
Vol.:(0123456789)1 3

Journal of Comparative Physiology B (2022) 192:77–94 
https://doi.org/10.1007/s00360-021-01409-2

ORIGINAL PAPER

Cold and warm waters: energy metabolism and antioxidant defenses 
of the freshwater fish Astyanax lacustris (Characiformes: Characidae) 
under thermal stress

Ieda Cristina Schleger1   · Diego Mauro Carneiro Pereira1 · Anna Carolina Resende1 · Silvia Romão2 · 
Tatiana Herrerias3 · Ananda Karla Alves Neundorf1 · Alessandro Mateus Sloty4 · Ivan Moyses Guimarães1 · 
Maria Rosa Dmengeon Pedreiro de Souza1 · Guilherme Prosperi Carster1 · Lucélia Donatti1

Received: 2 June 2021 / Revised: 19 August 2021 / Accepted: 20 September 2021 / Published online: 30 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Subtropical fish are exposed to seasonal variations in temperature that impose a set of adaptations on their metabolism neces-
sary for the maintenance of homeostasis. In this study, we addressed the effects of temperature variation on the metabolism 
of Astyanax lacustris, a species of freshwater fish common in the subtropical region of Brazil. Biomarkers of carbohydrate 
and protein metabolism, antioxidant defense, and oxidative damage were evaluated in the liver of A. lacustris exposed to 
low (15 °C) and high (31 °C) temperature thermal shock, with controls at 23 °C for 2, 6, 12, 24, 48, 72, and 96 h. A high 
energy demand was observed during the first 48 h of exposure to 15 °C, which is necessary for metabolic adjustment at low 
temperatures, with an increase in glycolysis, citric acid cycle, and amino acid catabolism. In addition, at 31 °C, glucose was 
exported in the first 12 h of exposure, and an increase in the citric acid cycle suggested acetyl-CoA as the pathway substrate, 
originating from the oxidation of lipids. The antioxidant defenses did not change at 15 °C, as opposed to 31 °C, in which 
there were changes in several antioxidant defense markers, indicating a response to the production of ROS. However, oxida-
tive stress was observed at both temperatures, with oxidative damage detected by lipid peroxidation at 15 °C and protein 
carbonylation at 31 °C.
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Introduction

Temperature is the most important abiotic factor for aquatic 
ecosystems, especially for ectothermic organisms, including 
most fish. It directly affects their metabolic processes, sub-
sequently influencing their growth, nutrition, reproduction, 

behavior, and biogeographic distribution (Golovanov 2012; 
Lermen et al. 2004).

The temperature range in which a fish species is able to 
maintain its physiological functions depends on the adaptive 
and evolutionary mechanisms it has developed to survive in 
the thermal conditions of its environment (Yamashita et al. 
2010). When temperature variations exceed the minimum 
and maximum optimal tolerance limits, thermal stress is 
generated. Metabolic responses to stress are an adaptive 
mechanism that allows the body to maintain its homeostatic 
state in the face of stressors until it has adapted to the new 
environmental conditions (Balasch and Tort 2019; Barton 
2002).

Thermal tolerance limits vary among fish species: 
they are broader in species from tropical and temperate 
regions than in species from polar regions (Peck and Con-
way 2000; Pörtner 2002). Marine aquatic environments, 
represented by large bodies of water, are generally more 
stable in relation to temperature changes than freshwater 
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tributaries, in which fish fauna are more affected, experi-
encing greater levels of temperature variation (Balasch and 
Tort 2019; Hardewig et al. 2004).

Phenotypic plasticity determines the resilience of an 
organism in relation to environmental changes and is 
characterized by the manifestation of different phenotypes 
from the regulation of gene expression, protein activity, 
and epigenetics. In environments with periodic fluctua-
tions, such as seasonal changes, reversible phenotypic 
plasticity is favored by natural selection. This plasticity 
allows individuals to acclimate via the repeated remod-
eling of their physiological processes to compensate for 
the effects of environmental change (Beaman et al. 2016).

The liver directly participates in the maintenance of 
homeostasis, as it controls vital physiological functions, 
such as nutritional metabolism, excretion, and detoxifica-
tion (Polakof et al. 2012; Sun et al. 2019). The study of 
metabolic biomarkers in this organ can be used to deter-
mine the nutritional, homeostatic, and pathological status 
of an organism. The physiological responses of the liver 
play important roles during thermal stress, and studies 
have shown that temperature variations can cause oxida-
tive damage and metabolic changes in the energy pathways 
(Bagnyukova et al. 2007; Rossi et al. 2017; Varis et al. 
2016; Vinagre et al. 2014; Wang et al. 2019).

The south of the state of Paraná, located in southern 
Brazil, has a Cfb climate (Temperate Oceanic Climate-
Köppen classification) (ITCG 2008), with well-defined 
seasons and temperatures ranging from −1 °C in winter 
to 34 °C in summer (EMBRAPA 2012). Lermen et al. 
(2004) highlighted that the water temperature in the Bra-
zilian subtropical region can vary between a minimum of 
15 °C to a maximum of 30 °C, a thermal amplitude that 
exerts selective pressure on the freshwater fish fauna of 
this region.

Due to their abundance and wide geographical distribu-
tion, Astyanax species are relatively important for the study 
of biogeographic, evolutionary, and biomonitoring patterns 
of environmental conditions and contamination (Bueno-
Krawczyk et al. 2015; Carrasco-Letelier et al. 2006; Chung 
2000; Loro et al. 2015; Nimet et al. 2017; Ornelas-García 
et al. 2008; Siqueira-Silva et al. 2015).

The yellow-tailed lambari Astyanax lacustris Garutti and 
Britski, 2000 (Lucena and Soares 2016) is a small fish (up 
to 14 cm long) with omnivorous habits (Bennemann et al. 
2005; Viana et al. 2013) that is important for neotropical 
aquaculture, as well as used in human nutrition and as live 
bait in sports fishing (do Nascimento et al. 2017). In addi-
tion, its commercial production has gained prominence in 
recent years in the southern and southeastern regions of 
Brazil, as an economically and environmentally sustainable 
activity in rural communities and in the production of live 
baits for breeding carnivorous fish, with the aim of replacing 

Sardinella spp. to reduce fishing pressure on natural sardine 
stocks (Fonseca et al. 2017).

Understanding the physiological mechanisms and meta-
bolic adjustment capacity of fish subjected to thermal stress 
is important to understand how these organisms have adapted 
to their habitats. This will enable the prediction of impacts 
in relation to global climate change and support commercial 
management, with a view to fish farming. To this end, this 
study investigates the effects of thermal stress on carbohy-
drate and protein metabolism, antioxidant defense, and oxi-
dative damage in the liver of A. lacustris under conditions 
of low- and high-temperature thermal shock.

Materials and methods

Collection and acclimatization of Astyanax lacustris

An environmental license for animal collection was obtained 
from the Chico Mendes Institute for Biodiversity Conserva-
tion (SISBIO/ICMBio: number 63551-1). An animal experi-
mentation license was obtained from the Ethics Committee 
on Animal Experimentation of the Biological Sciences Sec-
tor at the Federal University of Paraná (CEUA-BIO/UFPR: 
number 1228).

For the low- and high-temperature stress experiments, A. 
lacustris specimens (n = 280; SL: 6.17 ± 0.87 cm; average 
weight: 9.15 ± 3.4 g) were collected using fishing nets (mul-
tifilament fabric, 12-mm mesh between nodes) in artificial 
lakes at the Ildo Zago Aquaculture Research and Extension 
Center, located in the municipality of União da Vitória-PR, 
southern Brazil (26°13′12.15′ S; 51°7′51.07′ W), belonging 
to the Iguaçu River basin (Fig. 1), where the experiments 
were carried out.

The collected fish were transferred to tanks with a capac-
ity of 830 L, with their own spring water, in continuous 
flow (4 L/min flow rate), at a temperature of 23 °C (Bueno-
Krawczyk et al. 2015; Lermen et al. 2004), under a natural 
photoperiod (Bagnyukova et al. 2007; Chung 2000; Lira 
et al. 018; Navarro et al. 2014) of approximately 13:30 
light/10:30 dark hours and constant aeration for 3 days 
for acclimatization (Silva and Oliveira 2018) in the fol-
lowing physical–chemical conditions of the water: dis-
solved oxygen (9.31 ± 2.17 mg/L), toxic ammonia (NH3) 
(0.009 ± 0.004 mg/L), pH (7.4 ± 0.31), nitrate (0.00 mg/L), 
nitrite (0.00 mg/L), hardness (75 ± 9 mg/L CaCO3), and 
without residual chlorine.

Thermal shock experiments

After acclimatization, fish were randomly separated and 
transferred directly to aquariums with water at temperatures 
of 15 ± 1 °C or 31 ± 1 °C (Lermen et al. 2004), constituting 
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the low- and high-temperature shocks, respectively. For each 
experimental situation, the control group was maintained 
at 23 ± 1 °C. Fish were exposed to the temperatures set for 
2, 6, 12, 24, 48, 72, and 96 h, totaling 10 individuals per 
experiment, which were taken from two different aquariums, 
characterizing a duplicate. The maximum density was 1.8 g 
of fish/L water (Chung 2000; Vieira et al. 2013).

Aquariums were used to represent static systems. They 
were cleaned by suction every 2 days (in experiments over 
24 h), with approximately 50% of the water being renewed 
(Lermen et al. 2004). Submerged electronic thermostats 
(Aqua One®, VigoAr®, and Atman®, with 100 W power) 
were previously installed in the aquariums to regulate and 
control the temperature. Fish conditioned at 15 °C were 
placed in aquariums inside a horizontal refrigerator (Con-
sul/530 L) with a digital temperature controller (TC-900E 
POWER/07).

The fish were fed daily with commercial fish feed (Supra® 
Aqua Line, with 42% protein content) in a proportion of 

1% animal weight (Chung 2000; Lermen et al. 2004). Feed-
ing was performed simultaneously in both the control and 
experimental groups. The first day of acclimatization was 
the first day of food supply. The final meal was provided 
between 22 and 24 h before euthanasia (Madeira et al. 2016; 
Vinagre et al. 2014) to avoid nutritional status influencing 
the results (Hemre and Kahrs 1997; Souza et al. 2018). Dur-
ing feeding, observations were made for the mobility and 
food intake of the fish (Donatti and Fanta 2002). At the end 
of each experiment, the fish were anesthetized with 20 mg 
L−1 benzocaine (from a 0.1% stock solution (w v−1) in 95% 
ethanol) and euthanized by spinal section and immediately 
dissected. The liver was collected on ice and stored in liquid 
nitrogen.

Analytical methods

Analyses were performed in triplicate, with optimum pH 
conditions, saturating substrate concentration, and at a 

Fig. 1   Location map and sampling. The Iguaçu River basin is high-
lighted in gray. The municipalities of Curitiba and Foz do Iguaçu 
indicate the beginning and end of the Iguaçu River basin, respec-
tively. The municipality of União da Vitória and the fish farm Ildo 

Zago indicate, where the animals were collected and where the exper-
iment was performed. The table on the left shows the exposure times 
and the number of fish sampled in each experimental situation
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room temperature of 22 °C (Robinson 2008) in a micro-
plate spectrophotometer (Epoch Microplate Spectrophotom-
eter; BioTek, Winooski, VT, USA). The concentration of 
total proteins was determined by the method reported by 
Bradford (1976) using Coomassie Brilliant Blue G-250 and 
bovine serum albumin (BSA) as a standard, with absorb-
ance measured at 595 nm. The levels of enzyme activity 
were expressed in international units (U), with 01 U equal 
to 01 µmol substrate converted into product per minute. The 
specific enzymatic activity was expressed in units per mg of 
protein (U mg−1).

Determination of enzyme activity in carbohydrate 
and protein metabolism

Liver samples were weighed and homogenized in 50 mM 
Tris–HCl buffer (pH 7.4) at a ratio of 1: 5 (w v−1) in an 
ice bath, sonicated for 15 s (maximum 18 J) for disruption 
of subcellular structures, and centrifuged at 14,000×g at 
4 °C for 10 min. The supernatant was used to determine the 
enzyme activity levels.

The activity of glycogen phosphorylase (GP) (EC 2.4.1.1) 
was determined according to Milligan (2003), with the 
modifications proposed by Chang et al. (2007). The reac-
tion system was prepared in 45 mM potassium phosphate 
buffer (pH 7.0) containing 0.34 mM NADP+, 4 µM glucose-
1,6-bisphosphate, 0.1 mM EDTA, 15 mM MgCl2, 1.6 U/
mL phosphoglucomutase, 12 U/mL glucose-6-phosphate 
dehydrogenase, 1.6 mM 5′ AMP, and 0.2 mg/mL glycogen. 
The reduction of NADP+ to NADPH was monitored at an 
absorbance of 340 nm.

Glucose-6-phosphatase activity (G6Pase) (EC 3.1.3.9) 
was measured according to the methodology established 
by Fathi et al. (2002). The reaction medium was prepared 
with 50 mM imidazole buffer (pH 7.4), 0.9 mM EDTA, 
13.25 mM glucose-6-phosphate, and 17.5 mM NaOH. The 
reaction was quenched with the addition of malachite green 
solution (containing ammonia molybdate, malachite green, 
and Tween), and the inorganic phosphate formed was meas-
ured at an absorbance of 600 nm.

Hexokinase activity (HK) (EC 2.7.1.1) was measured 
according to Baldwin et al. (2007), monitoring the reduction 
of NAPD+ in the presence of glucose-6-phosphate dehydro-
genase (G6PDH) in a reaction system containing 50 mM 
imidazole buffer (pH 7.4), 2 mM glucose, 2 mM ATP, 10 µM 
MgCl2, 0.4 mM NADP+, 1 mM dithiothreitol, 2 mM KCl, 
and 0.3 U/ml G6PDH at a wavelength of 340 nm.

Phosphofructokinase activity (PFK) (EC 2.7.1.11) was 
assessed following the methodology reported by Baldwin 
et al. (2007) in a reaction system with 50 mM Tris–HCl 
buffer (pH 8.2), 10  mM MgCl2, 1  mM ATP, 0.15  mM 
NAPH, 0.15 mM NADH, 2 mM AMP, 250 mM KCl, 1 U/
mL glycerol-3-phosphate dehydrogenase (GPDH), 1.2 U/mL 

aldolase (ALD), 10 U/mL triosephosphate isomerase (TPI), 
and 5 mM fructose-6-phosphate at a wavelength of 340 nm.

Pyruvate kinase activity (PK) (EC 2.7.1.40) was deter-
mined from the oxidation of NADH to NAD+ during the 
formation of lactate from pyruvate generated by phospho-
enolpyruvate dephosphorylation (Levesque et al. 2002) in 
a reaction medium with 50 mM imidazole buffer (pH 7.4), 
10 mM MgCl2, 25 mM KCl, 150 µM NADH, 5 mM ADP, 
5 mM phosphoenolpyruvate (PEP), and 9 U/ml lactate dehy-
drogenase (LDH). The absorbance was measured at 340 nm.

Lactate dehydrogenase activity (LDH) (EC 1.1.1.27) was 
measured from the oxidation of NADH, resulting from the 
conversion of pyruvate to lactate (Thuesen et al. 2005) in a 
reaction system containing 50 mM Tris HCl buffer (pH 7.4), 
1 mM sodium pyruvate, 100 mM KCl, and 0.25 mM NADH. 
The absorbance was measured at 340 nm.

Citrate synthase activity (CS) (EC 4.1.3.7) was deter-
mined from the complex of CoA-SH with 5.5′-dithio-bis 
(2-nitrobenzoic acid) (DTNB) (Saborowski and Buchholz 
2002). The reaction medium was formed with 50 mM Tris 
HCl buffer (pH 7.4), 100 mM KCl, 1 mM EDTA, 200 µM 
DTNB, 200 µM acetyl-SCoA, and 500 µM oxaloacetate, 
with the absorbance measured at 412 nm.

Malate dehydrogenase activity (MDH) (EC 1.1.1) was 
verified by the conversion of malate to oxaloacetate, with 
the measurement of NADH oxidation (Childress and Somero 
1979) in reaction medium with 50 mM Tris–HCl buffer ( 
pH 7.4), 0.4 mM oxaloacetate, 20 mM MgCl2, and 150 µM 
NADH, with the absorbance measured at 340 nm.

Glucose-6-phosphate dehydrogenase activity (G6PDH) 
(EC 1.1.1.49) was measured according to Ciardiello et al. 
(1995) with the reduction of NADP+ with the oxidation 
of glucose-6-phosphate. The reaction system consisted of 
100 mM Tris–HCl buffer (pH 7.4), 0.2 mM NADP+, and 
1 mM glucose-6-phosphate with the absorbance measured 
at 340 nm.

The activity of glutamate dehydrogenase (GLDH, EC 
1.4.1.3) was determined by the formation of NADPH from 
the oxidation of NADP+, according to Ciardiello et  al. 
(2000), in a reaction system containing 100 mM Tris HCl 
buffer (pH 7.4), 2 mM NADP+, 0.8 mM ADP, and 40 mM 
l-glutamate. The absorbance was measured at 340 nm.

The activity of aspartate aminotransferase/glutamic-
oxaloacetic transaminase (AST/TGO) (EC 2.6.1.1) was 
determined using a commercial kit (MS 80022230149, ref-
erence no. 352; Gold Analisa Diagnóstica Ltd), with the 
formation of glutamate and oxaloacetate. The absorbance 
was measured at 505 nm.

The activity of alanine aminotransferase/glutamic pyruvic 
transaminase (ALT/TGP) (EC 2.6.1.2) was measured using a 
commercial kit (MS 80022230150, reference no. 353; Gold 
Analisa Diagnóstica Ltd.), with the formation of glutamate 
and pyruvate. The absorbance was measured at 505 nm.
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Determination of enzyme activity of the antioxidant 
defense system

Liver samples were weighed and homogenized in 50 mM 
Tris–HCl buffer (pH 7.4) at a ratio of 1:5 (w v−1) in an ice 
bath and centrifuged at 12,000×g at 4 °C for 20 min. The 
supernatant was used to determine the levels of the oxidative 
stress markers.

The activity of superoxide dismutase (SOD) (EC 1.15.1.1) 
was determined by the method reported by Crouch et al. 
(1981) for its ability to inhibit the reduction of nitrotetra-
zolium blue chloride (NBT) to formazan blue by superox-
ide (O2−), which is generated by hydroxylamine in alkaline 
solution. The reaction system was prepared with 0.05 mM 
EDTA, 100 µM NBT, and 36.85 mM hydroxylamine chlo-
ride in 91 mM sodium carbonate buffer (pH 10.2), and the 
absorbance was measured at 560 nm.

Catalase activity (CAT) (EC 1.11.1.6) was determined 
by the degradation of hydrogen peroxide (H2O2) in oxygen 
and water in a reaction medium containing 50 mM Tris–HCl 
buffer (pH 8.0) and 30 mM H2O2. The reduction in the 
absorbance of H2O2 was monitored at 240 nm (Aebi 1984).

The activity of glutathione peroxidase (GPx) (EC 
1.11.1.9) was measured by NADPH oxidation. The enzyme 
uses reduced glutathione (GSH) to reduce organic peroxide, 
giving rise to disulfide glutathione (GSSG). The latter is 
reduced by the enzyme glutathione reductase (GR) using 
electrons donated by NADPH (Wendel 1981). The reaction 
medium contained 0.1 M sodium phosphate buffer (pH 7.0), 
2 mM sodium azide, 0.2 mM NADPH, 2 mM GSH, 1 U/
mL GR, and 0.5 mM H2O2, with the absorbance measured 
at 340 nm.

Glutathione reductase activity (GR) (EC 1.8.1.7) was 
measured according to Sies et al. (1979) in the conversion 
of GSSG to GSH, in 0.1 M potassium phosphate buffer (pH 
7.6) in 5 mM EDTA, 0.5 mM NADPH, and 5 mM GSSG. 
The absorbance was measured at 340 nm.

The activity of glutathione S-transferase (GST) (EC 
2.5.1.18) was evaluated after the conjugation of the thiol 
group of GSH to the substrate of 1-chloro-2,4-dinitroben-
zene (CDNB), which is formed as a product of the reaction, 
the GS-DNB conjugate, according to Keen et al. (1976). 
The reaction medium consisted of 0.1 M potassium phos-
phate buffer (pH 6.5), 1.5 mM GSH, and 2 mM CDNB. The 
absorbance was measured at 340 nm.

Determination of the reduced glutathione (GSH) 
concentration and oxidative damage markers

The levels of reduced glutathione and other thiols were 
determined using the methodology reported by Sedlak and 
Lindsay (1968). The method is based on protein precipita-
tion and the subsequent reaction of non-protein thiols with 

0.16 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), gen-
erating a product that absorbs light at 415 nm. Values are 
expressed in nanomoles per milligram of protein.

For the determination of lipid peroxidation (LPO), the 
thiobarbituric acid reactive substances (TBARS) method 
was used as described by Federici et al. (2007) with some 
modifications. The method consists of measuring one of 
the final products of lipid peroxidation, malondialdehyde 
(MDA), whose reaction with thiobarbituric acid (TBA) can 
be read at 535 nm. Values are expressed in µmol of MDA 
per mg protein.

Oxidative damage in proteins (PCO) was determined by 
the method reported by Levine et al. (1994), which consists 
of the reaction of carbonylated proteins with 2,4-dinitrophe-
nylhydrazine (DNPH), forming dinitrophenyl hydrazones, 
which was measured at 360 nm absorbance. The results were 
expressed in nanomoles of carbonyls per mg of protein.

Statistical analysis

The data of the biomarkers evaluated were standardized 
(z-transformed) and centralized with a mean of 0 and a 
standard deviation of 1 (Schielzeth 2010). For the statisti-
cal comparison of the effect of the exposure time variable 
or the possible interactions between the exposure time and 
temperature, the data were subjected to two-way analysis of 
variance (ANOVA) at a level of 5% significance. In case of 
evidence of a significant effect of time or interaction between 
time and temperature, Tukey’s test was applied as a post-hoc 
test for each response variable at a level of 5% significance.

Results

There were 11 deaths (3.9%) of fish during the tests, which 
occurred in the control (eight fish) and treatment at 15 °C 
(three fish). The ANOVA results (Tables 1, 2) indicate the 
markers with significant changes between the tempera-
ture and time (control versus treatment over the periods of 
exposure) and only over time (control and treatment var-
ied together). The levels of the enzymatic activity of all the 
evaluated markers are shown in Supplementary Tables 1, 
2, 3, and 4.

While the fish kept at 15 °C showed low swimming activ-
ity and little food intake, the fish at 31 °C showed higher 
swimming activity and ate immediately after food supply, 
consuming it completely.

Low‑ and high‑temperature effects on carbohydrate 
and protein metabolism

The levels of enzymatic activity of the carbohydrate and 
protein metabolism markers at 15 and 23 °C are listed in 
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Supplementary Table 1. Reducing the temperature to 15 
C did not affect the activity of the enzymes GP, HK, PK, 
LDH, MDH, and G6PDH (Fig. 2A, C, E, F, H, and I, respec-
tively) in the liver of the animals compared with the activi-
ties observed in the control groups. However, there was an 
increase in the G6Pase activity at 72 h, and a decrease at 
12 and 24 h (Fig. 2B), while PFK showed an increase in 
activity at 2 and 48 h (Fig. 2D). Similarly, CS showed an 
increase in activity after 12 and 24 h of exposure to low 
temperature (Fig. 2G). Regarding amino acid metabolism, 
while there was no influence of the temperature of 15 °C on 
AST activity (Fig. 2K), an increase in the GLDH activity in 
2 h (Fig. 2J) and ALT at 6, 12, and 24 h was observed, with 
a decrease of 72 h, in the groups at 15 °C compared to the 
control groups (Fig. 2L).

Regarding the variations in enzymatic activity over time 
in the low-temperature experiments, the activity of GP 
increased within 6 h at 15 and 23 °C when compared to 
other exposure times (Fig. 2A). G6Pase increased the activ-
ity within 72 and 96 h in the groups at 23 °C compared to 
2 and 24 h and 2, 12, and 48 h, respectively. In the groups 
at 15 °C, activity decreased in 12 h compared to 2, 6, 72, 
and 96 h and increased at 72 and 96 h compared to 2, 12, 
24, and 48 h (Fig. 2B). HK activity did not change over 
time (Fig. 2C), while increased PFK activity was observed 
in the group at 15 °C after 2 h of exposure compared to other 
hours, which decreased in the group at 15 °C after 12 h com-
pared to 96 h (Fig. 2D). PK decreased activity in the group 
at 15 and 23 °C after 6 h compared to all other treatments 
(Fig. 2E). LDH increased activity at 2 and 6 h at 15 and 
23 °C compared to all other treatments (Fig. 2F). Increased 
CS activity was observed at 6 and 12 h in the group at 23 °C 
compared to 48 and 72 h, respectively, while in the group at 
15 °C, the activity increased at 6, 12, and 24 h compared to 
48, 72, and 9 h, 2, 48, 72, and 96 h, and 48 and 96 h, respec-
tively (Fig. 2G). Increased MDH activity was observed 
within 2 h and 6 h at 15 °C and 23 °C compared to 12, 24, 
48, 72, and 96 h (Fig. 2H). G6PDH activity increased at 12 
and 72 h at 15 and 23 °C compared to 2, 6, 24, 48, and 72 h 
and 6, 48, and 96 h, respectively (Fig. 3I). GLDH increased 
the activity in 2 h at 23 °C compared to 6 and 48 h, and at 
15 °C compared to 6, 12, 24, 48, 72, and 96 h (Fig. 2J). AST 
decreased activity at 15 °C and 23 °C at 2, 6, 12, and 96 h 
compared to 24, 48, and 72 h, 24, 48, and 72 h, 24 and 48 h, 
and 24 h, respectively (Fig. 2K). Decreased ALT activity 
was observed at 6, 12, and 24 h at 23 °C compared to 72 
and 96 h, 72, and 72 h, respectively, and increased activity 
at 15 °C in 12 h compared to 2 h and 72 h (Fig. 2L).

The levels of the enzymatic activity of the energy metab-
olism markers at 31 °C and 23 °C are presented in Supple-
mentary Table 2. Increasing the temperature to 31 °C did not 
alter the activity of the enzymes GP, HK, PFK, PK, MDH, 
G6PDH, GLDH, AST, or ALT (Fig. 3A, C, D, E, H,–L, Ta

bl
e 

1  
A

N
O

VA
 re

su
lts

 o
f t

he
 e

ffe
ct

s o
f t

em
pe

ra
tu

re
 a

nd
 e

xp
os

ur
e 

tim
es

 o
n 

th
e 

bi
om

ar
ke

rs
 o

f t
he

 c
ar

bo
hy

dr
at

e 
an

d 
pr

ot
ei

n 
m

et
ab

ol
is

m
 o

f A
st

ya
na

x 
la

cu
st

ri
s 

G
P 

gl
yc

og
en

 p
ho

sp
ho

ry
la

se
, G

6P
as

e 
gl

uc
os

e 
6-

ph
os

ph
at

as
e,

 H
K

 h
ex

ok
in

as
e,

 P
FK

 p
ho

sp
ho

fr
uc

to
ki

na
se

, P
K

 p
yr

uv
at

e 
ki

na
se

, L
D

H
 la

ct
at

e 
de

hy
dr

og
en

as
e,

 C
S 

ci
tra

te
 s

yn
th

as
e,

 M
D

H
 m

al
at

e 
de

hy
dr

og
en

as
e,

 G
6P

D
H

 g
lu

co
se

-6
-p

ho
sp

ha
te

 d
eh

yd
ro

ge
na

se
, G

LD
H

 g
lu

ta
m

at
e 

de
hy

dr
og

en
as

e,
 A

ST
 a

sp
ar

ta
te

 a
m

in
ot

ra
ns

fe
ra

se
, A

LT
 a

la
ni

ne
 a

m
in

ot
ra

ns
fe

ra
se

*S
ig

ni
fic

an
t d

iff
er

en
ce

s (
p ≤

 0.
05

)

G
P

G
6P

as
e

H
K

PF
K

PK
LD

H
C

S
M

D
H

G
6P

D
H

G
LD

H
A

ST
A

LT

Te
m

pe
ra

-
tu

re
 ×

 T
im

e
15

 °C
F

0.
07

4.
27

0.
93

3.
12

1.
57

2.
04

2.
47

1.
47

1.
09

4.
31

1.
38

5.
14

p
0.

99
 <

 0.
00

1*
0.

47
0.

00
7*

0.
16

0.
07

0.
02

*
0.

19
0.

37
 <

 0.
00

1*
0.

22
 <

 0.
00

1*
31

 °C
F

0.
93

2.
98

1.
37

0.
94

0.
92

3.
51

3.
38

0.
47

0.
90

1.
03

0.
29

1.
91

p
0.

48
0.

00
9*

0.
23

0.
46

0.
47

0.
00

3*
0.

00
4*

0.
83

0.
49

0.
40

0.
94

0.
08

Ti
m

e
15

 °C
F

11
.1

9
11

.4
0

2.
30

14
.0

9
5.

75
50

.3
5

16
.9

5
18

.4
7

12
.7

4
16

.2
3

8.
69

3.
00

p
 <

 0.
00

1*
 <

 0.
00

1*
0.

05
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
 <

 0.
00

1*
0.

00
9*

31
 °C

F
3.

71
6.

82
4.

37
11

.9
4

16
.9

1
43

.9
5

29
.7

7
37

.1
3

16
.2

2
14

.7
9

12
.4

6
3.

82
p

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

 <
 0.

00
1*

0.
00

1*



83Journal of Comparative Physiology B (2022) 192:77–94	

1 3

respectively) when comparing the groups at 31 °C with their 
respective controls. However, an increase in G6Pase activ-
ity was verified at 12 h and a decrease at 24 h (Fig. 3B), a 
decrease in LDH activity in 48 h (Fig. 3F), and an increase in 
CS at 2 and 12 h in the groups subjected to 31 °C (Fig. 2G).

Regarding the variations in enzymatic activity over 
time in the high-temperature experiments, the GP activity 
increased within 6 h at 31 °C and 23 °C compared to 48 h 
and 72 h (Fig. 3A). G6Pase activity decreased in 24 h at 
31°Ccompared to 6, 12, 72, and 96 h, and decreased at 48 h 
in the group at 23 °C compared to 72 h and 96 h (Fig. 3B). 
HK activity decreased at 72 h and 96 h at 31 °C and 23 °C 
compared to that at 2 h and 48 h (Fig. 3C). PFK activity 
increased by 2, 72, and 96 h at 31 °C and 23 °C compared 
to 2, 24, and 48 h, 12 and 24 h, and 6, 12, 24, 48, and 72 h, 
respectively (Fig. 3D). PK activity decreased at 2 h and 6 h 
at 31 °C and 23 °C compared to 12, 24, 48, 72, and 96 h, 
respectively, and increased at 12 h at 31 °C and 23 °C com-
pared to 24, 72, and 96 h (Fig. 3E). LDH activity increased 
in 6 h at 31 °C and 23 °C compared to the other hours, and 
increased at 23 °C in 2 h and 48 h compared to 12, 24, and 
72 h (Fig. 3F). CS activity increased in 6 h at 31 °C and 
23 °C compared to 2, 12, 24, 48, 72, and 96 h, decreased 
at 48 h compared to 12 and 96 h, and increased at 2 h and 
12 h at 31 °C compared to 12 h and 48 h and 24, 48, 72, and 
96 h, respectively (Fig. 3G). MDH activity increased at 2, 
6, and 96 h at 31 °C and 23 °C compared to 6, 12, 24, 48, 
and 72 h, 12, 24, 48, 72, and 96 h, and 12, 24, 48, and 72 h, 
respectively (Fig. 3H). G6PDH activity increased in 12 h 
at 31 °C and 23 °C compared to the other hours (Fig. 3I). 
GLDH activity increased at 12, 24, and 72 h at 31 °C and 
23 °C, respectively, compared to 2, 6, 48, and 96 h (Fig. 3J). 
AST activity decreased at 2, 6, and 12 h at 31 °C and 23 °C 
compared to 12, 24, and 72 h, 24 and 72 h, and 24 h, and 
increased at 24 h and 72 h at 31 °C and 23 °C, respectively, 
compared to 48 h and 96 h, and 96 h, respectively (Fig. 3K). 
ALT activity increased at 24 h and 72 h at 31 °C and 23 °C, 

respectively, compared to 2 h and 6 h, and 6 h, respectively 
(Fig. 3L).

Effects of low‑ and high‑temperature 
on the antioxidant defense system and oxidative 
damage

The levels of the antioxidant defense markers of enzymatic 
activity, GSH concentration, and oxidative damage in the 
groups subjected to 15 and 23 °C are shown in Supple-
mentary Table 3. Reducing the temperature to 15 °C did 
not affect the activity of SOD, CAT, GPx, GR, or GST 
(Fig. 4A–E, respectively), nor the levels of GSH (Fig. 4F) 
when comparing the experimental groups with their respec-
tive controls. Considering the molecular damage caused by 
oxidative stress, there was no variation in PCO (Fig. 4H). 
However, a decrease in LPO was observed at 48 h and an 
increase after 72 h of exposure to 15 °C (Fig. 4G).

Regarding the variations in the markers over time in the 
low-temperature experiments, the SOD activity decreased 
in 24 h at 15 °C and 23 °C compared to 12 h and 96 h 
(Fig. 4A). CAT activity increased at 2, 6, 12, and 24 h at 
15 °C and 23 °C compared to 24, 48, and 72 h, 24, 48, 
and 72 h, 24 h and 48 h, and 96 h, respectively (Fig. 4B). 
GPx activity increased at 48 h and 96 h at 15 °C and 23 °C, 
respectively, compared to all other treatments (Fig. 4C). GR 
activity decreased in 12 h at 15 °C and 23 °C compared to 24 
and 48 h, and increased in 24 h at 15 °C and 23 °C compared 
to 72 and 96 h (Fig. 4D). GST activity increased at 6 h and 
72 h at 15 °C and 23 °C compared to 2, 12, 24, and 48 h, 
and 12 and 48 h, respectively (Fig. 4E). The GSH levels 
increased at 2 and 6 h at 15 and 23 °C compared to 6, 12, 
24, 48, 72, and 96 h, and 24 and 72 h, respectively (Fig. 4F). 
The LPO levels increased after 48 h at 23 °C compared to 
6, 24, and 72 h (Fig. 4G). The PCO levels were not altered 
with exposure (Fig. 4H).

Table 2   ANOVA results of the effects of temperature and exposure times on the oxidative stress biomarkers of the liver of Astyanax lacustris 

SOD superoxide dismutase, CAT​ catalase, GPx glutathione peroxidase, GR glutathione reductase, GST glutathione-S-transferase, GSH reduced 
glutathione, LPO lipid peroxidation, PCO protein carbonylation
*Significant differences (p ≤ 0.05)

SOD CAT​ GPx GR GST GSH LPO PCO

Tempera-
ture × Time

15 °C F 1.53 1.07 1.46 1.13 0.92 1.65 2.80 0.97
p 0.17 0.38 0.20 0.35 0.48 1.14 0.015* 0.45

31 °C F 2.82 2.50 1.70 2.19 3.02 3.83 1.40 2.31
p 0.014* 0.026* 0.13 0.049* 0.009* 0.002* 0.22 0.039*

Time 15 °C F 3.39 4.15 30.07 6.66 6.34 15.90 2.47 2.04
p 0.004*  < 0.001*  < 0.001*  < 0.001*  < 0.001*  < 0.001* 0.029* 0.07

31 °C F 7.84 0.65 7.12 7.97 3.95 3.50 2.77 3.87
p  < 0.001* 0.69  < 0.001*  < 0.001* 0.001* 0.003* 0.016* 0.001*
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The levels of the antioxidant defense markers of enzy-
matic activity, GSH concentration, and oxidative dam-
age in the groups subjected to 31 and 23 °C are listed in 

Supplementary Table  4. The increase in temperature 
to 31 °C did not change the activity of the GPx enzyme 
(Fig. 5C), while the SOD activity increased at 96 h (Fig. 5A) 

Fig. 4   Enzymatic activity, levels 
of non-protein thiols, and oxida-
tive damage used as markers of 
the effect of thermal stress on 
the antioxidant defense system 
of the Astyanax lacustris liver 
exposed to 15 °C thermal shock 
during 2, 6, 12, 24, 48, 72 and 
96 h. Markers: SOD, superoxide 
dismutase; CAT, catalase; GPx, 
glutathione peroxidase; GR, 
glutathione reductase; GST, 
glutathione-S-transferase; GSH, 
reduced glutathione; LPO, lipid 
peroxidation; PCO, protein 
carbonylation. Control groups 
are shown with white bars and 
experimental groups are shown 
with black bars. Letters indicate 
differences in the mean values 
between the exposure times. 
Asterisks (*) indicate significant 
differences (p ≤ 0.05) between 
fish at 23 °C (control group) 
and 15 °C (treatment group). 
Data are presented as the 
mean ± SEM
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Fig. 5   Enzymatic activity, levels 
of non-protein thiols, and oxida-
tive damage used as markers of 
the effect of thermal stress on 
the antioxidant defense system 
of the Astyanax lacustris liver 
exposed to thermal shock at 
31 °C during 2, 6, 12, 24, 48, 
72, and 96 h. Markers: SOD, 
superoxide dismutase; CAT, 
catalase; GPx, glutathione 
peroxidase; GR, glutathione 
reductase; GST, glutathione-
S-transferase; GSH, reduced 
glutathione; LPO, lipid peroxi-
dation; PCO, protein carbonyla-
tion. Control groups are shown 
with white bars and experimen-
tal groups are shown with black 
bars. Letters indicate differences 
in the mean values between the 
exposure times. Asterisks (*) 
indicate significant differences 
(p ≤ 0.05) between fish at 23 °C 
(control group) and 15 °C (treat-
ment group). Data are presented 
as the mean ± SEM
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and CAT activity decreased in 12 h and increased in 72 h 
(Fig. 5B). The GR activity decreased in 24 h (Fig. 5D) and 
GST activity increased at 48 h and 72 h (Fig. 5E). The GSH 
levels increased at 24 and 72 h (Fig. 5F). Regarding oxi-
dative damage, LPO was not affected by high temperature 
(Fig. 5G), but an increase in the PCO levels was observed 
at 96 h (Fig. 5H).

Regarding the changes in the markers over time in the 
high-temperature experiments, the SOD activity increased 
in 96 h at 31 °C in relation to the other timepoints (Fig. 5A). 
The CAT activity did not change over time (Fig. 5B), while 
GPx activity increased at 96 h at 31 °C and 23 °C compared 
to the other timepoints (Fig. 5C). The GR levels increased 
in 12 h at 31 °C compared to 96 h and increased in 24 h at 
23 °C compared to 2, 6, 48, 72, and 96 h (Fig. 5D). GST 
activity decreased in 12 h at 31 °C compared to 6, 48, 72, 
and 96 h and increased in 72 h at 31 °C compared to 2 h and 
24 h (Fig. 5E). The GSH levels decreased at 24, 48, and 72 h 
at 23 °C compared to 6 h and 12 h, 12 h, and 2, 6, 12, and 
96 h, respectively (Fig. 5F). LPO decreased in 72 h at 31 °C 
and 23 °C in relation to 24 h (Fig. 5G) and PCO increased in 
96 h at 31 °C in relation to 2, 6, 24, 48, and 72 h (Fig. 5H).

Discussion

The mortality of 3.9% fish observed during the tests was 
considered low and was possibly caused by individual physi-
ological conditions. This mortality was not related to experi-
mental conditions, as the water quality parameters (dissolved 
oxygen, ammonia, and pH) were adequate in all situations 
tested. Almeida et al. (2015) considered a mortality rate 
below 10% acceptable for the validation of bioassays.

In this study, changes in the physiological markers that 
occurred only in relation to the time of exposure were con-
sidered to be due to the circadian cycle, widely identified 
as a factor of variation in the physiological parameters of 
organisms ((Balasch and Tort 2019) and, therefore, were not 
related to the effects of temperature variations.

The circadian system is responsible for the temporal 
organization of physiological functions that involve cycles of 
hormonal activity, such as melatonin and cortisol, especially 
every 24 h (Isorna et al. 2017), whose signaling of meta-
bolic pathways precedes the natural events of environmental 
change, such as lighting, temperature, and food availability 
(Zhdanova and Reebs 2005). In addition to participating in 
circadian clocks, melatonin neutralizes free radicals and 
increases the activity of antioxidant enzymes, such as GPx, 
SOD, and CAT (Albarrán et al. 2001; Prokkola and Nikin-
maa 2018; Sánchez-Vázquez et al. 2019; Tomás-Zapico and 
Coto-Montes 2005), and decreases the secretion of corti-
sol (Sánchez-Vázquez et al. 2019), which also affects the 

pathways of energy metabolism throughout the circadian 
cycle (Isorna et al. 2017).

During the experiments, fish subjected to thermal shock 
at 15 °C showed low swimming activity and little food 
intake compared to those subjected to 31 °C. This behavioral 
difference has also been observed in other studies and has 
been attributed to reduced metabolic rates at low tempera-
tures (Beyan et al. 2015; Costa et al. 2013; Fernandes and 
McMeans 2019; Inoue et al. 2008; Rossi et al. 2017). Dur-
ing thermal stress, fish can adjust their metabolism to com-
pensate for temperature changes until they are acclimatized 
(Lermen et al. 2004), and in our study, metabolic responses 
at 15 °C were different from those at 31 °C, indicating that 
different adaptive mechanisms act during exposure to low 
and high temperatures in these animals.

Effects of low‑ and high‑temperature stress 
on hepatic carbohydrate and protein metabolism

Metabolic adjustments to maintain homeostasis in the face 
of thermal variations can alter energy demands (Wen et al. 
2017). In this study, there was an increase in energy demand 
in liver cells as early as 2 h of exposure to cold, as evi-
denced by the stimulus of the glycolytic pathway and an 
increase in the degradation of amino acids by the oxidative 
deamination reaction catalyzed by GLDH. This enzyme is 
essential for the interconnection between carbohydrate and 
protein metabolism. An increase in the ADP/ATP ratio is an 
important positive modulator of GLDH activity (Plaitakis 
et al. 2017). This stimulus in GLDH activity generates an 
increase in the production of α-keto acids, which are used 
as substrates in the citric acid cycle, as evidenced by the 
high activity of CS at 12 and 24 h, indicating an increase in 
aerobic metabolism.

The use of amino acids as sources of carbonic skeletons 
for the synthesis of intermediates in the citric acid cycle 
can also be observed by stimulating ALT activity at 6, 12, 
and 24 h. This high energy demand in hepatocytes may be 
associated with metabolic adaptation to low-temperature 
stress (Kammer et al. 2011; Pol et al. 2017; White et al. 
2012). However, the use of glycogenic amino acids as energy 
substrates during cold adaptation is a species-dependent 
response. As reported by Lermen et al. (2004), when expos-
ing Rhamdia quelen to 15 °C and 31 °C for 12 h and 21 days, 
a decrease in proteins in the liver was observed only at 31 °C 
and after 21 days of exposure.

The high energy demand in the liver at 15 °C seems to 
have been met by stimulating the glycolytic pathway and 
amino acid deamination reactions up to 48 h of exposure. 
This can be seen by inhibiting glucose exports, with a reduc-
tion in G6Pase activity at 12 and 24 h due to low levels of 
ATP. Nevertheless, the high activity of G6Pase within 72 h 
at 15 °C indicates that the liver acts to maintain glycemic 
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levels at the end of the adaptation period. However, it was 
not possible to determine by the studied markers whether the 
origin of the exported glucose was from gluconeogenesis or 
glycogenolysis. Studies suggest that hepatic glycogen stores 
are maintained during the cold as a survival strategy for 
situations of greater energy demand, such as escape (Hemre 
et al. 2002; Rossi et al. 2017; Speers-Roesch et al. 2018) and, 
due to amino acid catabolism, we believe that gluconeogen-
esis is more likely to occur in 72 h.

Increasing the temperature to 31  °C caused several 
changes in the hepatic metabolism of carbohydrates and 
proteins compared to that at 15 °C. There was a stimulation 
of aerobic metabolism, represented by an increase in CS 
activity at 2 and 12 h. In addition, the need to export glu-
cose to regulate blood glucose is evidenced by the increased 
activity of G6Pase after 12 h of exposure. As there was no 
change in the activity of glycolysis and amino acid catabo-
lism enzymes, and there was inhibition of the carbohydrate 
fermentation pathway in 48 h, it can be inferred that fatty 
acids are being used as an energy source for the citric acid 
cycle in 2 and 12 h. Triglycerides are used as an energy 
source during stress, with ATP production in the aerobic 
pathway from the introduction of fatty acids in the citric acid 
cycle, such as acetyl-CoA (Rui 2014).

These metabolic differences in energy metabolism that 
were observed after exposure to cold or heat stress indicate 
that A. lacustris is more tolerant to heat than to cold, since 
at 31 °C there was no evidence of changes in anaerobic res-
piration, amino acid catabolism, or glycolysis. Therefore, 
the baseline levels of enzyme activity, with the exception of 
CS and G6Pase, were sufficient to meet the energy demand. 
The absence of changes in the markers studied after 72 h in 
fish subjected to cold and after 48 h in fish exposed to heat 
indicates that these animals have adapted to changes in tem-
perature, and the quickest response to adjusting homeostasis 
was to heat.

Effects of low‑ and high‑temperature stress 
on the hepatic antioxidant defense system

In situations of physiological stress, the induction of antioxi-
dant defenses is important for the effect of reactive oxygen 
species (ROS) on cell structures (Souza et al. 2018). How-
ever, when the optimal thermal tolerance limits of a species 
are exceeded, oxidative damage can occur (Vinagre et al. 
2014). Several studies have shown that the responses of the 
antioxidant defense system to thermal stress are specific to 
the organ, species, temperature, and duration (Abele and 
Puntarulo 2004; Birnie-Gauvin et al. 2017; Grim et al. 2013; 
He et al. 2015; Kammer et al. 2011; Lushchak and Bagnyu-
kova 2006; Madeira et al. 2013, 2016; Souza et al. 2018).

Thermal stress at low temperatures causes different 
responses to the antioxidant defenses of the liver compared 

to tropical and subtropical fish species. In tilapia (Oreo-
chromis niloticus) exposed to 13 °C for 120 h, there was 
an increase in the activity of SOD, GPx, CAT, and GSH in 
the liver (He et al. 2015). Brazilian flounder (Paralichthys 
orbignyanus) exposed to 17.1 °C for up to 72 h showed an 
increase in liver GST and CAT levels, with an increase in 
LPO (Garcia et al. 2015). In the liver of Gasterosteus acu-
leatus exposed to 8 °C, there was an increase in the levels 
of total glutathione and SOD (Kammer et al. 2011). On the 
other hand, in the study by Rossi et al. (2017), the liver of 
Hoplosternum littorale exposed to 10 °C for 1 day showed 
inhibition of the activity of the enzymes GST and GR, and 
in 21 days, there was a decrease in CAT activity, with an 
increase in LPO.

In this study, at 15 °C, there was no change in the activ-
ity of the antioxidant enzymes evaluated or in the levels of 
GSH. This condition may be due to low metabolic rates, 
which are characteristic of fish at cold temperatures (Grim 
et al. 2013; Radovanovic et al. 2010; Rossi et al. 2017). This 
inactivation of antioxidant defenses indicates that A. lacus-
tris was not able to contain the effects of ROS after 72 h of 
exposure to 15 °C, resulting in LPO. An increase in ROS 
production may be related to the increase in aerobic cell 
respiration to meet energy demands during the adaptation 
period, as evidenced by the increase in the activity of CS 
at 12 and 24 h.

In addition, at low temperatures, the fluidity of fish cell 
membranes is maintained by increasing polyunsaturated 
fatty acids (PUFAs) in their composition (Abele and Pun-
tarulo 2004; Birnie-Gauvin et al. 2017; Crockett 2008; Far-
kas et al. 2001; Vinagre et al. 2012). On the one hand, this 
condition is associated with an increase in mitochondrial 
density (Abele and Puntarulo 2004; O’Brien 2011), allow-
ing for the adaptation of freshwater, marine, and Antarc-
tic fish to the cold (Birnie-Gauvin et al. 2017; Farkas et al. 
2001; Liu et al. 2019), and increasing their aerobic capacity. 
On the other hand, the membranes are more susceptible to 
reactions with ROS, leading to the formation and spread 
of lipid hydroperoxides (LOOH) and oxidative damage to 
membranes (Crockett 2008; Ibarz et al. 2010).

In contrast to what was observed in cold exposure, the 
antioxidant defense system showed several changes at 31 °C. 
The first changes occurred after 12 h of exposure, with a 
reduction in CAT activity, indicating that liver cells were 
more susceptible to the harmful action of peroxides, espe-
cially hydrogen peroxide. The most important changes in the 
antioxidant defense system were observed after 72 h of expo-
sure to heat. An increase in the enzymatic activity of CAT 
and GST and in the levels of hepatic GSH was observed, 
indicating that the cellular antioxidant defense system was 
able to respond to a possible increase in the formation of 
ROS, caused by heat. These results are similar to those of 
Madeira et al. (2016), who exposed Sparus aurata to heat 
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stress and observed an increase in the activity of CAT, SOD, 
and GST in the liver. The increase in temperature is related 
to the increase in cellular metabolic rates and, consequently, 
increases in ROS production (Birnie-Gauvin et al. 2017; 
Lushchak 2011; Madeira et al. 2013), which can activate the 
antioxidant defense system to prevent oxidative cell damage 
(Rossi et al. 2017).

The study of the role of the transcription factor Nrf2 in 
the induction of antioxidant responses indicated that the 
presence of ROS increased the translocation and accumu-
lation of this transcription factor in the nucleus, inducing 
the expression of CAT, SOD, GR, GPx, and GST genes, 
as well as enzymes related to the synthesis and renewal of 
GSH (Costa-Silva et al. 2015; Dinkova-Kostova et al. 2018; 
Mukaigasa et al. 2012; Wang and Zhu 2019). Therefore, 
the induction of antioxidant defense can occur even in the 
absence of oxidative damage. Our results indicate that the 
high-temperature thermal shock induced an increase in the 
production of ROS and consequently the response of the 
antioxidant defense, but that this response was not able to 
maintain protection against oxidative damage in 96 h, as 
demonstrated by the increase in damage to proteins (PCO) 
in liver cells.

Regarding oxidative damage to lipids, LPO was not found 
at 31 °C, most likely due to the increase in CAT activity in 
72 h and SOD in 96 h. A similar condition was reported by 
Rossi et al. (2017) in the liver of Hoplosternum littorale 
exposed to 33 °C for 1 day and 21 days, with the activation 
of CAT and GR, without an increase in LPO. The increase 
in GST activity at 48 and 72 h in fish at 31 °C may also have 
been responsible for the absence of LPO at high tempera-
tures. GSTs are a family of dimeric enzymes that detoxify 
pollutants, drugs, and endogenous reactive compounds 
involved in cellular metabolism (Rossi et al. 2017). Regoli 
et al. (2011) associated the activity of GST isoforms in the 
reduction of LOOH to alcohol while oxidizing GSH into 
GSSG. In this study, damage to lipids was assessed using an 
indirect marker of lipid peroxidation, detected by the thio-
barbituric acid reactive substances (TBARS) method, which 
mainly quantifies MDA, one of the final products of lipid 
peroxidation. Therefore, there may have been the formation 
of LOOH at 31 °C, with neutralization from the activity of 
GST, which did not produce significant amounts of TBARS. 
In the study by Bagnyukova et al. (2007), the kidney and 
brain of Carassius auratus showed high levels of LOOH 
with increasing temperature, but the MDA levels were not 
significantly changed.

Long periods of exposure to high temperatures require an 
increase in the activity of glutathione-dependent enzymes 
to maintain stable levels of lipid peroxidation and protein 
carbonylation stable (Bagnyukova et al. 2007). The glu-
tathione-dependent antioxidant defense system was activated 
at 31 °C, with high GST activity at 48 and 72 h, and high 

levels of GSH at 24 and 72 h. Glutathione is fundamen-
tal in the cellular defense against oxidative stress, and its 
reduced form (GSH) acts on the conversion of electrophilic 
compounds under physiological conditions, spontaneously 
or catalyzed by GST and, in a reaction of degradation of 
hydrogen peroxide catalyzed by the enzyme GPx, with 
regeneration of oxidized glutathione (GSSG). The levels of 
reduced glutathione in the cell are dependent on its synthesis 
or regeneration from GSSG by the GR enzyme in the pres-
ence of NADPH, maintaining the GSH levels always above 
GSSG (Deponte 2013). In A. lacustris subjected to high tem-
peratures, an increase in the GSH levels observed at 24 and 
72 h does not seem to be related to GR activity, but possibly 
to the induction of synthesis by the transcription factor Nrf2, 
which enhances the gene expression of enzymes glutamate 
cysteine ligase and glutathione synthetase (Mukaigasa et al. 
2012).

In this study, oxidative stress was observed in the livers 
of animals subjected to low and high temperatures, with the 
occurrence of cell damage. At 15 °C, there was no change 
in antioxidant defenses, with an increase in LPO; in turn, at 
31 °C, the antioxidant defenses were increased after 24 h of 
exposure, with increased activity of the enzymes CAT, SOD, 
and GST and in the levels of GSH. However, they were not 
able to maintain the balance of the antioxidant system after 
96 h of exposure, when oxidative damage to proteins was 
observed.

Conclusion

Regarding the metabolism of carbohydrates and proteins, 
low temperatures caused more changes in the metabolism of 
A. lacustris compared to high temperatures. Even with low 
metabolic rates, there was a high energy demand in the first 
48 h of exposure and the liver used, in addition to glycolysis, 
the amino acid catalysis to supply energetic substrates for the 
aerobic pathway. At 31 °C, the normal activity rates of the 
addressed enzymes, with the exception of CS and G6Pase, 
were sufficient to meet the energy demands of physiological 
adjustment to temperature changes. Nonetheless, in relation 
to antioxidant defenses, the temperature of 31 °C affected the 
metabolism of this species. However, despite the activation 
of antioxidant defenses, protein carbonylation was observed 
at 96 h. At 15 °C, despite the inactivation of antioxidant 
defenses and the occurrence of LPO, A. lacustris managed 
to recover lipid damage at 96 h.
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