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Introduction

The progress of industries has led to an increased
environmental pollution by natural or artificial pollutants

updates

ABSTRACT

The present study aimed to compare the toxicity of different polycyclic aromatic
hydrocarbons, including naphthalene, phenanthrene, pyrene, and benzo(a)pyrene
(B(@)P), on viability and the antioxidant function of cultivated hepatocytes from
Arabian sea bream (Acanthopagtrus arabicus) in vitro. Cultivated hepatocytes from
A. arabicus were exposed to different but equal concentrations of four pollutants,
including 0 (control), 10-2, 10-1, 1, 10, 102 and 103 ug/ml (in 0.01% DMSO) for
48 h. The results showed that the sensitivity of cultivated hepatocytes to all four
pollutants increased in a dose-dependent manner; although, the toxicity of low
concentrations of all four pollutants did not show a significant difference with the
control cells. Cultured hepatocytes exposed to the highest concentrations of all
studied pollutants showed the lowest levels of total antioxidant capacity (TAC) and
glutathione content (GSH) and the highest levels of lipid peroxidation (LPO) and
alanine transaminase (ALT) activity after 48 h. Naphthalene and B(a)P showed the
highest and lowest toxicity, respectively. The level of cytotoxicity, cell viability and
the level of antioxidant enzymes as well as liver damage indicator enzymes in the
present study were mainly affected by naphthalene followed by phenanthrene, and
pyrene and B(a)P had less effect. In conclusion, although all PAHs are able to
suppress the antioxidant defense system, PAH compounds with lower molecular
weight and fewer benzene rings have a more potential to inhibit antioxidants and
increase the level of lipid peroxidation due to their more ability to pass through cell
membranes.

Keywords: Naphthalene, Phenanthrene, Pyrene, Benzo(a)pyrene, Acanthopagrus
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substances that enter the marine environment mainly
through shipping activities, urban and industrial
wastewater discharges, oil discoveries, oil spills, fossil
fuels and natural leaks [2]. Polycyclic aromatic
hydrocarbons (PAHs) are among the persistent organic

resulting from human activities. The fact that the final
destination of most pollutants is aquatic ecosystems has
caused many concerns. Pollutants cause damage to
biodiversity and ecosystems due to their ability to
accumulate and magnify in living organisms [1]. Oil
compounds are among the most important organic
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oil pollutants in the environment, whose carcinogenic,
mutagenic and teratogenic properties have been proven
[3]. These compounds are easily absorbed by the
organism due to their high solubility in lipid membranes

[4]-
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Naphthalene, phenanthrene, pyrene and benzo(a)pyrene
are among the most important PAHs with two, three,
four and five hydrocarbon rings, respectively. These
compounds are able to dissolve in the entire water
column, which are absorbed by the suspended particles
in the water or enter the sediments.

PAHs are dissolved in the water column and absorbed
by the suspended particles in the water or enter the
sediments. They can also accumulate in crabs, crabs,
molluscs and fish, where they remain for some time or
even turn into active carcinogenic metabolites [3]. These
compounds have a high tendency to bioaccumulate in
the liver tissue and cause oxidative stress [5].
Considering that liver cells have the ability to detoxify
toxins and pollutants and/or convert them into less
harmful metabolites, the liver is the most important
indicator to evaluate the toxicity of environmental
pollutants in terrestrial and aquatic organisms [6].

There is a balance between the production and removal
of reactive oxygen species (ROS) in natural conditions.
Lack of balance causes accumulation of oxygen or
nitrogen species (RNS) which in turn lead to oxidative
stress in living organisms. Living organisms are equipped
with antioxidant defense system to deal with oxidative
stress. However, the activity level of antioxidant
parameters in liver tissue is higher than other tissues [7].
Therefore, the present study aimed to compate the
toxicity of different hydrocarbons with various number
of benzene rings including naphthalene, phenanthrene,
pyrene and benzo(a)pyrene on antioxidant factors of
liver cells from Arabian sea bream (Acanthopagrus
arabicus) including catalase (CAT), superoxide dismutase
(SOD), glutathione (GSH), the level of lipid
peroxidation (LPO) and liver enzymes including alanine
transaminase (ALT), aspartate aminotransferase (AST)
and alkaline phosphatase (ALP) were used.

Methods

Fish preparation and maintenance

In the present study, 9 healthy immature Arabian sea
bream (A. arabicus) (220 * 35 gr body weight and 15 *
3.5 cm body length) were caught from the sugar cane
estuary in the northwest of the Persian Gulf and
transported alive in a tank equipped with oxygen
capsules to the laboratory. Before the start of the
experiment, the fish were acclimatized to laboratory
conditions to reduce stress and were fed twice a day
during this period.

Tissue sampling and cell culture

After anesthetizing the fish with 2-phenoxyethanol
solution (0.2%), the fish body surface was sterilized with
70% ethanol. Then, the fish were dissected and their
livers were separated under sterile conditions. The liver
tissue was then moved to phosphate buffered saline
(PBS) without Ca?* (containing 100 units of penicillin,
20 mg/ml streptomycin, 10 pg/ml enrofloxacin, 25
pg/ml amphoteticin B) and incubated at room
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temperature for 30 min. This solution was renewed 3
more times. The liver was then divided into small pieces
in a fresh phosphate buffered saline (PBS) solution.
Then, 0.1% collagenase 1V solution in PBS was added to
the tissue pieces to digest the tissues completely and
incubated at room temperature for 20 min. Finally, the
digested tissues were passed through a 70 pm nylon cell
filter (Corning®) to ensure complete separation of cells
[8].

After the complete detachment of the cells, the cell
suspension was centrifuged at 200 rpm for 8 min. Then
the supernatant was removed and the RPMI 1640
culture medium (containing 15% bovine serum albumin
(FBS), 100 units/ml penicillin, 100 pg/ml streptomycin,
5 mM NaHCo3 and 0.5% ITS (insulin, transferrin,
selenium)) was added to the cell pellet and centrifuged
again. The above steps were performed once more.

In order to determine the cell viability, cell counting was
performed using trypan blue exclusion test. This test is
based on the fact that living cells remain transparent due
to the blocking of the vital dye trypan blue (Sigma-
Aldrich.UK). Instead, trypan blue can enter dead cells
and turn them blue. 10 pl of cell suspension was mixed
with 10 ul of trypan blue dye solution (0.1 vol% trypan
blue in 0.15 M PBS) on a hemocytometer slide, and the
number of stained (dead) cells and unstained (living)
cells were counted using an inverted microscope. Then
the cell viability percentage was calculated using the
following formula [8].

Cell viability percentage= 100 x total number of
counted cells/number of dead cells

After ensuring that more than 90% of the cells are alive,
RPMI 1640 culture medium containing 20% FBS, 100
units/ml penicillin, 100 pg/ml streptomycin, 5 mM
NaHCo3 and 0.5% ITS was added to the cell pellet in 25
cm? flasks and incubated at 27°C for two weeks. The
total number of cells in a 25 cm?3 flasks was adjusted to
4 x 106 cells. The cells gradually started to increase in the
incubator and attached to the bottom of the flask. When
the density of cells in the flask reached more than 70%,
cell passage was performed to prevent cell death [8].
Cytotoxicity of naphthalene, phenanthrene, pyrene
and benzo(a)pyrene

The cytotoxicity of naphthalene, phenanthrene, pyrene
and B(a)P and the effect of these compounds on the
liver cells viability were measured using the MTT
method [8]. The MTT test is a colorimetric method
based on the reduction and breaking of yellow
tetrazolium crystals by succinate dehydrogenase enzyme
and the production of insoluble blue formazan crystals.
The succinate dehydrogenase enzyme is located in the
mitochondria of living cells. Therefore, the production
rate of insoluble formazan crystals is higher in more
metabolically active cells [9].

To prepare MTT solution with a concentration of 5
mg/ml, 50 mg of MTT powder was dissolved in 10 ml
of 0.15 M PBS. This was a stock solution.
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The stock solution was diluted 10 times with PBS to
obtain a working solution with a concentration of 0.5
mg/ml. The same concentrations of all four studied
pollutants including 0 (control), 10-2, 10-1, 1, 10, 102 and
103 ug/ml (dissolved in 0.01% DMSO) were added to a
96-well microplate containing 1x10° cells/well. The
selection of the concentration range was based on the
reported amount of these compounds in the aquatic
environment as well as the values used in previous
studies [10-13]. After 24 h, cells were stained with MTT
solution (0.5 mg/ml) and incubated for 3 to 5 h at 30°C.
Then, the supernatant was replaced with 100 ul of
DMSO solution and thoroughly mixed for 5 min.
Finally, the results were read by a microplate reader at
570 nm and the amount of cytotoxicity was calculated
using the following formula [9]:

Cytotoxicity percentage= Mean optical absorbance of
treated cells/Mean absorbance of control cells X 100
Finally, the cells were transferred to 24-well microplates
(100 cells/well) and incubated at 30°C for 24 h. After cell
adherence, the supernatant was replaced with a fresh
culture medium containing different concentrations of
studied pollutants (0 (control), 10-2, 10-1, 1, 10, 102 and
103 pg/ml (dissolved in 0.01% DMSO)) and incubated
at 30°C for 48 h. Each treatment was run with 10
replicates. The control cells were not exposed to any of
the pollutants or any other chemicals. Cell sampling was
conducted after 48 h.

Biochemical analyses - Measurement of antioxidant
parameters

Measurement of total antioxidant capacity (TAC)
Total antioxidant capacity is often used to evaluate the
overall response of all antioxidant parameters of an
organism against free radicals produced [14]. In the
present study, the total antioxidant capacity was
measured according to Benzie and Strain [14] based on
the ability of the antioxidant system for iron reduction
(Ferric Reducing Antioxidant Power (FRAP)). In this
method, the rate of conversion of 3-valent iron (Ferric)
to 2-valent iron (Ferrous) was measured using
colorimetric method. First, the FRAP reaction mixture
(pH: 7.2) (containing 2.5 ml of a 10 mmol/l TPTZ
(2,4,6-tripytidyl-s-triazine; Sigma) solution in 40 mmol/1
hydrochlotic acid, 2.5 ml of 20 mmol/L iron chlotide,
and 25 ml of 0.3 mmol/] acetate buffer) was prepared.
Then, 1.5 ml of FRAP working solution was mixed with
50 pl of cell suspension or standard solution (1 mmol/1
of iron sulfate (FeSO4)). After 10 min, the optical
absorbance was recorded at 593 nm at 37 °C. The result
was presented as as pmol equivalent of FeSO4.
Measurement of glutathione content

In the present study, the glutathione content was
measured according to Paglia and Valentine [15]. First,
10% trichloroacetic acid was added to the samples and
the resulting suspension was centrifuged at 10,000 g for
10 min at 4°C. Then, 50 pl of the supernatant was
transferred to a 96-well microplate and 230 ul of 0.4 M
TRIS (pH=8.9) and 20 pl of 2.5 mM DTNB in 25%

methanol were added to each well. The optical
absorbance of the samples was read at 415 nm and the
concentration of GSH was expressed as pg/mg of
protein.
Measurement of lipid peroxidation (LPO)
Reactive oxygen species often lead to the peroxidation
of unsaturated fatty acids and their conversion to active
aldehydes such as malondialdehyde (MDA). Therefore,
MDA is considered as an indicator of lipid peroxidation.
In the present study, MDA concentration was measured
by spectrophotometric method according to Buege and
Aust [10]. First, 2 ml of thiobatrbituric acid (TBA)-
trichloroacetic acid (TCA)-HCL reagent solution (0.37%
(w/v) TBA, 15% (w/v) TCA and 0.25% (w/v) HCL))
was added to each well containing 1 ml of cell
suspension in a 96-well microplate. After heating for 30
min, the solution was cooled in an ice bath and then
centrifuged at 1000g for 10 min. After adding 1 ml of n-
butanol, the solution was vigorously shaken and finally
the optical density (OD) was read at 535 nm. The results
wete reported as nmol TBARS/mg protein.
Evaluation of liver index enzymes
Aspartate aminotransferase (AST) enzyme
In the present study, the level of aspartate
aminotransferase enzyme was measured using the
calorimetric method using the Pars Azmoun commercial
kit according to Reitman and Frankel [17]. The
conversion of amino acid aspartate to amino acid
oxaloacetate by SGOT enzyme substrate is the basis of
this method. A brown colored complex was produced
by adding a colored reagent in an alkaline environment.
Then, the optical density (OD) was read at 505 nm.
Alanine transferase (ALT) enzyme
In the present study, the alanine transferase enzyme level
was measured using the calorimetric method based on
Reitman and Frankel [17] using the Pars Azmoun
commercial kit. Based on this method, amino acid
alanine is converted to amino acid pyruvic by SGPT
enzyme, which produces a brown colored complex after
adding a color reagent in alkaline medium. Then, the
optical density (OD) was read at 505 nm.
Alkaline phosphatase (ALP) enzyme
In the present study, the level of alkaline phosphatase
enzyme was measured by spectrophotometric method
according to Krogdahl et al. [18] using the Pars Azmoun
commercial kit. This method was based on the
hydrolysis of the substrate solution consisting of p-
nitrophenyl phosphate and buffer by an enzyme in the
presence of magnesium and producing a yellow-colored
product called p-nitrophenol. Then, the optical density
(OD) was read at 405 nm.
Data analysis
In the present study, all experiments were run in 10
replicates. All data were presented as mean * standard
deviation. Data analysis and comparison between groups
were conducted using one-way ANOVA method
followed by Tukey's test. A confidence level above 95%
(P<0.05) was considered.
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Results

Hepatocytes primary culture

The cell viability after isolation and before incubation
(Fig. 1) was determined using trypan blue exclusion test
to be more than 90%. The liver cells gradually started to
adhere to the culture plate and form colonies after three
days of incubation (Fig. 1). The cultivated hepatocytes
were epithelioid like, polygonal or spindle shaped after
adhesion (Fig. 1). Liver cells reached 90% monolayer
density after 15 days of incubation (Fig. 1).

MTT results

The  studied PAHs  (including  naphthalene,
phenanthrene, pyrene and B(a)P) used in the present
study with the following concentrations: 0 (control), 10-
2,101, 1, 10, 102 and 10? pg/ml. The toxicity level and
the cell viability are presented in Fig. 2. According to the
MTT results, the toxicity of studied PAHs decreased
with the increase in the number of benzene rings.
Accordingly, naphthalene showed the highest toxicity
and the lowest percentage of the cell viability was
measured in naphthalene treated cells (P < 0.05; Fig. 2).
The toxicity of benzoalphapyrene was significantly lower
than other studied compounds, and the percentage of
survival of cells treated with this pollutant was
significantly higher than the other studied pollutant (P <
0.05; Fig. 2).

Evaluation of antioxidant parameters

Measurement of total antioxidant capacity (TAC)

Fig. 3 shows the amounts of the total antioxidant
capacity in control and pollutants (naphthalene,
phenanthrene, pyrene and B(a)P) treated cells after 48 h
of exposure. According to the results, the amount of
TAC in cells treated with the lowest concentration of all
studied pollutants (102 pg/ml) was not significantly
different from the control group (P < 0.05; Fig. 3). TAC
decreased in cells treated with the other concentrations
of pollutants. Total antioxidant capacity in cells treated
with naphthalene, especially with high concentrations,
was significantly higher than other pollutants (P < 0.05;
Fig. 3). The amount of TAC in cells treated with
different pollutants was as follows: Naphthalene <
Phenanthrene < Pyrene < B(a)P.

The lowest amount of TAC was measured in cells
treated with the highest concentration of all studied
pollutants (103 pg/ml) after 48 h of exposure (P < 0.05;
Fig. 3A). 10° pg/ml of naphthalene, phenanthrene,
pyrene and benzo(a)pyrene resulted in 91, 89, 65 and
59% reduction of TAC, respectively (P < 0.05; Fig. 3).
Glutathione content

Fig. 3 shows the level of glutathione content of control
cells and cells treated with different concentrations of
studied pollutants (naphthalene, phenanthrene, pyrene
and B(a)P) after 48 h of exposure. According to Fig. 3,
the lowest concentrations of all studied pollutants (10-2
and 10! pg/ml) did not change glutathione content of
treated  hepatocytes  (P>0.05; Fig. 3). Other
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concentrations of naphthalene and phenanthrene led to
a significant decrease in glutathione content of treated
liver cells compared to the control (P<0.05; Fig. 3);
although, no significant difference in glutathione
content was measured among cells treated with different
concentrations of these two pollutants (except for the
highest concentration) (P>0.05; Fig. 3). Exposure of
hepatocytes with 10% pg/ml of naphthalene and
phenanthrene led to a 62% and 43% decrease in
glutathione content, respectively (P<0.05; Fig. 3). On
the other hand, only the highest concentration of pyrene
and B@)P (10° pg/ml) led to a significant reduction of
glutathione content of treated liver cells (P<0.05; Fig. 3).
Lipid peroxidation

According to Fig. 3C, lipid peroxidation in cells treated
with low concentrations (102, 10! and 1 pg/ml) of
studied compounds (naphthalene, phenanthrene, pyrene
and B(a)P) was not significantly different with the
control (P > 0.05; Fig. 3). Although MDA concentration
in cells treated with 10 pg/ml naphthalene was higher
than others, it was not significantly different from cells
treated with other pollutants (except B(a)P) (P > 0.05;
Fig. 3). The level of lipid peroxidation was significantly
higher in cells treated with the highest concentration of
studied pollutants (103 pg/ml) (P<0.05; Fig. 3). The
highest amount of MDA was recorded in the cells
treated with high concentrations of naphthalene (102 and
103 pg/ml), which was significantly more than the others
(P<0.05; Fig. 3).

Fig. 3. Total antioxidant capacity (A), glutathione
content (B) and lipid peroxidation (C) in cultivated
hepatocytes  from _Acanthupagrus — arabicus  after 48
exposures to different concentrations of PAHs. Data are
shown as mean T standard deviation. Small letters
indicate significant differences between different
pollutants in each concentration group (P<0.05).

The activity of liver enzymes

Alanine aminotransferase activity

According to Fig. 4, the ALT activity in the cultivated
hepatocytes exposed to 102 pg/ml of the studied PAHs
showed no change compared to the control (P > 0.05;
Fig. 4). Other concentrations of naphthalene and
phenanthrene significantly increased the ALT activity in
liver cells compared to other groups (P > 0.05; Fig. 4).
The highest amount of ALT activity was measured in
liver cells treated with different concentrations of
naphthalene (P < 0.05; Fig. 4). The highest
concentration of naphthalene (103 pg/ml) caused a 53%
increase in the activity of ALT in treated cells (P < 0.05;
Fig. 4). On the other hand, only the highest
concentrations of pyrene (102 and 10% pug/ml) led to a
significant increase of the activity of ALT in treated cells,
after 48 h of exposure (P > 0.05; Fig. 4). The lowest level
of ALT activity was recorded in liver cells treated with
all concentrations of B(a)P (except its highest
concentration) (P < 0.05; Fig. 4).
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Aspartate aminotransferase activity

According to Fig. 4B, exposure to low concentrations of
studied PAHs (10 and 10! pg/ml) did not change the
activity of AST (P > 0.05; Fig. 4).

Other concentrations of naphthalene and phenanthrene
led to a significant increase in the activity of this enzyme
in treated cells (P < 0.05; Fig. 4). The highest level of
AST activity was measured in hepatocytes treated with
103 pg/ml of naphthalene after 48 hours of exposute (P
< 0.05; Fig. 4B). Although, the AST amount in the liver
cells treated with pyrene and B(a)P was significantly
lower than naphthalene and phenanthrene after 48 hours
of exposure; however, It did not show a significant
difference with the control (P > 0.05; Fig. 4).

Alkaline phosphatase activity

The ALP activity in the treated cultivated hepatocytes
did not show a significant change compared to the
control (P > 0.05; Fig. 4); however, the highest
concentration of naphthalene and phenanthrene (103
pg/ml) led to an increase ALP activity in treated liver
cells (P < 0.05; Fig. 4).

Fig. 4. The activity of alanine aminotransferase, aspartate
aminotransferase and alkaline phosphatase enzymes in
cultivated hepatocytes from Acanthupagrus arabicus after
48 exposures to different concentrations of PAHs. Data
are shown as mean T standard deviation. Small letters
indicate significant differences between different
pollutants in each concentration group (P<0.05).

4 - - B o - > NI I
Fig. 1. Micrographs of cultivated hepatocytes from Acanthopagrus arabicns

Fig. 2. The percentage of cell viability and cytotoxicity of pollutants in cultivated hepatocytes from Acanthopagrus arabicus

Fig. 3. Total antioxidant capacity. Data are shown as mean * standard deviation. Small letters indicate significant differences between

different pollutants in each concentration group (P<0.05)

~

Fig. 4. The activity of alanine aminotransferase, aspartate aminotransferase and alkaline phosphatase enzymes in cultivated

hepatocytes from Acanthupagrus arabicus after 48 exposures to different concentrations of PAHs. Data are shown as mean * standard

deviation. Small letters indicate significant differences between different pollutants in each concentration group (P<0.05)

Discussion

The main goal of the present study was to compate the
toxic effects of four PAH compounds with various
molecular weights and different number of benzene
rings, including naphthalene (with two benzene rings),
phenanthrene (with three benzene rings), pyrene (with
four benzene rings) and B(a)P (with five Benzene ring).
Tuvikene [19] stated that PAHs with four to six benzene
rings have greater toxicity potential than smaller PAHs.

On the other hand, recently, many researchers believe
that two- and three-ring PAHs have a greater ability to
pass through cell membranes and therefore are more
cytotoxic; whereas, four- to six-ring PAHs have more
genotoxic potential [20, 21].

In the current study, the effect of naphthalene,
phenanthrene, pyrene and B()P on cultivated
hepatocytes from A. arabicus was assessed by evaluating
antioxidant markers including TAC, glutathione content
and lipid peroxidation and liver cell function matkers
(ALT, AST and ALP).
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In the present study, although all four pollutants resulted
in decrease in cell viability and function, naphthalene
followed by phenanthrene were more toxic compared to
pyrene and B(2)P. B(a)P had the lowest cytotoxicity
compared to the other three studied PAHs and only the
highest concentrations of B(a)P caused a significant
change in toxicity and cell viability.

Schirmer et al. [10] stated that among the sixteen PAHs
studied, the cytotoxic effect of naphthalene on RTgill-
W1 cell line from rainbow trout was significantly more
than fluoranthene and pyrene after short-term exposure.
On the other hand, B(a)P with the experimental
concentrations was not cytotoxic at all [10]. According
to Schirmer et al. [10], more water solubility and
lipophilicity and easier passage through cell membranes
are the main factors of most cytotoxicity of two- and
three-ring PAHs.

Mitchelmore and Chipman [22] also reported that there
was no significant decrease in the viability of cultivated
hepatocytes  from  rainbow trout exposed to
concentrations of less than 200 pM B(a)P. Derakhshesh
et al. [13] stated that B(a)P affected the viability and
function of hepatocytes from Epinephlus coivides in
concentrations of more than 2 x 103 umol. Wessel et al.
[23] also did not observed significant cytotoxicity in
cultivated cells from Solea solea after 24 h exposure to 0.1
to 25 pmol of B(a)P. Schirmer et al. [24] reported that
exposure to 288 pmol of B(a)P resulted in significant
cytotoxicity in RTL-W1 hepatocytes from rainbow
trout.

Pollutants such as PAHs are able to produce O-2 and
H202 through biotransformation. If these two products
are not metabolized, it leads to oxidative stress.
Superoxide dismutase is an important antioxidant
enzyme that catalyzes the inhibitor of lipid peroxidation,
thereby preventing lipid peroxidation, and also converts
superoxide radicals into H202 and O2. Other
antioxidant enzymes such as catalase and glutathione
peroxidase also convert the resulting H202 into water.
In general, antioxidants play an important role in
protecting the organism against oxidative stress. On the
other hand, measuring all antioxidant components is
very complicated, time-consuming and expensive.
Measurement of total antioxidant capacity (including a
set of antioxidant enzymes such as superoxide
dismutase, catalase and glutathione peroxidase, as well as
macromolecules such as albumin, ceruloplasmin and
ferritin) shows the cumulative effect of all antioxidants
in plasma and body fluids, which is far more reliable than
measuring antioxidant parameters individually [25].

In this study, the TAC level was reduced by all
concentrations of studied pollutants, while only the
highest concentrations of studied pollutants significantly
reduced GSH content in treated cells. Several studies
have reported the reduction of the components of the
antioxidant system or the reduction of the total
antioxidant capacity (TAC) when exposed to different
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PAH compounds. Similar to the present study,
Derakhshesh et al. [13] reported that the levels of
antioxidant enzymes such as superoxide dismutase and
catalase in cultured hepatocytes of common grouper, E.
coioides, decreased after 12 h of exposure to B(a)P.
Yazdani [21] also reported a decrease in total antioxidant
capacity and glutathione content in rainbow trout
hepatocytes after 24 h of exposure to PAHs such as
fluoranthene and B(a)P.

Also, Pan et al. [26] reported that antioxidant enzymes
such as superoxide dismutase and glutathione
peroxidase in  Chlamys ferrari are unable to fully
metabolize O2 and H202 produced as a result of acute
exposure to B(a)P and benzofluoranthene in a short
period of time and were only able to slightly compensate
the created oxidative stress. Therefore, O2 gradually
accumulates in the environment and leads to an increase
in the level of lipid peroxidation, followed by the
induction of oxidative stress and damage to the cell
morphology and function of cells. According to
researches, antioxidant enzymes are not able to
completely remove the intermediate products resulting
from the metabolism of PAHs such as O2 and H202
[26, 27].

Monari et al. [28] also stated that the dectrease in the
activity of antioxidant enzymes when exposed to
pollutants can be due to the increase in superoxide
radicals produced in the living body. In the present
study, with the increase in the concentration of studied
pollutants, a decrease in total antioxidant capacity and
glutathione level was observed after 48 h of exposure,
which was associated with an increase in lipid
peroxidation.

Pan et al. [26] and Sole et al. [29] stated that the liver
antioxidant system is usually able to control the stress
caused by low concentrations of PAHs. But inhibition
of liver antioxidant activity occurs when cells are
exposed to higher concentrations of this pollutant. In
general, organisms exposed to high concentrations of
PAHs are not able to completely remove the pollutant
from the cells, which resulted in oxidative stress in the
organism [28, 29].

The decrease in the activity of antioxidant factors after
exposure to PAHs is an important sign of disturbance in
the antioxidant defense against oxidative damage caused
by these pollutants [28].

In the present study, the lowest amount of total
antioxidant capacity and glutathione content were
observed in cells treated with naphthalene followed by
phenanthrene. Similar to the results of the present study,
Lufs and Guilhermino [20] also reported that although
both naphthalene and pyrene had toxic effects on
common shrimp (Palaemon  serratus) after 96 h of
exposure, the ability of naphthalene to inhibit catalase,
glutathione and glutathione peroxidase enzymes was
significantly more than pyrene, while the genotoxic
potential of pyrene was more than naphthalene.
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Corredor-Santamarfa et al. [30] exposed Aeguidens metae
to different PAHs including naphthoflavone,
naphthalene, phenanthrene and B(a)P for 72 h. they
stated that the most genetic changes were observed in
fish exposed to B(a)P, followed by naphthoflavone;
while, naphthalene had the most inhibitory effect on the
antioxidant system [30]. Pan et al. [20] also reported that
the amount of catalase and superoxide dismutase
enzymes in the hemolymph of C. Ferrari when exposed
to benzofluoranthene was lower than B(a)P.

In the present study, exposure to higher concentrations
(102 and 103 pg/ml) of studied PAHs led to a significant
increase in the level of lipid peroxidation in cultured
hepatocytes of A. arabicus. Increased production of
reactive oxygen species and disruption of the enzymatic
and non-enzymatic defense of the liver may cause the
lipid peroxides activation [27]. Luis and Guilhermino
[20] reported that levels of antioxidant enzymes such as
catalase and glutathione peroxidase were significantly
decreased and lipid peroxidation increased in common
shrimp (P. serratus) exposed to naphthalene and pyrene.
These researchers stated that due to the major role of
catalase and glutathione in preventing lipid peroxidation,
it seems logical to increase the level of LPO by reducing
these enzymes. In the present study, the amount of total
antioxidant capacity decreased significantly after
exposure to the studied PAHs. Therefore, it seems that
the decrease in the level of antioxidant defense in
cultured liver cells after exposure to PAHs in the present
study, led to the production of reactive oxygen species.
On the other hand, the increase of free radicals led to
the activation of lipid peroxides and lipid peroxidation,
which in turn changes the fluidity and function of the
cell membrane [26].

Although, all studied PAHs led to an increase in lipid
peroxidation, the increase in lipid peroxidation level was
significantly higher in cells exposed to naphthalene
followed by phenanthrene. Lufs and Guilhermino [20]
reported that naphthalene had a more potential to
increase lipid peroxidation levels in common shrimp (P.
serratus) compared to pyrene. Pan et al. [20] also reported
that the amount of lipid peroxidation in Chlamys ferrari
exposed to benzofluoranthene was higher than B(a)P.
Corredor-Santamatia et al. [30] also reported the highest
level of lipid peroxidation in Aequidens metae exposed to
naphthalene and phenanthrene. All these researchers
believed that PAH compounds with lower molecular
weight and fewer rings have a more potential for lipid
peroxidation [20, 26, 30].

Metabolism of many pollutants occurs in the liver;
therefore, measuring the activity of liver enzymes (such
as ALT, AST and ALP) is a suitable indicator to evaluate
its function against the toxins [31]. In the present study,
the activity of ALT increased in cells treated with
different  concentrations  of  naphthalene  and
phenanthrene, while only the highest concentration of
pyrene and B(a)P increased the ALT level. On the other

hand, none of the pollutants in the present study caused
a significant change in the levels of AST and ALP
enzymes. The amount of these enzymes is related to the
permeability of the cell membrane [32]. Pollutants affect
the structure and function of enzymes involved in the
citric acid cycle, which leads to a decrease in their
activity. As a result, the activity of transaminase enzymes
increases to compensate for this defect [33]. Therefore,
the increase in ALT enzyme in the present study can be
to compensate for the disturbance in the citric acid cycle
as a result of the metabolic disturbance caused by PAHs
and the need for more energy to deal with stress. Kim et
al. [34] reported that AST activity increased significantly
Seabastes  schlegeli — after  exposure to  different
concentrations of B(a)P. Derakhshesh et al. [13] also
reported a significant increase in the amount of AST and
ALT enzymes along with a decrease in the total protein
in the liver cells from E. cozoides after exposure to B(a)P
and nonylphenol.

In the present study, the increase in ALT activity was
more in cells treated with naphthalene than other studied
pollutants. Pan et al. [26] stated that two- and three-ring
PAHs are more soluble in the cell membrane due to their
lower molecular weight and are more toxic to the cell.
Hepatic ALP plays an important role in stimulating
glycogen synthesis and deactivating phosphorylase
enzymes. Increase of ALP level in the liver leads to the
inhibition or reduction of oxidative phosphorylation in
the respiratory chain. In the present study, the level of
ALP enzyme did not show a significant change in
exposure to the studied pollutants. It seems that it was
due to the lack of significant change in the morphology
of liver cells, especially in the lower concentrations of
the studied pollutants.

In conclusion, it seems that the increase in the
production of hydroxyl free radicals beyond the ability
of antioxidants to remove them leads to oxidative stress
and further reduction of antioxidant enzymes. Reducing
the level of antioxidant factors in turn leads to an
increase in lipid peroxidases and lipid peroxidation. On
the other hand, PAHs with lower molecular weight and
fewer rings are seem to be more toxic [26, 20, 30].
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