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a b s t r a c t

Bisphenol A, dibutyl phthalate and cadmium can be found in environment simultaneously. Several
studies suggested that they had genotoxic effect. In this study, mono-exposure and co-exposure treat-
ments, designed by 3 � 3 full factorial, were established to determine the individual toxicity and binary
mixtures’ combined effects on the oxidative stress and genotoxicity in HepG 2 cells. The highest oxidative
damage was observed in the Cd treatments groups. Compared with control groups, the maximum level
of reactive oxygen species and malondialdehyde were ~1.4 fold and ~2.22 fold respectively. And a
minimum level of superoxide dismutase activity was found with the decrease of 43%. The mechanism
that excessive oxidative stress led to the DNA damage was inferred. However, cells treated with BPA
showed the worst DNA damage rather than Cd, which may because Cd mainly damages DNA repairing
mechanism. For the joint effect, different interactions can be found in different biological endpoints for
different combinations since different mechanisms have been clarified in mixture toxicity studies. It is
sure that the co-exposure groups enhanced cytotoxicity, oxidative stress and genotoxicity compared to
the mono-exposures. Synergistic and additive interactions were considered, which means greater threat
to organisms when exposed to multiple estrogenic endocrine disruptors.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Three typical estrogenic endocrine disruptors (EEDs), bisphenol
A (BPA), dibutyl phthalate (DBP) and cadmium (Cd), have been
widely used in modern agriculture and industry. All of them are
ubiquitous and persistent xenobiotic in ecosystem. BPA and DBP are
widely used as important organic chemical raw materials in plastic
products (Wu et al., 2011; Zhou et al., 2015). Although the half-life
for bioaccumulation of them is relatively short, they still perform
detrimental effects on the ecosystem as a result of their large-scale
production and extensive application (Staples et al., 1998; Zhou
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et al., 2015). Cd, as a natural substance in crust, is an important
metal material in the production of alloy, battery and insecticide
etc. Due to it has a long half-life for bioaccumulation and exerts
serious damage to human health, it has been classified as a toxic
substance by Agency for Toxic Substances and Disease Registry
(ATSDR) (Buchko et al., 2000).

It has been well documented that BPA, DBP and Cd are endog-
enous estrogen mimics capable contributing to endocrine dis-
rupting effects and reproductive toxicities (Johnson et al., 2003;
Mylchreest et al., 1999; Sohoni et al., 2001). According to some
related studies, other types of toxic effects can be also found, such
as oxidative stress and genotoxicity. BPA is able to induce oxidative
stress in the liver of rats by decreasing superoxide dismutase (SOD),
catalase, glutathione reductase and glutathione peroxidase activity
(Bindhumol et al., 2003). Several studies demonstrated that BPA
could produce cytogenetic and genotoxic effects in vitro assay in
different degrees (Parry et al., 2002; Tsutsui et al., 1998; Xin et al.,
2015). However, there are some controversial results indicating
that BPA failed to induce gene mutations in both SHE and V79 cells
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Table 1
Cytotoxic effect on HepG 2 cells after 24 h, resulting from in vitro exposition in BPA, DBP and Cd alone or in combination.

Cells Viability (% control) BPA (mol/L) BPA and DBP (mol/L)

10�8 10�7 10�6 10�5 10�4 10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Measured value 89.4 ± 2.1* 83.5 ± 1.5* 78.4 ± 1.4* 73.2 ± 1.8** 66.6 ± 0.9** 80.3 ± 0.8a 73.1 ± 1.7a 66.7 ± 2.2b 54.0 ± 1.2b

Theoretical value 87.9 ± 1.6 78.2 ± 2.3 76.9 ± 1.3 67.2 ± 2.6

DBP (mol/L) DBP and Cd (mol/L)

10�8 10�7 10�6 10�5 10�4 10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Measured value 98.5 ± 1.1 93.5 ± 1.3 88.8 ± 2.4* 84.3 ± 1.6* 78.2 ± 1.5* 82.9 ± 1.6a 68.3 ± 1.6b 71.5 ± 1.1b 58.1 ± 1.1b

Theoretical value 87.7 ± 2.2 76.2 ± 0.9 78.0 ± 2.8 66.5 ± 1.6

Cd (mol/L) BPA and Cd (mol/L)

10�9 10�8 10�7 10�6 10�5 10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Measured value 93.5 ± 0.4* 89.2 ± 3.2* 84.3 ± 1.4* 77.7 ± 0.7** 56.8 ± 1.9** 75.3 ± 2.1 62.2 ± 1.1 63.4 ± 1.2 50.1 ± 0.5
Theoretical value 78.6 ± 2.7 67.1 ± 1.4 67.6 ± 2.3 56.1 ± 1.1

Data are expressed as cytotoxic effect in the presence of toxin(s) compared to control, and represent the mean of three independent experiments.
*, ** in mono-exposures represent difference between control group and treatments groups at p < 0.05,p < 0.01, respectively; a, b in co-exposures represent difference
between theorical values and measured values at p < 0.05,p < 0.01, respectively.
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(Pacchierotti et al., 2008; Schweikl et al., 1998). Previous study
suggested DBP exposure not only lead to oxidative stress but also
affect lipid, energy and osmoregulation metabolism disturbance in
abalone (Zhou et al., 2015). Zhou et al. (2010) also showed that DBP
may alter the structure and function of the epididymis of adult rats
by inducing oxidative stress. In addition, DBP and its isomer di-iso-
butyl-phthalate (DiBP) exhibited genotoxic effect in human
epithelial, mucosal and lymphocytes cells (Kleinsasser et al., 2000,
2001). Several reports proved that Cd led to apoptosis both in
various tissues and cells (Habeebu et al., 1998; Szuster et al., 2000;
W€atjen and Beyersmann, 2004; Xu et al., 1996). It appears that the
apoptotic effects result from Cd are partlymediated via induction of
oxidative stress (W€atjen and Beyersmann, 2004). Moreover, one
possible genotoxicity mechanism of Cd is oxidative stress and
inactivation of several DNA-repair enzymes (Waisberg et al., 2003).

The natural co-occurrence of BPA, DBP and Cd is obvious,
especially in aquatic ecosystem. It has been widely reported that
the water was polluted by the three substances simultaneously in
themain river in China such as the Yangtze River (Shi et al., 2014; Yi
et al., 2011; Zhang et al., 2012), the Yellow River (Bai et al., 2012;
Hongjun et al., 2013; Wang et al., 2012) and the Pearl River (Geng
et al., 2015; Li et al., 2016; Wei et al., 2011). As a consequence,
human population may be exposed to multiple EEDs through
several ways e.g the bathing routes, consuming contaminated
water and aquatic organisms etc. Multi-exposure may lead to ad-
ditive, synergistic or antagonistic effects. According to previous
studies, the potential combined toxicity of EEDs should not be
ignored (Kortenkamp, 2007). However, few studies on the possible
EEDs interactions have been reported. Thus, it is important to
evaluate the combined toxicity of BPA, DBP and Cd.

Factorial designs, one approach to determine the existed inter-
active effects between two (or more) mixed chemicals, in which xn

(n represent the number of chemicals in the mixture; x means dose
Table 2
Effect of BPA, DBP and Cd alone on intracellular ROS generation in HepG-2 cells after 6 h

BPA (mol/L) Relative fluorescence intensity DBP (mol/L) Relative

0 1 0 1
10�8 1.13 ± 0.06* 10�8 1.05 ± 0
10�7 1.19 ± 0.05* 10�7 1.11 ± 0
10�6 1.28 ± 0.06* 10�6 1.17 ± 0
10�5 1.20 ± 0.04** 10�5 1.29 ± 0
10�4 1.40 ± 0.07** 10�4 1.38 ± 0
2 mM H2O2 1.80 ± 0.05** 2 mM H2O2 1.72 ± 0

Data were presented as mean ± SD of three replicates. *, ** represent difference betwee
levels) treatment groups is studied. This is a valuable statistical
method, verified by the US Environmental Protection Agency for
taking full advantage of the obtained data, is applied widely
because it does not need to calculate some toxicity indexes such as
EC50, LD50 etc. (Groten et al., 1996). HepG 2 cells are a commonly
used human-derived hepatoma cell line that maintained some of
phase II metabolizing enzyme activity in the liver (Otto et al., 2008;
Knasmüller et al., 1998). However, the content of cytochrome P450
enzymes is very limited and the P450-mediated drug metabolism
of compounds cannot be expected to take place in HepG2 cells
(Rodríguezantona et al., 2002). While the 5th International Work-
shop on Genotoxicity Testing (IWGT) reported that human p53-
competent cells, such as HepG 2, may be a good model for
in vitro mutagenicity assays in mammalian cells e in vitro micro-
nucleus or aberration tests e in order to reduce non-relevant
positive results (Corcuera et al., 2011; Pfuhler et al., 2011). So we
selected factorial designs as evaluationmethod and HepG 2 cell line
as subject for research.

The objective of this study was to assess the individual and
combined toxicity of BPA, DBP and Cd on oxidative stress and
genotoxicity in HepG 2 cells. A 3� 3 full factorial designwas used to
evaluate the interactive effects of binary mixture. Three oxidative
stress biomarkers (ROS: Reactive Oxygen Species; MDA: Malon-
dialdehyde; SOD: Superoxide Dismutase) were selected to conduct
biochemical measurements and the Comet assay was used to
determine the degree of DNA damage.

2. Material and methods

2.1. Chemicals

Bisphenol A (BPA, >99.8%) and di-butyl phthalate (DBP, >99.5%)
were obtained from Sigma-Aldrich (France) and were dissolved in
incubation.

fluorescence intensity Cd (mol/L) Relative fluorescence intensity

0 1
.05 10�9 1.13 ± 0.05*
.03* 10�8 1.17 ± 0.06*
.08* 10�7 1.36 ± 0.04**
.07* 10�6 1.32 ± 0.03**
.04** 10�5 1.44 ± 0.08**
.09** 2 mM H2O2 1.82 ± 0.07**

n control group and treatments groups at p < 0.05,p < 0.01, respectively.



Fig. 1. Intracellular ROS generation of HepG 2 cells after exposure to (A) BPA þ DBP, (B)
BPA þ Cd, (C) DBP þ Cd for 6 h. Data are expressed as means ± S. D. from three in-
dependent experiments. (-) represents the theorical values.*P < 0.05, **P < 0.01
compared with theorical values.
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dimethylsulfoxide (DMSO) to prepare the stock solutions (1 mol/L
for BPA and DBP) for the further toxicity evaluations. DMSO was
used as the solvent control, and the concentration was �0.1%.
1 mol/L Cadmium chloride (CdCl2) stock solution was prepared
with phosphate-buffered saline (PBS, Hyclone SH30256.01B). All
stock solutions were filtered with 0.22 mm membrane and then
diluted with cell culture media.

2.2. Cell culture

HepG2 cells were obtained from biochemistry laboratory (first
affiliated hospital of Jinan University, Guangzhou, China). Cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM,
Hyclone SH30022) which contained 10% fetal calf serum (Hyclone
SH30070.03) and 1% penicillin/streptomycin solution (Hyclone
SV30010) in an incubator with a normal condition (5% CO2 and 95%
air, 37 �C and 90% of humidity).

2.3. Experimental design

HepG2 cells were used to assess the oxidative stress and geno-
toxicity. Thereafter, the cells were exposed to BPA at following
concentrations: 10�8, 10�7, 10�6 10�5, 10�4 mol/L; DBP at 10�8, 10�7,
10�6 10�5,10�4 mol/L and CdCl2 at 10�9,10�8,10�7 10�6,10�5 mol/L.
The selected concentrations were referred to previous literature
(Kleinsasser et al., 2001; W€atjen and Beyersmann, 2004; Xin et al.,
2015) and to ensure above 50% cell viability which was essential for
comet assay (Garajvrhovac et al., 2013). To determine the combined
toxicity of the binary mixtures, the cells were exposed to the
mixtures of two substances by a full 3 � 3 factorial design.

2.4. Cytotoxicity assays

The methyltetrazolium (MTT) method was used to determine
cell viability based on reference with slightly modified (Nwagbara
et al., 2007). HepG2 cells were seeded on 96-well plates
(10,000 cells per well) for 24 h. Then the culture medium was
removed and the cells were exposed to 100 mL fresh medium
containing the selected concentrations of BPA, DBP and Cd. All
samples were tested in triplicate. Solvent control (DMSO) was also
assayed. After a 24 h treatment, add 10 ml MTT (5 mg/ml) to each
well and then the plates was incubated for 4 h, after that remove
the medium and add 100 ml DMSO. Absorbance was acquired at
490 nm with an microplate reader (SYNERGY H1). Cell viability
compared solvent control was calculated from the mean absor-
bance values of three replicates.

2.5. Oxidative stress biomarkers response assays

HepG2 cells were cultured in 6-well plates (1.5 � 105 cells/well)
Table 3
Effect of BPA, DBP and Cd alone on MDA content in HepG-2 cells after 6 h exposure.

BPA
(mol/L)

MDA content
(nmol/mgprot)

DBP
(mol/L)

MDA content
(nmol/mgprot)

Cd
(mol/L)

MDA content
(nmol/mgprot)

0 0.29 ± 0.03 0 0.27 ± 0.012 0 0.24 ± 0.021
10�8 0.38 ± 0.007* 10�8 0.31 ± 0.004 10�9 0.37 ± 0.005*
10�7 0.40 ± 0.015** 10�7 0.34 ± 0.006* 10�8 0.42 ± 0.006**
10�6 0.44 ± 0.026** 10�6 0.36 ± 0.008* 10�7 0.46 ± 0.014**
10�5 0.50 ± 0.034** 10�5 0.42 ± 0.017** 10�6 0.49 ± 0.003**
10�4 0.55 ± 0.037* 10�4 0.47 ± 0.014** 10�5 0.53 ± 0.008**
2 mM

H2O2

0.75 ± 0.018** 2 mM
H2O2

0.72 ± 0.009** 2 mM
H2O2

0.76 ± 0.027**

Data were presented as mean ± SD of three replicates. *, ** represent difference
between control group and treatments groups at p < 0.05,p < 0.01, respectively.



Fig. 2. MDA contents of lipid peroxidation of HepG 2 cells after exposure to (A)
BPA þ DBP, (B) BPA þ Cd, (C) DBP þ Cd for 6 h. Data are expressed as means ± S. D. from
three independent experiments. (-) represents the theorical values.*P < 0.05,
**P < 0.01 compared with theorical values.
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for 24 h. Then the cells were treated with the selected concentra-
tions of BPA, DBP and Cd for 6 h. Solvent control (DMSO) and
positive control (2 mM H2O2 for last 30min) were conducted in all
tests. After treatment, the HepG2 cells were rinsed with PBS and
then trypsinized to detach followed by suspended in complete
medium. Cells were centrifuged and re-suspended (1 � 106 cells/
ml) in PBS.

Intracellular ROS were assayed using 2.7-dichlorofluorescein
diacetate (DCFH-DA) as a probe. The principle of the method is
that ROS can oxidize DCFH to fluorescent dichlorofluorescein (DCF).
After 6 h exposure, cells were collected and washed twice with
DMEM. Then 200 mL DCFH-DA (10 mM) were added and cells were
incubated at 37 �C for 20 min in dark. Subsequently, cells were
rinsedwith DMEM. Themean fluorescent intensities were obtained
by a flow cytometry (Gallios, USA). The relative fluorescence in-
tensity (%) compared with solvent control was determined.

The collected cells were broken by ultrasonic processor and the
cellular fragment was used to determine the content of MDA the
vitality of SOD. The commercially available kits provided by Nanjing
Jiancheng Biology Engineering Institute were used for MDA and
SOD assays according to the manufacturer's instructions.

2.6. Comet assay

HepG2 cells were seeded and collected as above, but the
exposure time was 24 h. Solvent control (DMSO) and positive
control (200 mM H2O2 for last 30min) were conducted in all tests.
DNA damage was evaluated by alkaline single cell gel electropho-
resis (SCGE) method according to study with slightly modified
(Collins, 2004). Briefly, 10 mL of cell suspensions were added to
75 mL 0.7% low melting point agarose (LMA). The mixture was
spread onto microscope slides which were pre-coated with 0.5%
normal melting point agarose (NMA). The agarose was solidified at
4 �C for 20min. Then slides were lysed in cold lysis buffer (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris-base, pH 10, containing 10% DMSO
and 1% TritonX-100) at 4 �C for 1 h. Slides were immersed in
electrophoretic buffer (1 mM Na2-EDTA, 300 mM NaOH, pH > 13)
for 40min to unwind DNA before electrophoresis. The electropho-
resis was then carried out at 25 V for 25 min followed by neutral-
izing in 0.4 M Tris-HCl buffer solution (pH 7.5) three times for
10min. Subsequently, the slides were stained with 20 mL propidium
iodide (PI) and observed with a fluorescence microscope (Olympus
IX 53). The most reliable parameters, tail DNA percentage (%) were
calculated by comet assay software project (CASP) to evaluate DNA
damage.

2.7. Statistical analysis

All experimental data indicates as mean values ± standard de-
viations of the replicated experiments. For individual toxicity, the
statistical significance of parameters in cytotoxicity assays, oxida-
tive stress biomarkers response assays and comet assay between
control and the tested samples were analyzed by SPSS 19.0 for
Windowswith one-way analysis of variance (ANOVA). P < 0.05 was
considered statistical significance. For the combined toxicity, three
types of combined effects, i.e. additive, synergism and antagonism
effect, can be observed when more than one kind of chemicals are
simultaneously applied to a same system (Groten, 2000). For the
binary mixtures, the interactive effects was analyzed by compared
the “measured values” defined as examined endpoints to the
“theoretical values” defined as sum of toxic effect values induced by
each chemical alone in the mono-exposure experiments (Klari�c
et al., 2012; Klaric' et al., 2010; Weber et al., 2005). In order to
facilitate understanding, the theoretical values (T) expressed as
following formula. When the results of treatment groups were



Table 4
Effect of BPA, DBP and Cd alone on SOD activity in HepG-2 cells after 6 h exposure.

BPA (mol/L) SOD activity (U/mgprot) DBP(mol/L) SOD activity (U/mgprot) Cd (mol/L) SOD activity (U/mgprot)

0 36.7 ± 1.3 0 35.7 ± 0.52 0 37.2 ± 0.55
10�8 29.1 ± 0.95** 10�8 32.2 ± 0.84 10�9 28.5 ± 0.74**
10�7 27.5 ± 0.75** 10�7 30.3 ± 1.06* 10�8 26.8 ± 0.66**
10�6 25.9 ± 1.06** 10�6 28.6 ± 0.88** 10�7 25.4 ± 1.16**
10�5 24.3 ± 0.84** 10�5 28.1 ± 0.67** 10�6 22.3 ± 0.64**
10�4 22.8 ± 0.67** 10�4 26.7 ± 0.74** 10�5 19.4 ± 087**
2 mM H2O2 16.5 ± 0.88** 2 mM H2O2 16.7 ± 0.93** 2 mM H2O2 15.8 ± 1.18**

Data were presented as mean ± SD of three replicates. *, ** represent difference between control group and treatments groups at p < 0.05,p < 0.01, respectively.
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below control groups, such as cell viability and superoxide dis-
mutase activity, the formula was as follows:

T ¼ Cmix�(Ca � Ma) � (Cb � Mb)

When the results of treatment groups were above control groups,
such as reactive oxygen species level, malondialdehyde content and
tail DNA percentage (%), the theoretical values was as follows:

T ¼ Cmix þ (Ma � Ca) � (Mb � Cb)

Cmix represented control groups' result in the co-exposure treat-
ments. Ca, Cb represented control groups' results in the a/b mono-
exposure treatments, respectively. Ma, Mb represented measured
results in the a/b mono-exposure treatments, respectively.

The significance of difference between measured and theoret-
ical values was determined with one-way ANOVA to assess if any
interaction existed in. If the values of p were less than 0.05, the
results were implied to be significant and interaction effect i.e.
synergic or antagonist effect existed whereas an additive effect was
considered to be.
3. Results

3.1. Cell viability for HepG 2 cells exposed to BPA, DBP, or Cd alone
and their binary mixtures

The viability of HepG 2 cells, a 24 h exposure to single and binary
mixture, was measured by MTT assay and presented in Table 1. The
results were expressed as a percentage compared with corre-
sponding solvent control. Exposure to BPA and Cd alone resulted in
a dose-dependent increase of mortality and statistical significance
(p < 0.05) while DBP showed the similar result at 10�6 mol/
Le10�4 mol/L. Compared the cytotoxicity under the same concen-
tration of the three (10�8 mol/Le10�5 mol/L), obviously, Cd was the
most effective in decreasing cell viability and BPA was less than Cd
at the level above 10�6 mol/L.

Contrast with BPA, DBP or Cd alone (10�8 mol/L, 10�6 mol/L), a
stronger cytotoxicity was found after an exposure to binary
mixture. Generally, when the level of BPA in BPA þ DBP or Cd in
DBPþ Cd increased, the cell viability was reducedmore serious and
the statistically significant difference existed. The combination of
BPAþ DBP (10�6þ10�6 mol/L) showed the strongest cytotoxicity as
the greatest difference between the theoretical values (67.2 ± 2.6%)
and themeasured values (54.0 ± 1.2). Moreover, the combination of
BPA þ Cd presented almost no significant difference when
compared with the theoretical values.
3.2. Effects of single or combined groups on induction of
intracellular reactive oxygen species (ROS)

The level of intracellular ROS was researched after HepG 2 cells
were exposed to single chemical (Table 2) or their binary mixture
(Fig. 1) for 6 h. For the single exposure, almost all experiment
groups were significantly increased. DBP treated cells presented a
lower ROS level and a dose-dependent increased. BPA or Cd treated
cells both suffered a stronger oxidative damage as ROS production
increased ~1.4 fold and performed a similar tendency that both
declined at the high concentration level (BPA at 10�5 mol/L and Cd
at 10�6 mol/L) and then increased at the higher level. Combined
treatments generate greater amounts of ROS than that of single
exposure. Compared with the theoretical values, the measured
values of the binary mixtures that Cd was contained (Fig. 1B and C)
were statistically significant. However, the BPA þ DBP treatments
(Fig. 1A) showed no significant difference in statistics.
3.3. Lipid peroxidation (LPO) level and antioxidant activity in cells
exposed to single or combined groups

Table 3 and Fig. 2 demonstrated the LPO induced by individual
and joint treatments respectively. The activity of superoxide dis-
mutase (SOD) exhibiting cellular antioxidant capacity was
described in Table 4 and Fig. 3. The results showed significantly
increased MDA level and decreased activity of SOD in cells treated
with BPA, DBP or Cd alone compared with the solvent control. Cd
treated groups showed the most serious oxidative damage as a
maximumMDA level increased 221% and SOD activity reduced 43%.

The co-exposure treatments had higher MDA levels and lower
SOD activity than the mono-exposure treatments. Compared with
the theoretical values, the measured MDA content remarkably
increased while the variation trends of SOD activity of combined
groups were different. The measured SOD activity of BPA þ DBP
(10�8 mol/L) treatments (Fig. 3A) was almost equal to theoretical
values while at 10�6 mol/L BPA þ 10�6 mol/L DBP significantly
decreased. The variation of BPA þ Cd (Fig. 3B) and DBP þ Cd
(Fig. 3C) treated groups was similar. All of the measured values
were lower than theoretical values.
3.4. Effects of BPA, DBP, or Cd alone and their binary mixtures on
DNA strand breaks (comet assay)

Results of comet assay for mono-exposure and co-exposure
were exhibited in Fig. 4. Compared with negative control, all
HepG 2 cells exposed individual groups (Fig. 4A) resulted in a sig-
nificant dose-response increase. The genotoxicity of DBP was the
weakest while BPA was the strongest due to the %DNA in tail
(21.0 ± 2.21e27.6 ± 2.37). BPA was almost two times higher than
that treated with DBP (11.5 ± 1.15e17.7 ± 2.41). At the lowest
concentration (10�8mol/L), the % DNA in tail of Cd (11.0 ± 1.95) was
nearly equal to DBP's (11.5 ± 1.15). However, the genotoxicity of Cd
was significantly greater than DBP's with the concentration
increasing.

The combined treatments had stronger DNA damage effect
(Fig. 4B). The theoretical values were shown in Table 5. The



Fig. 3. SOD activity of HepG 2 cells after exposure to (A) BPA þ DBP, (B) BPA þ Cd, (C)
DBP þ Cd for 6 h. Data are expressed as means ± S. D. from three independent
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measured genotoxicity of BPA þ DBP were remarkable greater than
the theoretical. For the mixtures of BPA þ Cd (10�8 mol/L) and
DBP þ Cd (10�8 mol/L), the values of % DNA in tail had slightly
differences even lower than the theoretical, moreover, as the con-
centration of Cd raised to 10�6 mol/L, the significantly differences,
i.e. enhanced genotoxicity, could be found between the measured
values and the theoretical values.

4. Discussion

BPA, DBP and Cd applied widely in consumers (Kortenkamp,
2007). Until now, several studies regarding the toxicity of the
BPA, DBP or Cd have been conducted to shed some light on po-
tential threat in humans, animals and cell, but almost all of them
have been performed under mono-exposure condition. However,
the combined toxicity effect also should be paid more attentions
because it is a higher probability that organisms are exposed to
several EEDs simultaneously. The present study demonstrated that
not only BPA, DBP and Cd alone could increase the oxidant damage
and DNA damage but the binary mixtures have stronger degree of
damage, which means that additive or synergic effect exists.

The cytotoxicity is a basic parameter to evaluate the toxic effect
of pollutants. In single 24 h treatments, it could be observed that
the order of cytotoxicity was Cd > BPA > DBP. This may be a reason
that Cd could induce the highest reactive oxygen species (ROS) level
and reduce the superoxide dismutase (SOD) activity to a most
extent. W€atjen and Beyersmann (2004) have proved that Cd
induced apoptosis mainly by oxidative stress. In 24 h co-exposures,
the shown cytotoxicity was more serious than mono-exposures.
The results of all the BPA þ DBP and DBP þ Cd treatments were
concordant with a synergic effect since the fact that the remaining
cell viability after combined groups had significant difference with
theoretical surviving cells. However, the BPA þ Cd was almost an
additive effect, which indicated that either the EEDs possessed the
same cell pathways on cytotoxicity, or theymay share some steps in
toxic action. In a word, they had additive effects at least (Speijers
and Speijers, 2004).

In the present study, vary degrees of DNA damage (Fig. 4) was
observed in HepG 2 cells after different exposure ways. To detect
the possible mechanisms of DNA damage and cell death, ROS, MDA
and SOD were determined. All of the three EEDs could rise oxida-
tive stress due to ROS level andMDA content significantly increased
but SOD activity reduced. Each substance was neither nanoparticle
soluble compounds that can generate ROS directly (Wilson et al.,
2007) nor the substance which can generate ROS by Fenton re-
actions (Birmili et al., 2006). The mechanism of oxidative damage
may be mainly by inhibiting antioxidant enzyme system activity.
When the damage is so severe that exceed the cellular intrinsic
repair capacity, DNA damage or cells death will occur.

Synergic interaction of all the BPA þ DBP treated doses were
observed in MDA content while addictive effect was found in ROS
level and SOD activity. For the co-exposure of BPA þ Cd (ROS and
SOD: all the treated doses; MDA: 10�8þ10�6, 10�6þ10�8 and
10�6þ10�6 mol/L) and DBP þ Cd (ROS and MDA: 10�8þ10�6,
10�6þ10�8 and 10�6þ10�6 mol/L; SOD: all the treated doses), the
combined effect of all the three oxidative stress endpoints was
almost synergic. Different interactions, biochemical or physical
interaction, in different biological markers can be observed since
different mechanisms can be found in mixture toxicity studies (Wu
et al., 2012). The excessive ROS could reduce antioxidant activities
of SOD, which may be the possible reasonwhy the combined effect
experiments. (-) represents the theorical values.*P < 0.05, **P < 0.01 compared with
theorical values.



Fig. 4. Representative images of comets which represent different classes of genotoxic effects of HepG 2 cells after 24 h (A) mono-exposures and (B) co-exposures. The numbers
means tail DNA percentage (%).*, ** in mono-exposures represent difference between control group and treatments groups, while in co-exposures represent difference between
theorical values and measured values at p < 0.05,p < 0.01,p < 0.001, respectively.
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of ROS and SOD were same (Yu et al., 2015). Either BPA or DBP
might generate oxidative damage through the similar way in their
mixtures, while their potencies were different. Besides, both
Table 5
The theorical values of %DNA in tail in the co-exposure treatments.

%DNA in tail BPA and DBP (mol/L)

10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Theoretical value 29.2 ± 1.68 35.4 ± 2.31 35.8 ± 1.76 42.0 ± 2.40

%DNA in tail DBP and Cd (mol/L)

10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Theoretical value 19.2 ± 1.56 32.0 ± 1.09 25.4 ± 2.19 38.2 ± 2.21

%DNA in tail BPA and Cd (mol/L)

10�8þ10�8 10�8þ10�6 10�6þ10�8 10�6þ10�6

Theoretical value 28.7 ± 2.09 41.5 ± 2.12 35.3 ± 2.17 48.1 ± 2.20
BPA þ Cd and DBP þ Cd treatments notably enhanced oxidative
stress, the possible reason was that Cd could inhibited strongly
detoxification process of ROS thus damage was aggravated (W€atjen
and Beyersmann, 2004).

Themodified Comet assay (Singh et al., 1988) whichwas a useful
tool to evaluate environmental genotoxicity of environmental
pollutants (Papis et al., 2011) was used in this work. Obviously, the
present study confirmed that BPA, DBP or Cd could cause severe
DNA damage, and the order of genotoxicity was BPA > Cd > DBP.
Synergic effect was observed for the combination of BPA þ DBP on
HepG 2 cells. Strangely, the interaction between BPA/DBP and Cd
was addictive even antagonism at lower dosages of Cd. A possible
explanation was that Cd could modify the CYP1A1 activity thus the
DNA damage may be induced by BPA/DBP metabolites which was
weaker genotoxicity (Vincent-Hubert et al., 2011). Moreover, at
higher dosages of Cd, enhanced DNA damage can be found and the
combined effect was Synergic effect in the BPA/DBP þ Cd
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treatments. The possible reasonwas that Cd affected the stability of
the DNA double-strand not only by increasing oxidative damage
but also by inhibiting several DNA-repair pathways (Bertin and
Averbeck, 2006). Taken together, these results suggested that the
genotoxicity on HepG 2 cells of all the binary mixtures and single
substances can't be ignored. Although several regulatory bodies,
such as European Aviation Safety Agency, have concluded that
single BPA does not pose a genotoxic risk to humans, the multi-
exposures including BPA should be paid more attention due to
the toxicitymay be enhanced remarkablely through synergistic and
additive interactions. So people exposed in the environment of
EEDs' mixtures may bear greater health risks and the regulatory
authorities should attach importance to EEDs pollution.

5. Conclusion

In this laboratory study, BPA, DBP and Cd could induce cell
death, oxidative damage and DNA damage in HepG 2 cells. Cd
treatment groups showed the strongest cytotoxicity and oxidative
stress especially for the decreasing superoxide dismutase (SOD)
activity. The strongest genotoxicity for mono-exposure was
observed in BPA treatments by comet assay. The possible mecha-
nism was that excessive oxidative stress led to the DNA damage as
well as cell death. As for joint effect of binary mixtures, enhanced
toxicity was demonstrated compared with BPA/DBP/Cd alone,
different interactions can be found for different endpoints but
synergistic and additive interactions were the mainly combined
effect. It suggested that the organisms exposed to multiple estro-
genic endocrine disruptors (EEDs) may have more risks than ex-
pected. Our work provides information on combined toxicity
investigations on EEDs, and further researches are needed to
improve and perfect risk assessment.

Acknowledgements

This study was financially supported by National Natural Sci-
ence Foundation of China (Grant Nos. 41676110), National
fund-joint fund key projects in Guangdong (U1133003), NSFC-
Guangdong Province joint key project (U1301235), Industry-uni-
versity-research combination project of Guangdong Province
(2013B090600009) and Science and technology program of
Guangdong, China (2014A020217007).

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.fct.2017.03.054.

References

Bai, J., Xiao, R., Zhang, K., Gao, H., 2012. Arsenic and heavy metal pollution in
wetland soils from tidal freshwater and salt marshes before and after the flow-
sediment regulation regime in the Yellow River Delta, China. J. Hydrology 450,
244e253.

Bertin, G., Averbeck, D., 2006. Cadmium: cellular effects, modifications of bio-
molecules, modulation of DNA repair and genotoxic consequences (a review).
Biochimie 88, 1549e1559.

Bindhumol, V., Chitra, K.C., Mathur, P.P., 2003. Bisphenol A induces reactive oxygen
species generation in the liver of male rats. Toxicology 188, 117e124.

Birmili, W., Allen, A.G., Bary, F., Harrison, R.M., 2006. Trace metal concentrations and
water solubility in size-fractionated atmospheric particles and influence of road
traffic. Environ. Sci. Technol. 40, 1144e1153.

Buchko, G.W., Hess, N.J., Kennedy, M.A., 2000. Cadmium mutagenicity and human
nucleotide excision repair protein XPA: CD, EXAFS and (1)H/(15)N-NMR spec-
troscopic studies on the zinc(II)- and cadmium(II)-associated minimal DNA-
binding domain (M98-F219). Carcinogenesis 21, 1051e1057.

Collins, A.R., 2004. The comet assay for DNA damage and repair. Mol. Biotechnol. 26,
249e261.

Corcuera, L.A., Arbillaga, L., Vettorazzi, A., Azqueta, A., L�opez, d.C.A., 2011.
Ochratoxin A reduces aflatoxin B1 induced DNA damage detected by the comet
assay in Hep G2 cells. Food & Chem. Toxicol. Int. J. Publ. Br. Industrial Biol. Res.
Assoc. 49, 2883e2889.

Garajvrhovac, V., Gajski, G., Ruk, D., Kollar, R., Cvjetko, P., 2013. Toxicological char-
acterization of the landfill leachate prior/after chemical and electrochemical
treatment: a study on human and plant cells. Chemosphere 93, 939e945.

Geng, J., Wang, Y., Luo, H., 2015. Distribution, sources, and fluxes of heavy metals in
the Pearl River Delta, South China. Mar. Pollut. Bull. 101, 914e921.

Groten, J., 2000. Mixtures and interactions. Food & Chem. Toxicol. 38, 260e275.
Groten, J.P., Schoen, E.D., Feron, V.J., 1996. Use of factorial designs in combination

toxicity studies. Food & Chem. Toxicol. Int. J. Publ. Br. Industrial Biol. Res. Assoc.
34, 1083e1089.

Habeebu, S., Liu, J., Klaassen, C., 1998. Cadmium-induced apoptosis in mouse liver.
Toxicol. Appl. Pharmacol. 149, 203e209.

Hongjun, Y., Wenjun, X., Qing, L., Jingtao, L., Hongwen, Y., Zhaohua, L., 2013. Dis-
tribution of phthalate esters in topsoil: a case study in the Yellow River Delta,
China. Environ. Monit. Assess. 185, 8489e8500.

Johnson, M.D., Kenney, N., Stoica, A., Hilakivi-Clarke, L., Singh, B., Chepko, G.,
Clarke, R., Sholler, P.F., Lirio, A.A., Foss, C., 2003. Cadmium mimics the in vivo
effects of estrogen in the uterus and mammary gland. Nat. Med. 9, 1081e1084.

Klari�c, M. �S, Darabo�s, D., Rozgaj, R., Ka�suba, V., Pepeljnjak, S., 2010. Beauvericin and
ochratoxin A genotoxicity evaluated using the alkaline comet assay: single and
combined genotoxic action. Archives Toxicol. 84, 641e650.

Klari�c, M. �S, �Zelje�zi�c, D., Rumora, L., Peraica, M., Pepeljnjak, S., Domijan, A.M., 2012.
A potential role of calcium in apoptosis and aberrant chromatin forms in
porcine kidney PK15 cells induced by individual and combined ochratoxin A
and citrinin. Archives Toxicol. 86, 97e107.

Kleinsasser, N.H., Kastenbauer, E.R., Weissacher, H., Muenzenrieder, R.K.,
Harr�eus, U.A., 2000. Phthalates demonstrate genotoxicity on human mucosa of
the upper aerodigestive tract. Environ. Mol. Mutagen. 35, 9e12.

Kleinsasser, N.H., Wallner, B.C., Kastenbauer, E.R., Weissacher, H., Harr�eus, U.A.,
2001. Genotoxicity of di-butyl-phthalate and di-iso-butyl-phthalate in human
lymphocytes and mucosal cells. Teratogenesis Carcinog Mutagen. Teratogenesis
Carcinog. Mutagen. 21, 189e196.

Knasmüller, S., Parzefall, W., Sanyal, R., Ecker, S., Schwab, C., Uhl, M., Mersch-
Sundermann, V., Williamson, G., Hietsch, G., Langer, T., 1998. Use of metaboli-
cally competent human hepatoma cells for the detection of mutagens and
antimutagens. Mutat. Research/fundamental Mol. Mech. Mutagen. 402,
185e202.

Kortenkamp, A., 2007. Ten years of mixing cocktails: a review of combination effects
of endocrine-disrupting chemicals. Environ. Health Perspect. 115 (Suppl. 1),
98e105.

Li, X., Yin, P., Zhao, L., 2016. Phthalate esters in water and surface sediments of the
Pearl River Estuary: distribution, ecological, and human health risks. Environ.
Sci. Pollut. Res. 23, 19341e19349.

Mylchreest, E., Sar, M., Cattley, R.C., Foster, P.M., 1999. Disruption of androgen-
regulated male reproductive development by di (n-butyl) phthalate during
late gestation in rats is different from flutamide. Toxicol. Appl. Pharmacol. 156,
81e95.

Nwagbara, O., Darling-Reed, S.F., Tucker, A., Harris, C., Abazinge, M., Thomas, R.D.,
Gragg, R.D., 2007. Induction of cell death, DNA strand breaks, and cell cycle
arrest in DU145 human prostate carcinoma cell line by benzo[a]pyrene and
benzo[a]pyrene-7,8-diol-9,10-epoxide. Int. J. Environ. Res. Public Health 4,
10e14.

Otto, M., Hansen, S.H., Dalgaard, L., Dubois, J., Badolo, L., 2008. Development of an
in vitro assay for the investigation of metabolism-induced drug hepatotoxicity.
Cell Biol. Toxicol. 24, 87e99.

Pacchierotti, F., Ranaldi, R., Eichenlaub-Ritter, U., Attia, S., Adler, I.D., 2008. Evalua-
tion of aneugenic effects of bisphenol A in somatic and germ cells of the mouse.
Mutat. Research/fundamental Mol. Mech. Mutagen. 651, 64e70.

Papis, E., Davies, S.J., Jha, A.N., 2011. Relative sensitivity of fish and mammalian cells
to the antibiotic, trimethoprim: cytotoxic and genotoxic responses as deter-
mined by neutral red retention, Comet and micronucleus assays. Ecotoxicology
20, 208e217.

Parry, E.M., Parry, J.M., Corso, C., Doherty, A., Haddad, F., Hermine, T.F., Johnson, G.,
Kayani, M., Quick, E., Warr, T., 2002. Detection and characterization of mecha-
nisms of action of aneugenic chemicals. Mutagenesis 17, 509e521.

Pfuhler, S., Fellows, M., Benthem, J.V., Corvi, R., Curren, R., Dearfield, K., Fowler, P.,
Fr€otschl, R., Elhajouji, A., H�egarat, L.L., 2011. In vitro genotoxicity test ap-
proaches with better predictivity: summary of an IWGT workshop. Mutat.
Research/genetic Toxicol. Environ. Mutagen. 723, 101e107.

Rodríguezantona, C., Donato, M.T., Boobis, A., Edwards, R.J., Watts, P.S., Castell, J.V.,
G�omezlech�on, M.J., 2002. Cytochrome P450 expression in human hepatocytes
and hepatoma cell lines: molecular mechanisms that determine lower
expression in cultured cells. Xenobiotica 32, 505e520.

Schweikl, H., Schmalz, G., Rackebrandt, K., 1998. The mutagenic activity of unpo-
lymerized resin monomers in Salmonella typhimurium and V79 cells. Mutat.
Research/fundamental Mol. Mech. Mutagen. 415, 119e130.

Shi, J., Liu, X., Chen, Q., Zhang, H., 2014. Spatial and seasonal distributions of es-
trogens and bisphenol A in the Yangtze River Estuary and the adjacent East
China Sea. Chemosphere 111, 336e343.

Singh, N.P., McCoy, M.T., Tice, R.R., Schneider, E.L., 1988. A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp. cell Res. 175,
184e191.

Sohoni, P., Tyler, C.R., Hurd, K., Caunter, J., Hetheridge, M., Williams, T., Woods, C.,

http://dx.doi.org/10.1016/j.fct.2017.03.054
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref1
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref1
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref1
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref1
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref1
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref2
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref2
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref2
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref2
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref3
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref3
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref3
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref4
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref4
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref4
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref4
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref5
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref5
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref5
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref5
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref5
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref6
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref6
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref6
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref7
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref8
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref8
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref8
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref8
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref9
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref9
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref9
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref10
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref10
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref10
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref11
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref11
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref11
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref11
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref11
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref12
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref12
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref12
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref13
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref13
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref13
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref13
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref14
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref14
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref14
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref14
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref15
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref16
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref17
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref17
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref17
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref17
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref17
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref18
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref19
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref20
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref20
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref20
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref20
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref21
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref21
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref21
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref21
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref22
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref22
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref22
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref22
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref22
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref23
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref24
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref24
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref24
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref24
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref25
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref25
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref25
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref25
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref26
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref26
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref26
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref26
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref26
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref27
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref27
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref27
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref27
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref28
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref29
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref30
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref30
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref30
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref30
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref31
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref31
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref31
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref31
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref32
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref32
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref32
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref32
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref33


X. Li et al. / Food and Chemical Toxicology 105 (2017) 73e81 81
Evans, M., Toy, R., Gargas, M., 2001. Reproductive effects of long-term exposure
to Bisphenol A in the fathead minnow (Pimephales promelas). Environ. Sci.
Technol. 35, 2917e2925.

Speijers, G.J.A., Speijers, M.H.M., 2004. Combined toxic effects of mycotoxins. Tox-
icol. Lett. 153, 91e98.

Staples, C.A., Dome, P.B., Klecka, G.M., Oblock, S.T., Harris, L.R., 1998. A review of the
environmental fate, effects, and exposures of bisphenol A. Chemosphere 36,
2149e2173.

Szuster, C.A., Stachura, A.M., Kaminska, T., Sniezko, R., Paduch, R., Abramczyk, D.,
Filar, J., Kandefer, S.M., 2000. The inhibitory effect of zinc on cadmium-induced
cell apoptosis and reactive oxygen species (ROS) production in cell cultures.
Toxicology 145, 159e171.

Tsutsui, T., Tamura, Y., Yagi, E., Hasegawa, K., Takahashi, M., Maizumi, N.,
Yamaguchi, F., Barrett, J.C., 1998. Bisphenol-A induces cellular transformation,
aneuploidy and DNA adduct formation in cultured Syrian hamster embryo cells.
Int. J. Cancer 75, 290e294.

Vincent-Hubert, F., Arini, A., Gourlay-Franc�e, C., 2011. Early genotoxic effects in gill
cells and haemocytes of Dreissena polymorpha exposed to cadmium, B[a]P and
a combination of B[a]P and Cd. Mutat. Research/fundamental Mol. Mech.
Mutagen. 723, 26e35.

Waisberg, M., Joseph, P., Hale, B., Beyersmann, D., 2003. Molecular and cellular
mechanisms of cadmium carcinogenesis. Toxicology 192, 95e117.

Wang, L., Ying, G.-G., Chen, F., Zhang, L.-J., Zhao, J.-L., Lai, H.-J., Chen, Z.-F., Tao, R.,
2012. Monitoring of selected estrogenic compounds and estrogenic activity in
surface water and sediment of the Yellow River in China using combined
chemical and biological tools. Environ. Pollut. 165, 241e249.

W€atjen, W., Beyersmann, D., 2004. Cadmium-induced apoptosis in C6 glioma cells:
influence of oxidative stress. Biometals 17, 65e78.

Weber, F., Freudinger, R., Schwerdt, G., Gekle, M., 2005. A rapid screening method to
test apoptotic synergisms of ochratoxin A with other nephrotoxic substances.
Toxicol. In Vitro 19, 135e143.

Wei, X., Huang, Y., Wong, M.H., Giesy, J.P., Wong, C.K., 2011. Assessment of risk to
humans of bisphenol A in marine and freshwater fish from Pearl River Delta,
China. Chemosphere 85, 122e128.

Wilson, M.R., Foucaud, L., Barlow, P.G., Hutchison, G.R., Sales, J., Simpson, R.J.,
Stone, V., 2007. Nanoparticle interactions with zinc and iron: implications for
toxicology and inflammation. Toxicol. Appl. Pharmacol. 225, 80e89.

Wu, M., Xu, H., Shen, Y., Qiu, W., Yang, M., 2011. Oxidative stress in zebrafish em-
bryos induced by short-term exposure to bisphenol A, nonylphenol, and their
mixture. Environ. Toxicol. Chem. 30, 2335e2341.

Wu, B., Liu, Z., Xu, Y., Li, D., Li, M., 2012. Combined toxicity of cadmium and lead on
the earthworm Eisenia fetida (Annelida, Oligochaeta). Ecotoxicol. Environ. Saf.
81, 122e126.

Xin, L., Yao, L., Wang, A., Wei, Z., Yu, L., Su, X., Hong, C., Wan, J., Wang, Y., Tian, H.,
2015. Cytogenetic evaluation for the genotoxicity of bisphenol-A in Chinese
hamster ovary cells. Environ. Toxicol. Pharmacol. 40, 524e529.

Xu, C., Johnson, J.E., Singh, P.K., Jones, M.M., Yan, H., Carter, C.E., 1996. In vivo studies
of cadmium-induced apoptosis in testicular tissue of the rat and its modulation
by a chelating agent. Toxicology 107, 1e8.

Yi, Y., Yang, Z., Zhang, S., 2011. Ecological risk assessment of heavy metals in sedi-
ment and human health risk assessment of heavy metals in fishes in the middle
and lower reaches of the Yangtze River basin. Environ. Pollut. 159, 2575e2585.

Yu, Y., Duan, J., Li, Y., Yu, Y., Jin, M., Li, C., Wang, Y., Sun, Z., 2015. Combined toxicity of
amorphous silica nanoparticles and methylmercury to human lung epithelial
cells. Chin. Soc. Toxicol. Nat. Conf. Toxicol. 144e152.

Zhang, L., Dong, L., Ren, L., Shi, S., Zhou, L., Zhang, T., Huang, Y., 2012. Concentration
and source identification of polycyclic aromatic hydrocarbons and phthalic acid
esters in the surface water of the Yangtze River Delta, China. J. Environ. Sci. 24,
335e342.

Zhou, J., Chen, B., Cai, Z., 2015. Metabolomics-based approach for assessing the
toxicity mechanisms of dibutyl phthalate to abalone ( Haliotis diversicolor
supertexta ). Environ. Sci. Pollut. Res. 22, 5092e5099.

Zhou, D., Wang, H., Zhang, J., 2010. Di-n-butyl phthalate (DBP) exposure induces
oxidative stress in epididymis of adult rats. Syst. Biol. Reprod. Med. 27, 65.

http://refhub.elsevier.com/S0278-6915(17)30151-5/sref33
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref33
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref33
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref33
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref34
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref34
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref34
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref35
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref35
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref35
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref35
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref36
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref36
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref36
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref36
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref36
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref37
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref37
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref37
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref37
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref37
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref38
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref39
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref39
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref39
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref40
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref40
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref40
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref40
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref40
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref41
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref41
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref41
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref41
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref42
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref42
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref42
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref42
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref43
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref43
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref43
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref43
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref44
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref44
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref44
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref44
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref45
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref45
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref45
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref45
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref46
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref46
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref46
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref46
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref47
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref47
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref47
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref47
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref48
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref48
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref48
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref48
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref49
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref49
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref49
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref49
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref50
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref50
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref50
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref50
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref51
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref51
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref51
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref51
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref51
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref52
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref52
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref52
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref52
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref53
http://refhub.elsevier.com/S0278-6915(17)30151-5/sref53

	Effects of individual and combined toxicity of bisphenol A, dibutyl phthalate and cadmium on oxidative stress and genotoxic ...
	1. Introduction
	2. Material and methods
	2.1. Chemicals
	2.2. Cell culture
	2.3. Experimental design
	2.4. Cytotoxicity assays
	2.5. Oxidative stress biomarkers response assays
	2.6. Comet assay
	2.7. Statistical analysis

	3. Results
	3.1. Cell viability for HepG 2 cells exposed to BPA, DBP, or Cd alone and their binary mixtures
	3.2. Effects of single or combined groups on induction of intracellular reactive oxygen species (ROS)
	3.3. Lipid peroxidation (LPO) level and antioxidant activity in cells exposed to single or combined groups
	3.4. Effects of BPA, DBP, or Cd alone and their binary mixtures on DNA strand breaks (comet assay)

	4. Discussion
	5. Conclusion
	Acknowledgements
	Transparency document
	References


