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Abstract
Bisphenol A (BPA) is a chemical found in environmental xenoestrogen. In the present study, olive oil, curcumin, taurine, BPA,
curcumin plus BPA, and taurine plus BPAwere exposed to rats for 4 weeks via gavage. Content of malondialdehyde and activities
of antioxidant enzymes (GPx, GST, SOD, CAT) and also histopathological and cytopathological changes of heart were studied.
No significant changes in all studied parameters were seen between control, olive oil, curcumin, and taurine-treated groups.
However, there were significant differences in levels of malondialdehyde and activities of antioxidant enzymes in BPA-exposed
rats and some histo/cytopathological changes determined. In curcumin plus BPA-exposed and taurine plus BPA-exposed groups,
wemeasured the preventive effects on some parameters but not exactly. As a result, curcumin and taurine significantly minimized
BPA-induced cardiotoxicity in rats.
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Introduction

Xenoestrogens called as synthetic estrogens are a kind of
chemicals in the environmental compounds which mimic the
17β-estradiol (E2) action in estrogen-dependent organs and
tissues (Akingbemi et al . 2004). BPA [2,2-(4,4-
dihydroxydiphenol) propane] is largely used in polycarbonate
plastic construction, which is useful as containers for bever-
ages and foods, also found as a component of dental sealants
(Berger et al. 2016; Ortiz-Villanueva et al. 2017; Tarapore
et al. 2017). Previous studies have reported that BPA caused
several toxicities like testicular toxicity. Akingbemi et al.

showed in their study that at low-dose treatment levels, BPA
inhibits testicular steroidogenesis (Akingbemi et al. 2004).
Berger et al. reported that in utero BPA exposure inhibits germ
cell (Berger et al. 2016). BPA is an estrogen-disrupting chem-
ical both in in vivo and in vitro studies (Richter et al. 2007).

We focused in this study to put in order oxidative stress,
because it is imbalanced between antioxidants and oxidants in
cells. It occurs when a high level of reactive oxygen species
(ROS) is present in the cells. Normally, ROS are product of
oxygen metabolism in cells. The cells scavenge the ROS by
antioxidants like glutathione-S-transferase (GST), glutathione
peroxidase (GPx), superoxide dismutase (SOD), and catalase
(CAT). In addition, exogenous antioxidants have helped these
activities such as vitamins and flavonoids (Apaydın et al.
2017). But, if there is an imbalance in this process, oxidative
stress can be occurring and oxidative stress-related damages in
vital organs may be eventuate in the body.

Curcumin and taurine have also been known as antioxi-
dants. Curcumin is sourced from golden spice turmeric
(Curcuma longa) which is a perennial plant from the
Zingiberaceae. It has been reported that curcumins have anti-
carcinogenic, antioxidant, anti-inflammatory, and antimicro-
bial activities (Soyalic et al. 2017). Curcumin has a large kind
of activities in biological systems. Previous experimental stud-
ies have showed its potential as alterative activity against
chemical-caused organ toxicity (Kim et al. 2018; Valokola
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et al. 2018). Taurine is involved in bile formation and it is a
natural compound found in animal tissues (Sarkar et al. 2017).
It has significant biological roles like membrane stabilization,
modulation of calcium signaling, osmoregulation, and antiox-
idant activity (Sirdah 2015).

In this study. we aim to investigate the relevance of antiox-
idant properties of curcumin and taurine against BPA-induced
cardiotoxicity by assessing some biochemical oxidative pa-
rameters and the pathological characteristics namely the trans-
mission electron microscopy and light microscopy.

Materials and methods

Chemicals

Taurine (≥ 99% purity) and curcumin (from Curcuma longa
(Turmeric)) were purchased from Sigma. Bisphenol A (≥ 99%
purity) was provided by Sigma-Aldrich.

Animals and experimental design

Adult male albino rats (250–300 g) were purchased from
GUDAM and were housed in cages, 12 h light/dark cycle,
and relative humidity 40%. Water and food (pellet rat chow)
were available ad libitum. Experimental studies were con-
firmed by University of Gazi Animal Ethics Committee
(G.U.ET–14.075). After acclimatization (acclimatization peri-
od is 10 days), animals were divided into seven groups (n = 6)
categorized as follows:

Group 1. (control group): received distilled
water (1.0 ml kg−1 bw daily)

Group 2. (olive oil-treated group): received
olive oil (1.0 ml kg−1 bw daily)

Group 3. (Curcumin-treated group): received
curcumin (100 mg kg−1 bw daily in olive oil)

Group 4. (Taurine-treated group): received
taurine (100 mg kg−1 bw daily in distilled water)

Group 5. (BPA-treated group): received BPA
(130 mg kg−1 bw daily in olive oil)

Group 6. (Curcumin + BPA-treated group):
received curcumin and BPA (100 mg kg−1 bw dai-
ly +130 mg kg−1 bw daily, respectively)

Group 7. (Taurine + BPA-treated group): received taurine
+ BPA (100 mg kg−1 bw daily +130 mg kg−1 bw
daily, respectively)

Both all solutions were administrated via gavage dur-
ing 28 days. BPA and other solutions were freshly pre-
pared. After the experimental treatment period, the ani-
mals were sacrificed by intracardiac blood discharge un-
der the anesthesia with ketamine hydrochloride (alfamine

10%, 45 mg/kg, i.m.) and xysilazine hydrochloride
(alfazyne 2%, 5 mg/kg, i.m.), heart tissues removed
quickly.

Measurement of oxidative stress parameters

After dissection of rats, the samples of heart tissues
were taken and quickly washed with buffer (sodium
phosphate; pH 7.2). Then, they were frozen in liquid
nitrogen and kept at − 80 °C. Homogenates of heart
tissues were prepared via homogenization buffer at
pH 7.4 for antioxidant enzymes or KCl solution for
MDA by a homogenizer. We used prepared homoge-
nates in the measurements of antioxidant enzymes and
lipid peroxidation levels. We used a spectrophotometer
(Shimadzu UV 1700, Kyoto, Japan) for detecting activ-
i t ies of antioxidant enzymes and MDA levels.
Malondialdehyde (MDA) is a chemical which is the
largest aldehyde that is resulted from lipid peroxidation
(LPO) process in membranes of cells. Level of MDA
was measured by the thiobarbituric acid (TBA) test
which was described by Ohkawa et al.’s study (1979).
TBA reacts with MDA and a colored complex forms as
a result of this reaction. Absorbance was measured at
532 nm for detecting the MDA level, and the result is
assigned as nmol/mg protein. Activity of SOD was de-
termined by the Marklund and Marklund’s procedure
which is specified in 1974 by gauging the auto-
oxidation and illumination of pyrogallol for 3 min at
440 nm. The SOD activity is given as U/mg of protein.
As a control, we used a blank without tissue homoge-
nate for non-enzymatic oxidation of pyrogallol.

Before detecting of the CAT activity, we diluted the ho-
mogenates of heart tissues via Triton-X-100. The CATactivity
was measured by Aebi’s study (1984) by determining the
hydrolysis of hydrogen peroxide (H2O2) at 240 nm. After
the necessary calculations, CAT activity is given as mmol/
mg of protein. As a control, a blank without homogenate
was used for enzymatic hydrolysis of peroxide.

GST activity was evaluated by measuring the formation of
1-chloro 2,4-dinitrobenzene (CDNB) and glutathione conju-
gate by Habig et al.’s procedure (1974). Absorbance increas-
ing was detected at 340 nm. The activity of GST is assigned as
μ/mg of protein. All evaluations were confirmed for non-
enzymatic conjugation by CDNB and glutathione in phos-
phate buffer (pH 7.0).

We measured the activity of GPx enzyme by H2O2 as sub-
strate by the experimental process defined by Paglia and
Valentine’s study (1967). The reactions were assayed at
240 nm by measuring the oxidation rate of NADPH. GPx
enzyme activity was assigned as nmol/mg of protein. As a
control, a blank without homogenate was used for non-
enzymatic oxidation of NADPH upon addition of H2O2.
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Light microscopic study

For histopathologic study, we fixed the heart samples in
formalin (10%). Then, they were dehydrated by passing
in decreasing concentrations of ethyl alcohol. Sections
were stained with hematoxylin and eosin (H&E) for
routine histological investigations. After cleaning with
xylene of heart samples, they were embedded in paraf-
fin and sectioned using a microtome (5–7 μm). Ten
slides were prepared from each heart tissues. Then, the
slides were evaluated by a microscope (light micro-
scope; Olympus BX51, Tokyo, Japan) and photographed
(Olympus E-330, Olympus Optical Co., Ltd., Japan).
All sections were evaluated for the degree of conges-
tion, infiltration, degeneration, vacuolization, edema, and
necrosis. Each hearth slides were examined and
assigned for severity of changes using scores on a scale
of none (−), mild (+), moderate (++), and severe (+++)
damage (Table 1).

Electron microscopic study

For transmission electron microscopic (TEM) evalua-
tions, primary fixation was performed in glutaraldehyde
(3%) (Agar Sci. Ltd., Essex, England) in a buffer (so-
dium phosphate buffer; at pH 7.4) (Merck, Alfred
Paluka Co., Turkey) at 4 °C for 3 h. Then, the samples
were washed with the same buffer (sodium phosphate
buffer; at pH 7.4) and post-fixed in osmium tetroxide
(1%) (Agar Sci. Ltd., Essex, England) and sodium phos-
phate buffer (pH 7.4) at 4 °C for 1 h. Tissue samples
were washed with the same buffer at 4 °C for 3 h, then
they dehydrated in graded ethyl alcohol mixtures (Agar
Sci. Ltd., Essex, England). We embedded the samples in
Araldite (Agar Sci. Ltd., Essex, England), and thin sec-
tions were taken by an ultramicrotome (Leica EM UC6,
Leica Co., Austria). Samples were stained with lead
citrate and uranyl acetate (1%). The sections were eval-
uated and photographed by a TEM (JEOLJEM 1400),

Table 1 Grading of the
histopathological changes in the
heart sections of bisphenol A
exposure to rats. Scoring was
done as follows: none (−), mild
(+), moderate (++), and severe
(+++)

Groups

Parameters

Congestion Infiltration Degeneration Vacuolization Edema Necrosis

Control – – – – – –

Olive oil – – – – – –

Curcumin – – – – – –

Bisphenol A +++ ++ ++ +++ +++ +

Curcumin + bisphenol A + ++ + + + ++

Taurine + bisphenol A + ++ + + + –

Fig. 1 Effects of curcumin (Curc), taurine (Tau), and bisphenol A (BPA)
on GST activities (μmol/mg protein). Each bar represents mean ± SEM.
Significance at P < 0.05. aComparison of control and treatment groups.

bComparison of olive oil group and treatment groups. cComparison of
curcumin group and treatment groups. dComparison of taurine group and
treatment groups. eComparison of BPA group and treatment groups
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and photographs were taken digitally in TEM (Jeol Ltd.,
Japan) at 80 kV.

Statistical analyses

All the results were signified as mean ± S.E.M. The statistical
significance was assessed via Tukey test and one-way analysis
of variance (ANOVA) by SPSS version 20.0. If p values were
less than 0.05, the results were regarded statistically
significant.

Results

Evaluation of MDA level and enzyme activities (CAT,
SOD, GST, GPx)

Oxidative stress level and antioxidants were examined to eval-
uate the action of subacute BPA treatment and to assay wheth-
er curcumin and taurine could improve BPA-induced effects.

Both MDA level and also CAT, GST, SOD, and GPx ac-
tivities, there were no important changes between control
group and olive oil-, curcumin-, and taurine-treated groups.

Fig. 2 Effects of curcumin (Curc), taurine (Tau), and bisphenol A (BPA)
on SOD activities (U/mg protein). Each bar represents mean ± SEM.
Significance at P < 0.05. aComparison of control and treatment groups.

bComparison of olive oil group and treatment groups. cComparison of
curcumin group and treatment groups. dComparison of taurine group and
treatment groups. eComparison of BPA group and treatment groups

Fig. 3 Effects of curcumin (Curc), taurine (Tau), and bisphenol A (BPA)
on GPx activities (nmol/mg protein). Each bar represents mean ± SEM.
Significance at P < 0.05. aComparison of control and treatment groups.

bComparison of olive oil group and treatment groups. cComparison of
curcumin group and treatment groups. dComparison of taurine group and
treatment groups. eComparison of BPA group and treatment groups
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Lipid peroxidation investigation resulted in a statisti-
cally major increase of MDA level (an end product of
lipid peroxidation) in all BPA-intoxicated groups com-
pared to the control group. CAT, SOD, GST, and GPx
activities in all BPA-intoxicated groups were significantly
lower than control group. However, a statistically signifi-
cant decrease in MDA level and significant increment in
CAT, SOD, GST, and GPx activities were noted in BPA +
curcumin and BPA + taurine groups compared to BPA
group (p < 0.05, Figs. 1, 2, 3, 4, and 5).

Histopathological alterations in heart tissues

The histological examination of the heart tissues of the con-
trol, olive oil-, curcumin-, and taurine-treated rats showed
normal structure (Fig. 6a). There was congestion, infiltration,
degeneration, vacuolization, and edema in myocardial fibers
(Figs. 6b–d) in the BPA-treated group. There was infiltration
(Fig. 6e) and necrosis shown in curcumin plus BPA-treated
group. In taurine plus BPA-treated group, we demonstrated
that infiltration (Fig. 6f).

Fig. 4 Effects of curcumin (Curc), taurine (Tau), and bisphenol A (BPA)
on CAT activities (mmol/mgprotein). Each bar represents mean ± SEM.
Significance at P < 0.05. aComparison of control and treatment groups.

bComparison of olive oil group and treatment groups. cComparison of
curcumin group and treatment groups. dComparison of taurine group and
treatment groups. eComparison of BPA group and treatment groups

Fig. 5 Effects of curcumin (Curc), taurine (Tau) and bisphenol A (BPA)
on MDA levels (nmol/mg protein). Each bar represents mean ± SEM.
Significance at P < 0.05. aComparison of control and treatment groups.

bComparison of olive oil group and treatment groups. cComparison of
curcumin group and treatment groups. dComparison of taurine group and
treatment groups. eComparison of BPA group and treatment groups
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Ultrastructural alterations in myocardial cells

Myocardial cells of control, olive oil-, curcumin-, and
taurine-treated group rats were observed in normal ultra-
structure. Mitochondria were abundant in myocardial
cells, and generally, they were located length widely be-
tween myofibrils. Sarcoplasmic reticulum was seen nor-
mal in the control group (Fig. 7a). The electron micro-
graphs of myocardial cells of BPA-treated rats showed
dilatation of sarcoplasmic reticulum, cytoplasmic edema,
mitochondrial vacuolization, and swelling were shown
(Figs. 7b, c). The electron micrographs of myocardial
cells of curcumin plus BPA-treated rats showed mitochon-
drial vacuolization and swelling were shown (Fig. 7d).
Similarly, the electron micrographs of myocardial cells
of taurine plus BPA-treated rats showed mitochondrial
vacuolization and swelling were shown (Fig. 7e).

Discussion

The use of BPA-containing products is harmful to living or-
ganisms and also the ecosystem (Poormoosavi et al. 2018).
The authors reported that BPA causes oxidative damage in
different organs like brain, ovaries, and liver via different
pathways (Eid et al. 2015; Berger et al. 2016; El Tabaa et al.
2017). BPA also accumule in the human body such as placenta
and human hair (Tzatzarakis et al. 2015). In this study, we
examined the effects of BPA exposure on heart tissues of
experimental animals. Oral LD50 ratio of BPA in male rats is
3250 mg/kg body weight (Michalowicz 2014). It has been
reported that various factors are correlated with cardiovascular
diseases such as environmental products (Baş et al. 2014). In
the present study, BPAwas given at 1/25 of oral LD50 and no
rat deaths were observed during the experimental study. Our
results show that in heart tissue, BPA exposure decreases GPx,

Fig. 6 a Control rats heart section
were observed in normal structure
× 400. b–d Heart sections of
BPA-treated rats showing
congestion ( ), infiltration (✦),
degeneration (⇉), vacuolization
(↗), edema in connective tissue
(✳) in cardiac muscle cells, × 400.
e Heart sections of curcumin plus
BPA-treated rats showing
infiltration (✦) and necrosis (▲).
f Taurine plus BPA-treated rats
showing infiltration (✦), × 400
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SOD, GST, and CAT activities in BPA, curcumin plus BPA,
and taurine plus BPA-treated groups. It may be due to tissue
degenerations caused by BPA. SOD and CAT activity

reduction may be related to the being free radicals such as
hydroxyl radicals, peroxyl radicals and superoxide (Quintana
et al. 2018). The enzymes such as GPx, SOD, CAT, and GST

Fig. 7 a Electron micrograph of
myocardial cell in control rat
heart, N: Nucleus, M:
Mitochondria, ▲: Myofibrils. b,
c Electron micrographs of
myocardial cells in BPA-treated
rats, ➭: dilatation of sarcoplasmic
reticulum, ✳: myeloid figure, M:
swelling and vacuolization of
mitochondria, ✦: cytoplasmic
edema. d Electron micrograph of
myocardial cell in curcumin plus
BPA-treated groups, M: swelling
of mitochondria. e Electron
micrograph of myocardial cell in
taurine plus BPA-treated groups,
M: swelling of mitochondria were
shown. × 8000
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play an important mission in preventing cells and tissues from
oxidative damages (Baş et al. 2015). In this study, we show
that depletion of all antioxidant enzymes may result in oxida-
tive stress. CATscavenges H2O2 which generates SOD or free
radicals (Eraslan et al. 2007). Reduced CAT activity might be
explained by reduced proportion of H2O2. GST and GPx are
cytosolic enzymes which detoxify various xenobiotics (Djuric
et al. 2015).

Our results also indicate that BPA and co-administration
with BPA-treated groups increased MDA levels which is a
lipid peroxidation end product. In addition, it caused de-
creased antioxidant enzymes in tissue homogenates. Also,
Apaydın et al. (2016) and Kalender et al. (2015) reported
enhanced LPO levels caused by many environmental toxi-
cants. Increased MDA level might demonstrate cell mem-
brane damage (Poormoosavi et al. 2018). Our results support
this information by cytopathology and histopathologic evi-
dences. Lipid peroxidation has been suggested that mecha-
nisms related to xenobiotic toxicity (Baş et al. 2015).

Light microscopic findings very important to show cardiac
cell damage (Baş and Kalender 2011; Valokola et al. 2018).
We demonstrate that BPA caused distorted tissue and cell
integrity. We showed that in BPA-treated group, serious dam-
ages in cells both light microscopic and electron microscopic
were investigated. These pathological alterations in the heart
could be due to enhanced LPO level and formation of ROS.
The light microscopic results support the biochemical assay
findings. From ultrastructural evidence of mitochondrial
changes, cytoplasmic changes and nucleic changes were clear-
ly identified in BPA-exposed animals.

There is a correlation between all the results in these stud-
ies. According to previous studies, natural compounds extract-
ed from herbal products have important therapeutic and pro-
tective property against pathological situations (Kim et al.
2018). Electron microscope work is widely used to show the
damage of chemical substances to the cells (Degirmenci et al.
2002, 2005). Many xenobiotic caused dysfunction and toxic
effects on myocardial cells (Kalender et al. 2004). Cells have
many different mechanisms to protect themselves from oxida-
tive stress and to fix up damaged biomolecules in cells.Within
the methods, the cells used to do this; non-enzymatic and
enzymatic antioxidants scavenge ROS, such as CAT, SOD,
or the glutathione peroxidase system, among others. We can
say curcumin and taurine are non-enzymatic antioxidants.

Previous studies indicate that BPA cause cell and mem-
brane damage related to oxidative stress (Eid et al. 2015;
Apaydın et al. 2018). It also be may related to xenoestrogen
properties of BPA. In conclusion, this study shows that pre-
ventive effects of taurine and curcumin possibly are due to
their antioxidant properties on heart tissues. It has been known
that taurine found in the heart is very high level, and it has
been used for the treatment of cardiovascular disease because
of strengthened cardiac contractility properties (Takatani et al.

2004; Zulli 2011). Curcumin has a wide spectrum of thera-
peutic properties (Strimpakos and Sharma 2008). The pres-
ence of phenolic groups in the structure of curcumin is basic
in explaining its ability to scavenge oxygen-derived free rad-
icals responsible for the peroxidation of cell lipids (Sreejayan
and Rao 1994). The therapeutic effect of taurine as an antiox-
idant in biological system has been related to its ability to
stabilize biomembranes and also eliminate ROS in animals
(Agha et al. 2014). However, in this study, we have not shown
completely protection except GPx activity. It may be related to
their doses used in this study. However, we show fever histo-
pathological changes in antioxidant supplementation groups
than only BPA-treated group.
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