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Abstract Pesticides are one of the main sources of
pollution on the planet, affecting different environ-
ments. The aim of the study was to evaluate the chronic
effect of atrazine (ATZ) on brain, gill, and liver histol-
ogy and the clinical signs of intoxication in Hyphesso-
brycon eques fish and to determine the effect on the
expression of proteins related to proliferation, damage,
death, and cellular stress pathways. The chronic toxic-
ity test was performed during 30 days of exposure to

I. A. Brunetti - P. C. Pereira - D. S. Oliveira - C. da Cruz
Laboratdrio de Ecotoxicologia E Eficacia Dos Agrotoxicos
(LEEA), do Centro Universitario da Fundacao
Educacional de Barretos (UNIFEB), Avenue Prof. Roberto
Frade Monte, number 389, Barretos, Sdo Paulo 14783-226,
Brazil

V. A. O. Silva

Centro de Pesquisa Em Oncologia Molecular
(CPOM), Hospital de Cancer de Barretos, Avenue
Do Ebano, number 165-1, Dr. Paulo Prata, Barretos,
Sédo Paulo 14784-384, Brazil

R. M. Reis
Life and Health Sciences Research Institute (ICVS)
Medical School, University of Minho, Braga, Portugal

R. M. Reis
ICVS/3B’s-PT Government Associate Laboratory, Braga/
Guimaraes, Portugal

J. H. P. Américo-Pinheiro (<))

Brazil University, Street Carolina Fonseca, number 584,
Sédo Paulo, Sao Paulo 08230-030, Brazil

e-mail: americo.ju@gmail.com; juliana.pinheiro@
universidadebrasil.edu.br

ATZ. Concentrations of 0.57, 1.14, 5.74, and 11.50 mg
L~! were applied and there was a control. Aquariums
with a capacity of 5 L of water were used with aera-
tion pumps containing 5 animals per replica, weigh-
ing between 1.0+0.2 g per organism. At the end of
the chronic toxicity tests of ATZ for H. eques, samples
of the gills, brain, and liver were collected for histo-
logical analysis. The same organs were collected and
stored in cryogen tubes in liquid nitrogen until the
moment of extraction and then massaged mechanically
for the Western-blot technique. In the histopathologi-
cal analyses, the gills showed the greatest changes in
relation to the other organs, such as the loss of support
of the secondary lamellae, and the fish also showed a
loss of swim bladder capacity. In conclusion, ATZ in
the environment, in long-term exposure, can cause his-
tological and biochemical effects, affecting the survival
and proliferation of cell pathways.

Keywords Cellular damage - Ecotoxicology -
Herbicide - Toxicity

1 Introduction

Pesticides have negatively contributed to the pollu-
tion of aquatic environments by forming complex
mixtures with heavy metals and other pollutants from
various anthropogenic activities. The decline in fresh
and marine water quality can be associated with the
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flow of these products from the terrestrial environment
of agricultural production adjacent to water bodies
(Fillols et al., 2020). Data from 2009 to 2018 show that
the four best-selling pesticides in Brazil are glypho-
sate, 2,4-D, mineral oil, and atrazine (ATZ) (IBAMA,
2020), which are one of the main diffuse sources of
pollution on the planet. Furthermore, the indiscrimi-
nate use of some molecules and the lack of monitoring
of environmental dynamics can cause unpredictable
effects on aquatic biota such as biochemical, physio-
logical, and morphological changes in fish and lethality
in aquatic organisms of different trophic levels (Shio-
giri et al., 2016; Marques et al., 2021).

Among herbicides, ATZ belongs to the triazine
group and inhibits photosystem II. It blocks electron
transport in plant photosynthesis (Zajc et al., 1998)
and the production of ATP (adenosine triphosphate),
NADPH (electron acceptor coenzyme) (Phyu et al.,
2011). It is used to control monocotyledonous and
dicotyledonous weeds in sugarcane, wheat, conifers,
sorghum, nuts, and corn (Zhao et al., 2017). ATZ
ranks third among pesticides most often used in Bra-
zil. It has a moderate toxicological level (Anvisa,
2016), and it has been banned in the European Union
since 2004 (Montiel-Leo6n et al., 2019).

Environmental monitoring and assessments of the
potentially harmful effects of chemicals released into
the environment are critical in-depth understanding
of the environmental dynamics of pesticides after use
(Santos et al., 2015). Experiments with ATZ have
been carried out for a long time with different spe-
cies of aquatic organisms, which resulted in the ban
in the European Union in 2004 (EC, 2004). However,
in many regions, including Brazil, ATZ is still one of
the most used herbicides. Therefore, ecotoxicologi-
cal studies on this molecule are important, since the
herbicide and its residues are still detected as persis-
tent contaminants of aquatic environments for up to
100 days (Hou et al., 2017), e.g., in surface water at
a concentration of 10.4 ug L™! (Santos et al., 2015).

The histological characteristics of non-target organ-
isms can express different changes resulting from
adverse environmental conditions. Therefore, the
evaluation of these histological parameters is crucial
to determine cellular alterations that can occur in fish
(Américo-Pinheiro et al., 2020).The use of biochemi-
cal techniques has been shown to be quite viable, as
they offer high sensitivity and specificity for diagnosis
of animal diseases (Talmi-Frank et al., 2006). Western
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blot is a technique that allows detection, characteriza-
tion, and quantification of multiple proteins, especially
those that are present in low amounts in a given sample
(Kurien and Scofield, 2006), which is incubated with
specific antibody markers for the protein of interest
(Mahmood and Yang, 2012).

Responses are usually the first cells to occur
within the biological and morphological changes in
the animal (Carraschi et al., 2012).Thus, histopathol-
ogy becomes a biomarker and logical integrator that
allows the identification of biochemical and physi-
ological changes in fish associated with water qual-
ity and the necessary care to prevent diseases in fish
farms (Shiogiri et al. 2016; Erlacher-Reid, 2018).
However, many studies on atrazine are performed
with different species of organisms, but few studies of
chronic toxicity and biomarkers, with the use of neo-
tropical organisms, indicating a lack of information
on this chemical in the Brazilian scenario.

Thus, the objectives of this study were to evaluate
the chronic effect of ATZ on brain, gill and liver his-
tology and the clinical signs of poisoning of the fish
Hyphessobrycon eques and determine the effect on
the expression of proteins related to proliferation path-
ways, as well as cellular damage, death, and stress.

2 Materials and Method
2.1 Pesticide

The pesticide used in the experiments was the herbi-
cide ATZ (CAS No. 1912-24-9) in the commercial
formulation Nortox 500.0 g L™!. The commercial for-
mulation was diluted in deionized water to obtain the
concentrations used in the toxicity tests. The study
was evaluated by the Ethics Committee on the Use
of Animals (CEUA/UNIFEB/Barretos) and was car-
ried out according to the approved protocol of CEUA
04_2017.

2.2 Chronic Toxicity

The fish used were the red minor (H. eques) weigh-
ing between 1.0+0.2 g per organism; they were accli-
mated in bioassay rooms, with temperature controlled
at 25.0+2.0 °C and with a photoperiod of 12 h of light,
in aquariums with a capacity of 100.0 L of water, with
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continuous aeration. The fish were fed once a day with
flake feed with 28% crude protein for ten days.

The chronic toxicity test for ATZ was carried out
30 days of exposure. Therefore, in aquariums with
a capacity of 5.0 L of water with aeration pumps, 5
animals were transferred per replicate, with four rep-
licates for each concentration tested, with a density of
1 g L~' (ABNT, 2007).

The study concentrations were 0.57, 1.14, 5.74,
and 11.50 mg L~!, defined on the basis of four quo-
tients (5, 10, 50, and 100) applied to the value
of LC50;48 h=57.49 mg L' of ATZ to the H.
eques, plus a control (no product was applied). The
LC50;48 h value for the fish was determined in a pre-
vious assay under the same laboratory conditions as
in the chronic test. The signs of intoxication (opercu-
lar beat, erratic swimming, agitation, permanence on
the surface or the bottom of the aquarium, lethargy,
eye irritation, corrosion of skin and fins) were evalu-
ated according to Murty (1988).

The animals were fed once a day and the aquariums
were siphoned every 7 days, with a renewal of 25.0%
of the total water volume in use, during the 30 days
of the experiment. During the chronic toxicity test for
H. eques, water quality was evaluated at 7, 15, and
30 days during the experiment, using pH, electrical
conductivity, temperature, and dissolved oxygen meas-
uring equipment, was monitored according to the rec-
ommendations of ABNT (2007). During the 30 exper-
imental days, the temperature remained between 25.9
and 26.5 °C; electrical conductivity between 122.5
and 127.9 uS cm™'; dissolved oxygen between 6.8 and
7.9 mg L', and pH between 7.6 and 7.9, thus main-
taining the standards established by ABNT (2007). At
the end of the experimental period, the No Observed
Effect Concentration (NOEC) and the Observed Effect
Concentration (OEC) were determined.

At the end of ATZ’s chronic toxicity tests for H.
eques, the gill, brain, and liver samples were col-
lected for histological and western blot analysis. For
this purpose, the fish were euthanized in benzocaine
©0.15 ¢ L") and three animals were collected from
each replicate and all samples were analyzed.

2.3 Histopathological Analysis
The organs were removed and immersed in a 10.0% for-

maldehyde buffered fixative solution for 24 h. After fix-
ation, the fragments were dehydrated, cleared in xylene,

and included in Histosec® (Merck). Then, microto-
mies were performed using a Lupetec semi-automatic
microtome, and 5.0 pm-thick sections were made. They
were stained with Hematoxylin—Eosin (HE) and Peri-
odic acid-Schiff (PAS) (Behmer et al., 1976) and ana-
lyzed in a Panthera L-Motic light microscope.

2.4 Protein Expression Analyses

After collection, fish organs (100 mg of weight) were
stored in cryovials, later placed in liquid nitrogen
(at—196 °C) until extraction. To evaluate the pro-
tein expression, the proliferation and damage path-
ways, death and stress of the cells, which would pos-
sibly be affected after the application of ATZ, were
evaluated. Subsequently, the following components
were added to the macerate: Tris buffer (50.0 mM,
pH 7.6-8.0), NaCl (150.0 Mm), EDTA (5.0 mM),
Na;VO, (1.0 mM), NaF (10.0 mM), Na pyrophos-
phate (10.0 mM), NP-40 (1.0%), supplemented with
DTT protease inhibitor cocktail (1.0 mM), Leupep-
tin (1.0 pg mL)~!, aprotinin (1.0 pg mL™!), PSMF
(1.0 mM), EDTA (1.0 mM) for 1 h. The tissues were
then centrifuged (13,000 rpm, 15 min, 4 °C) and the
supernatant was stored (— 80 °C).

Soluble proteins were quantified by the Bradford
method (Sigma), according to the manufacturer’s rec-
ommendations. Afterwards, 20 ug of total proteins
was separated through SDS-PAGE polyacrylamide
(10.0%) and transferred to nitrocellulose membrane
(Hybond-C, Amersham Biosciences, Little Chalfont,
UK) using a mini Trans-Blot® Turbo Transfer Sys-
tem (BioRad). The membranes were blocked with
powdered milk solution (5.0%) containing TBS and
Tween (0.1%) (TBS-T; pH=7.6) for 1 h at room tem-
perature. After blocking, the membranes were incu-
bated with the corresponding primary antibodies
(12 h, 4 °C) prepared in TBS/Tween (0.1%) solution
with BSA (5.0%).

The antibodies anti-p-ERK/ERK, ATKt/anti-p-
AKT (cell signaling) (v:v/1:1000) were used. The
membranes were then washed with solution (TBS/
Tween (0.1%)) and incubated with peroxidase-
conjugated secondary antibody (Cell Signaling
Technology). The protein f-tubulin was used as a
control (v:v/1:2000 dilution). Detection was per-
formed by chemiluminescence (ECL Western Blot-
ting Detection Reagents, RPN2109, GE Healthcare)
and the chemiluminescent signal was detected in a
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photodocumentation system (ImageQuant™ LAS
4000 mini (GE Healthcare)). The results were quanti-
fied by densitometry in the Imagel software (version
1.41; National Institutes of Health).

3 Results and Discussion
3.1 Chronic Histopathological Effects

Endpoints of mortality, clinical signs of intoxica-
tion, histological changes, and western blot were
used in the chronic toxicity test, with 30-day expo-
sure of red minor (H. eques). NOEC was considered
0.57 mg L~! and OEC was 1.14 mg L~!(Table 1).

During the chronic toxicity test, three fish died,
one at the concentration of 11.50 mg L~! with
18 days of exposure, another at 5.74 mg L~! with
23 days of exposure and one at 1.14 mg L~! with
28 days of exposure. At 7 days of exposure for all
concentrations tested, the fish presented alteration
in staining; in addition to this, sign of intoxication
also occurred in 0.57 mg L™! loss of swim bladder
capacity; in 1.14 and 11.50 mg L™, there was loss
of swim bladder capacity and permanence at the
bottom of the unit and in 5.74 mg L~! agitation.

At 15 days on 1.14 mg L™!, there was change
in color, the fish show loss of their original color,
becoming sallow, fin corrosion, and permanence
on the water surface, and at 5.74 mg L~! there was
change in color, fin corrosion, skin hemorrhage, and
agitation. At 30 days, there was erratic swimming,
change in color, lethargy, and permanence at the
bottom of the aquarium at concentrations of 0.57
Table 1 End point table for red minor (H. eques) referring

to no observed effect of concentration (NOEC) and observed
effect of concentration (OEC)

End points NOEC (mgL™!) OEC (mgL™)
Mortality 0.57 1.14
Clinical signs of intoxica- <0.57 0.57
tion
Gill histology 1.14 5.74
Liver histology 5.74 11.50
Brain histology <0.57 <0.57
Western blot—gill <0.57 0.57
Western blot—liver 0.57 1.14
Western blot—brain 0.57 1.14

@ Springer

and 1.14 mg L~!. At the other concentrations, the
most evident sign of intoxication was permanence
at the bottom of the aquarium.

In the histopathological evaluation of the chronic
effects of ATZ, the gills of the control fish had pri-
mary lamellae composed of the cartilage connective
tissue, and the blood vessels within this tissue. Pri-
mary lamellae carry secondary lamellae lined with
mucus-secreting and connective cells. In the spaces
between the secondary lamellae, there were interla-
mellar spaces composed of chloride cells, mucus-
secreting cells, and goblet cells (Fig. 1A).

At concentrations of 0.57 and 1.14 and mg L,
there were no chronic effects of ATZ on the histologi-
cal structure of the gills. At 5.74 mg L', there was an
increase in the interlamellar lining epithelium and in
the secondary lamellae lining cells, which reduces the
gas exchange area of secondary lamellae, an action
that may have a reversible effect. At 11.50 mg L7},
there was a decrease in the interlamellar epithelium
and the mucous cells lining the secondary lamel-
lae, loss of lamellar support, and apical fusion of the
lamellae in some regions (Fig. 1B).

The exposure of Tilapia (Oreochromis niloticus) to
1.0 and 2.0 mg L™! of ATZ for 7 and 15 days caused
gill hemorrhage, secondary lamella hypertrophy,
epithelial enlargement, and aneurysm in secondary
lamellae (Oliveira et al., 2018). The gills are impor-
tant indicators of water quality in studies of envi-
ronmental contamination (Américo-Pinheiro et al.,
2020). They are considered to be the first of entry for
pesticides into fish (Velmurugan et al., 2007). Also,
they are essential for breathing and osmoregulation
(Mcdonald, 1983); therefore, changes in gill morphol-
ogy can impair blood flow, gas exchange, and fish
homeostasis (Melletti et al., 2004). Increased interla-
mellar epithelium and disorganization in gill structure
increase the distance from water-dissolved oxygen to
the blood (Américo-Pinheiro et al., 2020).

Tissue changes in the gills indicate the impact of
pesticides on fish that can cause irreparable dam-
age to the gills by increasing and modifying regula-
tory cells of the physiological system, in an attempt
to minimize the effects of the contaminant (Andrade
Vieira and da Silva, 2019).

In the control group, the liver showed hepatocytes
arranged in cord-like organization in comparison
to the central veins. There were small hepatocytes
whose central nuclei were somewhat displaced to the
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Fig. 1 HE micrographs
staining of H. eques gills.
A Control gill, no changes.
B Gill, concentration of
11.50 mg L', indicating
the loss of lamellar support
and apical fusion in some
regions. Images atx 40
magnification

periphery, and slightly acidophilic cytoplasm. Sinu-
soidal capillaries border hepatocytes from the central
veins, giving them a cord-like appearance. Cells from
the exocrine pancreas were present in some central
veins. Control hepatocytes have glycogen granules
within the cytoplasm (Fig. 2A).

At concentrations of 0.57, 1.14, and 5.74 mg L,
there were no chronic effects on the histological
structure of the liver. At 11.50 mg L™, there was
a total disarrangement of the cord-like structure of
hepatocytes, and an increase in sinusoidal capillar-
ies. This fact indicates a possible accumulation of
red blood cells in the liver as a result of the detoxi-
fication, which can be reversible in fish (Fig. 2B).

Chronic exposure of pacu (Piaractus mesopo-
tamicus) for 96 h to 28.58 mg L~! of ATZ showed
more severe effects on the liver, with morphological
disruption and nuclear and cytoplasmic vacuolation
in hepatocytes (Paiva et al., 2017), while exposure
of lambari (Astyanax altiparanae) to 0.5-10.0 pg
L~! of ATZ for 30 days caused increased vascu-
larization of sinusoidal capillaries and leukocyte
infiltration (Destro et al., 2021). The differences in

Fig. 2 HE micrographs
staining of H. eques liver. A
Control liver, no changes.

B Liver at concentration

of 11.50 mg L™}, with

total disarrangement of

the hepatocyte cords and
increase of sinusoidal
capillaries. Images at x40
magnification

histopathological effects may be due to the concen-
tration tested and the exposure times used in each
study. However, the chronic effects of ATZ have
been shown to occur on the liver in fish.

Histological studies are important to describe
and compare tissues in organs, especially environ-
mental ones associated with changes in conditions,
such as the liver. What is considered the central
organ of xenobiotic metabolism in fish, and changes
in this organ may be useful as biomarkers that indi-
cate exposure to environmental stressors (Dane and
Sisman, 2017; Van Dyk et al., 2012).

The analysis of the brains of the control fish
showed a molecular layer with few cells that had
rounded nuclei and evident nucleoli dispersed
in an abundant, slightly acidophilic extracellular
matrix. In the vicinity of the granular layer, there
is a greater accumulation of cells with more baso-
philic nuclei, in some regions. In most regions, cell
type and cell distribution are similar to those of the
molecular layer. There is a large number of cells
in the granular layer. The histological structure of
the brain of red minor (H. eques) did not show the
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chronic effect of ATZ at any study concentration
(Fig. 3).

Agrochemicals, especially organophosphates and
carbamates, are compounds known to be capable of
altering the activity of the enzyme acetylcholinester-
ase (Payne et al., 1996). Previous studies have shown
that fish subjected to sublethal concentrations of pes-
ticides can show changes and inhibition concerning
the activity of this enzyme (Ferrari et al., 2007; Miron
et al., 2005; Modesto and Martinez, 2010). However,
ATZ had no effects on acetylcholinesterase activity in
the brain of Prochilodus lineatus, according to Santos
(2010).

3.2 Effect of ATZ on Protein Expression

In the chronic exposure of H. eques to ATZ, there was
an increase in the relative expression (%) of the acti-
vated form of the AKT protein (p-AKT) in the gills of
H. eques at all evaluated concentrations in compari-
son to the control, especially at 11.50 mg L™! (Fig. 4).

Fig. 3 HE micrographs
staining of H. eques

brain. A Brain control,

no changes. B Brain at
concentration of mg 11.50
L~!, without changes.
Representations: 1—gray
substance; 2—Purkinje cell;
3—molecular layer neuron;
4—granular layer neuron.
Images atx 40 magnifica-
tion and H.E

Fig. 4 Expression of cell
proliferation and survival
proteins in the gills of H.
eques exposed to ATZ
within 30 days of chronic
exposure

Relative protein expression (%)
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The active form of the ERK protein (p-ERK) also
showed a higher relative expression at 0.57 mg L~!
in the gills, while in the other concentrations, such
expression was lower than in the control (Fig. 4).

In the brain, there was a dose-dependent increase
in p-AKT expression (Fig. 5) compared to the con-
trol. On the other hand, in general, the expression of
p-ERK was inhibited in the brain at most of the study
concentrations; the highest expression occurred at
5.74 mg L. At 0.57 mg L', there was no expres-
sion of this protein; at 1.14 and 11.50 mg L', the
protein was inhibited, in comparison to the control
(Fig. 5).

The analysis of p-AKT expression in the
liver showed that greater expression occurred at
11.50 mg L' and at 5.74 mg L™'. At 5.74 mg L™,
there was no protein expression while at 0.57 mg
L~!, the expression values were similar to those of
the control (Fig. 6). For p-ERK, expressions were
similar, but lower than those of the control at con-
centrations of 0.57, 1.14, and 11.50 mg L! (Fig. 6).

S

Gill

600- Proliferation/Survival

0 = Control

=N 5=0.57mg L!
== 10=1.14mg L-!
m50=5.74mg L!
100=11.50mg L-!
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Fig. 5 Expression of Brain
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At 5.74 mg L7}, there was an increase in p-ERK
expression in comparison to the control (Fig. 6).

Another essential function of AKT is the regula-
tion of glycogen synthesis through phosphorylation
and inactivation of GSK-3a and P (Hajduch et al.,
2001; Cross et al., 1995). AKT may also play a role
in insulin stimulation of glucose transport (Hajduch
et al., 2001). AKT is also involved in cell cycle regu-
lation by preventing GSK-3p-mediated phosphoryla-
tion and cyclin D1 degradation and by downregulat-
ing cyclin-dependent kinase inhibitors p27 Kip and
p21 Wafl (Zhou et al., 2001).

AKT also plays a critical role in cell growth
through direct phosphorylation of mMTOR (Navé et al.,
1999). This protein also acts on the phosphorylation
and inactivation of tuberin (TSC2), an mTOR inhibi-
tor within the mTOR raptor complex (Inoki et al.,

2002). The inhibition of mTOR disrupts the protein
synthesis machinery as a result of the inactivation of
its effector, the p70 S6 kinase, and the activation of
ukaryotic initiation factor 4E 1-binding protein (4E-
EP1), a translation inhibitor (Inoki et al., 2002; Man-
ning et al., 2002).

In general, after analysis of the organs, especially
the gills, brain, and liver, the activity of the AKT pro-
tein (p-AKT) showed an increase in expression com-
pared to the control, which suggests activation of cell
growth and survival factors of fish exposed to ATZ.

The AKT protein, also referred to as PKB or Rac,
with 60 kDa, plays a critical role in controlling sur-
vival and apoptosis (Franke et al., 1995; 1997), as
this protein kinase is activated by insulin and various
growth and survival factors. AKT promotes cell sur-
vival by inhibiting apoptosis by phosphorylating and
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inhibiting several targets, including Bad, forkhead
transcription factors (Brunet et al., 1999), c-Raf (Zim-
mermann and Moelling, 1999), and Caspase-9. In the
case of the gills and brain of fish exposed to ATZ, the
increased expression of the active form of these pro-
teins suggests the occurrence of a stimulus for cell
survival, compared to the control (Fig. 4 and 5).

For the p-ERK signaling pathway, there was a
reduction in activity in comparison to the control. In
the gill samples, p-ERK showed phosphorylation in
the control and at the concentration of 11.50 mg L
in the brain, it showed phosphorylation in the control
and at a concentration of 5.74 mg L' in the kidney,
it showed a greater increase in concentrations com-
pared to the control; and in the liver, its expression
was inhibited. This protein is related to cell survival,
growth, and differentiation processes. Once acti-
vated, ERK1/2 kinases directly phosphorylate their
substrates, e.g., transcription factors, ion channels,
membrane proteins, cytoskeletal proteins, transport-
ers, other kinases, adapter proteins, growth factor, and
estrogen receptors (Mattos, 2011; Roux and Blenis,
2004). Depending on duration, magnitude, and sub-
cellular location, ERK activation controls various cel-
lular responses, such as proliferation, migration, dif-
ferentiation, and death (Murphy and Blenis, 2006).

According to Cavalli et al. (2013), the involve-
ment of the MAPK pathway in glyphosate-induced
toxicity in testicular cells was confirmed using the
western-blot technique, since ERK1/2 and p38 were
activated/phosphorylated in testicles of prepubertal
rats exposed to the pesticide. The results for ATZ
for H. eques were similar to those of glyphosate, as
it induced an increase in the phosphorylation of two
of the MAPK pathways, ERK 1/2 and JNK 1/2, thus
indicating their activation. The participation of the
AKT/GSK-3p pathway was also evaluated, and in
both of them, there was a significant increase in the
phosphorylation of these enzymes when compared to
the control group. These data demonstrate the partici-
pation of MAPKs and AKT/GSK-3f signal transduc-
tion pathways in the modulation of glyphosate mech-
anisms (Cattani et al., 2014).

Notably, oxidative stress is commonly cited as a
potential mechanism of carcinogenesis for various
environmental exposures, including pesticides (Ala-
vanja et al., 2013; Guyton et al., 2015; Loomis et al.,
2015). ATZ can induce oxidative stress in rodents such
as Rattus norvegicus and Mus musculus (Abarikwu,
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2014; Jin et al., 2014; Zhao et al., 2014). According
to Hu et al. (2016), ATZ at 0.01 and 0.1 pM promoted
the proliferation of RM1 cells (Prostate Lineage) and
accelerated cell cycle progression in RM1 cells.

4 Conclusion

Chronic exposure of H. eques to the herbicide ATZ
for 30 days causes severe histological and cellular
damage to the fish. The damage observed in the gills,
such as loss of gill support and apical fusion of the
secondary lamellae, is irreversible. In the liver, one of
the main effects was the accumulation of red blood
cells due to the detoxification process. These changes
in different tissues compromise the biochemical func-
tions and cellular pathways of protein expression in
fish. The biomarkers presented in our article are fun-
damental and prove that even at low concentrations
for long periods, ATZ is an environmental contami-
nant that compromises the health and survival of fish.
Therefore, we recommend the use of histological
analyses and protein expression as sensitive biomark-
ers of fish exposure to pesticides.
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