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Abstract

The toxicity of Roundup Original® (GLY), a glyphosate-based herbicide widely used in crops in Mato Grosso state, was
determined in hybrid fish jundiara or pintado da Amazonia. The 96 h-LCs, of GLY was 13.57 mg L™'. Moreover, exposure to
sublethal concentrations of GLY (0, 0.37,0.75,2.25,4.5,7.5 mg Lfl) has not altered the survival rate (100% for all treatments). In
fish liver, protein carbonyl (PC) levels as well as glutathione-S-transferase (GST) activity, reduced glutathione (GSH), and
ascorbic acid (ASA) contents increased when compared to control group. Superoxide dismutase (SOD) activity was reduced
and catalase (CAT) has not changed. PC content has grown in muscle and brain, and thiobarbituric acid-reactive species
(TBARS) levels also increased in muscle, but in the brain, they remained unaltered. Acetylcholinesterase (AChE) activity
reduced in muscle but increased in brain when compared to control group. Our results suggest that short-term exposure to
GLY induced alterations in the oxidative stress biomarkers in fish and can be interfering with their survival in natural environ-
ment; besides, these findings may be considered of high ecotoxicological relevance.
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Introduction crops. This practice implies risks to the biodiversity

(Moreira et al. 2012), including aquatic biota (Adams and

The agribusiness has been growing in the center-west region
of Brazil (Figueiredo et al. 2005), and it is based on monocul-
tures, intense mechanization, use of agrochemicals, and ex-
ports of grains (Camacho 2010; Belo et al. 2012). Soybeans
are one of these outstanding monocultures with the state of
Mato Grosso holding approximately 27% of the national pro-
duction of this grain (MAPA 2017). Soybean production is
accompanied by increasing use of herbicides, including
glyphosate, which is widely used in genetically modified
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Greeley 2000). Several studies point out to changes in water
sources that surround cultivation areas, groundwater, and rain-
water by pesticides (Marchesan et al. 2010; Belo et al. 2012),
from mechanisms that include leaching, chemical-biological
degradation, sorption, surface runoff, and volatilization of
these substances (Rebelo and Caldas 2014).

Aquaculture has been used worldwide due to its potential
to preserve natural biodiversity and to provide a continuous
source of protein for increasing population consumption
(Bostock et al. 2010; Nomura 2010). Gomes and Sato
(2011) point out that the demand for this type of production
in Brazil has increased, following the world scenario, which
casily allows the correlation between the risks that the anthro-
pogenic influence can cause to the aquatic environment. In
this context, we propose to evaluate the so-called pintado da
Amazonia or jundiara fish, a result of hybridization between
the species Leiarius marmoratus and Pseudoplatystoma
reticulatum, which is produced in the fish farms of Northern
Mato Grosso state and it is of great commercial and economic
importance. For the state, studies by Sinhorin et al. (2014a, b)
with another hybrid species (surubim) showed evidence of
metabolic, behavioral, and oxidative stress alterations after
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exposure to Roundup Original®, which is the most used
glyphosate formulation in this region. In addition, other recent
studies involving this class of herbicide have demonstrated its
potentially negative effects on fish (Modesto and Martinez
2010a; Murussi et al. 2016; Moura et al. 2017a, b).

Therefore, the aim of this study was to evaluate the lethal
concentration (LCs) of the glyphosate herbicide in 24, 48, 72,
and 96 h of exposure in the jundiara fish, and from that, to
assess parameters of oxidative stress in tests with sublethal
concentrations.

Materials and methods
Experimental design

Juvenile jundiara fish (45.3+8.0 g and 16.0+ 1.0 cm) were
obtained from a fish farm in Sinop, Mato Grosso, Brazil.
Before the experimentation for LCso determination, the fishes
were acclimated to laboratory conditions for 10 days in 300-L
fiberglass tanks containing aerated and dechlorinated water,
under natural photoperiod conditions (12 h light/12 h dark).
During this period, the fish were fed once a day with commer-
cial fish pellets containing 42% crude protein and the water
parameters were monitored every day. Those parameters were
as follows: temperature, 26 + 1 °C; dissolved oxygen, 6.4 +
0.5 mg Lfl; pH values, 6.8 + 0.3; non-ionized ammonia, 0.08
+0.01 pg L™"; and total hardness, 18 +0.2 mg L' CaCOs;.
Feces and pellet residue were removed every day by suction.
Firstly, after the acclimation period, fish were distributed in
exposure groups (0, 0.37, 0.75, 2.25,4.5,7.5, 11.25, 15, 22.5,
30 mg L™'; nominal concentration of glyphosate) of Roundup
Original® GLY). The herbicide used in this study presents in
its formulation 480 g L™ containing isopropylamine salt of
glyphosate, 360 g L™" acid equivalent, N-(phosphonomethy1)
glycine (glyphosate), and 684 g L' of inert ingredients,
MAPA SOB No. 00898793 (Monsanto, St. Louis, MO,
USA). Fish were placed in 50-L tanks, which were continu-
ously aerated and contained 4 fish per tank. All tests were
carried out in triplicate (n=12), and the fish were not fed
during this period. Dead fish were removed after 24, 48, 72,
and 96 h of exposure. The determined value of LCs, at
13.57 mg L™ of GLY was estimated according to Hamilton
et al. (1977) by the trimmed Spearman-Karber method.
Afterwards, based on the previous studies performed by
Sinhorin et al. (2014a, b), other fish were exposed to sublethal
concentrations of 0, 0.37, 0.75, 2.25, 4.5, and 7.5 mg L' of
Roundup Original® for 96 h. The water quality has not
changed throughout the experimental period, and fish were
maintained in a static system. Following exposure, the fish
were removed from the tanks, immediately anesthetized with
eugenol (50 mg L) (Kreutz et al. 2011) and killed by
medular section. Samples of liver, brain, and muscle were
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removed by dissection. The samples were frozen at — 80 °C
until biochemical assays, and all these tests were carried out in
triplicate. The study was approved by the Committee
Guidelines (Ethics in Animal Research of the Federal
University of Mato Grosso - UFMT), Reference number
23108.780290/11-5.

Biochemical assays

The protein carbonyl (PC) content in liver, muscle, and brain
was determined by spectrophotometry after DNPH derivation
according to Yan et al. (1995), with some modifications. The
total carbonyl content was assessed using a molar extinction
coefficient of 22.000 M™' cm™" and expressed as nmol car-
bonyl mg protein” .

The lipid peroxidation (LPO) in muscle and brain was es-
timated by determining the levels of thiobarbituric acid reac-
tive substances (TBARS) (Konn and Liversedge 1944). The
lipid peroxides produced from oxidative stress were quanti-
fied by reaction between the malondialdehyde (MDA) with 2-
thiobarbituric acid (TBA), measured optically at 532 nm, and
results were expressed in nmol MDA mg protein ' following
the calibration curve for MDA.

Superoxide dismutase (SOD) activity was assessed in the
liver by inhibition of adrenaline oxidation, measured spectro-
photometrically at 480 nm, using the UV-VIS spectrophotom-
eter according to Misra and Fridovich (1972) and expressed as
UI SOD mg protein '. Catalase (CAT) activity in liver was
assessed by ultraviolet spectrophotometry according to
Nelson and Kiesow (1972). The principle is based on decom-
position of H,O, and measured spectrophotometrically at
240 nm, and results are expressed in umol H,O, min~' mg
protein ', Glutathione-S-transferase (GST) activity was deter-
mined in liver according to Habig et al. (1974), and enzyme
activity was measured according to the formation of GS-DNB
adduct. The result was expressed in pmol GS-DNB min ' mg
protein . In addition, non-protein thiols (GSH, reduced glu-
tathione) levels were measured by the colorimetric method
consisting in a reaction of sulthydryl groups developed by
Sedlack and Lindsay (1968) in the liver and quantified at
412 nm. The result was expressed in umol GSH mg protein”'
and compared to a standard GSH curve. Ascorbic acid (ASA)
levels in the liver were determined according to Roe (1954),
by colorimetric method and read at absorbance of 520 nm.
The result was expressed in umol ASA g tissue ' and com-
pared to a standard curve of ascorbic acid.

Acetylcholinesterase (AChE) activity in muscle and brain
was measured as described by Ellman et al. (1961). Tissues
were homogenized in 50 mM sodium phosphate buffer
pH 7.2, containing 1% Triton X-100, and after centrifugation,
the supernatant was removed for analysis. The supernatant
was incubated at 25 °C for 2 min with 100 mM phosphate
buffer pH 7.5, and 10 mM DTNB was used as chromogen.
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The substrate, | mM acetylthiocholine (AcSCh), was added
after 2 min to promote the reaction. Absorbance was measured
at 412 nm for duration of 2 min, and the activity was
expressed as umol AcSCh min~' mg protein ™.

Protein levels for oxidative stress, with exception of ASA
and AChE, were estimated spectrophotometrically by the
method of Bradford (1976), using bovine serum albumin as

standard.
Statistical analysis

Data are given as mean =+ standard deviation (S.D.) (n = 6-7),
which were analyzed by one-way (ANOVA) followed by the
Dunnett’s test. The Bartlett’s test was performed to compare
the homogeneity of variances among the groups. The results
were considered statistically significant at P < 0.05.

Results

We determined the LCsy in jundiara fish (13.57 mg L™"). The
exposure to sublethal concentrations of GLY has not altered
the survival rate (100% for all treatments) of jundiara. The
water quality parameters measured in all experimental tanks
have not varied as a function of the treatment (control and
agrichemical exposure). The liver of fish exposed to GLY
increased PC content about 21% at 0.37 and 4.5 mg L ™" con-
centration when compared to control group (Table 1). In the
same way, PC content increased in muscle and brain (34.6% at
225 mg L' and 29% at 4.5 mg L™") when compared to the
control fish (Table 2). TBARS levels also increased in muscle
(31.7% at 2.25 mg Lfl), but in the brain, they remained unal-
tered (Table 2). For enzymatic antioxidants, there was a dif-
ferent pattern of results. For example, SOD activity in the liver
of fish exposed to GLY was significantly reduced (22.6% at
0.75 mg L") when compared to the control group and CAT
has not changed (Table 1). On the other hand, GST activity in
the liver of fish exposed to GLY was remarkably increased
(66.3% at 0.37 mg L) as well as the non-enzymatic antiox-
idants, GSH (51.5 and 47.8% at 0.37 and 0.75 mg L respec-
tively) and ASA (17.6% at 4.5 mg L") when compared to the
control values (Table 1). AChE activity reduced in muscle (21
and 26.7% at 2.25 and 4.5 mg L™, respectively), and it was
increased about 42% in the brain (2.25 mg L") as compared
to the control group (Fig. 1a, b, respectively).

Discussion

This study focused on the oxidative stress parameter changes
of pintado da Amazonia, hybrid fish species, concerning to
understand the possible mechanisms of GLY toxicity.
Differently from Jiraungkoorskul et al. (2002) which observed

a variation in the LCso=2-55 mg L ™" in different fish species,
life stage, and test conditions after Roundup exposure, we
observed a LCso of 13.57 mg L! for jundiara after 96 h of
exposure; afterwards, the fish were exposed to sublethal con-
centrations of GLY in order to find out how the animals would
react to the toxic substance. It is very important to clarify that
the concentrations chosen for our experiment are supported by
Langiano and Martinez (2008), who pointed that concentra-
tions of GLY under 10 mg L™" might be considered environ-
mentally relevant and realistic, inasmuch as at the current
application rates of this substance, a water body with no
intercepting vegetation can have a maximum concentration
of 3.7 mg L™" of glyphosate as a contaminant, which means
9 mg L™" of GLY that can be in direct contact with fish and
other non-target organisms (Langiano and Martinez 2008).

Protein carbonilation is a phenomenon already observed
after sublethal exposure of fish to different toxic substances
(Glusczak et al. 2011; Moura et al. 2017a). The increased
levels of protein carbonyl suggest an important alteration of
the normal protein metabolism (Glusczak et al. 2011), what
provokes an accumulation of damaged molecules in the or-
ganism, process that corroborates to the oxidative stress. In
our study, we could observe that different concentrations of
the herbicide, for all the tested tissues (liver, brain and mus-
cle), were able to provoke the carbonilation condition.
Alterations of PC levels in liver of fish were also observed
in the study of Loro et al. (2015) after exposing R. quelen and
L. obtusidens to 0.2 or 0.4 mg L' of Roundup for 96 h.

At the same time, the induction of TBARS levels in the
muscle is noticed in several studies that indicated GLY or
other related herbicides as causes of this biomarker to increase
in different fish tissues and also while studying different fish
species (Modesto and Martinez 2010a; Menezes et al. 2011;
Moura et al. 2017a). The study conducted by Sinhorin et al.
(2014a) is also among them, where the authors detected a raise
in TBARS levels for the muscle of surubim after exposing fish
to Roundup Original® in very similar concentrations to the
ones we used. The lipid peroxidation that occurs in this situ-
ation affects various aspects of the metabolism, and products
of this reaction may be harmful to other cell components, just
as Vieira et al. (2016) observed genetic disruption in animals
with high LPO.

The action of the herbicide on the jundiara generated a rise
of the reactive oxygen species (ROS), which had a negative
influence on the activity of SOD and stimulated the increase of
GST. It is important to consider that the antioxidant enzymes
are endowed with a complex pathway of regulation (Modesto
and Martinez 2010a). SOD is responsible for the conversion
of the superoxide anion into H,O,, which is converted into
water and oxygen by CAT. Both lipid peroxidation and protein
carbonilation may cause loss of enzymatic activity and disturb
the function of the proteins. Due to this circumstance, the
enzymes may be inactivated by the excess of oxidant
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proteinfl), and ASA (umol ASA g tissue ') contents in the livers of
jundiara exposed to different concentrations of GLY for 96 h

Table 1 Levels of protein carbonyl (PC, nmol carbonyl mg ™' protein),
SOD (UI SOD mg protein '), CAT (umol min ' mg protein '), GST
(umol GS-DNB min ' mg protein™') activities, GSH (umol GSH mg

Liver Control 0.37mg L™ 0.75mg L™ 225mgL! 45mgL™! 75mgL”!

PC 15.48 + 1.60 18.81 £2.71% 16.98 + 1.68 1490 +2.13 18.69 + 2.28% 15.13 + 1.87
SOD 15.62 +1.05 14.46 +1.77 12.09 + 2.75% 16.14 £ 0.72 14.89 +1.28 17.50 +2.18
CAT 27.00 +2.58 2729 +236 28.65 +4.76 27.42 +1.74 31.62 +3.87 28.61 +2.71
GST 2244032 3.72 £ 0.36% 2.58+0.74 2.05+0.48 1.92 +0.66 2.20+0.62
GSH 24.66 +7.14 37.35 + 3.20% 36.44 + 6.47* 23.90 +3.22 20.90 +3.93 25.09 +3.08
ASA 0.78 = 0.02 0.75+0.07 0.80 = 0.06 0.83+0.07 0.91 +0.03* 0.69 = 0.07

Data represent the mean + S.D. (n = 6). Asterisks indicate a difference between groups and control values (ANOVA followed by Dunnett’s test) P < 0.05

*Difference between groups and control values (ANOVA followed by Dunnett’s test) P < 0.05

substances, even if the oxidants are their own substrates as
discussed by Modesto and Martinez (2010a). Based on that,
we can consider that the reduction of SOD levels, presented in
our results, is probably a reflex of such incident.

In the same way, Sinhorin et al. (2014a) observed similar
results in surubim fish using Roundup Original®, in which
protein carbonyl was increased causing a reflection on SOD
activity. The raise in SOD or CAT activity is a positive re-
sponse against the production of ROS; however, high levels
of oxidant substances may lead to an impairment of this com-
pensatory mechanism.

GST is recognized as an enzyme involved in the reduction
of glutathione in order to prevent harm to the cells caused by
the presence of xenobiotics according to Braz-Mota et al.
(2015). The induction of its activity is a favorable response
against intoxication since it helps the animal handle the stress
condition. Vieira et al. (2016) and Moura et al. (2017a) per-
ceived the same behavior of this enzyme in their researches as
well as Vieira et al. (2014) who also mentioned high levels of
GST and GSH in the liver of fish collected from different sites
in the Agua das Araras stream.

With respect to non-enzymatic antioxidants, the levels of
GSH and ASA were found raised in the liver of jundiara.
Sinhorin et al. (2014a) commented that when the normal en-
zymatic defenses are stressed or not working properly, the

non-enzymatic defenses may rise, contributing to a scenario
of an organism’s response against the damage preventing the
auto-oxidation chain. Moura et al. (2017a) observed an anal-
ogous condition after exposing jundiara to a concentration of
1.357 mg L™ of Roundup Original®, close to the lowest
concentrations employed in our experiments.

Several xenobiotics can induce the production of ROS, and
increased TBARS and GSH levels as well as reduced SOD
activity, events that we have seen in jundiara, are symbols of
that, as mentioned by Zhang et al. (2012) who studied the
effects of textile effluent on zebrafish. Ferreira et al. (2010)
detailed consonant results, since Rhamdia quelen exposed to
1.21 mg L' of Roundup showed increased levels of GST,
GSH, and ASA.

In fish muscle, besides increasing the oxidant substances,
GLY also decreased AChE activity. Comparable situation was
observed by Moura et al. (2017a). Increase of TBARS in
muscle is likely to have influenced the reduced activity of
AChE, an important enzyme responsible for the cholinergic
impulses when hydrolyzing acetylcholine into choline and
acetic acid (Vieira et al. 2014).

This reduction could be related to the generation of ROS in
the fish during exposure to GLY, which can negatively impact
the activity of AChE, a mechanism already observed in toxic
events (Cattaneo et al. 2011). According to Gholami-

Table2 Levels of protein carbonyl (PC, nmol carbonyl mg ' protein) and TBARS (nmol MDA mg ' protein) content in brain and muscle of jundiara
exposed to different concentrations of GLY for 96 h

Control 037mgL! 0.75mg L 225mgL! 45mgL™! 75mgL!
PC
Muscle 10.90 + 1.31 11.96 +1.50 10.28 +1.09 14.67 £2.77* 13.79 £2.83 11.76 £ 1.42
Brain 1033 £2.46 9.63+1.18 8.51+1.19 9.53+1.14 13.33 £2.30% 11.14£2.56
TBARS
Muscle 0.51 +£0.08 0.49 £0.07 0.51+£0.12 0.67 £0.12% 0.55+0.12 0.47 +£0.11
Brain 496 +0.77 4.89+£0.39 5.09 +£0.489 452+0.61 4.17+0.79 424 +0.53

Data represent the mean + S.D. (n=6-7)
*Difference between groups and control values (ANOVA followed by Dunnett’s test) P < 0.05
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Fig. 1 Acetylcholinesterase (AChE) activity in muscle (a) and brain (b)
of jundiara exposed to different concentrations of GLY or only water
(control) for 96 h. Data represent the mean + standard deviation (S.D.)
(n=6). Asterisks indicate a difference between groups and control values
(ANOVA followed by Dunnett’s test) P <0.001

Seyedkolaei et al. (2013), cholinergic hyperactivity induced
by an AChE inhibitor promotes accumulation of ROS leading
to lipid peroxidation, reinforcing this decrease. On the other
hand, the non-production of TBARS in the brain has allowed
the appearance of a different result, which was an increase of
its activity for the 2.25 mg L™' concentration of GLY.
Depending on the fish species, the concentration, and also
the tissue tested, this enzyme sensitivity varies in accordance
with Modesto and Martinez (2010a), who investigated diverse
other studies demonstrating equivalent reactions.

Since AChE is frequently used to evaluate the impact of a
toxic event in organisms (Pessoa et al. 2011; Moura et al.
2017a) and its activity has been altered in muscle and in brain,
our results suggest that the fish has tried to adapt its physio-
logical conditions to survive during exposure to the herbicide.

The contrasts among the various responses to the different
concentrations tested in our study are a common situation
when one is working with a concentration curve of a toxic
substance. Not necessarily the highest concentrations will pro-
duce the worst effects, and it all depends on many individual

characteristics, including the tissue tested, the concentration
used, and the time of exposure, what we can see by the results
of Modesto and Martinez (2010b) who identified different
behaviors for SOD and CAT after exposing Prochilodus
lineatus to the concentrations of 1 and 5 mg L™ Roundup
Transorb for 6, 24, or 96 h.

Thusly, this work evaluated the effect of GLY on jundiara
hybrid fish, as well as determined the LCs for this substance.
In addition, it was shown that fish exposure to sublethal con-
centrations promoted alterations in biomarkers of oxidative
stress in liver, muscle, and brain of these animals, also inter-
fering in AChE activity. The extensive application of pesti-
cides easily introduces them accidentally in fresh and marine
surface waters (Fiorino et al. 2018), and because of that, it is
truly important to evaluate and comprehend the impacts of
such practices to start discouraging them to avoid the total
impairment of the aquatic biota.

Conclusion

This investigation demonstrated that the pintado da
Amazonia, a hybrid fish, is sensitive to glyphosate in sublethal
concentrations. PC levels in liver, muscle, and brain and
TBARS contents in muscle were elevated in this research,
which indicates cellular damage. Additionally, the herbicide
induced an oxidative stress and it causes changes in both en-
zymatic and non-enzymatic antioxidants, as well as in AChE
activity in muscle and brain. The alterations observed in this
study could be used as bioindicators of exposure to glypho-
sate, and our findings suggest that exposure to this herbicide,
in these concentrations, may be impairing the fish health.
Moreover, further studies related to the stress response and
oxidative stress in non-target organisms exposed to GLY are
necessary to understand the mechanisms of toxicity of this
herbicide, mainly for farmed fish and hybrid animals.
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