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Abstract

Cypermethrin (Cyp), is one of the most common contaminants in freshwater aquatic
systems. We evaluated its possible genotoxic effect and oxidative stress in retinal cells
of adult zebrafish exposed to 0.3 pg/L and 0.6 ug/L Cyp. Both the histological and
immunofluorescence (IF) techniques showed the presence of apoptotic cells in the
zebrafish retina after 9 days of treatment with 0.6 ug/L Cyp. Thus, histone y-H2AX,
a double-stranded DNA damage marker, was immunodetected in both the outer and
inner nuclear layer after exposure to 0.6 pug/L Cyp for 12 days, while the anti-cas-
pase-3 apoptotic antibody was detected in the outer nuclear layer. Compared with
the morphological evidence, the damage index (DI) showed significant differences
with 0.3 ug/L from day 9, while with 0.6 ug/L all the stages evaluated showed very
significant differences. According to these results, it was verified that the activities of
superoxide dismutase (SOD) and catalase (CAT) increased significantly after exposure
to 0.6 ug/L Cyp. The same treatment caused a significant positive regulation of the
mRNA levels of both genes. These results indicate that Cyp causes DNA damage and
oxidative stress. This pyrethroid also has the potential to induce apoptosis in the cells
of the retina.

Keywords: genotoxicity, cypermethrin, zebrafish, retina

1. Introduction

Pyrethroid insecticides are potent neurotoxicants for various insect and vertebrate groups.
Pyrethroids exhibit a typical toxic action pattern of a strongly excitatory effect on the ner-
vous system [1]. The main target sites for pyrethroids are the voltage-dependent sodium
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channels of neuronal membranes [2-4]. Based on different behavioral, neurophysiological,
and biochemical profiles, two classes of pyrethroids have been identified. The type I are
associated with hyperexcitation and weak tremors, while type II, who have a cyano group,
are associated with a more complex syndrome, including clonic seizures [1, 5]. Type II
pyrethroids are extensively applied to control pests in residential and agricultural environ-
ments [6].

Cypermethrin, ((RS)-a-cyano-3-phenoxybenzyl (1RS) cis-trans-3-(2,2-dichlorovinyl)-2,2-
dimethyl-cyclopropanecarboxylate), is a type II synthetic pyrethroid insecticide that has
high insecticidal activity, relatively low toxicity in birds and mammals, and adequate air
and light stability [7, 8]. This compound has a wide range of uses in numerous crops such
as cotton, cereals, vegetables, and fruit trees, where it controls many insects including lepi-
dopterans, coleopterans, and hemipterans. It is also used in food storage sites, to control
flies and fleas in domestic farms and extensively for the control of cockroaches, mosquitoes,
and lice [9].

It presents a moderate persistence in the environment and its residues are not usually accu-
mulated in a significant way. In soil, it has a half-life between 4 and 56 days, being more
persistent in anaerobic environments. Under aerobic conditions, it is moderately sensitive to
light and undergoes microbial degradation. In water, it is stable in neutral or acidic condi-
tions, with a half-life that exceeds 50 days and a photolysis resistance greater than 100 days. In
surface water bodies, the Cyp concentration decreases rapidly by adsorption to the sediment,
suspended particles, and plants.

Despite the beneficial roles, Cyp enters the brain, accumulates in a significant amount,
and exerts neurotoxicity on non-target organisms [10]. In rodents, Cyp induces nigros-
triatal dopaminergic neurotoxicity and, if co-administered, increases the neurodegen-
erative potential of other toxic chemical substances [11, 12]. Pyrethroids also induce
neurotoxic chronic effects in humans [13]. In aquatic organisms, previous studies by
our group allowed to determine the effect of Cyp on the tadpole’s brain of two South
American anurans species [14-16]. In these studies, developed under laboratory con-
ditions using sublethal and acute Cyp doses, both their survival rate and altered brain
morphology were analyzed. In the studies using prometamorphic Bufo arenarum larvae,
high mortality rates (~65-70%) were observed in animals exposed to 39 and 156 ug/L
Cyp per 96 h [16]. In this species, the LC, at 96 h was 110 ug/L, so the sensitivity of this
species coincides with that previously reported for Physalaemus biligonigerus [14]. At the
histological and ultrastructural levels, the most affected telencephalon regions were
marginal and intermediate layers, surrounding the brain ventricles. TUNEL and DNA
fragmentation assays confirmed the time and dose-dependent increase in the number of
apoptotic telencephalic cells, as well as the DNA damage of the immature brain cells of
B. arenarum tadpoles. However, the CNS of vertebrates is immensely complex and we were
not able to determine the possible apoptotic mechanisms triggered by Cyp. For this reason,
many studies focused to understand the processes triggered by drugs and neurotoxicant
substances that can act on the CNS are conducted by studying a relatively simple and
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accessible region of the CNS, such as the retina. In the present study, we investigate, in an
in vivo model such as adult zebrafish, the possible link between oxidative stress and apop-
tosis in the relatively simple neuronal system of zebrafish retina.

Zebrafish is one of the most widely used vertebrates as a model organism for genetic studies
[17, 18] and environmental toxicology [19-22]. In addition, it has been used in studies of eco-
logical monitoring of the environment and during evaluations of multiple pollutants such as
organic, endocrine disruptors, and heavy metals [23-25].

Environment pollution, especially aquatic, is a serious problem all over the world.
Not only does it affect the survival and reproduction of aquatic organisms but it has
a negative impact on human health, fundamentally via bioconcentration processes.
Sensitivity to different pollutants makes zebrafish an ideal model organism for environ-
mental monitoring. Characteristic changes in morphology, gene expression, behavior,
and physiology can be observed as biological indicators. The International Organization
for Standardization first published the zebrafish toxicity test in 1984. Thereafter, several
countries promulgated their own toxicity testing standards through their use. Many envi-
ronmental pollutants, including pyrethroids, interfere with the functions of the endo-
crine system, affect development, produce DNA damage, and induce oxidative stress in
zebrafish [26-29].

This in vivo study was performed to characterize Cyp dose- and time-dependent toxicity
using histology, immunofluorescence (IF) and comet assay (CA) studies, superoxide dis-
mutase (SOD) and catalase (CAT) enzyme activity as well as sod and cat gene expression
(Figure 1).

Adult Zebkrafish

0.3 pg/L Cyp

0.6 pg/L Cyp
Treatment 3 days 6 days 9 days 12 days 16 days

Control

Survival assay

Histological studies

IF studies

Comet assay (DI-Cyp)

Ez. activity (SOD & CAT)

Gene expression (sod & cat)

—_—

l

Figure 1. Summary of experimental procedures and techniques used during this work.
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2. In vivo cypermethrin bioassay

Based on reported concentration of Cyp in agroecological aquatic systems [27, 30], adult
fish kept in aquarium according to [31] were treated with 0.3 and 0.6 ug/L Cyp solutions.
Each treatment was carried out by triplicate, with their respective control, for 3, 6, 9, 12, and
16 days, with daily changes of the solution. All fish exposed to 0.3 ug/L Cyp survived for the
first 12 days, while the survival rate was 80% at the end of the bioassay. Regarding the fish
group exposed to 0.6 pg/L Cyp, the survival rate at the 12 days of exposure was 100%; from
day 13, the percentage was 80%, decreasing to 50% on day 15 to finally reach 30% at the end of
the bioassay. Based on the survival rate with both Cyp concentrations, it was decided to per-
form all the remaining in vivo studies with both concentrations, using 12 days as maximum
exposure time.

3. Histological and immunofluorescence analysis

Eyes of control and in vivo exposed animals were processed according to Casco et al. [16].
The cured blocks were cross-sectioned at 0.5 pum of thickness using an ultramicrotome. Semi-
thin sections were toluidine blue stained and recorded by the charge-coupled device (CCD)
camera, coupled to an Olympus BX50 microscope at 40 and 100x. In the histological study,
just after 9 days of treatment, zebrafish exposed to 0.6 pug/L Cyp show significant changes in
retinal cell layers. Apoptotic-like cells could be viewed mostly in the photoreceptor cell layer
and, to a lesser extent, in the inner nuclear layer (Figure 2).

Unlike what was reported for the amphibian larvae brain [14-16], in the present work the
major changes in the retinal cell layers were triggered with Cyp concentrations much lower
than those found in surface water or runoff from agricultural practices in Argentina [32] and
during relatively short exposure periods.

In addition to the possible effect on alterations in nerve impulse transmission by the
modification of voltage-dependent sodium channel behavior, more recently the studies
by Mun et al. [11] determined that Cyp causes oxidative stress neurotoxicity in rats. These
effects are associated with an increased production of reactive oxygen species (ROS). As
has been proven in numerous studies, oxidative damage of DNA is an inevitable conse-
quence of cellular metabolism, but toxic insults increase the propensity to raise the levels
of ROS. These interact with DNA, leading to serious consequences for cells [33]. Based
on this background, it was hypothesized that retinas of zebrafish exposed for 12 days at
0.6 ug/L Cyp undergo a series of alterations that together lead to modifications in the
synaptic connections of their neurons and in the formation of apoptotic figures in the
inner and outer nuclear layer cells. To corroborate the histological observations about
the increase of apoptotic bodies on the fish retinal cells layers submitted for prolonged
periods (12 days) to the highest concentration of Cyp (0.6 pug/L), an IF study was carried
out using microscopy confocal laser techniques.
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Figure 2. Retinal histological sections of zebrafish exposed to 0.6 ug/L Cyp. No significant morphological changes were
observed during the first 9 days of exposure (A) in relation to the control of the zebrafish (B). After 12 days of exposure,
the retinas of zebrafish showed apoptotic nuclei of the photoreceptor layers (C), in comparison with the control (D), the
white’s circle show apoptotic figures. Inset shows more precisely the nuclei morphology. ONL: external nuclear layer;
OLM: external limiting membrane; OPL: external plexiform layer; INL: internal nuclear layer; IPL: internal plexiform
layer; GCL: Ganglion Cell Layer.

The immunofluorescence (IF) reactions were done by using the anti-y-H2AX antibody to
identify cells with double strand DNA damage [34] and simultaneously the anti-caspase-3
antibody, since caspase-3 has been identified as a key executor and one of the most impor-
tant downstream players in apoptosis pathways [35]. In this case, adult fish eyes were fixed
in 4% paraformaldehyde, optimal cutting temperature (OCT)-embedded and cryo-sec-
tioned at 10-pum thickness. The primary antibodies used were anti-y-H2AX (1/300) (Abcam,
Cambridge, Ab11174) and anti-caspase-3 (Abcam, Cambridge, UK, ab2302) (1/300) and pro-
ceeded according to Izaguirre et al. [14]. Photomicrography was performed with a laser con-
focal system Zeiss, LSM800 (Carl Zeiss AG). Acquisitions of z-stacks were performed with
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Fiji software. In this study, coinciding with the histological evidences, after 12 days of expo-
sure, the anti-y-H2AX immunoreactivity was found on both the outer and the inner nuclear
layer cells (Figure 3A and B), while the caspase-3 immunoreactivity was only detected at the
outer nuclear layer (Figure 4A and B).

These results are consistent with the Rogakou et al. [34] works, who showed that the phos-
phorylation of histone H2AX is an early response to DNA fragmentation, prior to activation
of the protease caspase-3. According to our studies, the rapid activation of y-H2AX compared
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Figure 3. Inmunofluorescence labeling of zebrafish retinal cells exposed to 0.6 ug/L Cyp for 12 days using anti y-H2AX
antibody. (A) Retinas of exposed fish showed immunoreactivity at the level of outer nuclear layer and the inner nuclear
layer (arrowheads). (B) Retinal cells of the control animals are devoid of immunoreactivity for y-H2AX. R and C: Rods
and Cones; OPL: Outer Plexiform Layer; INL: Inner Nuclear Layer.
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Figure 4. Inmunofluorescence labeling of zebrafish retinal cells exposed to 0.6 pg/L Cyp for 12 days using anti caspase-3
antibody. (A) Retinas of exposed fish showed immunoreactivity at the level of outer nuclear layer (arrowhead). (B)
Retinal cells of the control animals are devoid of immunoreactivity for caspase-3. R and C: Rods and Cones; OPL: Outer
Plexiform Layer; INL: Inner Nuclear Layer.
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to caspase-3 suggests that the double-stranded DNA breakdown may represent an early
event in the apoptotic pathway if the DNA molecule is not repaired [36] and could explain
the differential response of the retinal cells found in our experiments.

Similar results were also found in other species. For example, Patel et al. [37] reported that
Cyp induced DNA damage in vital mice organs such as the brain, liver, and kidney, of ani-
mals intraperitoneally injected with 12.5, 25, 50, 100, and 200 mg/kg body weight of Cyp,
for 5 consecutive days. Mukhopadhyay et al. [38] have found similar results, revealing a
significant dose-dependent increase in DNA damage in the cells of brain ganglia and anterior
midgut of Drosophila melanogaster exposed to low concentrations of Cyp (0.0004, 0.0008, 0.002,
0.2, and 0.5 ppm). In fish, Poletta et al. [39] found a significant increase in DNA damage of
epithelial gill cells of P. lineatus after in vivo acute exposure (96 h) to 0.15 and 0.3 ug/L Cyp
compared to controls.

Therefore, cells of the zebrafish retina also prove to be sensitive to DNA damage produced
by 0.3 and 0.6 ug/L Cyp with similar behavior. In addition, we can see that, from the 9 days
of exposure, the increase in DNA damage is very significant compared with the control and
with the other exposure groups. Such high level of damage detected indicates that it is very
sensitive to pyrethroids for long-term exposure.

In several studies, it was verified that histone y-H2AX is an indicator sensitive to the break-
down of double-stranded DNA induced by chemical agents [40, 41]. Recently, using com-
bination of IF, flow cytometry, and Western blot, Huang et al. [42] demonstrated that the
expression of y-H2AX in a murine macrophages cell line, exposed for 48 h at different Cyp
concentrations, is significantly induced following a dose-dependent model. In these studies,
Cyp was found to reduce cell viability and induce apoptotic processes. In the same study, it
was shown that Cyp also increases the production of reactive oxygen species (ROS) and causes
DNA damage in a dose-dependent manner. On the other hand, arrest in the G1 phase of the
cell cycle induced by this pyrethroid is associated with increased expression of wild-type p21
and p53 as well as the down-regulation of cyclins D1 and E as well as protein kinase CDK4.
Additionally, these studies demonstrated that Cyp treatment activates MAPK-signaling path-
ways by inducing the c-Jun (JNK) N-terminal kinases, the phosphorylation of extracellularly
regulated protein kinases, ERK 1/2, and increased levels of the cleaved poly ADP-ribose poly-
merase (PARP). In the same study, pretreatment with the antioxidant N-acetylcysteine (NAC)
effectively abolishes both Cyp-induced cell cytotoxicity, such as G1 cell cycle arrest, DNA
damage, PARP activity, JNK activation, and ERK 1/2. In addition, specific inhibitors of JNK
(SP600125) and ERK 1/2 (PD98059) reverse the phosphorylation of both molecules and attenu-
ate apoptosis. Taken together, these data suggest that Cyp causes immune cell death through
the induction of cell cycle arrest and JNK/ERK-mediated ROS-regulated apoptosis.

Of great interest is the recent finding that both in rat retinal ganglion cell enriched cultures
and in ischemia/reperfusion mouse visual axis retinal injury models, JNK inhibitors (SP600125
and TAT-JNK-III) both in vivo and in vitro caused dose-dependent and significant protection
in both models [43]. In this study, it was shown that in cell cultures both JNK inhibitors pro-
voke significant and dose-dependent protection against glutamate excitotoxicity and death of
retinal ganglion cells induced by the removal of trophic factors from the culture medium. In
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addition, I/R injury showed both the thinning of the entire retina, as well as the internal plexi-
form and nuclear laminae, as well as a significant decrease in the number of ganglion cells.
As indicated earlier, similar results were obtained in our in vivo assays of the animals treated
with 0.6 pug/L Cyp for 12 days.

Regarding the immunopositive signal of caspase-3 observed in photoreceptors of zebrafish,
it suggests that these cells have entered an irreversible pathway of cellular apoptosis due to
the increase in the ROS production, leading to DNA rupture and therefore the expression of
proteins involved in the cellular apoptosis pathway is increased. The results obtained here
are consistent with previous reports showing the effect of Cyp on different cell types, which
exhibit alterations in different molecules involved in the cellular apoptosis pathway. Thus, Jin
et al. [44] show that exposure of zebrafish embryos to 3 and 10 ug/L Cyp for 3 days induces
apoptosis and immunotoxicity, confirming an increase in the activity of caspase-3 and -9 after
exposure. This same group, by analyzing messenger RNA levels of different genes related
to programmed cell death (p53, Apaf-1 and caspase-3), reported that Cyp induces oxidative
stress, DNA damage, and apoptosis, showing that they are significantly increased, whereas
the ratio between Bcl-2/Bax genes decreases significantly after exposure to 1 and 3 pg/L Cyp
for 8 days. More recently, Raszewski et al. [45, 46] demonstrate that Cyp exposure induces
dose- and time-dependent apoptosis in the SH-SY5Y undifferentiated human brain cell line.
This work demonstrates that Cyp causes increases in caspase-3 activity, while a decrease in
Bcl-2 and Bax concomitantly occurs. However, unlike Kim et al. [43] studies, in the experi-
ments performed with the SH-SY5Y cell line, the application of signal transduction inhibi-
tors SP600125 (from JNK), PD98059 (from ERK 1.2), SL-327 (from MEK1 and MEK?2), and
SB202190 (from p38 MAPK) failed to attenuate the effect of the pesticide in the cultures of this
neural cell type.

From the analysis of the results of the in vivo model described here, the existence of at least
two groups of retinal cells with a differential sensitivity to Cyp exposure could be postulated.
Thus, while photoreceptors would appear to be prone to oxidative DNA damage by excessive
ROS generation and would respond by increasing the expression of proteins that lead to cell
death by apoptosis (immunopositive for y-H2AX and caspase-3), the horizontal, bipolar, and
amacrine cells would be sensitive to DNA damage by oxidative stress (immunopositive for
v-H2AX) but, at the time of the test, it is not verified that they enter the apoptosis pathway
(immunonegative for caspase-3).

A possible alternative explanation (although not exclusive) for the differential behavior of
outer and inner nuclear layer cells, to the cytotoxic effect of Cyp, could be due to the tissular
regeneration processes in the retina of bone fish [47]. It is known that these are due to the
process of proliferation of the ring of embryonic neuroepithelial cells, known as the germinal
peripheral zone. Bernardos et al. [48] studies allowed to demonstrate that Miiller cells (MC) are
responsible ones for these processes. This cell population is located mainly in the inner nuclear
layer. Its proliferation rate increases in response to lesions, maintaining the pool of undiffer-
entiated cells and undergoing differentiation processes, to form neuronal progenitor cells [49].

Based on the regenerative capacity of these cells in teleost fish, and given the possible molecu-
lar mechanisms involved in the genotoxicity induced by Cyp, the results would suggest that
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although this pyrethroid causes a generalized DNA damage in all neural cells of the retina, it
could be as much a selective mechanism of activation of the apoptotic route, as a differential
process of regeneration in the different cellular plates. Thus, because the MCs are in the inner
nuclear layer, the replacement of the horizontal, amacrine, and bipolar cells could be faster
than the rest of the cell types.

4. Comet assay

Based on the results obtained in the histological and IF studies, and since the most solid
hypothesis suggests that the effect of Cyp on retinal cells could be mediated by the generation
of oxidative stress, the studies were deepened, combining the CA techniques, to determine
the damage index DNA, and activity of the antioxidant enzymes SOD and CAT as a measure
of the oxidative stress caused by exposure to Cyp. These studies were completed with the
analysis of sod and cat gene expression.

Cell viability was determined before the application of the CA by fluorescent DNA-binding
dyes. A total of 100 cells were counted per sample and the percentage of viable cells was
determined [50]. The CA was performed as described for Singh et al. [51] with modifications
required by retinal cells of zebrafish: DNA unwinding during 10 min and electrophoresis at
300 mA, 0.7 V/cm, during 10 min too. Cells were visually classified into five classes according
to tail size and intensity (from undamaged, class 0, to maximally damaged, class 4), resulting
in a single DNA damage score (damage index, DI=n, +2xn,+3 xn,+4 xn,), where n,, n,, n,
and n, are the number of cells in each class of damage, respectively [52].

In the CA of retinal cells, with the concentration of 0.3 ug/L Cyp, it is verified that until the
9 day of the bioassay, there are no significant differences in relation to their controls; from
day 9 onwards, there are statistically very significant differences (p < 0.01) regarding both the
controls and the previous stages (Figure 5).

The bioassays performed with 0.6 pg/L Cyp showed DI with statistically very significant dif-
ferences (p < 0.01) both with respect to their controls and between the different stages evalu-
ated in the bioassay (Figure 6).

As previously stated, there are many reports postulating that pyrethroids in general and
Cyp in particular are oxidative stress triggers; however, direct genotoxic mechanisms can-
not be ruled out. Thus, spectral studies of calf thymus DNA demonstrated a bathochromic
shift in UV absorption spectra, revealing that Cyp could bind with DNA. According to these
studies, the recognition and reaction of Cyp with DNA is attributed to the vibratory modes
of the active site and it is postulated that the possible mechanism of this interaction would
be responsible for the chromosomal aberrations verified in the bioassay [52]. The molecular
mechanisms responsible for the genotoxicity of pyrethroids are not clearly understood yet;
however, chromosomal aberrations, sister chromatid exchange, and micronuclei formation
observed in plants and animals clearly indicate that these compounds interact with DNA and
induce their damage.
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Figure 5. Bar graphic showing damage index values of DNA in retinal cells of zebrafish exposed to 0.3 ug/L of Cyp.
Statistically significant differences are indicated by asterisks (**p < 0.01).
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Figure 6. Bar graphic showing damage index values of DNA in retinal cells of zebrafish exposed to 0.6 ug/L of Cyp.
Statistically significant differences are indicated by asterisks (**p < 0.01).

In addition to the direct interaction damages, those caused by the generation of free radicals
as determined by the Giray et al. [53] works could be added in which rats treated with Cyp
showed increases in lipid peroxidation at the cerebral and hepatic levels. Because of its small
size (V =536.40 A% and hydrophobicity, the molecule of Cyp can easily cross cell membranes,
reach, and interact with DNA through its acid moieties. To understand this interaction, the
molecule can be divided into two parts (Figure 7). Region 1 would constitute the “active site”
of the molecule. It contains highly electronegative atoms such as chlorine, active ester, and
dimethyl groups. The crystallographic data demonstrate that this portion offers a relatively



Genotoxicity Induced by Cypermethrin in the Zebrafish Retina 51
http://dx.doi.org/10.5772/intechopen.72434

.l
cl o
CH3 C} "‘\-\.H_‘
oA \\|/ o
O C
]
]

¥ i T

I 2

Figure 7. Cypermethrin structure showing regions (1) postulated as responsible for the interaction with DNA and (2)
stabilizing support region. Adapted from [54].

flexible structure [52] which would allow the cyano, carbonyl, methyl, and chloride groups
to be located nearby and interact with the DNA. On the other hand, region 2 constitutes the
comparatively rigid part of the molecule providing support for the stabilization of such inter-
action (Figure 7). The molecular vibration of the atoms that involve the active region 1 would
polarize the DNA molecule, promoting the binding. The binding of Cyp to DNA through
polarization can lead to the destabilization of the DNA structure and the duplex unwinding,
inducing chromosomal damage. Such binding was demonstrated in UV absorption studies.

Thus, the results of the CA studies as well as the morphological and IF studies allow to pos-
tulate that Cyp (or possibly its metabolites) could directly interact with the DNA molecule
causing the duplex rupture.

5. Enzyme activity and gene expression of SOD and CAT

For these determinations, retinas were homogenized and then centrifuged. SOD activity was
spectrophotometrically measured at 550 nm [55]. The activity of SOD was calculated accord-
ing to the standard curve of SOD and expressed as U/mg protein [56]. On the other hand, CAT
activity was determined by recording the absorbance of the generated stable chromophore
at 405 nm due to H,O, consumption according to Aebi’s method [57]. In these studies, we
found that the activity of SOD (Figure 8) and CAT (Figure 9) increases when retinal cells were
exposed to 0.6 ug/L Cyp. Like other organisms, fish can neutralize the elevated ROS levels
in their systems, with protective ROS-scavenging enzymes such as SOD and CAT. Thus, it is
possible that an increase in the activity of these enzymes contributes to the elimination from
the cells of ROS induced by Cyp exposure.

Then, we examined the representative genes that encode proteins that are used to combat
oxidative stress (such as SOD and CAT) to determine whether these might serve as molecular
endpoints for Cyp exposure in zebrafish. The total RNAs of retinas from adult fish treated
with Cyp 0.6 pug/L for 3 and 12 days were isolated and processed according to Jin et al. [26].
Reverse transcriptase (RT) products were used directly for the polymerase chain reaction
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Figure 8. Bar graphic showing the values of SOD activity in the retinal cells of the zebrafish exposed to 0.6 ug/L Cyp.
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(PCR). These were performed using an Ivema T-18 thermo-cycler (Llavallol, BA, Argentina)
using the following program: denaturation for 10 min at 95°C, followed by 30 cycles of 1 min
at 95°C, 90 s at 50°C and 90 s at 72°C. Oligonucleotide primers were used to detect the gene
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expression of -actin, SOD (AY N° 195,857), and CAT (AF N° 170,069). As housekeeping gene,
[-actin transcripts were used for data standardization. We found that the expression levels
of the mRNA of SOD and CAT enzymes had a significant increase in the retinal cells of the
zebrafish after 12 days of exposure to the highest concentration of Cyp (0.6 ug/L) (Figure 10),
which is consistent with the findings in the evaluation of enzyme activity. Therefore, we sug-
gest that the increased levels of mRNA and its close relationship with the increase in enzyme
activity are related to the removal mechanisms of ROS.

The toxicity of pesticides in fish is related to an increased production of ROS, leading to
oxidative damage [58]. Fish, like many other vertebrates, try to reduce the damage caused
by oxidative stress by using an antioxidant defense system. The first line of defense con-
sists of antioxidant molecules, such as glutathione, vitamin C and E, and carotenoids [59].
Antioxidant enzymes include another defense mechanism, including SOD, CAT, glutathione
peroxidase (GPx), and glutathione S-transferase (GST) [60-62]. Several studies have shown
that synthetic pyrethroids are extremely toxic to fish and aquatic invertebrates [63-65]. The
antioxidant defense system of living organisms can be analyzed by the activity and gene
expression of enzymatic antioxidants, such as SOD, CAT, and GPx [66].

Our results demonstrate that, in zebrafish retinas, the CAT enzyme is more sensitive and
would respond more rapidly than SOD as a defense mechanism to the increase in the produc-
tion of ROS to avoid the possible oxidative effect caused by Cyp.

Accordingly, several studies have shown that Cyp produces an imbalance in the production
of ROS and consequently an alteration in the activity of the antioxidant enzymes SOD and
CAT in various species and organs as a defense mechanism to oxidative stress. Kale et al. [66]
reported that erythrocytes of rats exposed to 2500 mg/kg of Cyp showed an increase in the
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Figure 10. Bar graphic depicting the gene expression levels of cat and sod in the retina of the zebrafish exposed to 0.6 pg/L
Cyp. Statistically significant differences are indicated by asterisks (**p <0.01).
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activity of the antioxidant enzymes SOD and CAT because of the increase in ROS production.
In addition, they demonstrate that the gradual decrease in the activity of both enzymes, after a
period, is due to a decrease in the production of formed ROS. More recently, studies by Yonar
et al. [58] indicate that Cyp induces an increase in the enzymatic activity of SOD and CAT in
blood, liver, kidney, and gills of Cyprinus carpio, showing that pesticides can induce oxidative
stress, leading to the generation of free radicals and causing peroxidation of lipids. Increased
lipid peroxidation and ROS production may affect the activity of antioxidant enzymes, which
are sensitive indicators of increased oxidative stress.

In addition, in the present study, genes encoding stress-sensitive SOD and CAT enzymes
were used as molecular biomarkers of the bioassay for stress evaluation by Cyp and to
complement the morphological, immunofluorescence, and EC studies. Similar studies have
been performed to evaluate the behavior of other species using real-time PCR techniques
as well as RNA microarrays [67-69]. At present, there are few studies evaluating the gene
expression of SOD and CAT in zebrafish retina in response to agents that promote oxidative
stress [70] and no studies have been reported relating stress oxidative stress caused by Cyp,
and the gene expression of antioxidant enzymes in the retina. Induction of CAT mRNA,
SOD, and GPx expression was recently demonstrated by Jin et al. [27] (4 days) or low con-
centrations (1 ug/L) for prolonged exposures (8 days), the use of high concentrations of
Cyp (3 ug/L) for moderate exposures (4 days) or low concentrations (1 pg/L). In this work,
it is proposed that the levels of expression promoted by the pyrethroid are the product of
increased oxidative stress. In the present study, doses are much lower than those used by
Jin et al. [27], obtaining greater discrimination of the behavior of two of the enzymes of
response to oxidative stress. Thus, mRNA levels of the SOD enzyme in retinas of zebrafish
treated with 0.6 ug/L for 3 days did not cause significant increases, whereas those cor-
responding to CAT resulted in very significant levels of expression. When the transcript
levels of both genes were evaluated toward the end of the bioassay (12 days), both genes
responded with very significant levels of expression.

In conclusion, the RT-sqPCR assay adopted in this work is an effective technique for the rapid
determination of the oxidative effect in zebu fish exposed to Cyp. It is suggested that the
significant increase in the levels of gene expression and enzymatic activity of SOD and CAT
would be closely related to the mechanisms that would be put in place to decrease or elimi-
nate the oxidative stress caused by the high production of ROS and thus avoid oxidative dam-
age from pyrethroid exposure.

6. Conclusions

This study demonstrates that Cyp generates a variety of detrimental effects in retinal cells of
zebrafish over a relatively short time of exposure and at concentrations much lower than those
found in runoff and surface water in natural environments. Effects observed include apop-
tosis, DNA damage, increased expression of y-H2AX and caspase-3 genes, and alterations
in antioxidant enzyme activities as well as in the expression of their respective genes. Our
results not only provide important information to fully understand the potential mechanisms
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of Cyp-induced neurotoxicity but also suggest that zebrafish can serve as an ideal model for
studying developmental toxicity of environmental contaminants.
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