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Abstract

The sustainability of aquaculture is subject to environmental changes, such as changes in
temperature, which affect the physiological homeostasis of fish. Thermal shock (natural or
anthropogenic) is a stress condition that results in a sequence of physiological responses
and even mortality. Considering the impact of sudden reductions in temperature on the bio-
logical systems and that this occurrence is common in regions where pacu (Piaractus mes-
opotamicus) is farmed, we evaluated the stress, immune, and antioxidant responses of the
species exposed to temperature drop. Two groups of fish were exposed to 28 °C or 16 °C
for 24 h, and then fish were kept at 28 °C to recover and be sampled: before the tempera-
ture drop (baseline); after 24 h of cold exposure; and 3, 8, and 24 h after the return to 28 °C
(recovery). The exposure of pacu to 16 °C did not alter the stress biomarkers after 24 h, but
it activated the innate immune system (leukocyte respiratory activity, hemolytic activity of
the complement system, and serum lysozyme concentration). It also promoted oxidative
stress without altering most of the antioxidant system indicators, except for an initial reduc-
tion of glutathione peroxidase (GPx) activity after exposure to 16 °C and a late activation,
besides the late activation of glutathione transferase (GST), probably as a compensatory
process to reduce tissue damage. Pacu was sensitive to temperature changes, but it was able
to activate immune and compensatory responses to mitigate oxidative stress. The results
will help producers in the management of pacu during periods of thermal changes, such as
in autumn and winter.
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Introduction

The growing demand for protein sources for human consumption has driven the growth of
aquaculture. It is estimated that the total production of fish in the world will increase to 204
million tons in 2030 (FAO 2020), and Brazil is following this trend, with production reach-
ing 551.9 thousand tons in 2020 (IBGE 2020). However, the success of this activity depends
on environmental conditions, such as temperature, which can impact the regulation of events
such as the neuroendocrine, oxidative, metabolic, osmotic, molecular, and immunological
responses of fish (Islam et al. 2021). The dependence of aquaculture production on the envi-
ronment suggests its vulnerability to climate change (Mugwany et al. 2022).

Within a limited range, fish can adjust to the gradual temperature changes common in
natural systems. However, heat shock (natural or anthropogenic) is a common stress condi-
tion that occurs when fish acclimatized to a certain range of water temperature are exposed
to a sudden decrease in temperature, resulting in a sequence of behavioral responses, sub-
lethal physiological conditions, and even mortality (Donaldson et al. 2018). Temperature is
an important stress factor during fish farming (Islam et al. 2021), and changes can impair
biochemical reactions (Wen et al. 2017); physiological functions, including the immune
system, which is essential for protection against pathogens (Ahmad et al. 2011; Abram
et al. 2017; Abram et al. 2019; Zhou et al. 2019); and fish growth (Milstein et al. 2000;
Mello et al. 2022). Elevated cortisol levels have been found in fish acutely exposed to low
temperatures (Chen et al. 2002; Liu et al. 2011; Arslan et al. 2015; Alzaid et al. 2015).
Stress is an animal’s response to any extrinsic or intrinsic stimulus that alters its body
homeostasis (Wendelaar Bonga 1997). In acute conditions, the mobilization of biological
systems involved in the adjustment response, adaptation, and resistance to altered condi-
tions occurs, while biological exhaustion and a loss of adaptive capacity result from the
chronicity of the adjustment process (Wendelaar Bonga 1997; Mommsen et al. 1999; Bar-
ton et al. 2002), causing losses in the growth, reproduction, and immune functions of fish
(Wendelaar Bonga 1997; Mommsen et al. 1999). Biochemical changes in blood parameters
can occur in response to changes in metabolic demand, which can vary with temperature
(Ficke et al. 2007; Xie et al. 2017) and can be considered a physiological stress response.

Among other functions, temperature can determine the speed of chemical reactions
and/or cause changes in the conformation of the three-dimensional structure of enzymes
and thus affect the catalytic capacity of reactions (Miyazaki et al. 2000), thereby inter-
fering with biological processes, altering the respiratory rate, and causing physiological
disturbances (Portner et al. 2002; Vinagre et al. 2012). Temperature can modulate oxy-
gen consumption with a consequent increase in the production of reactive oxygen species
(Lushchak and Bagnyukova 2006; Lushchak 2011; Welker et al. 2013), which results in
oxidative stress.

The target fish of our study is the pacu (Piaractus mesopotamicus) due to its economic
value in fish farming in South America (Valladao et al. 2018). In regions where the average
water temperature is below 22 °C, the rearing of pacu is unfeasible, demonstrating the diffi-
culty in producing this species at low temperatures (Ferrari and Bernardino 1986). Accord-
ing to Garcia et al. (2008), pacu is not able to tolerate temperatures lower than 16 °C,
and temperatures between 20 and 32 °C were used in studies using pacu as the target fish
(Borghetti and Canzi 1993; Assis et al. 2004; Paula et al. 2013). Previous studies with pacu
have addressed the interaction of acute (Bacchetta et al. 2020; Ale et al. 2021) or chronic
(Pinto et al. 2019; Nitz et al. 2020) changes in temperature with metabolism and oxida-
tive stress, but they did not focus on stress and immune system responses. Considering the
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impact of sudden temperature reduction on fish biological systems and that this occurrence
is common in regions where pacu is raised (Sant’Anna Neto et al. 2015), this study evalu-
ated stress responses and the immune and antioxidant systems of species acutely exposed
to temperature reduction.

Material and methods
Experimental fish and sample collection

Fifty pacu juveniles (159.83 + 26.08 g, mean + SD), supplied by Aquaculture Center of
UNESP-CAUNESP, were checked regarding their health condition following guidelines
from the Conselho Nacional de Controle de Experimentacdo Animal. They were randomly
distributed into 10 indoor plastic tanks (100 L, rectangular box, 41 X 56 x 78 cm) (5 fish
per tank), acclimated to the laboratory conditions for 7 days in a running flow water system
at 28 °C (light regime 12L:12D; open flow from a well water, water flow 50 L/h; supple-
mental aeration), and sorted into two treatments: control temperature/28 °C, using thermo-
stat heater, (28.1 °C + 0.28; dissolved oxygen 6.3 + 0.34 ml L7'; total ammonia 0.49 +
0.017 mg L™") and low temperature/16 °C (16.13 °C + 0.11, dissolved oxygen 7.8 + 0.1 ml
L~'; total ammonia 0.46 + 0.02 mg L™"). For the temperature exposure, the running water
flow was closed in both treatments, keeping the water recirculating separately in both treat-
ments compounded by five tanks each. A cooling equipment (Chiller, Gelaqua® Split) con-
nected to the system was used to gradually reduce (1 °C/h) the temperature until reaching
16 °C. Following this, the fish were maintained for 24 h at this condition. After this period,
running water flow was reopened, and it took 2 h to return from 16 to 28 °C (beginning of
the recovery period). Fish were sampled before the temperature decreases (baseline sam-
pling); 24 h after the 16 °C exposure; and 3, 8, and 24 h after the return of 28 °C (recovery
period) (5 fish/treatment in each sampling). In each sampling, fish were captured and anes-
thetized with MS222 (50 mg L™!), and blood was collected by caudal vessels puncture and
stored in microtubes containing or not containing anticoagulant. During the experiment,
fish were not fed.

Stress biomarkers

Plasma was extracted from blood with fluoride EDTA (Glistab-Labtest) to quantify the
concentration of glucose and cortisol with commercial kits (Labtest Ref.133 and DRG-
Cortisol ELISA — enzyme-linked immunosorbent assay — 1887, respectively). The inter-
assay coefficient of variation of the cortisol analysis was 5.4%, and intra-assay varied from
2.7 10 3.8%.

Innate immune biomarkers

An aliquot of whole blood with heparin was used to determine the respiratory activity of
leukocytes (RAL) according to the protocol by Anderson and Siwicki (1995) and modified
for pacu (Biller-Takahashi et al. 2013). The method is based on colorimetric determina-
tion of reactive oxygen species using nitroblue tetrazolium dye (NBT — Sigma Aldrich,
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N6876). The optical density of the solution was determined using a spectrophotometer —
Thermo Scientific®, Genesys 10S UV-vis at 540 nm.

From blood stored without anticoagulant, serum was separated and used to determine
the concentration of lysozyme and hemolytic activity of the complement system. Lysozyme
concentration was determined according to the protocol of Demers and Bayne (1997) and
modified for pacu (Zanuzzo et al. 2015) based on the lysis of the gram-positive bacterium
Micrococcus lysodeikticus (Sigma-4698) at 450 nm. The complement system hemolytic
activity (HAC5,) was determined according to Zanuzzo et al. (2017) using a kinetic assay
at 700 nm.

Antioxidant system and oxidative stress indicators

After blood collection, the fish were euthanized in a concentrated solution of MS222 for
liver removal, which was immediately frozen in liquid nitrogen and kept at —80 °C.

Liver samples were homogenized (1:10 w/v) in a phosphate buffer solution 0.1 M, pH
7.0 (superoxide dismutase — SOD, catalase — CAT, reduced glutathione — GSH, glu-
tathione transferase — GST, lipid peroxidation — LPO) and 7.6 (glutathione peroxidase
— GSH-Px), centrifuged, and the supernatants were stored at —80 °C for further analysis.
For the calculation of the enzyme activity, the protein content was determined according to
Bradford (1976).

The activity of SOD was determined according to McCord and Fridovich (1969) based
on the inhibition of the reduction rate of cytochrome c by the superoxide radical at 550 nm.
SOD activity was expressed in units of mg protein~!, with one unit of SOD correspond-
ing to the quantity of enzyme that promoted the inhibition of 50% of the reduction rate of
cytochrome c.

The activity of CAT was determined according to Beutler (1975) based on the con-
sumption of exogenous hydrogen peroxide (H,0,) by CAT, generating water and oxygen.
The absorbance of the solution was read at 240 nm every 15 s for 5 min, and activity was
expressed as nmol/mg protein/min.

The activity of GPx was measured according to Hopkins and Tudhope (1973) and esti-
mated indirectly through the oxidation of NADPH in the presence of glutathione reductase
and the substrate oxidized glutathione produced by the action of GPx at 340 nm.

The activity of GST activity was determined in a method based on the conjugation reac-
tion of GSH with 1-chloro-2-4-dinitrobenzene substrate, which is broadly specific for the
various isoforms of the enzyme with reading at 340 nm (Gagné 2014).

The concentration of GSH was determined according to Beutler et al. (1963). Glu-
tathione reacts with 5,50-dithiobis-2-nitrobenzoic acid, forming thiolate, measurable at 412
nm against a GSH standard curve. Lipid peroxidation (LPO) was determined by thiobarbi-
turic acid reactive substances (TBARS) assay according to Camejo et al. (1998). TBARS

concentrations were expressed in nmol MDA mg protein™".

Statistics

The experiment was set up in a completely randomized design in a factorial scheme 2 X 1,
with 5 longitudinal factors (sampling times). The data were evaluated by normality tests
(Cramer—von Mises), homoscedasticity (Brown—Forsythe), and two-way analysis of vari-
ance, and when the differences were significant (p < 0.05), a Tukey test was applied for
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comparison of the means using SAS software (version 9.3). N = 5. Values are means +
standard error.

Results
Stress biomarkers

After 24 h of exposure, when the running water system was closed, the fish at both tem-
peratures (28 °C and 16 °C) showed an increase in cortisol concentrations, and at 3 h into
the recovery period, after the return to 28 °C, there was a reduction in cortisol in fish from
both treatments (control, p = 0.0004; 16 °C, p = 0.0013) (Fig. 1A).

Glucose concentrations did not differ, along the samplings, in control fish, while fish
exposed to 16 °C showed the lowest values at 8 h of the recovery period (p = 0.1530),
when the control group values were higher (p = 0.0233) (Fig. 1B).

Innate immune biomarkers

After 24 h with the water running system closed, RAL increased in fish exposed to both
temperatures (28 °C and 16 °C), without differences between them, and reduced at 3 h of
recovery in control fish and after 8 h in 16 °C fish (control, p < 0.0001; 16 °C, p < 0.0001)
(Fig. 2A). At 3 h of recovery, the 16 °C fish had a higher RAL than the control fish (p =
0.0066) (Fig. 2A).

Fish exposed to 16 °C showed higher HAC;, after the low temperature exposure, with a
peak value at 8 h of recovery, while in the control group, there was a fluctuation of values
without significant change (control, p = 0.1435; 16 °C, p = 0.1454) (Fig. 2B). At all sam-
pling times, the 16 °C group had higher HACj, than the control group, except in the base-
line sampling (24 h exp., p = 0.0185; 3 h, p = 0.0012; 8 h, p = 0.0174) (Fig. 2B).

Regarding the serum lysozyme concentrations, they increased in the control fish at 8
h of recovery compared to the values observed at 24 h of exposure and at 3 h of recovery
(p = 0.0414), while the 16 °C fish presented the highest value at 24 h of recovery (p =
0.0002) (Fig. 2C). Comparing the groups, fish exposed to 16 °C always showed higher
lysozyme concentrations than the control fish, except in the baseline sampling and at 8 h
(24 hexp., p =0.0016; 3 h, p = 0.0410; 24 h, p = 0.0004) (Fig. 2C).
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Fig. 1. Cortisol (A) and glucose (B) concentration in the plasma of juvenile pacu (Piaractus mesopotami-
cus) exposed to 28 °C and 16 °C. Sampling times were 24 h of exposure and 3, 8, and 24 h of recovery.
Lowercase letters indicate differences between the same treatment at different sampling times. The letters A
and B indicate differences between treatments at the same sampling time (p < 0.05). The absence of sym-
bols indicates the absence of statistical difference
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Fig.2. Respiratory activity of leukocytes (RAL) (A), hemolytic activity of the complement system in
serum (HAC;,) (B) serum concentrations of lysozyme (C) of juvenile pacu (Piaractus mesopotamicus)
exposed to 28 °C and 16 °C. Sampling times were 24 h of exposure and 3, 8, and 24 h of recovery. Lower-
case letters indicate differences between the same treatment at different sampling times. The letters A and B
indicate differences between treatments at the same sampling time (p < 0.05)

Antioxidant system and oxidative stress indicators

The activity of the superoxide dismutase (SOD) did not differ between treatments (28
°C, p =0.9224; 16 °C, p = 0.3596) (Fig. 3A). Catalase activity (CAT) decreased in con-
trol fish after 24 h with the water running system closed, while the 16 °C fish showed
a similar profile but without statistical significance (control, p = 0.002; 16 °C, p =
0.3863) (Fig. 3B).

Glutathione peroxidase (GPx) activity decreased in fish exposed to 16 °C for 24 h
(p = 0.2086), when the activity was lower than that observed in the control fish (p =
0.0289). At 24 h of recovery, this pattern inverted and the 16 °C fish showed higher
activity (p = 0.0095) (Fig. 3C).

Regarding glutathione transferase (GST) activity (Fig. 3D), the control fish showed
small fluctuations, with an increase at 8 h and 24 h of recovery (p = 0.0666), while the
16 °C fish showed the highest activity at 8 h (p = 0.0031), when the activity was higher
than in the control fish (p = 0.0215).

Reduced glutathione (GSH) concentrations did not differ between treatments (con-
trol, p = 0.5539; 16 °C, p = 0.5325) (Fig. 3E). There was an increase in LPO in fish
exposed to 16 °C for 24 h, which remained until 8 h of recovery (p = 0.0010) (Fig. 3F).
In the control fish, LPO increased only after 24 h of observation, when the running
water system was closed (p = 0.0322). Compared to the control, the 16 °C fish always
presented higher values, except at the baseline sampling and at 24 h of exposure (24 h
exp., p = 0.0284; 3 h recovery, p = 0.0076; 8 h recovery, p = 0.0162).
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Fig. 3. Activity of superoxide dismutase (SOD) (A), catalase (CAT) (B), glutathione peroxidase (GPx) (C),
glutathione transferase (GST) (D), concentration of reduced glutathione (GSH) (E), and lipoperoxidation
(LPO) (F) in the liver of juvenile pacu (Piaractus mesopotamicus) exposed to 28 °C and 16 °C. Sampling
times were 24 h of exposure and 3, 8, and 24 h of recovery. Lowercase letters indicate differences between
the same treatment at different sampling times. Letters A and B indicate differences between treatments at
the same sampling time (p < 0.05). The absence of symbols indicates the absence of statistical difference

Discussion

Physiological processes in fish are closely influenced by temperature fluctuations, as
fish respond to suboptimal temperatures in an adaptive manner to maintain physiologi-
cal homeostasis (Yang et al. 2018; Islam et al. 2021). The pacu exposure to 16 °C for 24
h did not modify the stress biomarkers, but it promoted activation of the innate immune
system (leukocyte respiratory activity, HACs,, and lysozyme). In addition, it promoted
oxidative stress without altering most indicators of the antioxidant system, except for
an initial reduction in GPx activity, after exposure to 16 °C, followed by a late activa-
tion. GST was also activated late, probably as a compensatory process to reduce tissue
damage.
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The absence of changes in cortisol and glucose levels at the end of 24 h of expo-
sure to 16 °C in relation to the control group does not rule out the occurrence of stress
caused by cold, as reported in other studies. According to Chen et al. (2002), exposure
of Oreochromis aureus to a temperature reduction, from 25 to 12 °C, increased cortisol
concentrations 1 and 2 h after exposure. The same was observed in Larimichthys cro-
cea, which were acutely exposed to a reduction in temperature, from 23 to 9 °C (1 °C
every hour) and showed an increase in cortisol concentrations in the following 48 h (Liu
et al. 2012). The increase in cortisol observed at 24 h after the interruption of water
flow also occurred in the control group, which suggests that the increase in circulating
hormone in that sampling was associated with the flow interruption. However, we must
consider that the determination of biomarkers was not carried out at more acute times.
Since the beginning of the water cooling, the fish were exposed to the changes, and cor-
tisol levels could have increased before the samplings. The temperature reduction took
12 h, and fish were exposed to 16 °C for an additional 24-h period in which cortisol
could have been cleared from the blood. Faced with a short-term stressor, fish have the
natural ability to respond adaptively (Wendelaar Bonga 1997), which may explain the
result observed in this study after 24 h of exposure to 16 °C. Regarding the increase of
circulating cortisol in control fish, as well as in cold-exposed fish, as commented above,
it can be associated with the running flow interruption, though the indicators of the
water quality were within levels appropriate to the pacu (control group — 28.1 °C +
0.28; dissolved oxygen 6.3 + 0.34 ml L™!; total ammonia 0.49 + 0.017 mg L™!; and 16
°C group — 16.13 °C + 0.11, dissolved oxygen 7.8 + 0.1 ml L™!; total ammonia 0.46 +
0.02 mg L~!) (Urbinati and Takahashi 2021).

Variations in water temperature promote changes in body temperature and can affect
key physiological processes for health and survival, such as the immune system of fish
(Bowden 2008; Ahmad et al. 2011; Abram et al. 2017; Abram et al. 2019; Zhou et al.
2019). In the case of a short-term stressor, the response can have an activation phase that
enhances innate responses (Tort 2011). This can explain what was observed in the present
study. Fish exposed to 16 °C showed the activation of RAL at 3 h after the reestablish-
ment of flow, activation of the complement system, and increase in serum lysozyme levels
throughout the experiment from thermal exposure.

AHC4, reached peak values at 8 h of recovery, and lysozyme reached peak values
later, at 24 h. The complement system is an indicator of the immune condition, and its
activity, by the alternative pathway, is determined by the serum hemolytic activity when
in contact with foreign erythrocytes (Yano 1992; Biller-Takahashi et al. 2012; Zanuzzo
et al. 2017; Mello et al. 2019; Assis and Urbinati 2020; Faria et al. 2021; Lopes et al.
2022). Serum lysozyme concentrations are also used to express the immune status of
fish (Zanuzzo et al. 2017; Mello et al. 2019; Assis and Urbinati 2020; Faria et al. 2021;
Lopes et al. 2022).

In contrast with our findings, in Epinephelus coioides exposed to 19, 27, and 35 °C
for 96 h, the respiratory burst decreased at 3, 48, and 96 h, after fish were transferred to
19 and 35 °C, while HAC;, and lysozyme activity decreased at 3-96 h after fish were
transferred to 19 °C and 35 °C (Cheng et al. 2009). In Sparus aurata exposed to low tem-
peratures for 2 weeks, both complement activity and lysozyme activity decreased after
the reduction of temperature from 18 to 11 °C, being 1 °C per day (Tort et al. 2004).

Regarding the hepatic antioxidant system, our results suggest that the system was
impaired by exposure to cold. The activities of SOD and CAT, which are important
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enzymes of oxidative metabolism, did not change. SOD, by reacting with the superoxide
ion, forms hydrogen peroxide, which is decomposed into water and oxygen by CAT (Aebi
1984). Thus, the data suggest that this pathway was not activated, contributing to the
installation of oxidative stress. In addition, low temperature negatively modulated GPx
activity, which decreased after 24 h of exposure to 16 °C. However, in the last sampling,
24 h of recovery, GPx increased its activity and contributed to reducing the LPO. The
enzyme glutathione peroxidase works by reducing different types of peroxides, including
hydroperoxides, taking them to their corresponding alcohols, using GSH as a cofactor and
generating oxidized glutathione (GSSG) as a product (Halliwell and Gutteridge 2007).
Regarding the activity of GST, it increased from 3 h after the return to the control temper-
ature in fish exposed to cold, concomitant with a gradual increase in LPO observed in the
same group of fish. The GST acts in the detoxification of the organism, in the elimination
of xenobiotics and other metabolites derived from lipid peroxidation through conjugation
with reduced GSH (Raza 2011; Croom 2012), and in the reduction of hydroperoxides
(Regoli et al. 2011). Higher GST activity in the liver of cold-exposed fish may indicate
a compensatory mechanism to reduce tissue damage. A consequence of the increase in
GST may be the reduction in LPO at 24 h, when an increase in GPx activity was also
observed. According to Depledge (1989), an initial disturbance caused by a toxic expo-
sure generates responses to regulate the cellular and tissue homeostasis. GSH concentra-
tions were also unchanged. Glutathione levels are regulated by several enzymes (Meister
and Anderson 1983) but mainly depend on the balance between the rate of GSH synthesis
(by glutamate:cysteine ligase), rate of conjugation (by GSTs), rate of oxidation (not enzy-
matically or by GPx), and reduction of GSSG to GSH (by glutathione reductase). In fish,
GSH levels can increase through biosynthesis or by regeneration by glutathione reduc-
tase as a protective response (Pefia-Llopis et al. 2003). The concentration of GSH present
in cells is used as a non-enzymatic marker of oxidative stress (Halliwell and Gutteridge
2007; Grim et al. 2013).

LPO increased after exposure of pacu to 16 °C for 24 h and only decreased 24 h after the
temperature returned to 28 °C, when GPx and GST were increased. The characterization of
oxidative stress is evidenced by changes in the levels of oxidative damage markers that can be
products of protein and lipid oxidation (Halliwell and Gutteridge 1999; Stadtman and Levine
2000; Hermes-Lima 2004; Lushchak 2011). Lipoperoxidation starts with the reaction of a free
radical with an unsaturated fatty acid and the consequent formation of peroxyl radicals (Hal-
liwell and Gutteridge 1999). In the present study, increases in LPO indicated the occurrence
of oxidative stress in fish exposed to 16 °C. Using a different cold exposure protocol than the
one used in our study, Pinto et al. (2019) exposed pacu to a gradual temperature variation for
5 days. The GST activity in liver was reduced at 18 °C compared to that observed at 27 °C,
while TBARS increased as the temperature increased from 18 to 21 °C and 27 °C. In another
study, Bacchetta et al. (2020) submitted pacu to a cold challenge by transferring fish from 24
to 14 °C, without gradual reduction, and observed an increase only in the hepatic activity of
SOD and glutathione reductase, the latter of which is not determined in our study. Using a pro-
tocol similar to that of Bacchetta et al. (2020), Ale et al. (2021) exposed pacu to thermal shock
(from 24 to 14 °C), a condition in which they were kept for 24 h. The SOD activity increased
in the liver, but other enzyme activities increased in other tissues, while oxidative stress was
observed in the liver and intestine of fish exposed to 14 °C. In the aforementioned studies, the
experimental protocol differs from that used in our study, which makes it difficult to compare
the results, but, as observed in the different studies, temperature fluctuations lead to metabolic
changes and, consequently, to the production of reactive oxygen species (Pavlovi¢ et al. 2010).

@ Springer



3306 Aquaculture International (2023) 31:3297-3310

Conclusions

The present study showed that the drastic reduction in the comfort temperature and the
exposure to cold (16 °C) for 24 h induced several biological changes in pacu, which were,
on the one hand, protective, such as activation of the innate immune system (RAL, HACj,
and lysozyme). On the other hand, they showed that the hepatic antioxidant system had
difficulty in combating oxidative stress, with a limited response of its components, that is,
the reduction of GPx activity soon after exposure to cold and a lack of response of SOD,
CAT, and GSH, with the late activation of GPx and activation of GST soon after exposure,
when oxidative stress had already occurred. The results showed that pacu was sensitive
to temperature reduction, but it was able to activate immune responses and compensatory
responses to mitigate oxidative stress. The results will help producers in the management
of pacu during periods of thermal change, such as autumn and winter.
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