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This work aimed to evaluate the effects of different dilutions of gasoline water-soluble fraction (GSF) on Danio
rerio hepatocyte cell line (ZFL). Two tests were used to assess cell viability, MTT reduction assay (MTT) and the
Trypan blue (TB) exclusion test. Oxidative stress was evaluated through the quantification of reactive oxygen
species (ROS) and the assessment of the total antioxidant capacity against peroxyl radicals (ACAP) and the
comet assay was employed to assess DNA damage. ZFL cells were exposed to 5, 10, 25 and 50% GSF or only to sa-
line for 1, 3 and 6 h. The GSF exhibited concentration-dependent cytotoxicity, and longer exposure times resulted
in lower cell viability as indicated by both MTT and TB assays. The establishment of oxidative stress in cells ex-
posed to GSFwas not observed at any exposure period and the lower ROS levels could be related to the increased
antioxidant capacity after 6-hour exposure. DNA damagewas significantly increased after exposure to GSF at the
three experimental times. Taking together these results show that GSF has a genotoxic potential at the lower con-
centrations and becomes cytotoxic at higher concentrations and that ZFL can be considered a good biological
model for in vitro toxicological studies.

© 2015 Elsevier Ltd. All rights reserved.
Keywords:
Cell viability
Comet assay
Danio rerio
DNA damage
in vitro test
MTT assay
1. Introduction

Water pollution caused by crude oil and its derivatives produces the
highest impact in coastal and estuarine regions (Pacheco and Santos,
2001), and its occurrence is closely linked to human activity (Gao and
Chen, 2008). More than 90,000 barrels of crude oil were consumed
worldwide each day in 2013, according to the U.S. Energy Information
Administration (EIA, 2015).

Gasoline is a crude oil derivative of great economic importance and
its extensive use is troublesome because various events may promote
contamination and consequent environmental damage caused by this
fuel, including illegal dumping by oil refineries, transportation acci-
dents, and inadequate storage (Xu et al., 2015). Besides, small gasoline
spills frequently occur at gasoline dispensing stations (Hilpert and
Breysse, 2014). Gasoline is essentially composed of hydrocarbons
(Petrobras, 2014), and its water-soluble fraction is composed mainly
of monocyclic and polycyclic aromatic chains (Fedato et al., 2010;
Simonato et al., 2011). The toxic potential of gasoline for aquatic organ-
isms is directly related to the most water-soluble aromatic hydrocar-
bons, i.e., benzene, toluene and xylene (BTEX hydrocarbons), and to
some polyaromatic hydrocarbons such as naphthalene and phenan-
threne (Tiburtius et al., 2004).
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The permeability of hydrocarbons in tissues, including the skin and
gastrointestinal tract (Adami et al., 2006; Lorenzi et al., 2012; Moro
et al., 2013), and their ability to accumulate in sediments (David et al.,
2010; Trisciani et al., 2011) stand out among the characteristics that fa-
cilitate the contact of aquatic organisms with these pollutants. Conse-
quently, several adverse effects on aquatic biota have been noted,
including apoptosis induction (Zhou et al., 2010), tissue necrosis
(Akaishi et al., 2004), hormonal changes (Arukwe et al., 2008), plasma
membrane destabilization (Camus et al., 2003), embryonic morpholog-
ical changes (Debruyn et al., 2007), mutagenic and carcinogenic effects
(Fedato et al., 2010; Simonato et al., 2011, 2008; Vanzella et al., 2007).

Satisfactory biomonitoring studies may be performed using in vitro
biological models. The use of cell lines is one of the most promising
methods because it shows fast, efficient, and representative responses
and reduces the use of animals in research studies (Teng et al., 2013).
Currently, immortalized liver cell lines are among the most widely
used in vitro models for liver toxicity testing (Soldatow et al., 2013).
The Danio rerio permanent hepatocyte cell line, ZFL, is a model of fish-
derived cells considered relevant for the identification of toxicological
hazard to aquatic organisms (Gajski et al., 2015). Several studies dem-
onstrate the sensitivity of this cell line when exposed to various con-
taminants, including metals (Chan et al., 2006; Costa et al., 2012;
Sandrini et al., 2009; Seok et al., 2007), pesticides (Goulart et al.,
2015), pharmaceuticals (Bopp and Lettieri, 2008; Pomati et al., 2007;
Gajski et al., 2015), effluents (Christianson-Heiska and Isomaa, 2008)
and biodiesel (Cavalcante et al., 2014).
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However, the ZFL cell line, as many other immortalized cell lines,
have altered gene expression and sensitivity to xenobiotics when com-
pared to in vivomodels (Eide et al., 2014); besides, cell lines of different
fish species are not equivalent in terms of metabolic capacity (Creusot
et al., 2014). ZFL cells seemed the less metabolically active ones in com-
parison to cell lines derived from topminnow (Poeciliopsis lucida) hepa-
toma (PLHC-1) and from rainbow trout liver (RTL-W1) (Creusot et al.,
2014). On the other hand, ZFL cells were more susceptible to the
genotoxic effects of cytostatic drugs than human-derived cells, showing
that this cell line provides a relevant and sensitive tool to screen
genotoxic potential of environmental pollutants in a hazard assessment
approach (Gajski et al., 2015).

Considering the toxic potential of hydrocarbons to aquatic organ-
isms and the important role of fish cell lines in toxicological research,
this work aimed to evaluate the possible cytotoxic, genotoxic, and bio-
chemical effects of different dilutions of the water-soluble fraction of
gasoline on ZFL cells.

2. Materials and methods

2.1. ZFL maintenance

ZFL cells subcultured in culture medium supplemented with
Leibovitz L-15 medium (Gibco®), RPMI 1640 medium (Gibco®), and
fetal bovine serum (FBS) (Gibco®) were maintained in a dry oven at
28 °C in 25-cm2 flasks.

2.2. Preparation of the gasoline water-soluble fraction

The gasoline water-soluble fraction (GSF) was prepared by simulat-
ing, at the laboratory scale, a gasoline spill under tropical conditions, as
described in Simonato et al. (2011), with small modifications. Gasoline
and distilled water were added to a beaker at a 1:4 ratio. This mixture
was exposed to direct solar radiation for 6 h and then placed in a dark
box for 18 h. The aqueous phase (GSF) was separated and stored in a
dark container at 4 °C until use, without exceeding 5 days of storage.
The GSF resulting from this step was normalized to 100% concentration.

The initial 100% GSF solution was diluted in distilled water to 5, 10,
25 and 50% for cell exposure. The salts composing phosphate buffered
saline (PBS: 2.68 mM KCl, 1.47 mM KH2PO4, 136.89 mM NaCl, and
8.10 mM anhydrous Na2HPO3) were added to the different GSF dilu-
tions, and the pH of each dilution was adjusted to 7.4. Then, the dilu-
tions supplemented with salts were filtered through a 0.22-μm filter
(TPP®) and stored in a dark bottle at 4 °C until use, without exceeding
24 h.

2.3. Cytotoxicity tests

Two tests were used to assess cell viability, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction
assay (MTT) and the Trypan blue (TB) exclusion test. Thus, 24-well
plates were seeded at a density of approximately 105 cells per mL.
Two independent experiments were conducted for each test, with six
replicates per treatment in total. Following the 48-h incubation period,
the cells were exposed to PBS only (control group— CTR) or to the GSF
dilutions for 1, 3 or 6 h in a dry oven at 28 °C.

To perform the TB exclusion test, the cells were detached from the
wells following contaminant exposure, and 0.4% Trypan blue dye was
added. Subsequently, 100 cells were counted in a Neubauer chamber.
Cell viability is expressed as the percentage of viable cells. The treat-
ments that showed cell viability values equal to or higher than 80%
(Tice et al., 2000) were selected to quantify the reactive oxygen species
(ROS) and total antioxidant capacity against peroxyl radicals (ACAP)
and to perform the comet assay.

The MTT assay was applied according to the method of Mosmann
(1983), withmodifications. Following the exposure times, the solutions
were removed, and MTT salt (0.33 mg·mL−1) diluted in culture medi-
um was added to each well. The plates were then incubated for
4 hours in a dry oven at 28 °C. After completing this step, the cultureme-
dium was removed, and dimethyl sulfoxide (DMSO, 99.5%) was added
to dilute the formazan. The final volume was transferred to a 96-well
plate, and a spectrofluorometer (VICTOR 3, PerkinElmer) reading was
performed at 540 nm. The samples exposed to PBS only (control
group — CTR) were considered to show 100% cell viability (CV). The
CV values of samples exposed to the GSF solutions were calculated pro-
portional to the CTR sample.

2.4. Biochemical assays

Cell exposurewas performed in cell culture flasks due to the need for
higher protein concentrations for the quantification of reactive oxygen
species (ROS), assessment of the total antioxidant capacity against
peroxyl radicals (ACAP), and the comet assay. Therefore, the flasks
were seeded at a density of approximately 106 cells per mL to obtain a
homogeneous and confluent monolayer.

For exposure to the GSF solutions, the flasks were washed with PBS,
and then, the different GSF dilutions were added, while the control
flasks contained PBS only. After completing this step, the culture flasks
were incubated at 28 °C for 1, 3, or 6 h. After exposure to the GSF, the
test solution was discarded and the cells were rinsed with trypsin
(0.125%), which subsequently was inactivated with PBS solution
and 10% FBS. The cell suspension of each flask was transferred to
microcentrifuge tubes and centrifuged (137 g, 4 °C, 7min). The superna-
tant was then discarded, and the cells were resuspended in PBS.

The protocol established by Amado et al. (2009), with modifications,
was used to perform the ROS and ACAP tests. First, the total protein con-
centrationwas determined (Bradford, 1976). Then, the samples were di-
luted to a concentration of 100 μg·mL−1 in the reactionmedium(30mM
HEPES, 200 mM KCl, and 1 mM MgCl2, pH 7.2) in a black 96-well plate.
The samples were aliquoted in quadruplicate, and two wells were treat-
ed with the compound 2,2′-azobis(2-amidinopropane) dihydrochloride
(10 mM ABAP, 0.1 M K+, pH 7.2), which generates peroxyl radicals.
The other two wells received potassium phosphate buffer (0.1 M K+,
pH 7.4) only. Then, an autofluorescence reading was performed. Subse-
quently, 2′,7′-dichlorofluorescin diacetate (1 mM H2DCF-DA) was
added, and readings were performed at 35 °C (ex: 485 nm, em:
520 nm) for 30 min in 5-min intervals (Amado et al., 2009). H2DCF-DA
is cleaved by the sample esterases and releases H2DCF, which reacts
with reactive oxygen species, releasing dichlorofluorescein, a fluorescent
compound. Thus, a higher concentration of reactive oxygen species will
produce a higher intensity of fluorescence (Amado et al., 2009).

To quantify ROS and ACAP, the fluorescence data were fit to a
second-degree polynomial function, and the value of the integral was
calculated (Amado et al., 2009). The integral values of samples treated
only with phosphate buffer were analyzed to calculate the amount of
ROS. The difference between the areas of samples treated and not treat-
edwith ABAPwas calculated to assess theACAP. A greater difference be-
tween areas indicated a smaller antioxidant capacity of the sample. The
ACAP data were inverted (1/relative area) to facilitate visualization of
the results.

2.5. Genotoxicity assay

The comet assay was performed according to Singh et al. (1988),
with modifications. After exposure, the samples (20 μL) were added to
low-melting-point agarose, and the mixture was homogenized and
split between two slides previously prepared with agarose, which
were then covered with coverslips and placed in a refrigerator. Approx-
imately 30 min later, the coverslips were removed, and the slides were
immersed in lysis solution (2.5MNaCl, 100mMEDTA, 10mMTris, 10%
DMSO, and 1% Triton X-100, pH 10.0) for one hour. Following this step,
the slides were placed in an electrophoresis chamber and remained



Table 2
Cell viability (%) using the MTT assay for ZFL cells exposed to PBS (CTR) or to different
dilutions of gasoline soluble fraction (GSF): 5, 10, 25 and 50%, for 1, 3 and 6 h.

Cell viability—MTT assay (%)

1 h 3 h 6 h
CTR 100.0 ± 0.0 aA 100.0 ± 0.0 aA 100.0 ± 0.0 aA
GSF 5% 88.5 ± 2.1 bA 111.6 ± 4.2 bB 126.3 ± 2.6 bC
GSF 10% 81.8 ± 3.2 cA 80.9 ± 4.0 cA 66.8 ± 5.6 cB
GSF 25% 34.4 ± 5.8 dA 18.2 ± 2.6 dB 17.0 ± 4.7 dB
GSF 50% 11.2 ± 0.9 eA 3.2 ± 0.8 eB 0.0 eC

r = −0.971 r = −0.926 r = −0.892

Results are mean ± SD; r indicates the Pearson's correlation coefficient between CV and
treatment, for each exposure time. Different lowercase letters indicate significant differ-
ence between treatments at the same exposure time; different uppercase letters indicate
significant difference between exposure times to the same treatment (P b 0.05).
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covered with electrophoresis solution (10 M NaOH and 200 mM EDTA,
pH N 13) for 30 min. Subsequently, electrophoresis was performed for
20min at 25 V and 300mA. Following this step, the slides were neutral-
ized (0.4 M Tris, pH 7.5) and fixed in 100% ethanol for 10 min.

The coded slideswere stainedwith gel red (Biotium®) and analyzed
using a fluorescencemicroscope (Leica®, DM 2500) at 400×magnifica-
tion. A total of 100 nucleoids were analyzed per sample. DNA damage
was categorized into four classes, according to the size of the tail formed
by the DNA fragments (Kobayashi et al., 1995): class 0, no apparent
damage; class 1, a tail smaller than the nucleoid diameter; class 2, a
tail one to two times larger than the nucleoid diameter; and class 3, a
tail larger than twice the nucleoid diameter. The frequency of classes
and the total number of damaged nucleoids in each sample were also
calculated.

2.6. Statistical analysis

For each parameter analyzed, the results obtained for the different
GSF dilutions at the different experimental times (1, 3 and 6 h) were
compared using two-factor analysis of variance (Factor 1, dilution; Fac-
tor 2, time). The Student–Newman–Keuls (SNK) multiple comparison
test was applied if significant differences were found. The variation of
the results obtained with different dilutions at the same experimental
times was analyzed using Pearson's correlation coefficient (r), and
only the results with significant r values are shown. P values b 0.05
were considered statistically significant.

3. Results

3.1. Cytotoxicity

Table 1 outlines the CV results following exposure to GSF dilutions
obtained using the TB exclusion test. A significant reduction in the CV
was observed at 1 h only in cells exposed to the highest GSF concentra-
tion (50%); at 3 h, the CV decreased in cells exposed to the 25% and 50%
GSF dilutions, and at 6 h, the CV was significantly decreased in cells ex-
posed to the 10%, 25% and 50% GSF dilutions. It was also noted that the
CVwas significantly decreasedwith increases in the time of exposure to
both the 25% and 50% GSF dilutions. Based on these results, the 5%, 10%,
and 25% dilutions of GSF were selected to perform the ROS, ACAP, and
comet assays because they showed a mean CV higher than 80%.

The results regarding the CV assessed using theMTT assay following
cell exposure to the GSF are outlined in Table 2. The CV values were sig-
nificantly lower at all times tested after exposure to the 10%, 25% and
50% dilutions of the GSF and reached zero after exposure to the 50%
GSF dilution for 6 h. Only ZFL cells exposed to the 5% GSF dilution for
3 and 6 h showed significantly increased CV values.

Overall, a significant decrease in the CV was observed during longer
exposure times. Additionally, the CV values decreased as the concentra-
tion of GSF increased, in a concentration-dependent manner, as
Table 1
Cell viability (%) using the Trypan blue (TB) exclusion test for ZFL cells exposed to PBS
(CTR) or to different dilutions of gasoline soluble fraction (GSF): 5, 10, 25 and 50%, for 1,
3 and 6 h.

Cell viability—TB test (%)

1 h 3 h 6 h
CTR 94.2 ± 1.7 aA 93.8 ± 1.3 aA 97.6 ± 1.6 aA
5% 93.8 ± 1.3 aA 94 ± 1.5 aA 96.2 ± 0.8 aA
10% 92.2 ± 1.9 aA 93.4 ± 1.5 aA 92.2 ± 1.9 bA
25% 90 ± 2.2 aA 87.4 ± 2.0 bB 82.4 ± 2.7 cB
50% 77.8 ± 3.9 bA 66.6 ± 2.5 cB 59.6 ± 6.4 dC

r = −0.971 r = −0.964 r = −0.995

Results are mean ± SD; r indicates the Pearson's correlation coefficient between CV and
treatment, for each exposure time. Different lowercase letters indicate significant differ-
ence between treatments at the same exposure time; different uppercase letters indicate
significant difference between exposure times to the same treatment (P b 0.05).
evidenced by the significant values of r, which were noted both in the
TB and MTT assays (Tables 1 and 2).

3.2. ROS and ACAP

After 1 h exposure, ROS generation decreased significantly with in-
creasing concentrations of the GSF. On the other hand, after 3 h, a signif-
icant increase in the ROS levels was observed in the samples treated
with the GSF, which peaked at 10%. Over again, at 6 h, the cells exposed
to GSF showed significant lower concentrations of ROS than the cells ex-
posed to PBS only (CTR) (Table 3).

After 1 h exposure to GSF, at all concentrations tested, ZFL cells
showed ACAP values significantly lower than control cells. In contrast,
ZFL cells exposed to 10% and 25%GSF for 3 h showed ACAPvalues signif-
icantly higher than control cells and ZFL cells exposed to 5% GSF. At 6 h
exposure, ZFL cells exposed to all GSF concentrations showed signifi-
cantly higher ACAP values than the control cells (Table 4). Furthermore,
when comparing the ACAP values at different exposure times to the
same treatment, a significant increase was observed at 6 h, except in
the cells exposed to PBS only (CTR).

3.3. Genotoxicity

DNA damage was significantly increased after ZFL exposure to 5%
and 10% GSF dilutions compared to the control condition at the three
experimental times (Table 5). Despite showing CV values higher than
80%, theDNAdamage upon exposure to the25%GSF dilutionwas exten-
sive, regardless of exposure time, and most nucleoids exhibited DNA
scattered into cloud shapes. These nucleoidswere not counted. Further-
more, the Pearson correlation coefficient (r), applied between the dam-
age score and GSF dilutions, for each exposure time, showed significant
values (1 h: 0.989; 3 h: 0.988; 6 h: 0.985), demonstrating the
concentration-dependent relationship between these parameters,
i.e., as the GSF concentration increased, the ZFL DNAdamage intensified.
Furthermore, for each treatment, a significant increase in the damage
scores was observed with the increase of the exposure time (Table 5).
Table 3
Production of reactive oxygen species (ROS) in ZFL cells exposed to PBS (CTR) or to differ-
ent dilutions of gasoline soluble fraction (GSF): 5, 10, 25 and 50%, for 1, 3 and 6 h.

ROS production
Area (UF × min) × 104

1 h 3 h 6 h
CTR 5.43 ± 0.95 aA 2.83 ± 0.86 aB 7.19 ± 1.09 aC
GSF 5% 4.19 ± 0.79 bA 4.01 ± 1.01 bA 4.91 ± 0.62 bA
GSF 10% 2.23 ± 0.68 cA 7.97 ± 0.97 cB 4.67 ± 0.97 bC
GSF 25% 2.29 ± 0.47 cA 4.71 ± 1.10 bB 4.18 ± 0.52 bB

Results aremean± SD. Different lowercase letters indicate significant difference between
treatments at the same exposure time; different uppercase letters indicate significant dif-
ference between exposure times to the same treatment (P b 0.05).



Table 4
Antioxidant capacity against peroxyl radicals (ACAP) of ZFL cells exposed to PBS (CTR) or
to different dilutions of gasoline soluble fraction (GSF): 5, 10, 25 and 50%, for 1, 3 and 6 h.

ACAP
(1/relative area) × 102

1 h 3 h 6 h
CTR 5.43 ± 0.87 aA 2.11 ± 0.28 aB 6.32 ± 0.16 aA
GSF 5% 4.14 ± 0.78 bA 2.25 ± 0.13 aB 12.12 ± 0.18 bC
GSF 10% 3.59 ± 0.21 bA 3.30 ± 0.48 bA 11.02 ± 0.26 bB
GSF 25% 4.53 ± 0.95 bA 3.67 ± 0.96 bA 12.46 ± 1.67 bB

Results are mean± SD. Different lowercase letters indicate significant difference between
treatments at the same exposure time; different uppercase letters indicate significant dif-
ference between exposure times to the same treatment (P b 0.05).

Table 6
Frequency (%) of nucleoids observed in each comet class (0, 1, 2, 3) and the total number
of damaged nucleoids (mean±SD, n=5) in ZFL cells exposed to PBS (CTR) or to different
dilutions of gasoline soluble fraction (GSF): 5 and 10%, for 1, 3 and 6 h.

Exposure time Group Class Damaged nucleoids

0 1 2 3

1 h
CTR 34.67 43.67 19.17 2.50 62.8 ± 13.6 aA
5% 6.00 32.83 36.83 24.33 95.6 ± 4.1 bA
10% 0.33 12.33 41.33 46.00 99.6 ± 0.5 bA

3 h
CTR 64.00 21.00 11.40 3.60 36.0 ± 10.3 aB
5% 19.80 46.60 31.80 1.80 83.6 ± 7.7 bB
10% 0.00 11.00 56.00 33.00 100.0 ± 0.0 cA

6 h
CTR 19.20 47.00 22.80 11.00 80.8 ± 3.0 aC
5% 3.80 18.20 28.20 49.80 96.2 ± 5.2 bC
10% 0.20 2.20 18.60 79.00 99.8 ± 0.4 bB

Different lowercase letters indicate significant difference between treatments at the same
exposure time; different uppercase letters indicate significant difference between expo-
sure times to the same treatment (P b 0.05).
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In addition, regarding exposure to the GSF, Table 6 shows the per-
centage of nucleoids observed in each comet class and the total number
of damaged nucleoids. Overall, the data indicate an increase in ZFL cells
with damaged nucleoids after exposure to 5% and 10%GSF dilutions and
a higher incidence of comet class 2 and 3 in cells exposed to the GSF,
with a significant increase in the frequency of damaged nucleoids
with exposure time in all treatments.

The analysis of the interaction between the two factors analyzed,
time and concentration, was statistically significant in all treatments.
4. Discussion

In the assays used, a significant variation in the parameters tested at
the different exposure timeswas observed in the control cells. These dif-
ferencesmost likely resulted from exposure to PBS because this solution
does not have the nutrients required by ZFL and, therefore, may be a
source of stress to cells, especially at longer exposure times.

The GSF exhibited concentration-dependent cytotoxicity, and longer
exposures resulted in lower cell viability in cells exposed to this con-
taminant, which was observed in both tests used in this study. Thus,
at low concentrations, including 5% and 10% GSF, the pollutant showed
no cytotoxic effect, which changedwith increasing concentrations. Sim-
ilar results were found by Fent and Bätscher (2000) after exposing the
fish hepatoma cell line PLHC-1 to several polycyclic aromatic hydrocar-
bons (PAH). The same pattern was observed by Kammann et al. (2001)
and Yang et al. (2010) when exposing different fish cell lines, including
gill (FG) and skin cells (Epithelioma papulosum cyprini, EPC), to marine
sediment extracts contaminated by PAH. The mortality of cells at high
concentrations of hydrocarbonsmay be related to the induction of apo-
ptosis through the formation of DNA adducts (Zhou et al., 2010). The
chemical characteristics of the GSF produced by the same type of spill
simulation were already reported by Simonato et al. (2011). These au-
thors showed that GSF consists of high levels of monoaromatic hydro-
carbons, mainly of ethylbenzene, xylene and benzene, and among the
PAH analyzed; naphthalene was the most significant, followed by an-
thracene and phenanthrene.
Table 5
DNA damage score in ZFL cells exposed to PBS (CTR) or to different dilutions of gasoline
soluble fraction (GSF): 5, 10, 25 and 50%, for 1, 3 and 6 h.

DNA damage score

1 h 3 h 6 h
CTR 89.5 ± 18.6 aA 54.6 ± 16.0 aB 125.6 ± 13.7 aC
GSF 5% 179.5 ± 39.9 bA 115.6 ± 6.2 bB 224.0 ± 19.7 bC
GSF 10% 233 ± 33.4 cA 222.0 ± 4.6 cA 276.4 ± 14.1 cB

r = 0989 r = 0.988 r = 0.985

Results aremean± SD. r indicates the Pearson's correlation coefficient between the dam-
ages scores and the treatment, for each exposure time Different lowercase letters indicate
significant difference between treatments at the same exposure time; different uppercase
letters indicate significant difference between exposure times to the same treatment (P b

0.05).
Specifically, regarding the MTT assay, an increase in the metabolic
rate was observed when the cells were exposed to 5% GSF, which may
suggest hormesis. This phenomenon is characterized by the stimulation
of the parameter assessed at low stressor concentrations and its inhibi-
tion at high concentrations, resulting in biphasic response curves, and is
often observed regardless of the chemical or physical agents, biological
models, or biomarkers evaluated (Bain and Kumar, 2014; Calabrese and
Baldwin, 2002; Llabjani et al., 2014). This phenomenon may be related
to the activation of the cellular homeostasis adaptive pathway and to
cell, organ, or system protection against unfavorable environments,
which requires an energy shift, leading to changes in several basal func-
tions (Zhang et al., 2008).

The establishment of oxidative stress in cells exposed to GSFwas not
observed at any exposure period. Furthermore, the lower ROS levels
could be related to the increased antioxidant capacity (AOC), which
was significantly increased at 6 h. The activation of antioxidant defense
mechanismswas also observed in ZFL exposed to copper for 96 h (Chen
and Chan, 2011). Furthermore, the efficiency of antioxidants in
preventing cell damage was demonstrated, both in ZFL cells (Seok
et al., 2007) and in the human hepatoma cell line HepG2 (Zhou et al.,
2010). The cellular antioxidant mechanisms against ROS were clearly
activated at 6 h of exposure to GSF, regardless of dilution. This finding
suggests that the antioxidant mechanisms of ZFL cells require some
time to become fully activated and responsive.

The high genotoxic potential of the GSF was observed because the
damage scores of the different treatments reached values near themax-
imum (300). A concentration-dependent relationship was also ob-
served between damage and dilution. The frequency data of damaged
nucleoids corroborate this hypothesis because the most common clas-
ses were 2 and 3, in which DNA repair is considered difficult. This re-
sponse pattern was also observed by Kammann et al. (2001) and Yang
et al. (2010) when assessing the toxic effects of sediments contaminat-
ed with PAH in different cell lines. Furthermore, both the increase in
DNA damage and the formation of micronucleated cells were observed
in human lung carcinoma cells (A549) following exposure to particulate
matter extract contaminated with gasoline (Zhang et al., 2008), sug-
gesting the difficulty of DNA damage repair caused by this pollutant.
When the in vivo experiments were compared, the same findings
were observed by Caliani et al. (2009), who exposed the fish Gambusia
affinis to water containing mainly PAH and found increased number of
micronucleated cells after 30 days of exposure. Consistent with these
findings, Moro et al. (2013) observed increased DNA damage and mi-
cronucleus rates as well as increased oxidative protein damage in indi-
viduals working in gas stations with exposure to hydrocarbons daily.
However, in the present work, the data regarding the levels of ROS
and theACAP suggest that theDNAdamage on ZFL cells caused by expo-
sure to the GSF most likely had no oxidative origin.
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The results obtained in this study, using ZFL cell line, clearly show
that GSF has a genotoxic potential at the lower concentrations and be-
comes cytotoxic at higher concentrations. Some other considerations
also apply, including the claim that the in vitro test model used meets
the requirements to be considered a good biological model for toxico-
logical studies, including sensitivity and responsiveness as well as re-
duced cost and waste production.
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