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A B S T R A C T

Benzo[a]pyrene (B[a]P) is an important contaminant whose liver biotransformation is dependent on the species,
the route of exposure and the concentration. The goal of this study was to assess the interactions of oxidative
DNA damage and CYP1A gene expression with the liver enzymes in Klunzinger’s mullet (Liza klunzingeri) ex-
posed to benzo[a]pyrene. Sublethal doses of B[a]P (5, 10 and 50mg/kg) were intraperitoneally administered to
the fish for 14 days. The alterations in antioxidant enzymes’ activity (SOD, CAT, and GPX), hepatic enzymes’
activity (ALT, AST and ALP), DNA damage (measured by comet assay and cellProfiler software) and CYP1A gene
expression in the fish liver were studied on the 1st, 3rd, 7th and 14th days. The determination of these para-
meters in the liver showed that most of these parameters significantly increased mostly in a time-dependent
manner. Multiple regression analysis showed that DNA damage and CYP1A gene expression had positive cor-
relations with the liver enzymes in this fish species intraperitoneally exposed to these concentrations. Moreover,
these interactions indicated that theses parameters are sensitive biomarkers for the exposure to B[a]P in
Klunzinger's mullet. However, other possible factors and B[a]P metabolites should be considered in future
studies for better elucidating the biotransformation mechanisms and introducing better biomarkers of B[a]P.

1. Introduction

Benzo[a]pyrene (B[a]P) as a representative compound of polycyclic
aromatic hydrocarbons (PAHs) is a ubiquitous and persistent organic
pollutant [1]. This global environmental contaminant is one of the most
commonly tested compounds in ecotoxicology [2,3]. The PAHs in
aquatic environments can arise from natural sources and anthropogenic
activities [4]. The uptake of the PAHs in aquatic organisms can occur
through contact with contaminated food, water and sediments [5,6].
Fishes are especially susceptible to water pollution, such as PAHs [7,8].
Pollutant compounds may interrupt many physiological and biochem-
ical pathways in the body of fish, therefore fish respond more sensi-
tively to pollutants than mammals and many other organisms [7,9,10].
In Fish, hepatic phase I and II metabolism including biotransformation
enzymes and the cytochrome P450 (CYP) superfamily are the major
pathway for the biotransformation of the B[a]P and other PAHs
[11,12]. During the biotransformation of B[a]P that dominates tox-
icokinetics, carcinogenic metabolites are produced and may reach
higher concentrations in organisms than their parent compounds
[13,14]. Also, Reactive oxygen species (ROS) are continuously gener-
ated in this process [15,16]. Previous studies showed that intermediates
compounds produced during B[a]P metabolism in the phase I and II can

react with DNA, leading to DNA strand breaks [17,18] This damage can
be measured and analyzed using single-cell gel electrophoresis and
CellProfiler software [19].

It is well known that ROS can deplete endogenous antioxidants by
induced oxidative stress [20]. Changing the oxidation-reduction
(redox) state in an organism can lead to various cell damage such as
lipid peroxidation, nucleic acid oxidation and protein oxidation [21].
Although the cellular oxidative damage, resulting from the exposure to
PAHs and association between oxidative stress and disease, is well
documented in fish and other aquatic organisms [22–24], the me-
chanistic links between PAHs metabolism and the occurrence of oxi-
dative damage need for more research [23,25]. Toxicity of oxyradicals
is neutralized by an integrated array of antioxidant defenses and free
radical scavengers, the levels of which may change in response to
oxidative pressure [23]. However, it is often difficult to predict how
antioxidants respond to chemical stress by a single index reflecting the
overall susceptibility to oxidative stress. Therefore, investigations on an
effective and feasible approach to measure the effect of PAH oxyradi-
cals on fish body functions is necessary to integrate the effect of PAHs
antioxidants, DNA damage, and gene expression.

Although the biotransformation of B[a]P occurs in many aquatic
organisms, their most effect is seen in the liver of fish [26]. In this case,
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the key point is that the liver biotransformation of B[a]P is dependent
on the species [27,28], the route of exposure and the concentration [6].
Since PAHs, such as B[a]P, do not tend to be bio-accumulated in tissues,
the direct quantification of these compounds in fish tissues may not be
an exact estimate of B[a]P exposure and its uptake [6]. Although in-
traperitoneal injection is not a common route of exposure to B[a]P in
nature, it can be useful to determine the action mechanism induced by
B[a]P and interpret the data obtained in the field conditions [23,29].

In the present study, the sub-lethal toxicities of B[a]P were studied
in Klunzinger's mullet (Liza klunzingeri) as an in vivo model by the
measurement of dose-dependent changes of hepatic enzymes’ activity,
antioxidant enzyme activity, P450 gene expression, and DNA oxidative
damages. The main aim of this study is to get new insights into the
complex relationship of oxidative damage to DNA and CYP1A gene
expression with liver enzymes in Klunzinger's mullet exposed to B[a]P.

2. Materials and methods

2.1. Experimental animals and conditions

Sexually immature Klunzinger's mullet (Liza klunzingeri) were
caught in the coastal water of the Persian Gulf (Khuzestan, Iran). Fish
(weighing 23 ± 2 g and 10 ± 1 cm in length) were acclimatized to
laboratory conditions in tanks (250 L) for two weeks (flow-through tank
with filtered seawater at room temperature, pH: 8.2; salinity: 36‰; O2:
4.2–4.6 ml/L; NO3: 0.1-0.5 μmol/L; NH4:0.1-0.3 μmol/L; organic
carbon:3-5mg/L). The fish were fed (2% of body weight) with live food
(rotifer obtained from the Marine Fish Research Center in Imam
Khomeini Port). The water of tanks was changed every 3 days, and any
dead fish were removed. Before starting the experiment, antibiotic
(oxytetracycline (7 ppm)) and fungicide (formalin (25 ppm)) were used
in fish tanks [30,31].

2.2. Experimental design and sampling

The fish (n=75) were divided into five groups including three
exposure groups and two control groups (without vehicle group) with
three replicates. After anesthetizing the fish with MS22 (40mg L−1)
and weighing, B[a]P (5, 10, 50mg/kg of body weight dissolved in corn
oil) was intraperitoneally injected [32] weekly (divided into two doses)
for two weeks. Sampling was carried out on the 1st, 3rd, 7th and 14th
days, and the blood was collected from the caudal vein using hepar-
inized syringes and transferred into ice-chilled vials. The blood was
centrifuged (200 g, 15min) and collected plasma was stored at −80 °C.
Then, the fish was sacrificed by decapitation and the livers were dis-
sected out (All experiments were performed according to Khorramshahr
University of Marine Science and Technology Animal Scientific Proce-
dure Act.). One part of the livers was immediately frozen in liquid ni-
trogen and stored at −80 °C. Other parts of the liver were kept in
crayotubes containing DMSO and PBS (1:9), and frozen in liquid ni-
trogen.

2.3. Antioxidant capacities

All antioxidant enzyme activities were measured by the spectro-
photometry at 25 °C. Frozen liver samples were homogenized in 0.1M
sodium phosphate buffer (pH 7.5) with the ratio of 1:10 w/v and
centrifuged at 12,000 g at 4 °C for 15min, and the supernatants were
used for assaying SOD, CAT and GPx and GST activities. The total
protein content in each sample was determined according to the Lowry
method [33]. The SOD activity was measured by commercially avail-
able kits (ZellBio GmbH,Germany) using an indirect inhibition assay of
nitroblue tetrazolium (NBT) reduction method [34]. All data were ex-
pressed as the unit of SOD activity per mg of protein. The GPx and CAT
activities were examined according to the method of Hafeman [35] and
Aebi [36], respectively.

2.4. Hepatic enzymes assay

The level of aspartate aminotransferase (AST) and alanine transa-
minase (ALT) enzymes in the serum samples were analyzed using an
auto-analyzer (Technicon, RA1000, USA) and commercial kits (Pars
Azmoon, Tehran, Iran) according to the method of Reitman and Frankel
[37]. Also the level of alkaline phosphatase (ALP) was assayed by the
method of Babson [38].

2.5. CYP1A gene expression

The total RNA was extracted from thawed liver samples (25mg) in
controls and treatment groups using an YTA RNA Extraction kit (Yekta
Tajhiz Azma®, Tehran, Iran), according to the manufacturer’s instruc-
tions. The quantity and quality of the RNA extracted were determined
by NanoDrop spectrophotometry (Thermo Scientific NanoDrop 2000,
USA) (wavelengths, 260 and 280 nm) and the agarose gel electro-
phoresis. The RNA extracted (1 μg) was reversely transcribed into cDNA
with the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo
Scientific, K1622, USA), following the manufacturer's instructions. All
cDNA reactions were diluted 10-fold before Q-PCR amplification.
Specific primers used to amplify the sequence of CYP1A by PCR were as
the following: forward, 5′‐CACTGCACCACAAAAGACAC‐3′; reverse, 5′‐
GGATGATGGCTCTTTCCACA ‐3′; The reference gene was β -actin pro-
tein of Liza aurata with the following primers: forward,: 5_-TTCCTCG
GTATGGAGTCCT-3′; reverse, 5_-TGGGGCAATGATCTTGATCTT-3′ [39].
Quantitative real-time PCR was carried out in final volumes by using an
ABI 7300 thermal cycler (Applied Biosystems, USA) with Maxima SYBR
Green/ROX qPCR Master Mix (2×) (K0222; Fermentas International
Inc., Canada) for the detection. The sample amplifying was performed
in the reaction mixture (25 μL) containing 0.3 μM of forward and re-
verse primers, 12.5 μL of Maxima SYBR Green/ROX qPCR Master Mix
(2×), DNA template ≤500 ng/reaction, and nuclease-free water. For
each primer pair, the NTC (no template) was used. Instrument setting
for all amplification reactions was as the following profile: incubation
at 95 °C for 1min, followed by 40 cycles of 95 °C for 1min, 58 °C for
10 s and 72 °C for 12 s, according to the melting curve analysis. Gene
expression was shown as a fold change between the level of expression
in the control and treatment groups and calculated using the 2−△△Ct

method [40].

2.6. Comet assay

Alkaline version of comet assay was performed according to
Ardeshir et al [19]. Briefly, liver samples were homogenized in PBS and
centrifuged (142 g for 10min at 4 °C). The pellets were dispersed in PBS
(1ml) and the samples were centrifuged again (93 g for7 min at 4 °C).
Then, the pellet was washed gently with PBS and resuspended in PBS
(1ml) and passed through a 100 μm nylon cell strainer (BD; Franklin
Lakes, NJ) and kept on ice. Cellular viability was assessed by trypan
blue dye exclusion and always was more than 95%. Prepared isolated
cells were embedded in 50mL low melting agarose (75%) and layered
on conventional slides, predipped in 1% normal-melting-point agarose.
The slides were immersed in ice-cold freshly prepared lysis solution
(2.5M NaCl, 100mM Na2EDTA, 10mM Tris−HCl, 1% Triton X-100
and dimethysulfoxide 10%, with final pH of 10) and kept for 12–18 h at
4 °C to lyse the cells and allow DNA unfolding. The electrophoresis
(25 V; 300mA, 25min) treatments were performed in an ice bath and
darkness by electrophoresis buffer [NaOH (0.4 g/mL) and EDTA (0.7 g/
mL) were added to 500mL dH2O with final pH of 13]. After that, the
slides were washed in neutralization buffer (Tris base solution (0.048 g/
mL) with pH 7.5 and fixed in cold-pure ethanol. Then the slides were
dried at room temperature and stained with SyberGreen (1 μL/ml stain
was dissolved in TE buffer) immediately before the observation. The
comets were observed and photographed by an Axioscop-40 FL fluor-
escent microscope (Carl Zeiss, Jena, Germany) equipped with MRс-5
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CCD camera. For the analysis of comet morphology, CellProfiler® soft-
ware 2.0 (revision: 10997 for Windows) was used according to previous
studies [19,41].

2.7. Statistical analysis

Before all statistical analyses, the data were tested for normality via
the Kolmogorov-Smirnov test and quantitative data were presented as
mean ± standard deviation. One-way and two-way ANOVA with
Multiple Comparisons Test were used to compare the different groups,
followed by Tukey's test. Multiple regression analyses were performed
on all measured variables in treatment groups to investigate possible
correlations between various biological responses. The significance
level was set at P < 0.05. All analyses were performed using OriginPro
2016, Version b9.3.226.

3. Results

3.1. Antioxidant capacities

Results showed that B[a]P exposure could significantly increase
SOD activity compared to the control group, especially on the 7th and
14th days in the fish liver (P < 0.05) (Fig. 1). However, there was no
significant difference between the three exposure groups in this case
(P > 0.05) (Fig. 1). The CAT activity significantly decreased in the 1st

day and significantly increased on the 3rd to 14th days (P < 0.05)
(Fig. 1). There was significant difference in CAT activity between three
groups exposed to B[a]P including 10mg/kg>50mg/kg> 5mg/kg
(P < 0.05) (Fig. 1). The GPX activity significantly increased on the 7th

and 14th days after exposure to 10mg/kg B[a]P (P < 0.05) (Fig. 1),
whereas its activity increased on the 3th to 14th days after exposure to
50mg/kg B[a]P (P < 0.05)(Fig. 1). The GPX activity was significantly
higher than other doses (P < 0.05) (Fig. 1) after exposure to 50mg/kg
B[a]P.

3.2. Hepatic enzymes assay

B[a]P exposure caused a significant increase in the fish liver ALT
and AST in the three exposure groups on the 1st to 14 th days
(P < 0.05)(Fig. 2). However, the increase of ALT levels depends on the
increased doses of B[a]P (P < 0.05) (Fig. 2). After the exposure of fish
to 5mg/kg and 10mg/kg of B[a]P, ALP level significantly increased
(P < 0.05)(Fig. 2). However, the ALP level significantly decreased
after the exposure to the high dose of B[a]P on the 14 th day compared
to the control group (P < 0.05)(Fig. 2).

3.3. CYP1A gene expression

The results of CYP1A gene expression showed that this expression
significantly increased after the exposure to B[a]P compared to the
control group (Fig. 3) (P < 0.05). This increase was completely in a
time- and dose- depend manner, especially in the high dose (Fig. 3)
(P < 0.05).

3.4. Comet assay

The measurement of comet tails in different B[a]P exposure groups
showed that this parameter significantly increased on the 3rd to 14th

days (P < 0.05) (Fig. 4). The highest comet tail was observed after
exposure to 50mg/kg B[a]P (P < 0.05) (Fig. 4).

4. Discussion

In recent years, concerns about the harmful effects of environmental
pollution such as PAHs on aquatic wildlife have arisen. In a general
scenario, these contaminants in aquatic organisms, just like

mammalian, can stimulate ROS production, antioxidant defense and
oxidative damage [42]. In aquatic organisms such as fish, this pathway
is much less known in these aspects, particularly in toxicology events
and the relationship of oxidative damage with the disease [43,44].

Fig. 1. Antioxidant enzymes activity (SOD,CAT and GPX) in the liver of
Klunzinger's mullet (Liza klunzingeri), exposed to the sublethal doses of B[a]P
for 14 days. Different lower cases or capital letters indicate significant differ-
ences in each group, and the star indicates a significant difference between
three exposure groups (P < 0.05). The values are given as mean ± SD.
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Therefore, the investigation of different fish species exposed to PAHs
can assist us to find out the differences in their responses [45]. This
study tried to investigate oxidative stress responses after exposure to
sublethal doses of B[a]P in Klunzinger's mullet.

Results showed that SOD activity significantly increased after ex-
posure to B[a]P compared to the control group. However, this increase
was in a time-dependent manner and not dose-dependent manner.
Moreover, increasing activity of CAT and GPX was observed after ex-
posure to B[a]P. CAT activity increased obviously in a time- and dose-
dependent manne (except on the 1st day). A key factor in controlling
the cellular ROS level is antioxidant enzymes [46]. The sudden decrease
in CAT activity on the first day indicated that the fish liver started to be
faced with an oxidative challenge. Increasing antioxidant enzymes may
result from the oxidative stress through excessive ROS production,
especially a considerable amount of O−·2 and hydrogen peroxide
(H2O2) which need to be converted by these antioxidant enzymes [13].
Under combined hypoxia stress, the activities of this enzyme often in-
crease because of the upregulation mediated by ROS to maintain cel-
lular redox equilibrium [47]. After the exposure to PAHs, similar results
were also found in Atlantic cod [48], European eel [49]. However, Yu

Fig. 2. Alterations in the liver enzymes (ALT, AST, and ALP) of Klunzinger's
mullet (Liza klunzingeri) exposed to the sublethal doses of B[a]P for 14 days.
Different lower cases or capital letters indicate significant differences in each
group, and the star indicates a significant difference between three exposure
groups (P < 0.05). The values are given as mean ± SD.

Fig. 3. CYP1A mRNA expression relative to β -actin in the liver of Klunzinger's
mullet (Liza klunzingeri) exposed the sublethal doses of B[a]P for 14 days.
Different lower cases or capital letters indicate significant differences in each
group, and the star indicates a significant difference between the three exposure
groups (P < 0.05). The values are given as mean ± SD.

Fig. 4. Top: Comet assay. The liver cells from the Klunzinger's mullet (Liza
klunzingeri) exposed to the sublethal doses of B[a]P were stained by
SyberGreen. a: Control group. b: exposure to 50mg/kg B[a]P on the14th day.
Bottom: Comparison of comet tails in the exposur and control groups. Different
lower cases or capital letters indicate significant differences in each group, and
the star indicates a significant difference among the three exposure groups
(P < 0.05). The values are given as mean ± SD.
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et al. [46] reported the decreased SOD activity in the liver of orange-
spotted groupers (E. coioides) after the exposure to B[a]P [46]. These
different results may be due to the inactivation effect of elevated ROS
levels on SOD activity [46,50]. Although GPX activity increased after
the exposure, increasing activity was weaker compared to CAT and SOD
activities. The CAT and GPX are the catalyzer of the dismutation re-
action of H2O2 wherease the phospholipid hydroperoxide GPX has a
cytosolic location, and therefore, its role is considered to be com-
plementary, disposing of free radicals in their respective cell locations
[51].

According to the results, intraperitoneal injection of B[a]P increases
the liver enzymes (except ALP on the 14th day) compared to the control
group. Many previous studies reported that these liver-specific enzymes
are sensitive markers for hepatotoxicity and histopathologic changes
[52]. The increased AST, ALT, and ALP activities represent liver da-
mage resulting from the oxidative stress and the alteration in the per-
meability of the liver membrane [53]. It can be said that the severity of
oxidative damage caused a significant decrease in ALP levels on the
14th day.

Among the P450 cytochrome family, the CYP1A subfamily is the
most important case study [54,55]. This P450 cytochrome is induced by
various contaminants including PAH, and therefore P450 activity is
widely used as a biomarker for PAH effects on fish and other aquatic
organisms [56,57]. In this study, the B[a]P exposure could significantly
increase CYP1A expression, especially in high-dose exposure. After B[a]
P exposure, the production of BDPEs or other metabolites could in-
crease the activity and expression of cyp1a. In addition, this expression
can be related to DNA damage [57]. The strong and significant corra-
lations between cyp1a expression and DNA damage are evidence to
support this claim (Fig. 5) (P < 0.05).

In this study, DNA damage significantly increases in a time-depen-
dent manner. The occurrence of DNA damage after the exposure to
PAHs has been demonstrated in previous studies [58,59,57,60]. These

studies showed that the DNA damage can be caused by PAHs exposure,
activated metabolites or by the ROS produced during biotransformation
[57]. Correlation analysis between all measured parameters showed
significant and positive relationships in most of these cases (Fig. 5)
(P < 0.05). These observations and using a lot of biomarkers can
provide comprehensive data for understanding PAHs toxicology in fish.

In conclusion, the present study has shown that the fish exposed to
the sublethal doses of B[a]P could increase antioxidant enzymes (in-
cluding SOD, CAT and GPX) and liver biochemical enzymes (including
ALT, AST and ALP). Also, CYP1a gene expression increased in a time-
dependent manner in fish liver. In addition, the DNA damage detected
in the liver cells after the exposure to sublethal doses of B[a]P was
probably caused by reactive metabolites of this contaminant, indicating
the efflux of these metabolites from the liver as the most metabolizing
organ of fish. The strong and significant correlations between these
parameters confirm that they are sensitive biomarkers in Klunzinger's
mullet exposed to B[a]P. It may be some part of toxicokinetic pathways
of the B[a]P in marine fish. For better elucidating the biotransformation
mechanisms and introducing better biomarker of B[a]P, it is suggested
that the focus on unknown PAH biotransformation phatways, such as
the expression and activity of ABC transporters correlated to PAH,
should be carried out in the future.

Declaration of Competing Interests

The authors declare no conflict of interest.

Declaration of Competing Interest

The authors report no declarations of interest.

Fig. 5. Correlation coefficients between all liver parameters tested in Klunzinger's mullet (Liza klunzingeri) exposed to the sublethal concentrations of B[a]P. The sign
(*) shows P < 0.05 based on Pearson’s test.

T. Soltani, et al. Toxicology Reports 6 (2019) 1097–1103

1101



Acknowledgments

The authors would like to thank Dr.Sara Rastgar and Dr. Rashid
Alijani Ardeshir from Department of Marine Biology, Khorramshahr
University of Marine Science and Technology in Iran for valuable sci-
entific advice on this research and structural edition of the manuscript.
This study was supported financially by Khorramshahr University of
Marine Science and Technologyin Iran with grant number 18546.

References

[1] M. Banni, S. Sforzini, V.M. Arlt, A. Barranger, L.J. Dallas, C. Oliveri, Y. Aminot,
B. Pacchioni, C. Millino, G. Lanfranchi, Assessing the impact of Benzo [a] pyrene on
Marine Mussels: Application of a novel targeted low density microarray com-
plementing classical biomarker responses, PLoS One 12 (2017) e0178460.

[2] Y. Di, D.C. Schroeder, A. Highfield, J.W. Readman, A.N. Jha, Tissue-specific ex-
pression of p53 and ras genes in response to the environmental genotoxicant benzo
(α) pyrene in marine mussels, Environ. Sci. Technol. 45 (2011) 8974–8981.

[3] S. Rastgar, R. Alijani Ardeshir, A.-A. Movahedinia, Z. Yarahmadi, Alterations in the
Plasma Thyroid and Cortisol Hormones in Yellowfin Sea bream, Acanthopagrus
latus, following exposure to Benzo (α) Pyrene, Pollution 2 (2016) 77–82.

[4] Y. Ikenaka, M. Sakamoto, T. Nagata, H. Takahashi, Y. Miyabara, T. Hanazato,
M. Ishizuka, T. Isobe, J.-W. Kim, K.-H. Chang, Effects of polycyclic aromatic hy-
drocarbons (PAHs) on an aquatic ecosystem: acute toxicity and community-level
toxic impact tests of benzo [a] pyrene using lake zooplankton community, J.
Toxicol. Sci. 38 (2013) 131–136.

[5] W. Bruggeman, A. Opperhuizen, A. Wijbenga, O. Hutzinger, Bioaccumulation of
super‐lipophilic chemicals in fish, Toxicol. Environ. Chem. 7 (1984) 173–189.

[6] J. Costa, M. Ferreira, L. Rey-Salgueiro, M.A. Reis-Henriques, Comparision of the
waterborne and dietary routes of exposure on the effects of Benzo (a) pyrene on
biotransformation pathways in Nile tilapia (Oreochromis niloticus), Chemosphere
84 (2011) 1452–1460.

[7] H. Durmaz, Y. Sevgiler, N. Üner, Tissue-specific antioxidative and neurotoxic re-
sponses to diazinon in Oreochromis niloticus, Pestic. Biochem. Physiol. 84 (2006)
215–226.

[8] Huncik, K. M., Kucklick, J. R. & Ragland, J. M. 2019. Polycyclic Aromatic
Hydrocarbons (PAHs) in Marine Mammal Blubber: Results from an Interlaboratory
Study.

[9] K. Kumari, A. Khare, S. Dange, The applicability of oxidative stress biomarkers in
assessing chromium induced toxicity in the fish Labeo rohita, Biomed Res. Int. 2014
(2014).

[10] E. Rahimikia, Analysis of antioxidants and serum biochemical responses in goldfish
under nickel exposure by sub-chronic test, J. Appl. Anim. Res. 45 (2017) 320–325.

[11] J.-H. Park, D. Mangal, K.A. Tacka, A.M. Quinn, R.G. Harvey, I.A. Blair,
T.M. Penning, Evidence for the aldo-keto reductase pathway of polycyclic aromatic
trans-dihydrodiol activation in human lung A549 cells, Proc. Natl. Acad. Sci. 105
(2008) 6846–6851.

[12] K.S. Hoydal, B.M. Jenssen, R.J. Letcher, M. Dam, A. Arukwe, Hepatic phase I and II
biotransformation responses and contaminant exposure in long-finned pilot whales
from the Northeastern Atlantic, Mar. Environ. Res. 134 (2018) 44–54.

[13] C. Deng, F. Dang, J. Gao, H. Zhao, S. Qi, M. Gao, Acute benzo [a] pyrene treatment
causes different antioxidant response and DNA damage in liver, lung, brain, sto-
mach and kidney, Heliyon 4 (2018) e00898.

[14] Rastgar, S., Movahedinia, A. & Yarahmadi, Z. 2012. Alterations in the patterns of
plasma thyroid hormones in Yellowfin Seabream, Acanthopagrus latus, following
short and long term chemical stresses of Benzo (a) pyrene.

[15] N.T. Palackal, M.E. Burczynski, R.G. Harvey, T.M. Penning, Metabolic activation of
polycyclic aromatic hydrocarbon trans-dihydrodiols by ubiquitously expressed al-
dehyde reductase (AKR1A1), Chem. Biol. Interact. 130 (2001) 815–824.

[16] T.L.L. Do Carmo, V.C. Azevedo, P.R. De Siqueira, T.D. Galvão, F.A. Dos Santos,
C.B. Dos Reis Martinez, C.R. Appoloni, M.N. Fernandes, Reactive oxygen species
and other biochemical and morphological biomarkers in the gills and kidneys of the
Neotropical freshwater fish, Prochilodus lineatus, exposed to titanium dioxide (TiO
2) nanoparticles, Environ. Sci. Pollut. Res. 25 (2018) 22963–22976.

[17] M. Banni, Z. Bouraoui, J. Ghedira, C. Clerandeau, H. Guerbej, J. Narbonne,
H. Boussetta, Acute effects of benzo [a] pyrene on liver phase I and II enzymes, and
DNA damage on sea bream Sparus aurata, Fish Physiol. Biochem. 35 (2009)
293–299.

[18] C. Gravato, M. Santos, Juvenile sea bass liver P450, EROD induction, and ery-
throcytic genotoxic responses to PAH and PAH-like compounds, Ecotoxicol.
Environ. Saf. 51 (2002) 115–127.

[19] R.A. Ardeshir, H. Zolgharnein, A. Movahedinia, N. Salamat, E. Zabihi, CYP1A gene
expression as a basic factor for fipronil toxicity in Caspian kutum fish, Toxicol. Rep.
5 (2018) 113–124.

[20] N. Brucker, A.M. Moro, M.F. Charão, J. Durgante, F. Freitas, M. Baierle,
S. Nascimento, B. Gauer, R.P. Bulcão, G.B. Bubols, Biomarkers of occupational
exposure to air pollution, inflammation and oxidative damage in taxi drivers, Sci.
Total Environ. 463 (2013) 884–893.

[21] K. Ji, C. Xing, F. Jiang, X. Wang, H. Guo, J. Nan, L. Qian, P. Yang, J. Lin, M. Li,
Benzo [a] pyrene induces oxidative stress and endothelial progenitor cell dys-
function via the activation of the NF-κB pathway, Int. J. Mol. Med. 31 (2013)
922–930.

[22] R. Di Giulio, W. Benson, B. Sanders, P. Van Veld, Biochemical mechanisms: meta-
bolism, adaptation, and toxicity, Fundamentals of aquatic toxicology 2 (1995)
523e560.

[23] F. Regoli, G.W. Winston, S. Gorbi, G. Frenzilli, M. Nigro, I. Corsi, S. Focardi,
Integrating enzymatic responses to organic chemical exposure with total oxyradical
absorbing capacity and DNA damage in the European eel Anguilla anguilla,
Environmental Toxicology and Chemistry: An International Journal 22 (2003)
2120–2129.

[24] M. YAZDANI, Comparative toxicity of selected PAHs in rainbow trout hepatocytes:
genotoxicity, oxidative stress and cytotoxicity, Drug Chem. Toxicol. (2018) 1–8.

[25] O.R. Ibor, A.O. Adeogun, F. Regoli, A. Arukwe, Xenobiotic biotransformation,
oxidative stress and obesogenic molecular biomarker responses in Tilapia gui-
neensis from Eleyele Lake, Nigeria, Ecotoxicol. Environ. Saf. 169 (2019) 255–265.

[26] J. Blahova, K. Kruzikova, B. Kasiková, P. Stierand, J. Jurcikova, T. Ocelka,
Z. Svobodova, 1-hydroxypyrene–A biochemical marker for PAH pollution assess-
ment of aquatic ecosystem, Sensors 10 (2010) 203–217.

[27] P.G.-J. De Maagdi, A.D. Vethaak, 15 Biotransformation of PAHs and Their
Carcinogenic Effects in Fish, PAHs Relat. Compounds: Biol. 3 (1997) 265.

[28] Y. Ikenaka, M. Oguri, A. Saengtienchai, S.M. Nakayama, S. Ijiri, M. Ishizuka,
Characterization of phase-II conjugation reaction of polycyclic aromatic hydro-
carbons in fish species: Unique pyrene metabolism and species specificity observed
in fish species, Environ. Toxicol. Pharmacol. 36 (2013) 567–578.

[29] R.A. Ardeshir, H. Zolgharnein, A. Movahedinia, N. Salamat, E. Zabihi, Comparison
of waterborne and intraperitoneal exposure to fipronil in the Caspian white fish
(Rutilus frisii) on acute toxicity and histopathology, Toxicol. Rep. 4 (2017)
348–357.

[30] A. Rico, T.M. Phu, K. Satapornvanit, J. Min, A. Shahabuddin, P.J. Henriksson,
F.J. Murray, D.C. Little, A. Dalsgaard, P.J. Van Den Brink, Use of veterinary med-
icines, feed additives and probiotics in four major internationally traded aqua-
culture species farmed in Asia, Aquaculture 412 (2013) 231–243.

[31] H. Supriyadi, A. Rukyani, The use of chemicals in aquaculture in Indonesia, Use of
Chemicals in Aquaculture in Asia: Proceedings of the Meeting on the Use of
Chemicals in Aquaculture in Asia 20–22 May 1996, Tigbauan, Iloilo, Philippines,
Aquaculture Department, Southeast Asian Fisheries Development Center, 2000, pp.
113–118.

[32] A. Karami, A. Christianus, Z. Ishak, M.A. Syed, S.C. Courtenay, The effects of in-
tramuscular and intraperitoneal injections of benzo [a] pyrene on selected bio-
markers in Clarias gariepinus, Ecotoxicol. Environ. Saf. 74 (2011) 1558–1566.

[33] S.W. Kennedy, S.P. Jones, Simultaneous measurement of cytochrome P4501A cat-
alytic activity and total protein concentration with a fluorescence plate reader,
Anal. Biochem. 222 (1994) 217–223.

[34] R.K. Crouch, S.E. Gandy, G. Kimsey, R.A. Galbraith, G.M. Galbraith, M.G. Buse, The
inhibition of islet superoxide dismutase by diabetogenic drugs, Diabetes 30 (1981)
235–241.

[35] D. Hafeman, R. Sunde, W. Hoekstra, Effect of dietary selenium on erythrocyte and
liver glutathione peroxidase in the rat, J. Nutr. 104 (1974) 580–587.

[36] H. Aebi, Catalase in vitro Methods Enzymol 105 (1984) 121–126 Find this article
online.

[37] S. Reitman, S. Frankel, A colorimetric method for the determination of serum
glutamic oxalacetic and glutamic pyruvic transaminases, Am. J. Clin. Pathol. 28
(1957) 56–63.

[38] A.L. Babson, S.J. Greeley, C.M. Coleman, G.E. Phillips, Phenolphthalein mono-
phosphate as a substrate for serum alkaline phosphatase, Clin. Chem. 12 (1966)
482–490.

[39] C. Cionna, F. Maradonna, I. Olivotto, G. Pizzonia, O. Carnevali, Effects of non-
ylphenol on juveniles and adults in the grey mullet, Liza aurata, Reprod. Toxicol. 22
(2006) 449–454.

[40] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2− ΔΔCT method, Methods 25 (2001) 402–408.

[41] J. González, I. ROMERO, J. BARQUINERO, O. García, Automatic analysis of silver-
stained comets by CellProfiler software, Mutat. Res. Toxicol. Environ. Mutagen. 748
(2012) 60–64.

[42] D. Livingstone, Contaminant-stimulated reactive oxygen species production and
oxidative damage in aquatic organisms, Mar. Pollut. Bull. 42 (2001) 656–666.

[43] D. Livingston, L. Förlin, S. George, Molecular biomarkers and toxic consequences of
impact by organic pollution in aquatic organisms. (1994).

[44] M. Danion, S. Le Floch, F. Lamour, C. Quentel, Erod activity and antioxidant de-
fenses of sea bass (Dicentrarchus labrax) after an in vivo chronic hydrocarbon
pollution followed by a post-exposure period, Environ. Sci. Pollut. Res. 21 (2014)
13769–13778.

[45] D. Livingstone, Oxidative stress in aquatic organisms in relation to pollution and
aquaculture, Rev. Med. Vet. (Toulouse) 154 (2003) 427–430.

[46] R.M. Yu, P.K.S. Ng, T. Tan, D.L. Chu, R.S. Wu, R.Y. Kong, Enhancement of hypoxia-
induced gene expression in fish liver by the aryl hydrocarbon receptor (AhR) ligand,
benzo [a] pyrene (BaP), Aquat. Toxicol. 90 (2008) 235–242.

[47] M. Valko, C. Rhodes, J. Moncol, M. Izakovic, M. Mazur, Free radicals, metals and
antioxidants in oxidative stress-induced cancer, Chem. Biol. Interact. 160 (2006)
1–40.

[48] J. Sturve, L. Hasselberg, H. Fälth, M. Celander, L. Förlin, Effects of North Sea oil and
alkylphenols on biomarker responses in juvenile Atlantic cod (Gadus morhua),
Aquat. Toxicol. 78 (2006) S73–S78.

[49] I. Ahmad, M. Pacheco, M. Santos, Enzymatic and nonenzymatic antioxidants as an
adaptation to phagocyte-induced damage in Anguilla anguilla L. following in situ
harbor water exposure, Ecotoxicol. Environ. Saf. 57 (2004) 290–302.

[50] E. Pigeolet, P. Corbisier, A. Houbion, D. Lambert, C. Michiels, M. Raes, M.-
D. Zachary, J. Remacle, Glutathione peroxidase, superoxide dismutase, and catalase

T. Soltani, et al. Toxicology Reports 6 (2019) 1097–1103

1102

http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0010
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0010
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0010
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0025
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0025
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0050
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0050
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0090
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0090
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0090
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0120
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0120
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0165
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0165
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0165
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0175
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0175
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0180
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0180
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0200
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0200
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0225
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0225
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0245
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0245
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0245
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0250


inactivation by peroxides and oxygen derived free radicals, Mech. Ageing Dev. 51
(1990) 283–297.

[51] B. Halliwell, J.M. Gutteridge, Free Radicals in Biology and Medicine, Oxford
University Press, USA, 2015.

[52] M.N. Haque, H.-J. Eom, J.-S. Rhee, Waterborne phenanthrene modulates immune,
biochemical, and antioxidant parameters in the bloods of juvenile olive flounder,
Toxicol. Environ. Health Sci. 10 (2018) 194–202.

[53] J. Velíšek, R. Dobšíková, Z. SVOBODOVA, H. MODRA, V. LUSKOVA, Effect of
deltamethrin on the biochemical profile of common carp (Cyprinus carpio L.), Bull.
Environ. Contam. Toxicol. 76 (2006) 992–998.

[54] M. Ferreira, J. Costa, M.A. Reis-Henriques, ABC transporters in fish species: a re-
view, Front. Physiol. 5 (2014) 266.

[55] N.A. Dos Anjos, T. Schulze, W. Brack, A.L. Val, K. Schirmer, S. Scholz, Identification
and evaluation of cyp1a transcript expression in fish as molecular biomarker for
petroleum contamination in tropical fresh water ecosystems, Aquat. Toxicol. 103
(2011) 46–52.

[56] L. An, J. Hu, M. Yang, B. Zheng, A. Wei, J. Shang, X. Zhao, Cyp1a Mrna expression

in redeye mullets (Liza haematocheila) from Bohai Bay, China, Mar. Pollut. Bull. 62
(2011) 718–725.

[57] C. Santos, M.T. De Oliveira, I.M. De Syllos Cólus, S.H. Sofia, C.B. Dos Reis Martinez,
Expression of cyp1a induced by benzo (A) pyrene and related biochemical and
genotoxic biomarkers in the neotropical freshwater fish Prochilodus lineatus,
Environ. Toxicol. Pharmacol. 61 (2018) 30–37.

[58] T. Vanzella, C. Martinez, I. Cólus, Genotoxic and mutagenic effects of diesel oil
water soluble fraction on a neotropical fish species, Mutat. Res. Toxicol. Environ.
Mutagen. 631 (2007) 36–43.

[59] F. Telli-Karakoc, P. Ruddock, D.J. Bird, A. Hewer, A. Van Schanke, D. Phillips,
L. Peters, Correlative changes in metabolism and DNA damage in turbot
(Scophthalmus maximus) exposed to benzo [a] pyrene, Mar. Environ. Res. 54
(2002) 511–515.

[60] D. Jung, Y. Cho, L.B. Collins, J.A. Swenberg, R.T. Di Giulio, Effects of benzo [a]
pyrene on mitochondrial and nuclear DNA damage in Atlantic killifish (Fundulus
heteroclitus) from a creosote-contaminated and reference site, Aquat. Toxicol. 95
(2009) 44–51.

T. Soltani, et al. Toxicology Reports 6 (2019) 1097–1103

1103

http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0255
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0255
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0260
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0260
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0260
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0270
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0270
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30444-5/sbref0300

	Interactions of oxidative DNA damage and CYP1A gene expression with the liver enzymes in Klunzinger’s mullet exposed to benzo[a]pyrene
	Introduction
	Materials and methods
	Experimental animals and conditions
	Experimental design and sampling
	Antioxidant capacities
	Hepatic enzymes assay
	CYP1A gene expression
	Comet assay
	Statistical analysis

	Results
	Antioxidant capacities
	Hepatic enzymes assay
	CYP1A gene expression
	Comet assay

	Discussion
	Declaration of Competing Interests
	mk:H1_17
	Acknowledgments
	References




