’s study (1974) by assaying the
illumination and autooxidation of pyrogallol at 440 nm for 3
min. One unit of enzyme activity was calculated as the amount
of protein that caused 50% pyrogallol autooxidation inhibi-
tion. A blank without homogenate was used as a control for
non-enzymatic oxidation of pyrogallol in Tris–EDTA buffer
(50 mM Tris, 10 mM EDTA, pH 8.2). The specific activity of
SOD was defined as U mg protein−1.

Table 1 Groups of rats in the study

Groups Treatment

Control groups Group I Distilled water treated rats [1 mL kg−1 body weight (bw) per day].

Group II Olive oil-treated rats (1 mL kg−1 bw per day).

Experimental groups Group III Curcumin-treated rats (100 mg kg−1 bw per day in olive oil).

Group IV Taurine-treated rats (100 mg kg−1 bw per day in distilled water).

Group V BPA-treated rats (130 mg kg−1 bw per day in olive oil).

Group VI Curcumin plus BPA-treated rats (100 mg kg−1 bw + 130 mg kg−1 bw per day, respectively).

Group VII Taurine plus BPA-treated rats (100 mg kg−1 bw + 130 mg kg−1 bw per day, respectively).

BPA bisphenol A
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For CAT activity determination, samples were diluted with
Triton X-100.The activity of hepatic CAT was assayed using
H2O2 as substrate according to the procedure described by
Aebi (1984). The enzyme activity was determined by moni-
toring the decline in absorbance at 240 nm as H2O2 was con-
sumed. The specific activity of CATwas defined as mmol mg
protein−1.

The activity of hepatic GPx was determined using H2O2 as
substrate according to the methods of Paglia and Valentine
(1967). The reaction was monitored indirectly as the oxidation
rate of NADPH at 240 nm for 3 min. A blank without homog-
enate was used as a control for non-enzymatic oxidation of
NADPH upon addition of hydrogen peroxide in 0.1 M Tris
buffer, pH 8.0. GPx activity was defined as nmol mg
protein−1.

The activity of hepatic total GSTwas analysed by measur-
ing the generation of the glutathione and 1-chloro-2, 4-
dinitrobenzene conjugate by the procodure specified by
Habig et al. (1974). GST activity is defined as μmol mg
protein−1.

Light microscopic examination

Regarding the histopathologic analysis, small pieces of the
liver tissues from each rat were cut and placed in 10% forma-
lin solution for fixation. The liver tissues were dehydrated
with different concentrations of ethanol series and embedded
in paraffin. Sections of 4–6 μm thickness were cut from liver
blocks and then stained with H&E (hematoxylin-eosin) and
examined by Olympus BX-51 light microscopy. The histolog-
ical photographs of the liver tissues were acquired using an
Olympus E-330 digital photograph machine. All liver slides
were evaluated for the degree of histopathological alterations.
Each slide was examined and assigned for severity of changes
using scores on a scale of none (0), slight (1), moderate (2),
and severe (3) damage.

Statistics

Statistical analysis of the present study was conducted using
SPSS 17.0 software. All the data were given as mean ± S.D.
(standard deviation). The significance of the differences
among groups was determined by Tukey’s procedure for mul-
tiple comparisons using one-way analysis of variance
(ANOVA). The statistical significance was determined at P
value of < 0.05.

Results

There was no treatment-related mortality recorded in all seven
groups. No significant differences were shown between con-
trol groups, curcumin-treated groups, and taurine-treated

groups on examining parameters (Table 2) (Figs. 1, 2, and
3). Furthermore, the distilled water–treated group was consid-
ered the main control group for the comparison with the ex-
perimental groups.

Changes of body and organ weights

Body, liver, and relative liver weights did not show any sig-
nificant changes, when BPA, curcumin plus BPA, and taurine
plus BPA groups were compared with control group (Table 2).

MDA levels

MDA levels in the liver tissues were significantly increased in
BPA, curcumin plus BPA, and taurine plus BPA groups com-
pared to the control group, while they decreased in the
curcumin plus BPA and taurine plus BPA groups compared
to the only BPA-treated group (Fig. 1) (p < 0.05).

Antioxidant enzyme activities

The antioxidant markers (SOD, CAT, GPx, and GST) in the
livers of the rats treated with BPAwere shown in Fig. 2a–d.

Antioxidant enzyme activities significantly decreased
when BPA, curcumin plus BPA, and taurine plus BPA groups
were compared with the control group (Fig. 2) (p < 0.05).
However, antioxidant enzyme activities were significantly in-
creased in the curcumin plus BPA– and taurine plus BPA–
treated groups compared to the BPA-treated group (Fig. 2a–d).

Histopathological findings

Light micrographs of histological examinations were shown
in Fig. 3. The liver of control-, olive oil-, curcumin-, and
taurine-administered rats showed normal hepatic architecture
characterized by polygonal shape hepatocytes, sinusoidal
spaces, and a central vein (Fig. 3a). The liver of BPA-
exposed rats showed loss of cellular architecture with dilata-
tion of sinusoids, inflammatory cell infiltration, congestion,
and necrosis (Fig. 3b–e). In the liver tissues of curcumin plus
BPA (Fig. 3f, g) and taurine plus BPA (Fig. 3 h, ı)-treated rats,
dilation of sinusoids, congestion, and inflammatory cell infil-
tration were observed. Histopathologically, the antioxidant
supplementation caused a significant decrease in the inflam-
matory cell infiltration in liver (Table 3) (p < 0.05).
Furthermore, no necrosis was observed in the liver tissues of
curcumin plus BPA– and taurine plus BPA–treated rats
(Table 3). The histopathological changes were graded and
summarized in Table 3.
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Discussion

BPA is a synthetic xenoestrogenic compound that is common-
ly used in the manufacturing of polycarbonate plastic includ-
ing water and infant bottles and fungicides, flame retardants,
and epoxy resins (e.g., lining food cans) (Kazemi et al. 2016;
Khan et al. 2016). Humans are exposed to BPA due to its
increased use in food containers and polycarbonate plastics
(Carwile et al. 2009). In the present study, we investigated
the protective effects of taurine and curcumin on BPA-
induced hepatotoxicity in albino rats.

The analysis of body and organ weights in toxicology stud-
ies may be one of the indicators of animals’ general health
condition and alterations in the organ weights are one of the
important criteria for the evaluation of organ toxicity
(Crissman et al. 2004; Ping et al. 2013; Abdel-Wahab 2014).
In the present study, no significant difference was found in the
body and liver weight in BPA-treated rats. Similarly, previous
studies showed that subacute BPA exposure in male rats did
not significantly influence body weight (Youn et al. 2002;
Hassani et al. 2017) and body weight gain (Wu et al. 2013;
Li et al. 2016). Yamasaki et al. reported significant change in
body weight in the animals treated with 600 mg/kg/day BPA
(Yamasaki et al. 2002). No change in body weight caused by
BPA treatment may be due to unchanged metabolic activity of
animals (Chitra et al. 2003). In accordance with our study,
Kourouma et al. demonstrated that absolute and relative liver
weight did not change significantly in the BPA-treated rats
(Kourouma et al. 2015). These results might be due to the fact
that the toxic effect of BPA depends on dose and/or treatment
period.

Oxidative stress is induced by an excess accumulation of
ROS and can change the basic cellular processes and viability
(El-Missiry et al. 2014). Several studies have demonstrated
the toxic effect of BPA on various organs by increasing oxi-
dative stress (Ezz et al. 2015; Avci et al. 2016; Elswefy et al.
2016). Othman et al. reported that BPA disturbs the balance
between ROS and antioxidant defence system and causes ox-
idative stress in the testis of rats (Othman et al. 2016).

MDA is one of the last products of polyunsaturated fatty
acids peroxidation in the cell membrane, and its enhanced
level is a major marker of lipid peroxidation. However,
MDA level indirectly reflects the degree of tissue and cell
damage (Su et al. 2008). In this study, an increase in the
MDA level in the liver tissue was observed in the BPA-
treated rats. Other studies showed that the administration of

Table 2 Effects of exposure to BPA, curcumin, and taurine on the body weight and absolute and relative liver weights of Wistar rats

Groups Body weight Absolute liver weight (g) Relative liver weight (%)

Initial (g) Final (g) % Change

Control 269.50 ± 11.10 291.67 ± 12.83 8.25 ± 0.93 10.97 ± 1.36 3.75 ± 0.35

Olive oil 260.50 ± 11.59 284.16 ± 12.25 8.84 ± 1.58 11.06 ± 1.21 3.77 ± 0.12

Curcumin 267.00 ± 17.91 289.83 ± 18.96 8.56 ± 0.75 11.43 ± 0.87 3.68 ± 0.10

Taurine 261.50 ± 10.45 285.00 ± 10.84 9.00 ± 1.67 10.85 ± 0.84 3.74 ± 0.22

BPA 277.50 ± 17.50 305.67 ± 16.31 10.22 ± 1.88 12.12 ± 0.71 3.92 ± 0.22

Curcumin+BPA 277.67 ± 15.30 303.33 ± 13.74 9.30 ± 2.04 10.51 ± 1.09 3.76 ± 0.24

Taurine+BPA 272.50 ± 13.79 297.83 ± 12.41 9.27 ± 1.79 11.42 ± 1.07 3.95 ± 0.27

BPA bisphenol A

There were no significant differences statistically

Values are means ± S.D. for six rats in each group

Fig. 1 Effects of subacute treatment of BPA, curcumin and taurine on
MDA level in the liver tissue of rats. Each bar represents mean ± S.D. of
six animals in each group. Significance at p < 0.05. a Comparison of
control and other groups. b Comparison of olive oil-treated group and
other groups.
c Comparison of curcumin-treated group and other groups. d Comparison
of taurine-treated group group and other groups. e Comparison of BPA-
treated group and other groups
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BPA caused an increment in MDA level in a variety of tissues
such as kidney (Mahmoudi et al. 2015), liver (Eid et al. 2015),
testis (Kalender et al. 2019), ovarium (Avci et al. 2016), heart
(Apaydin et al. 2019), and brain (El-Missiry et al. 2014) of
rats. The increase inMDA level can be considered as a marker
of tissue injury induced by BPA. It was correlated with histo-
pathological findings.

Antioxidant markers such as CAT, SOD, GST, and GPx
play a major role in the cellular protection against oxidative
stress induced by ROS (Uzunhisarcikli et al. 2016). SOD,
the first line of the defence system against free radicals,
destroys the free radical superoxide by converting it to less
noxious hydrogen peroxide (Stinghen et al. 2014). CAT is a
hemeprotein which catalyzes the reduction of hydrogen per-
oxide to molecular oxygen and water and protects the cell
from oxidative damage of hydroxyl radical and hydrogen
peroxide (Safhi et al. 2016). GPx is a selenoenzyme that

catalyzes the reduction of hydrogen peroxide to water utiliz-
ing glutathione (GSH), thereby can prevent oxidative dam-
age of mammalian cell (Bhattacharjee et al. 2014). GST is
one of the major phase II detoxifying enzymes and plays an
essential role in the detoxification and excretion of toxins in
the liver by conjugating them with GSH (Abdel-Daim et al.
2015). In this study, the activities of CAT, SOD, GST, and
GPx were significantly reduced in the liver of BPA-treated
rats. These results are consistent with previous studies
(Othman et al. 2016; Sangai et al. 2014; Suthar and Verma
2014). The reduction in the antioxidant enzyme activities
may have resulted from increment-free radical generation
depending on the increase in lipid peroxidation. In addition,
Hassan et al. demonstrated a decrease in the gene expression
levels of antioxidant enzyme such as CAT, SOD, GST, and
GPx in liver tissues of the BPA-treated rats (Hassan et al.
2012).

Fig. 2 Effects of subacute treatment of BPA, curcumin and taurine on
antioxidant enzyme activities in the liver tissue of rats. a SOD activity. b
CATactivity. c.GPx activity. d.GSTactivity. Each bar represents mean ±
S.D. of six animals in each group. Significance at p < 0.05. a Comparison

of control and other groups. b Comparison of olive oil-treated group and
other groups. c Comparison of curcumin-treated group and other groups.
d Comparison of taurine–treated group group and other groups. e
Comparison of BPA-treated group and other groups
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Foods rich in antioxidants or antioxidant supplements may
be used to help the human body in reducing oxidative damage
by active oxygen and free radicals (Rajbanshi and
Pandanaboina 2014). Curcumin and taurine are natural prod-
ucts that have also been used as antioxidants, against different

environmental toxins-induced toxicity (Nagai et al. 2016;
Messarah et al. 2013). Recent studies reported that taurine
and curcumin showed ameliorative effects on BPA-induced
cardiotoxicity and testicular toxicity in rat (Apaydin et al.
2019; Kalender et al. 2019).

Fig. 3 Representative
photomicrograph of rat livers
stained with H&E (× 200). a The
liver of a control rats showed
normal architecture of the
hepatocytes, hepatic cords
radiating from the central vein
(CV) and separated by the hepatic
sinusoids ( ), Histologic struc-
tures of olive oil-, curcumin-, and
taurine-treated rats were similar
with those of the control group.
b–e Liver sections of BPA-treated
rats: bDilation of sinusoids (⇈), c
inflammatory cell infiltration (♦),
d congestion (↗) and necrosis
(✱), e necrosis (✱). f, g Liver
sections of curcumin plus BPA-
treated rats: fDilation of sinusoids
(⇈), g inflammatory cell infiltra-
tion (♦) and congestion (↗). h, ı
Liver sections of taurine plus
BPA-treated rats: h Dilation of
sinusoids (⇈), and ı inflammatory
cell infiltration (♦) and congestion
(↗)
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In the present study, curcumin and taurine treatments sig-
nificantly reversed the adverse effects of BPA on antioxidant
enzyme activities and MDA levels in liver tissue. Curcumin
has a strong potency in inhibiting the generation of ROS
(Wang et al. 2012). Curcumin was notified to inhibit hydroxyl
radical and superoxide anion formation by preventing oxida-
tion of Fe2+ to Fe3+ via Fenton reaction (Messarah et al. 2013).
Recent studies show that curcumin could reduce the hepato-
toxicity induced by heavy metals, chemicals, and drugs; pre-
vent lipid peroxidation, glutathione depletion, and histological
injury; protects against mitochondrial dysfunction; and main-
tains the liver antioxidant enzyme status (Wang et al. 2012;
Messarah et al. 2013; Yu et al. 2014; Garcia-Nino and
Pedraza-Chaverri 2014). Moreover, curcumin has hepatopro-
tective effects due to its anti-inflammatory, antioxidant, and
anticancer activities (Wang et al. 2012; Messarah et al. 2013).
These experimental data and our present findings support that
curcumin treatment significantly ameliorated BPA-induced
oxidative stress mainly through the preservation of hepatic
endogenous antioxidants. In addition, there is also evidence
that curcumin protects against oxidative stress by increasing
nuclear factor erythroid 2-related factor 2 (Nrf2) activation
and decreasing ROS generation. Nrf2 is responsible for regu-
lation of expression of genes encoding the majority of phase II
detoxification and antioxidant enzymes (Xie et al. 2017). It
has been reported that curcumin activates the transcription
factor Nrf2 in the liver of mice (Gao et al. 2013).
Furthermore, it was also demonstrated that taurine increased
the expression of Nrf2 (Yang et al. 2017). Taurine is a non-
protein sulfur-containing essential amino acid and plays an
important role in several essential biological processes such

as osmoregulation, bile formation, calcium binding and trans-
porter regulation, antioxidant, detoxification, and modulation
of neurotransmission (Yang et al. 2015; Abdel-Moneim et al.
2015; Abdel-Daim et al. 2019). It is known that taurine has the
ability to reduce lipid peroxidation, improve cellular antioxi-
dant enzyme activities, and stabilize biological membranes,
thus preventing apoptosis and necrotic cell death (Hagar
2004). Moreover, taurine plays a role as a scavenger of hy-
droxyl radical, singlet oxygen molecule, and superoxide
(Ozden et al. 2009). Consistent with our results, some studies
showed that taurine supplementation decreases the oxidative
stress induced by various hepatotoxins (Sinha et al. 2009;
Ozden et al. 2009; El-Sayed et al. 2011; Nagai et al. 2016).
In the present study, the protective effects of taurine and
curcumin against BPA-induced oxidative stress might be at-
tributed to their ability of reducing and scavenging the ROS
and inducing the activities of antioxidant enzyme. Moreover,
the increment in antioxidant enzyme activities induced by
taurine and curcumin might be due to enhanced activation of
Nrf2 signaling pathway, which is associated with the expres-
sion of antioxidant enzymes, by taurine and curcumine. The
results of previous studies also support this opinion (Gao et al.
2013; Xie et al. 2017; Yang et al. 2017).

Microscopic evaluation of histopathological changes is
accepted as a major vehicle to assess the impacts of envi-
ronmental toxicants in cells, tissues, and organs. Some
studies on the toxicological effect of BPA have shown that
it causes pathological changes in the various tissues
(Othman et al. 2016; Mahmoudi et al. 2015; Gear et al.
2017). In this study, BPA treatment caused severe patho-
logical alterations such as dilatation of sinusoids,

Table 3 The scores of the histopathological changes in the liver sections of BPA, curcumin, and taurine exposure of rats

Groups Parameters

Sinusoidal dilatation Inflammatory cell infiltration Congestion Necrosis

Control 0 0 0 0

Olive oil 0 0 0 0

Curcumin 0 0 0 0

Taurine 0 0 0 0

BPA 2.83 ± 0.41 a,b,c,d 2.67 ± 0.52 a,b,c,d 2.67 ± 0.52 a,b,c,d 2.00 ± 0.89 a,b,c,d

Curcumin+BPA 2.17 ± 0.75 a,b,c,d 2.00 ± 0.63 a,b,c,d,e 2.00 ± 0.89 a,b,c,d 0e

Taurine+BPA 2.17 ± 0.75 a,b,c,d 1.83 ± 0.41 a,b,c,d,e 2.00 ± 0.63 a,b,c,d 0e

Data were presented as mean ± S.D. P < 0.05

A scale of 0–3: none change = 0; slight changes = 1; moderate changes = 2; and severe changes = 3
a Comparison of control and other groups
b Comparison of olive oil-treated group and other groups
c Comparison of curcumin-treated group and other groups
d Comparison of taurine-treated group group and other groups
e Comparison of BPA-treated group and other groups
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inflammatory cell infiltration, congestion, and necrosis in
the liver tissue. Our results are supported by the findings of
Hussein and Eid (2013) and Hassani et al. (2017). In the
present study, the pathological findings were supported by
the data obtained from biochemical analysis. These histo-
pathological alterations may reflect the significantly in-
creased hepatic MDA levels and reduced antioxidative en-
zyme activities in the liver of rats in BPA group. Nakagawa
and Tayama reported that BPA causes cytotoxicity, cell
damage, and lysis in isolated rat hepatocytes (Nakagawa
and Tayama 2000). Elswefy et al. showed that BPA admin-
istration caused hepatic injury and fibrosis related to oxi-
dative stress, inflammation, and apoptosis (Elswefy et al.
2016). They reported BPA mediated this deleterious effect
through increasing the proinflammatory cytokine (IL-1b)
and decreasing the anti-inflammatory/antifibrotic correla-
tions between hepatic GSH, CAT, BCL2, and fibrotic
markers (Elswefy et al. 2016). We showed that the histo-
pathological alterations in the taurine and curcumin-treated
rats were more mild. The antioxidants caused a marked
decrease in the inflammatory cell infiltration and no necro-
sis was visible. These therapeutic beneficial effects of
curcumin and taurine as an antioxidant in organ pathology
might be attributed to their ability of stabilizing biological
membrane, scavenging ROS, and inducing the activities of
antioxidant enzyme (Gao et al. 2013; Aly and Khafagy
2014). The protection against necrosis might be due to
intracellular calcium-mobilizing and membrane stabilizing
properties of taurine (Marcinkiewicz and Kontny 2014).
Furthermore, several studies have demonstrated that tau-
rine attenuated necrosis through reduction of oxidative
stress (Redmond et al. 1996; Erdem et al. 2000). It has
been demonstrated that taurine and curcumin reduced the
inflammatory responses by inhibiting proinflammatory cy-
tokines (Su et al. 2014; Garcia-Nino and Pedraza-Chaverri
2014). Similary, Kalender et al. reported that taurine and
curcumin administration prevented necrosis induced by
BPA in testis tissues (Kalender et al. 2019).

Considering the results obtained from this study, it can be
said that BPA causes hepatic injury by way of oxidative stress.
Increased levels of lipid peroxidation and changed activities of
antioxidant enzyme reveal that BPA disrupts the prooxidant/
antioxidant balance and increases the generation of ROS,
thereby causing oxidative stress. Oral administration of
curcumin and taurine to BPA-exposed rats significantly re-
versed the content of lipid peroxidation, as well as enhanced
the level of GPx and GST, CAT, and SOD activities compared
to only BPA-treated rats. Moreover, they reduced inflamma-
tory cell infiltration and prevented necrosis in the liver tissue
of rats. The findings of this research suggest that curcumin and
taurine applied at the tested doses could partially protect the
BPA-induced hepatotoxicity in rats.
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