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Abstract

Chemical compounds used in agricultural activities are constantly leaching to water bodies where they can potentially cause 
damage to non-target organisms. In this study, we attempt to understand how water from different localities with distinct land 
uses may alter the metabolism and neurotoxicity during the development of fish. Embryonic development of Rhamdia quelen was 
used as a quality indicator of two different aquatic environments, a stream considered impacted (IMP) and another as reference 
(REF) in south of Brazil. The eggs were exposed to water collected from the reference and impacted streams during the initial 
period of development (Period 1 - 12, 24h) and, during the larval development (Period 2 - 48, 72h). During each period, the 
samples were evaluated regarding the area of eggs and larvae, the energy metabolism  (hexokinase – HK, phosphofructokinase 
– PFK, lactate dehydrogenase – LDH, citrate synthase – CS, malate dehydrogenase – MDH), the antioxidant defense system 
(catalase – CAT, glutathione peroxidase – GPx, glutathione reductase – GR, glutathione S-transferase – GST), oxidative stress 
(lipid peroxidation - LPO) and cholinergic system (cholinesterase – ChE). The total areas of larvae developing in the waters 
from the IMP river were smaller than REF larvae. Changes in the activity of energy metabolism enzymes were observed in 
animals exposed to the impacted stream water, with induction of HK, PFK, LDH, and MDH, and inhibition of CS during the 
initial developmental period, and during the larval stage was detected the inhibition of HK, CS, LDH and MDH activities. The 
antioxidant defense system (CAT, GPX, GR, GST) also presented changes in enzymes activity in both periods, despite the 
absence of difference in lipid peroxidation between the groups. The cholinesterase enzyme showed inhibition in activity. It is 
noteworthy the significant change in the physiology of animals in larval phase, with the formation of the opercular opening 
and, therefore, a greater contact with the external environment. The constant use of these compounds can trigger harmful 
effects to fishes in the early stages of development and alter the body’s metabolic and defense enzymatic activities.
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 INTRODUCTION

In Brazil, it is possible to notice a heterogeneous scenario 
concerning landscapes, with the constant conversion of forests 
into agricultural areas. This change was intensified between 1985 
and 2017 when 38% of the Brazilian territory was modified from 
native forests to cattle ranching and agriculture activities (Souza 
et al. 2020). Recently, agriculture occupies 31% of the national 
territory with large-scale production (Mapbiomas 2021; Souza et 
al. 2020), resulting in negative impacts on erosion control, water 
flow regulation, a decline in habitat quality, carbon storage, and 
pollination (Gomes et al. 2021).  

The productivity success in the agricultural sector is 
accompanied by the increased use of fertilizers and pesticides 
(Wu et al. 2017; Zhuo et al. 2018). These chemical compounds 
are deposited into the soil and then leach out, reaching water 
bodies where they cause negative effects, such as cellular 
damage and even genotoxic effects in non-target aquatic 
organisms, causing a decrease in fitness and its populational 
decline (Grivennikova and Vinogradov 2006; Valko et al. 
2006; De Castro Marcato et al. 2017). 

The Lower Iguaçu River basin is located in the State of 
Paraná, in a region composed of two opposing physiographic 
scenarios. One is recognized as one of the most agriculturally 
productive areas of Brazil, being a reference in agricultural 
production for soybean, corn, and wheat (SEAB 2021). On the 
other hand, this hydrographic basin in southern Brazil presents 
a wide and exuberant Atlantic Forest conservation area, the 
Iguaçu National Park, where the Iguaçu Falls are located. This 
conserved area of the physiography has sustained the high 
endemism rate of its aquatic and terrestrial fauna (Ghisi et al., 
2020). Considering the importance of the endemic fauna of 
the Iguaçu River basin, ecological studies to understand the 
animal health are crucial in this context of landscape changes. 

In the Lower Iguaçu River basin is found the Rhamdia 
quelen fish, which has been considered a useful bioindicator 
because it is an abundant native species with wide geographical 
distribution in South America, and promising in the consumer 
market (Carneiro et al. 2002; Zaniboni-Filho 2004). Adults 
and juveniles of R. quelen have been used as bioindicators 
of ecotoxicological assays (Pimpão et al., 2012; Baldissera et 
al. 2021; Marins et al. 2021), and in recent decades fish eggs 
and embryos have received more attention from the scientific 
community as an alternative replacement for the acute fish 
test and to understand the xenobiotic impact on embryonic 
development (Pimpão et al., 2012, Gomes et al., 2021).

The embryonic stage of life is a critical period of 
development when the organism is more susceptible to the 
effects of the chemicals (Malafaia et al., 2020). Therefore, 
exposure of organisms during earlier stages of development 

to environmental contaminants may significantly increase 
the understanding of diseases affecting subsequent stages of 
life (Gomes et al., 2021). Researchers have demonstrated 
the effects of exposing R. quelen embryos and juveniles 
to certain insecticides, as for example the inhibition of 
acetylcholinesterase activity in the brain, the redox imbalance 
in different tissues (Marins et al., 2021), and the occurrence 
of morphological deformities (Azevedo-Linhares et al., 
2018). These disorders caused by xenobiotics in the earlier 
development stages can promote the decline of a species and 
an imbalance in ecological relations (Modesto et al., 2018).

This study attempts to understand how the change in land 
use and water quality of the streams in the region can affect 
the metabolism during embryonic development of native 
species. Therefore, the aim was to evaluate the metabolic 
and neurotoxicity effects of the R. quelen embryos exposure 
to the waters of two streams with different land uses, one of 
them located in a Conservation Unit (Iguaçu National Park), 
considered a minimally impacted environment and, the other 
stream in a scenario surrounded by monoculture plantations and 
considered to have a high potential for environmental impact. 

METHODOLOGY

Study Area

The study was carried out in the western region of Paraná 
in two third-order streams of the Hydrographic Unit for Water 
Resources Management Lower Iguaçu (HUWRM). The 
geographic locations where water samples were collected 
presented different environmental characteristics. The Manoel 
Gomes River (25°09.723’ S, 53°49.768’ W) was considered 
as reference (REF) because it is in the Iguaçu National Park 
(INP), the largest conservation unit in the Interior Atlantic 
Forest domain. In the upstream portion of the reference point 
there is a total of 2,276.698 ha, being 97,13% of the total 
represented by forest, 1,92% by urban area, 0,83% by farming 
area and 0,13% by roads (Global Forest Watch 2021).

The Tormenta River (25°28.59’S, 53°22’ W, Fig. 1) runs 
through a large rural área. In the upstream portion of the basin 
there is a total area of 9,923.319 ha, being 71,72% represented 
by farming area, 26% by forest, 2,1% by silviculture 0,08% 
by buildings and 0,11% by other categories (e.g. dams and 
roads), thus the large majority can be considered part of the 
agricultural activities (Global Forest Watch, 2021). This stream 
was considered impacted (IMP) due to the characteristics of 
soil use in its micro basin, as well as in its sediments with 6.32 
ppb of organophosphates (Nimet et al. 2017).
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Three sediment samples were collected from each of the 
places for chromatographic analyses, to assess contamination 
by pesticides following the methodology proposed by 
Fernandes et al. (2013). 

The water samples (n=9) were collected in March 2018 
(summer), always in the morning (8 – 10 p.m.) and from 
random points across a 25m section of the rivers, to evaluate 
both physical (temperature) and chemical (dissolved oxygen, 
pH, turbidity, ammonia and nitrite) aspects of the local waters. 
After that, 120 L of water samples were transferred to the 
Pathology Laboratory at Universidade Federal da Fronteira 
Sul – UFFS, and filtered in 300 mesh size (47 mm) to remove 
zooplankton and other debris, then stored in reservoirs for two 
days with constant aeration before the start of the experiment.

Experimental design

The R. quelen oocytes fertilization procedure was 
undertaken according to Pereira et al. (2006). Reproducers 
were acquired from an organic farming fish farm, in the 
municipality of Laranjeiras do Sul, Parana State, during 
the reproductive period of this species (Gomes et al. 2000). 
The collected fish were maintained in 100 L tanks for 24h 
with constant aeration at room temperature. The hormonal 
induction procedures using carp pituitary extract (CPE – male: 
2.5 mg CPE kg -1; female: 1 mg CPE kg-1) for spawning and 
subsequent extrusion of oocytes were undertaken according to 
Woynarovich (1983). Oocytes and sperm were chosen from 
only one female and one male to ensure the homogeneity of 
the offspring from just one couple. 

After extrusion of the oocytes, sperm were added at an 
average ratio of 89,000 sperm to one oocyte for fertilization. 
After that, 2 mL of eggs (~250 eggs) were distributed in 
polyethylene containers with 450 mL of water collected from 
either the REF or IMP streams, with six containers for each 

Figure 1 – A) Map of the study area with the location of Manoel Gomes River, in Céu Azul (Paraná, Brazil)  (1), considered as reference (REF), and 
Tormenta River, in Cascavel (Paraná, Brazil) (2), considered as impacted (IMP). The highlight at the points indicates the studied area of   the watershed. B) 

Vegetation cover (Seasonal Semideciduous Forest) present in the Manoel Gomes River basin (REF). C) Vegetation cover (Araucaria Forest) in the Tormenta 
River basin (IMP) - Global Forest Watch (2021).

A

B C
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group prepared for each development period (12, 24, 48 and, 
72h). The experiment was semi-static, with total water renewal 
from the respective streams every 24 hours and constant aeration. 
The variables temperature, pH, Nitrate (NO3-), Nitrite (NO2-), and 
Ammonia (NH3) were evaluated every 6 hours and controlled as 
recommended by Gomes et al. (2000).

The biological material samples were collected at each 
developmental time point, being calculated the percentage of 
living organisms (% viability) and morphometric analysis. 

 Biometric analyses

For these biometric analyses, eggs and larvae samples 
fixed (2 hours) in 10% formalin and preserved in alcohol 70° 
were placed on a slide, and image captures were taken with 
the aid of the Optical Photomicroscope Olympus BX 60 with 
Olympus DP71 digital camera. After obtaining the images of 
10 individuals from each experimental group, the larvae with 
72 h had their total areas measured with the aid of ImageJ 
software (Rasband 2015-2018). 

Biochemical analysis

At each experimental time, all living eggs and larvae (~ 
133 individuals) were collected from each replicate and were 
homogenized in 1 mL of Tris-HCl buffer pH 7.4, centrifuged 
at 12,000 g for 12 min, at 4 °C, and the supernatant was frozen 
at -80 ºC for further analyses. The protein quantification of the 
samples was determined through the Bradford method, using 
bovine serum albumin as standard (Bradford, 1976) and read 
at an absorbance of 595 nm (EPOCH – Biotek/Agilient).

Energetic metabolism

The evaluation of the hexokinase enzyme activity (HK, 
EC 2.7.1.1) was made in a reaction system of imidazole buffer 
(pH 7.4), 20 mM glucose, 2 mM ATP, 10 µM MgCl2, 0.4 
mM NADP+, 1 mM DTT, 2 mM KCl, 0.3U G-6-PDH, and 
deionized H2O. The enzymatic activity was measured at 340 
nm and expressed at µmoles of NADPH. min-1. mg of protein-1 
(Baldwin et al. 2007).

The phosphofructokinase enzyme (PFK, EC 2.7.1.11) 
was evaluated in Tris-HCl buffer pH 8.2, deionized water, 10 
mM MgCl2, 1 mM ATP, 0.15 µM NADH, 2 mM AMP, 1 
U/ml glycerophosphate dehydrogenase, aldolase 1.2 U/mL, 
10 U/L triosephosphate isomerase, and 5.0 mM fructose-6-
phosphate, and the enzymatic activity was measured at 340 
nm, the absorbances transformed and expressed in µmoles of 
NAD+. min-1. mg of protein-1 (Baldwin et al. 2007).

The enzymatic activity of lactate dehydrogenase (LDH, EC 
1.1.1.27) was determined in a reaction system composed of a 
50 mM buffer Tris-HCl (pH 7.4), 1.0 mM sodium pyruvate, 
100 mM KCL, 0.25 mM NADH and deionized water, the 
enzymatic activity was measured at 340 nm and expressed in 
µmoles NAD+. min-1.mg of protein-1 (Thuesen et al. 2005).  

The enzymatic activity of citrate synthase (CS, EC 4.1.3.7) 
was performed in media reaction of 50 mM Tris-HCL buffer 
(pH 7.4), 100 mM KCl, 1.0 mM EDTA, 200 µM DTNB 
(in tris), 200 µM acetyl-CoA, deionized water and 500 µM 
oxaloacetate. The enzyme activity was measured at 412 nm  
and expressed in μmoles of CoA-SH.min-1.mg of protein-1 
(Saborowski & Buchholz, 2002).

Malate dehydrogenase (MDH, EC 1.1.1) was evaluated in 
a reaction media of 50 mM Tris-HCl buffer pH 7.4, 0.4 mM 
oxaloacetate, 20 mM MgCl2, 150 µM NADH and deionized 
water, the absorbance was measured at 340 nm, and enzyme 
activity was expressed in µmoles of NAD+. min-1.mg of 
protein-1 (Childress and Somero 1979).

Antioxidant system 

The catalase activity (CAT, EC 1.11.1.6) was measured 
by a decrease in absorbance at 240 nm in a reaction media 
composed of 1.0 M Tris-HCl buffer, 5.0 mM EDTA pH 8.0, 
30 mM H2O2. The unit for expression of catalase activity was 
mmoles of degraded H2O2 min-1.mg of protein-1 (Aebi, 1984). 

The activity of glutathione peroxidase (GPx, EC 1.11.1.9) 
was evaluated according to the technique proposed by Flohé 
and Günzler (1984). The enzymatic activity was measured 
at 340 nm in a reaction system of 100 mM phosphate buffer 
(pH 7.0) 1 mM  EDTA, 2 mM GSH, 0.15 mM NADPH, 0.2 U 
purified glutathione reductase, 0.5 mM t-butyl hydroperoxide 
and expressed in µmoles of NADP+.min-1.mg of protein-1.

Glutathione reductase activity (GR, EC 1.8.1.7) was 
evaluated in reaction system of 100 mM phosphate buffer 
(pH 7.0) 1 mM EDTA, 0.66 mM GSSG, 0.075 mM NADPH, 
measured at 340 nm and expressed in µmoles of oxidized 
NADP+.min-1.mg of protein-1 (Sies et al. 1979).

The evaluation of the activity of the glutathione 
S-transferase enzyme (GST, EC 2.5.1.18) was carried out in 
a reaction system composed of potassium phosphate buffer 
pH 6.5, 1.5 mM GSH, 2 mM CDNB  in 1 mL of ethanol, 
measured at 340 nm, and the results were expressed in µmoles 
of thioether.min-1.mg of protein-1 (Keen and Jakoby 1976).

Cell disorders

 The measurement of lipid peroxidation was 
evaluated by the reaction product of the thiobarbituric acid 
(TBARS) with malondialdehyde (MDA), being measured in 
a spectrophotometer at 535 nm, compared with a standard 
malondialdehyde curve and expressed in nmol of MDA.mg of 
protein-1 (Buege and Aust 1978). 

To evaluate the neurotoxic effect, the activity of 
cholinesterase enzymes (ChE, EC 3.1.1.7) was analyzed using 
acetylthiocholine (ATC) as substrate and 5,5’-diethyl-bis-(2-
nitrobenzoic acid) (DTNB) as a color reagent. Absorbance 
was measured at 405 nm and expressed in nmol of hydrolyzed 
acetylthiocholine.min-1.mg of protein -1 (Ellman et al.1961, 
modified for microplates by Silva de Assis 1998).
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Statistical analysis 

The data of local abiotic variables were evaluated using 
descriptive statistics and comparing between streams using 
Mann-Whitney-U test, because the assumptions of normality 
(Shapiro-Wilk test) and homocedasticity (Bartlett test) were not 
accepted. The data of abiotic variables were evaluated using 
descriptive statistics and compared to the reference values   
defined for the cultivation of R. quelen (Graeff et al. 2008; 
Amaral Junior et al. 2015; Galdino 2009; Gomes et al. 2000).

 The percentage of living eggs and larvae throughout 
the experimental period (12, 24, 48 and 72h), defined as 
viability (%), were compared using the Pearson Chi-Square 
Test for Independence (α=0,05). The data of the larval areas 
were analyzed using non-parametric Mann-Whitney-U test.  

Since the variables related to biochemical analyzes of 
energetic metabolism, antioxidant system activity and cell 
disorders were obtained from a completely randomized 
design, the Gaussian distribution pattern (Shapiro-Wilk test) 
and homoscedasticity of variances (Bartlett test) in each 
analyzed condition were assumed. Thus, the variables were 
analyzed using the two-way ANOVA, assuming Streams 
and Development period as fixed factors. With statistical 
significance (p<0.05), the Least Significant Difference 
(LSD-Fisher) test was performed. The interpretations will be 
demonstrated between the periods of 12 to 72 h of development, 

considering that between 12 and 24h of development is the 
period from the initial development until the eclosion of eggs 
(Period 1); 48 and 72h will be considered as representative of 
larval phase (Period 2).  All performed analyses assumed a 
significance level of 0.05, being performed with the aid of the 
ExpDes.pt (Ferreira et al. 2013) and ggplot2 (Wickham 2009) 
in the program R (R Core Team 2019). 

RESULTS

According to chromatographic analyses, none of the 
places presented pesticide contamination at the moment of 
the sample (Supplementary Material). Nonetheless, statistic 
differences were observed in regard to variables between 
the places, showing that the water temperature and turbidity 
were higher in Tormenta river (IMP, p=0.0001 and p<0.0001, 
respectively), as well as lower dissolved oxygen concentration 
when compared to Manoel Gomes river (p<0.0001). 
Ammonia, pH, and nitrite presented no differences between 
the streams (p>0.05; Table 1).

Throughout the entire experiment, the abiotic variables 
analyzed were within the standards indicated as ideal for R. 
quelen cultivation in a fish farm in Brazil (Table 2) and in 
agreement with the values in Class II stated by the CONAMA 
n° 357/2005, suitable to animal growth.

Tab. 1 – Median and interquartile interval of abiotic local variables evaluated during water sampling. P-value of Mann-Whitney-U test.

Sample Manoel Gomes Tormenta p-value

Temperature (°C) 15.6 [14.9 - 17.5] 18.3 [17.6 - 19.2] 0.0001

DO (mg.L-1) 9.8 [9.5 - 10.4] 8.7 [8.1 - 9.1] < 0.0001

pH 7.2 [6.9 - 7.4] 7.0 [6.4 - 7.5] 0.1838

Turbidity (NTU) 9.0 [8.3 - 14.7] 19.8 [15.7 - 23.8] < 0.0001

Ammonia (mg.L-1) 0.000 [0.000 - 0.000] 0.000 [0.000 - 0.000] 0.9251

Nitrite (mg.L-1) 0.000 [0.000 - 0.001] 0.000 [0.000 - 0.001] 0.8304

Tab. 2 – Means of abiotic variables evaluated over the 72 hours of experimentation, and reference values   for cultivation of R. quelen.

12h 24h 48h 72h Reference values*
CONAMA

N° 357/2005

Temperature (°C)
Manoel Gomes 26.63 25.90 25.53 25.50

24 to 32°C
-

Tormenta 26.20 25.77 25.83 25.50

pH
Manoel Gomes 7.53 7.07 7.37 7.48

4 < x < 8.5
6 < x < 9

Tormenta 7.24 7.15 7.02 7.30

DO (mg.L-1)
Manoel Gomes 7.23 7.77 7.47 6.90

> 5.00
> 5.00

Tormenta 7.27 7.37 7.00 7.03

Nitrite (mg.L-1)
Manoel Gomes 0.04 0.05 0.03 0.04

0.5 < x < 1.0
< 1.0

Tormenta 0.12 0.08 0.05 0.08

Nitrate (mg.L-1)
Manoel Gomes 1.30 0.8 1.30 1.20

< 2.00
< 10.0

Tormenta 1.90 1.1 1.80 1.70

Ammonia (mg.L-1)
Manoel Gomes 0.00 0.03 0.04 0.09

< 0.1
<3.7* 

Tormenta 0.002 0.004 0.02 0.04
*Reference values: Temperature - (Andrews et al. 1972; Chippari-gomes et al. 1999)/ pH – (Alabaster et al.,1988; BRASIL 2005, Reis and Mendonça, 2009) 
/ DO- dissolved oxygen - (Gomes et al. 2000)/ nitrite - (Amaral Junior et al. 2015) / nitrate and ammonia (Graeff et al. 2008). * The CONAMA resolution has 
presents only total ammoniacal nitrogen reference.
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Biometric data

The animals showed similar survival, with a similar 
percentage of living individuals from both groups over time 
(Chi-Squared: x2=0.0049; p=0.999). However, the total areas 
of larvae developing in the waters of the IMP river were 
significantly smaller (Median = 7.65; Interquartile Interval 
= 5.61 – 10.45 mm2) compared to the larvae developing in 
the REF river (9,97mm2; 8.64 – 11.19) (MW: W=1042;  
p=0.0099, Fig. 2). 

Energetic metabolism

 The Hexokinase (HK) enzyme activity had a 
significant difference in the time (F=38.32; p<0.0001) and 
the interaction between the streams and time of exposure 
(F=10.3; p<0.00005). At 12 hours, after fertilization (Period 
1), the HK activity among individuals developing in IMP 
water was significantly higher than the individuals developing 
in REF water (p<0.05). At 24 hours, period already inherent to 
organogenesis (Period 1), there was no significant difference 
observed (F=2.6; p>0.05), but at 48 and 72 hours (Period 2 

– morphogenesis phase), there was a decrease in enzymatic 
activity, notably marked in IMP compared to REF (F=6.55, 
p<0.05; F=11.84, p<0.05, respectively, fig. 3A).

The analysis of phosphofructokinase (PFK) presented 
statistical differences between rivers (F=42.01, p<0.0001), 
between times (F=188.74, p<0.0001), and in the interaction 
of rivers and times (F=25.03, p<0.0001). In period 1 of 
development, at 12 h and 24 h, the enzymatic activity was 
significantly higher for the IMP river than the REF river 
(F=88.13, p<0.0001; F=27.53, p<0.0001, respectively). At 
other times there were no significant differences between 
rivers (p>0.05), but a decrease in enzyme activities was 
observed in both locations (Fig. 3B).

There were significant differences for lactate 
dehydrogenase (LDH) enzyme between rivers (F= 17.657, 
p<0.0001), between times (F= 37.99, p<0.0001), and in 
the interaction of rivers and times (F=55.05, p<0.0001). In 
12h of development (Period 1), the enzymatic activity of 
individuals from the IMP river was higher compared to the 
REF river (F=164.43, p<0.0001), with a subsequent reduction 
in morphogenesis phase at 72h (F=17.78, p<0 .0001, fig. 3D). 

Figure 2. Median (bold line), interquatile (box) and interpercetile intervals (bar) of   larvae area (72h) developing in the waters of the Manoel Gomes (REF) and 
Tormenta (IMP) streams. Asterisk indicates the statistical difference of the Impacted group in relation to the Reference group, by the Mann-Whitney-U test.

The citrate synthase (CS) activity was different between 
rivers (F=9.98, p<0.05), between times (F=33.91, p<0.0001) 
and between rivers and times (F=3.31, p< 0.05), and at 24h the 
enzymatic activity of the IMP river reduced when compared 
to the REF river (F=17.15, p<0.0001, fig. 3C).

Statistical differences were observed for malate 
dehydrogenase (MDH) between times (F=6.67, p<0.05), rivers 
(F=45.314, p<0.0001), and in the interaction between rivers and 
times (F=11.68, p<0.0001). In 48h, the morphogenesis phase, 
it was observed that in the IMP river the means were reduced 
compared to the REF river (F=39.95, p<0.00001, fig. 3E).

Antioxidant system

There were significant differences for catalase (CAT) 
activity between times (F=64.419, p<0.0001) and the 
interaction between rivers and time (F=8.44, p<0.0001). At 
48h, during the morphogenesis phase, the animals exposed to 
IMP water had a significant lower average compared to REF 
(F=11.97, p<0.05), and at 72h, they showed higher averages 
compared to the REF (F=12.55, p<0.05, fig. 4A). 

The glutathione peroxidase (GPx) enzyme showed statistical 
differences between rivers (F=7.65, p<0.05), times (F=24.17, 
p<0.0001), and in the interaction of rivers and times (F=33.56, 
p<0.0001). At Period 1, in 12h, individuals developing in IMP 
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showed higher activity concerning REF (F=27.24, p<0.0001), 
with an inversion of the mean values   in 24h (F=9.62, p<0.05), 
and in 48h (F=70.87, p<0.0001, fig. 4B).

The enzyme glutathione reductase (GR) showed 
significant difference in activity only in relation to time 
(F=77.08, p<0.0001), and between rivers the means were 
considered equal (F=2.29, p=0.13). However, it is important 
to emphasize that, as the development period progressed, the 

activity averages gradually decreased, until in 72 hours the 
averages were close to zero (Fig. 4C).

There were significant differences of glutathione 
transferase (GST) activity in time (F=29.61; p<0.0001) and in 
the interaction of time and rivers (F=15.67, p<0.0001). At 12 
hours (Period 1), GST activity among individuals developing 
in waters from the IMP river was significantly higher than 
that observed among individuals of the REF river, while in 
48 hours (Period 2), there was an inversion of GST activity, 
being lower among individuals from IMP (p<0.05; Fig. 4D).

Figure 3.   Means and standard errors of the activity of energy metabolism enzymes in individuals developing in reference (REF) and impacted (IMP) waters, 
during 72 hours of experimentation. A) hexokinase (HK); B) phosphofructokinase (PFK); C) lactate dehydrogenase (LDH); D) citrate synthase (CS). E) 

malate dehydrogease (MDH). Period 1 - fertilization to organogenesis stages; Period 2 - morphogenesis phase. (*) significant differences between streams in 
the same period of embryonic development.
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Figure 4. Means and standard errors of enzyme activities of the antioxidant system in individuals developing in reference (REF) and impacted (IMP) waters, 
during 72 hours of experimentation. A) catalase (CAT); B) glutathione peroxidase (GPx); C) glutathione reductase (GR); D) glutathione S-transferase (GST). 
Period 1 - fertilization to organogenesis stages; Period 2 - morphogenesis phase. (*) significant differences between streams in the same period of embryonic 

development. 

Cell disorders

The lipid peroxidation (LPO) was significant different 
between rivers (F=19.20, p<0.0001) and times (F=25.58, 
p<0.0001), with higher averages being observed in IMP when 
compared to REF (fig. 5A).

Cholinesterase enzyme activity (ChE) presented significant 
differences between rivers (F= 82.260; p<0.0001), time (F= 
95.9; p<0.0001) and in the interaction of rivers and time (F= 
30.2; p<0.0001). In Period 1 (12 e 24h), the activity reduces 

according to the start of development, but without statistical 
difference between the groups. In morphogenesis phase at 48h 
(Period 2), lower values   of the enzymatic activity of the IMP 
site were observed concerning the REF (F=111.49; p<0.0001), 
and this inhibition was maintained in 72h (F=61.43; p<0.0001; 
Fig. 5B).
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Figure 5. Means and standard errors of lipoperoxidation reaction and ChE activity in individuals developing in reference (REF) and impacted (IMP) waters, 
during 72 hours of experimentation. A) lipoperoxidation (LPO); B) cholinesterase enzyme activity (ChE). Period 1 - fertilization to organogenesis stages; 

Period 2 - morphogenesis phase. (*) significant differences between streams in the same period of embryonic development. 

DISCUSSION

Effects of IMP waters exposure during the period of the 
initial development until eggs eclosion (Period 1)

The results will address the metabolic changes observed 
among individuals developing in the waters of the Tormenta 
(IMP) River during the first development periods, as 
summarized in Figure 6.

The animals exposed to IMP stream water manifested an 
induction in HK activity in 12h and a PFK induction activity 
in 12 and 24h compared to the animals exposed to REF water. 
These two enzymes are part of the glycolytic pathway, the 
HK converting the glucose to glucose-6-phosphate and PFK 
forming fructose-1,6-biphosphate from fructose-6-phosphate 
(Kuettner et al. 2010). The activity of CS is often used as 
an indicator of aerobic capacity, and it was reduced in the 
animals of the IMP group, possibly related to the negative 
effects of contaminants present in these waters on cellular 
energy production routes. Exposure of zebrafish larvae to 
50 ug/L of the pyrethroid permethrin reduced CS activity 
when compared to the control (Nunes et al. 2019), as well as 

to Clarias batrachus exposed to organochlorine endosulfan 
for 21 days (Tripathi and Verma 2004) and in Chinook 
salmon exposed to contaminants of emerging concern (Yeh 
et al. 2017). The presence of contaminants may function as 
inhibitors of Krebs Cycle enzymes, accumulating metabolic 
intermediates and resulting in a reduction in the speed of the 
pathway and the production of ATP (Betarbet et al. 2000).

The LDH induction observed in 12h is possibly related to 
a search for an alternative way to maintain ATP production, 
which indicates that disturbances may have occurred in 
the energy production of these animals. The LDH activity 
may be a response to qualifying stressful environmental 
situations, such as low oxygen availability (Zakhartsev et 
al. 2004). As reported by Das et al. (2004), the elevation of 
nitrite increased LDH activity in juveniles of three different 
fish species, suggesting that in a situation of anoxia the body 
tries to compensate for the respiratory metabolism by the 
anaerobiosis. This higher activity may be associated with an 
inhibition of the respiratory chain by the water contaminants, 
which promotes a reduction in ATP production, since high 
levels of NADH in the cell inhibit the Krebs Cycle. Moreover, 
an increase in LDH activity was also observed in Cyprinus 
carpio exposed to glyphosate-based herbicides (Gholami-
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Figure 6. Summary of energetic metabolism, antioxidant system, and cell disorders results of Rhamdia quelen individuals developing in waters of Tormenta 
River (IMP), during the initial development until eggs eclosion (12 and 24 h, Period 1). 

Seyedkolaei et al. 2013) and in Catla catla exposed to 
methyl parathion (Khare et al. 2019), as well as in zebrafish 
embryos exposed to antibiotics (Oliveira et al. 2020). Our 
findings are corroborated by these facts, suggesting that the 
action of contaminants interfere with metabolic function, 
requiring enzymatic adaptations, inducing the anaerobic 
pathway, enabling physiological regulations due to exposure 
to xenobiotics in water. 

The biomarkers used to monitor the antioxidant defense 
were CAT, GPx, GR, and LPO. In 24h exposition, the animals 
in the IMP group exhibited a reduction in GPx activity 
compared to REF, suggesting that the initial increase (12h) 
of GPx and GST activities could lead to a GSH depletion 
due to its use by GPx associated with GST in a detoxification 
process. To reinforce this hypothesis, the GR activity was 
not influenced in the first 24 h period, which did not promote 
the proper recycling of GSSG during this period, which 
consequently led to lower availability of GSH in response to 
demand. The induction of GST activity accompanied by GPx 
inhibition was also observed in Brycon cephalus exposed to 
the organophosphate methyl parathion (Monteiro et al. 2006), 
as well as in Cyprinus carpio exposed to the organophosphate 
trichlorfon (Woo and Chung 2020), indicating that phase II 
biotransformation can deplete GSH levels, increasing the risk 
of oxidative stress (Kaur and Jindal 2017). 

While GPx activity is stimulated in the first hours of 
development, CAT enzymatic activity is reduced in both 
rivers. Hypotheses for this behavior include the use of the GPx 
pathway for H2O2 degradation, as well as the low expression 
of the CAT enzyme in the early stages of development. 

According to Cong et al. (2020), the CAT activity reduces 
after 96 h of exposure to high concentrations of dimethyl 
phthalate in Danio rerio, with up or downregulation of the 
transcriptional expression of the respective gene. 

By increasing the lipoperoxidation reaction of individuals 
exposed to IMP waters, it can be proposed that cellular damage 
occurred in the first hours of exposure. The increase in lipid 
peroxidation potentiates structural changes in DNA due to 
increased membrane permeability (Vieira et al. 2017). Such 
pattern was also observed in Alburnus mossulensis exposed 
to low concentrations (1.25 ug/L) of fenpropathrin, which 
demonstrates that certain pesticides can disrupt the cellular 
defense system (Banaee et al. 2014), as also reported by other 
researchers (Cong et al. 2020; Kaur and Jindal 2017).

 

Effects of IMP waters exposure during the larvae period 
(Period 2) 

The results observed among individuals developing in 
the waters of the Tormenta (IMP) River during the second 
development period (Period 2) is summarized in Figure 7.

In period 2, considered as morphogenesis phase, R. quelen 
embryos are denominated larvae and have an open mouth 
and operculum (Rodrigues-Galdino et al. 2010), leading to 
an even higher contact with the water, which may justify the 
modulation of several enzymes from this stage of development.

During this period, a reduction in the HK and PFK activity 
was observed for both, REF and IMP groups compared 
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Figure 7. Summary of energetic metabolism, antioxidant system, and cell disorders results of Rhamdia quelen individuals developing in waters of Tormenta 
River (IMP), during the larval phase (48 and 72 h, Period 2). 

to the first period, possibly related to the adaptation to the 
consumption of different nutrients from the yolk sac, thus 
modifying the substrate oxidation pathways for cellular 
energy production. Furthermore, in animals of the IMP group, 
it was possible to observe a significant reduction in HK 
compared to REF. Additionally, PFK activity was extremely 
low in this period, which may result in the accumulation of 
intermediates above it (such as glucose 6 phosphate), which 
also contributes to the inhibition of HK. This may be due 
to contaminants present in the water, as several authors 
have shown that there is an inhibition of this enzyme in the 
presence of aluminum (Exley et al. 1994), heavy metals (Fu 
and Xi 2019; Sabir et al. 2019; Moniruzzaman et al. 2020), 
as well as in the presence of atrazine (Wang et al. 2018), and 
the increase in ROS itself may result in the inhibition of this 
enzymatic activity (Anastasiou et al. 2011). In addition, the 
inhibition in MDH activity in 48h, may point to a reduction in 
the aerobic metabolism, as suggested by Mishra and Shukla 
(1997, 2003) for Clarias batrachus exposed to endosulfan. 
We emphasize that the reduction of CS activity in this period 
was even more intensified among animals exposed to IMP 
waters, which corroborates the proposal of inhibition of MDH 
activity. This change in enzymatic activity can lead to reduced 
energy availability, also inhibiting the regulation of growth 
and development of animals in the IMP group, as observed by 
Qiu et al. (2021).

Concerning the antioxidant system, in the larval phase, there 
was a GR activity reduction in both groups, which promotes a 
decrease in the GSH availability. When this substrate has its 
levels reduced, the activity of dependent enzymes also changes, 
as observed by the reduced activity of GPx and GST, especially 

among animals from the IMP group. Therefore, it is suggested 
that for the IMP group there was a reduction in the cell’s 
antioxidant defense potential, especially due to the possible 
GSH reduction. In contrast to the GR and GPx activity reduction 
during morphogenesis, there was an increase in CAT activity, 
possibly explained by the similar function to GPx of oxidizing 
H2O2 into H2O and O2. However, it is noteworthy that this may 
also be a result like that found in Brycon cephalus exposed to 
sublethal concentrations of methyl parathion (Monteiro et al. 
2006) or in Cyprinus carpio exposed to sublethal concentrations 
of chlorpyrifos (Stoyanova et al. 2020), in which a decrease in 
GPx and an increase in CAT activity were identified.

The entry of xenobiotic compounds into rivers through 
the leaching of chemical molecules existent in the soil causes 
activation of enzymes with a detoxification function, such as 
GSTs from non-target organisms. GSTs are part of a family of 
enzymes that catalyze the conjugation of reduced glutathione 
to a wide range of substrates, ensuring the formation of polar 
compounds that are more easily excreted (Mannervik and Jemth 
2001). In 48h GST activity appears inhibited in IMP, possibly 
because of GSH depletion. We emphasize that this response 
may be a consequence of the opercular opening, causing the 
larvae to have greater exposure to inadequate quality water, thus 
increasing the action of stressors present in the water. Because 
of the reduced activity of the antioxidant system, an intense 
increase in the lipoperoxidation reaction was observed, which 
is therefore indicative of the installation of oxidative stress and 
cell damage. Sites contaminated with different xenobiotics 
can induce significant lipid peroxidation rises, as described 
by numerous researchers (Kaur and Jindal 2017; Shukla et al. 
2017, Cong et al. 2020; Gonçalves et al. 2020). 
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After 48 h of fertilization, ChE activity became more 
effective among animals in both groups. However, when 
comparing the enzymatic activity of ChE between IMP and 
REF, a significant ChE activity inhibition was observed. This 
fact indicates the presence of organophosphate pesticides, as 
reported by Nimet et al. (2017). Colossoma macropomum 
fish exposed to trichlorfon organophosphate, used against 
acanthocephalic parasite infections, show decreased AChE 
activity (Duncan et al. 2019), the same as R. quelen when 
exposed to cadmium (Pretto et al. 2010). The present results 
support the indications of Sandoval-Herrera et al. (2019), 
who suggest that the inhibition of ChE induced by exposure 
to pesticides reduces the escape capacity of fish, reducing 
ecological fitness even when exposed to low concentrations 
of organophosphates. 

CONCLUSION

In Period 1, encompassing the start of development up to 
the eggs eclosion, the animals exposed to the waters of the 
IMP stream initially have a more anaerobic metabolism with 
activation of the antioxidant system and higher oxidative 
stress (LPO). In Period 2, equivalent to the larval phase, after 
consumption of the yolk, and opercular opening, changes in 
carbohydrate metabolism are observed, lower activity of HK 
and LDH, higher activity of the antioxidant system, especially 
for peroxide inactivation (increased CAT activity), intense 
LPO, and inactivation of the cholinesterase enzyme. As a 
consequence of the amendments presented, the dimensions of 
the larvae (body area in mm²) had a significant decrease in the 
area of   animals in the IMP environment. All aspects evaluated 
may have resulted in smaller animals, which ecologically 
can lead to animals being more sensitive to environmental 
pressures.

The main finding of this study was the physiological 
alteration of eggs and larvae of Rhamdia quelen developing 
in waters of Tormenta (IMP), where the land use is 
remarkably agricultural, with smaller vegetation cover, higher 
temperature, less dissolved oxygen and higher water turbidity. 
The alterations of land use over the basin of the impacted river 
is a warning to preserve the fitness of native species in this 
region, constantly exposed to this impacting situation.
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