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Abstract

Tambaqui (Colossoma macropomum) is a tropical fish widely cultivated in South America.
The increasing demand for this species has heightened interest in its cultivation in sub-
tropical regions with greater thermal variability, where cold shock may induce oxidative
stress. This study evaluated the effects of cold shock and subsequent recovery on anti-
oxidant enzyme activity, which included superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR), glutathione S-transferase
(GST) and oxidative damage biomarkers (lipid peroxidation and protein carbonyl) in dif-
ferent tissues of juvenile tambaqui exposed to cold shock at 20°C for 24 h. Samples
were collected before temperature reduction (baseline) and at 1, 24 and 48 h after
returing to 28°C (recovery phase). Because sampling was restricted to the recovery
period, the biomarkers primarily reflected post-stressor physiological reorganization.
Recovery responses were strongly tissue-specific. The liver exhibited the broadest bio-
marker modulation, whereas the gills showed the highest integrated disturbance and
the earliest response according to Integrated Biomarker Response version 2 (IBRv2).
The brain displayed the clearest tendency towards restoration of basal redox homeosta-
sis, while the intestine and muscle retained oxidative demands during later recovery.
These findings demonstrate that post-cold recovery in juvenile tambaqui is a dynamic
and tissue-dependent process and highlight the importance of multibiomarker and mul-
titissue approaches for physiological monitoring and thermal stress assessment in tropi-

cal aquaculture species.
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1 | INTRODUCTION

Water temperature is one of the main limiting factors for fish because,
as ectothermic animals, it determines the rate of biochemical reac-
tions and, consequently, the energy balance available for functions
such as feeding, digestion, locomotion, growth and reproduction (Reid
et al., 2022; Volkoff & Rannestad, 2020). In addition to the absolute
value, the rate of thermal change is also crucial, as rapid changes tend
to produce more severe effects than gradual ones, as they reduce the
possibility of timely physiological adjustment (Donaldson et al., 2008;
Reid et al., 2022). Thus, abrupt temperature drops over a short period
characterize cold shock, which can trigger stress responses and physi-
ological imbalances (e.g., changes in cortisol and glucose levels, ionic/
acid-base disturbances, oxidative stress and increased maintenance
costs). This is often accompanied by reduced locomotor performance
and impaired reflexes/activity, with implications for vulnerability and
mortality (Donaldson et al., 2008; Islam et al., 2021; Michie
et al., 2020; Szekeres et al., 2014). This type of event can occur both
under natural conditions and in anthropogenic situations, such as han-
dling, transport and aquaculture systems with low thermal inertia
(Donaldson et al., 2008; Reid et al., 2022; Szekeres et al., 2014).

Tambaqui (Colossoma macropomum) is one of the most important
native species for inland aquaculture in South America, with produc-
tion concentrated in tropical regions characterized by low annual ther-
mal amplitude and typically warm waters (Agudelo et al., 2022;
Hilsdorf et al., 2022; Valladio et al., 2018). Endemic to the Amazon
and Orinoco basins, the species evolved in an environment driven by
extreme seasonal fluctuations in dissolved oxygen and water chemis-
try (Val & Wood, 2022). To thrive in such heterogeneous habitats,
C. macropomum exhibits remarkable phenotypic, biochemical and
physiological plasticity (Val & Almeida-Val, 2026). A classic example of
its resilience is its high tolerance to severe hypoxia, characterized by
the reversible expansion of the lower lip to facilitate aquatic surface
respiration (Fagundes et al., 2026; Val & Wood, 2022). This morpho-
logical adaptation is supported by profound metabolic reprogramming,
including the activation of the hypoxia-inducible factor (HIF) pathway,
downregulation of aerobic pathways and enhanced glycolytic flux to
sustain local energy demands (Fagundes et al., 2026).

Although the species is recognized for its robustness in relation
to some management stressors and these natural environmental
extremes, it is a tropical fish with marked restrictions at low tempera-
tures, which limits its performance and the feasibility of cultivation in
subtropical regions (Agudelo et al., 2022). Thermal deviations from its
optimal range strongly challenge its homeostasis and redox balance
(Val & Wood, 2022), altering its antioxidant status and inducing severe
cell damage (Amanajas et al., 2024). For instance, evidence from farm-
ing under subtropical conditions reports episodes of total mortality
after consecutive days with minimum temperatures around 15°C
(Meurer & Filho, 1997). Several studies indicate that water tempera-
tures below approximately 15-18°C during the cold season constitute
a limit for the establishment and expansion of the species, and that
suboptimal ranges (below ~23°C) are associated with reduced perfor-

mance (Woynarovich & Van Anrooy, 2019). In contrast, the range
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considered ideal/optimal for culture and performance is around 28-
30°C, with experimental evidence of better growth and feed effi-
ciency close to 30°C (Chu Koo et al., 2011; Hilsdorf et al., 2022; Woy-
narovich & Van Anrooy, 2019).

In addition to classical stress responses (endocrine and metabolic),
rapid cooling and/or exposure to suboptimal temperatures can impact
redox balance, as thermal changes alter mitochondrial function and the
efficiency of aerobic metabolism, favouring the formation of reactive
species and requiring adjustments in the antioxidant system (Lu
et al,, 2019; Reid et al., 2022; Tseng et al., 2011). Studies in teleosts, such
as Danio rerio, demonstrate that cold shock can induce oxidative damage
and tissue-specific antioxidant responses, showing that different organs
(e.g., liver, gills and brain) may display distinct patterns of lipid peroxida-
tion, antioxidant enzyme expression/activity and apoptosis following
acute cold exposure (Tseng et al., 2011; Wu et al., 2015).

For C. macropomum, studies have already shown that sudden
reductions in temperature trigger haematological and metabolic alter-
ations and modulate antioxidant components. However, much of the
available knowledge still focuses on single-tissue analyses and sam-
pling restricted to the cold exposure period (dos Santos Silva
et al., 2024; Paulino et al., 2026). For example, in juveniles subjected
to a sudden decrease from 28 to 18°C, changes in plasma markers
and liver antioxidant activities were reported within 1-24 h after the
onset of the cold shock (dos Santos Silva et al., 2024). In parallel, stud-
ies with juvenile tambaqui reinforce that oxidative biomarkers and
antioxidant defences are strongly tissue-dependent, showing con-
trasting profiles among liver, intestine, gills, muscle, brain and plasma
(Melo et al., 2024).

Considering these knowledge gaps, the present study aimed to
expose juvenile C. macropomum to a rapid temperature decrease
maintained for 24 h and to evaluate antioxidant responses and oxida-
tive damage biomarkers in different tissues in the recovery phase. This
approach allows the comparison of the magnitude and temporal
dynamics of the responses, as well as the identification of which tis-
sues are more responsive and which return more rapidly to baseline

patterns.

2 | MATERIALS AND METHODS

2.1 | Study site and ethical approval

The present study was conducted in the laboratories of the Depart-
ment of Animal Science at the Federal University of Lavras (UFLA),
Brazil. All experimental procedures were approved by the Institutional

Committee for the Ethical Use of Animals under protocol no. 29/17.

2.2 | Experimental animals and rearing conditions

The animals used in this study were obtained from induced reproduc-
tion carried out at the Aquaculture Laboratory of the Federal Univer-
sity of Minas Gerais (LAQUA-UFMG). Five-day post-hatch larvae
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were fed with Artemia salina for 15 days, followed by a powdered diet
containing 46% crude protein up to 70 days post-hatching (Santos
et al., 2021). During this early phase, fish were reared in 28 L tanks
connected to a Recirculating Aquaculture System (RAS) at a stocking
density of 50 larvae L™1, with water temperature maintained at 28°C.
Subsequently, the juveniles were transferred to 800 L tanks in a RAS,
following routine maintenance protocols (Ananias et al., 2024; Santos
et al., 2021). In this phase, the fish were kept at a density of 2000
individuals per tank at 28°C and fed with a powdered diet at 10% of
their biomass, mixed with an extruded commercial feed (1.3-1.5 mm
in diameter, Wean Prime line, Total Racdes, Trés Coracoes, Brazil)
containing 45% crude protein.

Juvenile tambaqui (C. macropomum) with an initial body weight of
75.57 £ 7.13 g and a total length of 16.83 + 0.92 cm were distributed
among three 400 L tanks connected to a RAS equipped with mechani-
cal and biological filtration, temperature control and supplemental aer-
ation. Fish were acclimated to the experimental conditions for
15 days. The photoperiod was maintained at 12 h light:12 h dark
(12L:12D) using a timer (Brasfort 8769). During acclimation, fish were
kept under the following conditions: temperature of 28.12 + 0.25°C,
dissolved oxygen of 6.91 +0.27 mgL™* and pH of 6.91 + 0.27. Fish
were fed three times daily with an extruded commercial diet (AQUOS
Tropical; 2-4 mm; 320¢g kg’1 crude protein, 7.5g kg’1 lipids,
120 g kgt ash and 4.5 g kg~ fibre). The animals were fasted for 24 h
before the start of the experiment.

2.3 | Cold shock protocol and recovery

Cold shock was induced by a controlled decrease in water tempera-
ture in the RAS from 28 to 20°C by water replacement using two aux-
iliary reservoirs with a combined volume of 600 L, consisting of one
400 L reservoir and one 200 L reservoir. The RAS consisted of three
400 L tanks containing fish. The water in the auxiliary reservoirs was
cooled to 12°C using ice, which was added only to these reservoirs
and not directly to the tanks containing fish, thereby preventing direct
contact between ice and fish.

To induce the temperature decrease, the water outlet of the tanks
was opened, allowing part of the 28°C water to leave the system while
cooled water from the auxiliary reservoirs entered the RAS and mixed
with the water in the tanks. Water movement during this procedure was
driven by a Sarlo Aquafortis 20000 submersible pump, with a nominal
flow capacity of 19,000 L h~L. Under the experimental configuration, the
measured water flow was 22.0 L min~! tank~2. Considering the three
tanks, the total measured flow was 66.0 L min~*. The target temperature
of 20°C was reached after 11 min, corresponding to an average cooling
rate of 0.727°C min~?, equivalent to 43.6°C h™*. During the cooling pro-
cedure, continuous water circulation and supplemental aeration were
maintained to promote water mixing and reduce thermal heterogeneity.
Water temperature was monitored during the cooling process until the
target temperature was reached.

Fish were maintained at 20°C for 24 h. After this period, the RAS
temperature controller was reset to 28°C, allowing the water

temperature to gradually return to the initial condition without abrupt
heating. Recovery began after the 24 h exposure at 20°C with the
adjustment of the thermal controller to 28°C. Temperature was grad-
ually restored under continuous recirculation and supplemental aera-
tion until reaching 28°C. Recovery time Oh was defined as the
moment when the water temperature reached 28°C, from which sam-
pling was performed at 1, 24 and 48 h.

2.4 | Sampling and tissue collection

Baseline sampling (0 h) was performed before the induction of thermal
stress. After the system returned to 28°C (recovery phase), additional
samplings were conducted at 1, 24 and 48 h. At each time point, six fish
were collected per tank, totalling 18 fish per sampling point. Fish were
euthanized by spinal cord section, followed by dissection and collection
of brain, gills, intestine, liver and a portion of white muscle from the dor-
sal region. The tissues were immediately frozen in liquid nitrogen and
stored at —80°C until sample processing. For statistical analyses, the tank
was considered the experimental unit. Six fish were sampled from each
tank at each time point (18 fish per time point in total), and fish from the
same tank were treated as biological subsamples. Individual biomarker
values were averaged within each tank, and the resulting tank mean
(n = 3 tank means per time point) was used for all statistical analyses.

2.5 | Tissue homogenization and protein
quantification

Tissue samples were initially weighed using an analytical balance
(Shimadzu AUW220D) and homogenized in ice-cold saline buffer
(0.138 M NaCl; 0.0027 M KCl; pH 7.2) at a ratio of 1:10 (w/v). The
homogenates were centrifuged at 7000 x g for 15 min at 4°C
(Multifuge X1R, Thermo Fisher Scientific, Waltham, MA, USA). The
resulting supernatant was carefully collected, divided into four 500 pL
aliquots and stored at —80°C until biochemical analyses.

Total protein concentration in the homogenates was determined
following the Bradford method (Bradford, 1976). For this purpose,
10 uL of the supernatant was mixed with 200 puL of Bradford reagent,
and a standard curve was constructed using bovine serum albumin as
the reference protein. Absorbance was measured at 595 nm using a
microplate reader. Protein concentrations were used to normalize the
activities of antioxidant enzymes and the levels of oxidative damage
biomarkers described below. All analyses were performed in triplicate,
and the interval between tissue sampling and completion of the

assays was approximately 1 week.

2.6 | Antioxidant enzymes and oxidative damage
biomarkers

Antioxidant enzyme activities were determined in tissue homoge-
nates. Catalase (CAT, EC 1.11.1.6) activity was measured by
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monitoring the decomposition of hydrogen peroxide (H,O,) at
240 nm according to Aebi (1984). Superoxide dismutase (SOD, EC
1.15.1.1) activity was determined based on the inhibition of pyrogallol
auto-oxidation following the method of Madesh and Balasubramanian
(1997), with absorbance measured at 570 nm. Glutathione peroxidase
(GPx, EC 1.11.1.9) activity was quantified by monitoring NADPH oxi-
dation at 340 nm in a coupled reaction system containing reduced
glutathione (GSH) and glutathione reductase (GR), according to Giin-
zler et al. (1984). GR (EC 1.8.1.7) activity was also determined by mon-
itoring NADPH oxidation at 340 nm, following the method of Giinzler
et al. (1984). Glutathione S-transferase (GST, EC 2.5.1.18) activity was
measured at 340 nm using 1-chloro-2,4-dinitrobenzene (CDNB) as a
substrate according to Habig et al. (1974).

Oxidative damage was evaluated through lipid peroxidation and
protein oxidation markers. Lipid peroxidation was estimated by mea-
suring thiobarbituric acid reactive substances (TBARS), using malon-
dialdehyde (MDA) as the reference compound, with absorbance read
at 530 nm (Buege & Aust, 1978). Protein oxidation was assessed by
determining protein carbonyl (PC) content after derivatization with
2,4-dinitrophenylhydrazine (DNPH) according to Reznick and
Packer (1994).

Detailed descriptions of the enzymatic assays and oxidative dam-

age determinations are provided in the Supplementary Methods.

2.7 | Integrated biomarker response version 2

Integrated biomarker response version 2 (IBRv2) was calculated
according to the methodology proposed by Beliaeff and Burgeot
(2002) and later refined by Sanchez et al. (2013). The index was calcu-
lated separately for each tissue, using the basal group as the reference
(Xo))- For each biomarker (j) and sampling time (i), the mean values (X;)
were normalized relative to the basal condition and expressed as a
logarithmic ratio (Y; = log(X;/Xo;)). Subsequently, for each biomarker,
the mean (i) and standard deviation (s;) of Y;; were calculated consid-
ering all evaluated time points (0, 1, 24 and 48 h), and the values were
standardized using a z-score transformation (Z; = (Y; — w)/s)). The
deviation relative to the reference group was then obtained as
Aj = Zj — Zo;. The IBRv2 for each time point was calculated as the
sum of the absolute values of these deviations (IBRv2; = %;|A;)).
The Aj; values were represented using star plots, in which positive and
negative values indicate induction or inhibition of each biomarker rel-
ative to the basal condition, respectively. Finally, the integrated index
for each tissue throughout the experiment was obtained by summing

the IBRv2 values across all experimental time points.

2.8 | Statistical analysis

Statistical analyses were performed using Minitab® 23 (Minitab LLC,
State College, PA, USA), and graphs were generated using Prism ver-
sion 10 (GraphPad Software, San Diego, CA, USA). The tank was con-
sidered the experimental unit, with each value corresponding to the

mean of one tank. Data normality was assessed using the Shapiro-
Wilk test, and homogeneity of variances was evaluated using Levene's
test. When necessary, data were transformed using the Box-Cox pro-
cedure to meet the assumptions of parametric analysis. After transfor-
mation, normality and homogeneity of variances were reassessed. For
each tissue, differences among experimental time points were ana-
lysed using one-way ANOVA. When significant effects were detected,
pairwise comparisons were conducted using Tukey's post hoc test.
The level of significance was set at 5%. Results are expressed as
mean * standard deviation using untransformed data for biological

interpretation.

3 | RESULTS
3.1 | Antioxidant enzymes and oxidative damage
biomarkers

During the experimental period, no mortality was observed. The
results of the antioxidant enzymes SOD, CAT, GPx, GR and GST in
the different tissues are presented in Figure 1a-e. The oxidative dam-
age biomarkers, mMDA and protein carbonyls (PCs), are shown in
Figures 2a-e and 3a-e, respectively.

In the brain (Figure 1a), a significant effect of time was observed
on the activities of SOD (p =0.030), CAT (p=0.002), GPx
(p =0.039) and GST (p = 0.008), whereas GR did not vary signifi-
cantly (p = 0.229). SOD activity (p = 0.030) was higher at 24 h com-
pared with the baseline. CAT activity (p = 0.002) decreased at 1 h
and remained lower than the baseline at both 24 and 48 h. GPx activ-
ity (p = 0.039) showed a reduction at 24 h relative to the baseline.
GST activity (p = 0.008) was lower at 24 h, with intermediate values
observed at 48 h (Figure 1a). MDA levels in the brain (Figure 2a) var-
ied over time (p = 0.012), showing a reduction at 24 h compared with
the baseline and 48 h. In contrast, PC levels did not show significant
differences over time (p = 0.242) (Figure 3a).

In the gills (Figure 1b), a significant effect of time was observed
on SOD (p <0.001), CAT (p =0.004), GPx (p =0.025) and GST
(p =0.035), whereas GR did not differ among time points
(p = 0.067). SOD activity (p < 0.001) increased markedly at 24 h and
remained elevated at 48 h compared with the baseline and 1 h. CAT
activity (p = 0.004) decreased at 1 h and remained lower than the
baseline at 24 and 48 h. GPx activity (p = 0.025) was higher at 24 h
compared with the baseline. GST activity (p = 0.035) increased at
24 h relative to 1 h. MDA levels in the gills (Figure 2b) were also
affected (p < 0.001), showing a reduction at 1 h and remaining lower
than the baseline at 24 and 48 h. In contrast, PC levels did not vary
significantly over time (p = 0.679; Figure 3b).

In the intestine (Figure 1c), time significantly affected the activi-
ties of SOD (p <0.001), CAT (p =0.025), GPx (p =0.009), GR
(p = 0.034) and GST (p = 0.001). SOD activity (p < 0.001) peaked at
24 h, showing higher values than the baseline, 1 and 48 h. CAT activ-
ity (p = 0.025) was higher at 1 h compared with 48 h, while the base-
line and 24 h showed intermediate levels. GPx (p = 0.009) and GR
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FIGURE 1 Antioxidant enzyme activities in different tissues of juvenile tambaqui (Colossoma macropomum) subjected to cold shock (20°C for
24 h). Samples were collected before temperature reduction (baseline) and at 1, 24 and 48 h after the water temperature returned to 28°C
(recovery phase). Panels show the activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase
(GR) and glutathione S-transferase (GST) in the brain (a), gills (b), intestine (c), liver (d) and muscle (e). Data are expressed as mean + standard
deviation (SD). Statistical analyses (ANOVA) were performed using tank means as the experimental units (n = 3 tanks per sampling time, with

6 fish sampled from each tank; 18 fish in total per sampling time). Different lowercase letters denote significant differences among sampling times
within the same tissue according to Tukey's post hoc test (p < 0.05), whereas ns indicates no significant differences.

(p = 0.034) activities were higher at 24 h relative to the baseline. GST In the liver (Figure 1d), time significantly affected the activities
activity (p = 0.001) was also higher at 24 h compared with the other of SOD (p = 0.048), GPx (p = 0.003) and GR (p = 0.010), whereas
time points. MDA levels in the intestine (Figure 2c) varied markedly CAT (p = 0.188) and GST (p = 0.098) did not show significant vari-
over time (p < 0.001), increasing at 24 h and reaching the highest ation (Figure 1d). SOD activity (p = 0.048) was higher at 1 h and
value at 48 h. In contrast, PC levels did not differ significantly among lower at 24 h. GPx activity (p = 0.003) increased at 1 h compared
time points (p = 0.060; Figure 3c). with the other time points. GR activity (p = 0.010) was also higher
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3.2 | Integrated biomarker response version 2
IBRv2, considering the biomarkers evaluated in the different tissues,
is presented in Figure 4. Overall, the highest total IBRv2 (ZIBRv2) was
observed in the gills (30.41; Figure 4c), followed by muscle (27.16;
Figure 4i), brain (26.93; Figure 4a) and intestine (26.57; Figure 4e),
whereas the liver showed the lowest ZIBRv2 (23.03; Figure 4g).

Regarding the temporal variation of the index (Figure 4b,d,f,h,j),
the brain showed a peak in the integrated response at 24 h
(IBRv2 = 12.00) compared with 1 h (7.83) and 48 h (7.09) (Figure 4b).
In the gills, the highest value occurred at 1 h (IBRv2 = 12.04), remain-
ing elevated at 24 h (11.20) and decreasing at 48 h (7.17) (Figure 4d).
In the intestine, IBRv2 also reached its highest value at 24 h (11.92),
compared with 1 h (7.99) and 48 h (6.66) (Figure 4f). In the liver, the
highest IBRv2 was observed at 1 h (10.50), followed by a progressive
decrease at 24 h (7.33) and 48 h (5.19) (Figure 4h). In the muscle,
IBRv2 was highest at 24 h (10.74) and remained relatively elevated at
48 h (9.17) compared with 1 h (7.25) (Figure 4;).
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same tissue according to Tukey's
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4 | DISCUSSION

In fish, thermal changes can destabilize redox balance and promote
reactive oxygen species (ROS) formation, so the activation of anti-
oxidant defences is a central component for maintaining homeosta-
sis and mitigating damage to lipids and proteins (Lushchak, 2011;
Reid et al., 2022). A key aspect of our experimental design is that
sampling was conducted exclusively during the recovery phase, so
the analysed biomarkers primarily reflect physiological reorganiza-
tion after cold shock and the redox costs associated with metabolic
resumption. This is relevant because recovery can be biologically
critical and not necessarily milder than exposure to the stressor,
and redox challenges may persist even after thermal restoration
(Sanchez-Nufo et al., 2018). From an applied perspective, under-
standing the recovery dynamics after cold shock in C. macropomum,
a tropical species with limitations to low temperatures, can support
thermal management strategies and physiological monitoring aimed
at reducing sublethal damage, mortality and production losses in
aquaculture.

1000

post hoc test (p < 0.05), whereas ns
indicates no significant differences.

Basal
1h
24h
48h

The cerebral response to cold shock results from the integrated
action of different antioxidant systems (Wu et al., 2015). SOD, which
constitutes the first line of defence, and GR maintained stable activi-
ties in the brain, suggesting preservation and maintenance of thiol
redox status. This interpretation is consistent with studies in D. rerio
and Carassius auratus, where GSH metabolism in brain tissue was pre-
served even under acute cold exposure (Lushchak & Bagnyukova,
2006a; Tseng et al., 2011). Additionally, the early mobilization of GST
at 1 h suggests an immediate response in the detoxification of second-
ary oxidation products (Lushchak & Bagnyukova, 2006b). An efficient
antioxidant system is important since this organ has high metabolic
demand and elevated levels of polyunsaturated fatty acids, making it
naturally vulnerable to ROS (Papoutsoglou, 2012; Ratko et al., 2022).
The effectiveness of the antioxidant defence is confirmed by the
absence of protein carbonylation, corroborating findings in Astyanax
lacustris (Ratko et al., 2022). In the literature, this protection of the
neuronal proteome has been attributed to the induction of heat shock
proteins, which act as molecular chaperones, preventing protein mis-
folding and oxidation (Li et al., 2024). In parallel, the reduction in MDA



MELO ET AL
F.I GURE 4 Integrated . (a) Brain o n
biomarker response (IBRv2) in IBR - 26.93 i

tissues of juvenile tambaqui
(Colossoma macropomum) subjected
to cold shock (20°C for 24 h).
Samples were collected before
temperature reduction (baseline)
and at 1, 24 and 48 h after the
return to 28°C (recovery phase).
Radar plots illustrate the IBRv2
profiles and the overall IBRv2 index
over time in the brain (a, b), gills
(c, d), intestine (e, f), liver (g, h) and
muscle (i, j). IBRv2 was calculated
using tank-level means (n = 3 tanks
per sampling time, with 6 fish
sampled from each tank; 18 fish in
total per sampling time).

levels at 24 h suggests the neutralization of peroxides, metabolically
supported by the pentose phosphate pathway, whose activation of the
enzyme G6PDH provides NADPH essential for GSH recycling, protect-

ing membranes and preventing apoptosis (Ratko et al., 2022; Toni

etal., 2019).
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The integration of all these biomarkers through the IBRv2 index
allows visualization of the overall adaptive effort of brain tissue during
recovery. The expansion of the area occupied by the index at 24 h

characterizes what the literature defines as the physiological reorgani-

zation window, representing the moment of greatest mobilization to
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achieve a new homeostatic state (Campos et al., 2019; Joy
et al., 2017). Mathematically, this peak at 24 h is driven by specific
variables that act as vectors within the index (Beliaeff &
Burgeot, 2002), with the activity of glutathione system enzymes,
together with the reversal of MDA levels, being the main factors
expanding the radar chart area at this time point. The decline toward
baseline levels at 48 h indicates that the brain established effective
compensatory mechanisms, with adaptive plasticity and recovery
capacity after cold shock, without compromising the functional integ-
rity of the organ. This reflects a maximal physiological mobilization
effort to neutralize ROS before the onset of permanent damage
(Campos et al., 2019; Li et al., 2024).

In cultured tropical species such as C. macropomum, cold stress
can rapidly compromise gill function, as this tissue acts as the primary
interface with the environment and is highly susceptible to structural
alterations and redox imbalance induced by low temperatures (Refaey
et al., 2023; Schleger et al., 2024; Wen et al.,, 2018). In our study, the
recovery phase was accompanied by a biphasic antioxidant response
in this tissue. In the first hour of recovery, reduced CAT and GST
activities were observed, while SOD activity remained unchanged,
suggesting a lower capacity for peroxide removal, consistent with the
transient modulation of antioxidant enzymes already described for
gills under acute thermal challenges (Lushchak & Bagnyukova, 2006a;
Rossi et al., 2017). In subsequent time points, increased activities of
SOD, GPx and GST were observed, while CAT remained reduced and
GR activity showed no change, suggesting a greater contribution of
the glutathione-dependent antioxidant system. This pattern is consis-
tent with the literature, which describes increased participation of
these enzymes during recovery after thermal challenges (da Silva
et al., 2024; Schleger et al., 2024; Wen et al., 2018).

The maintenance of PC levels in the gills, together with the reduc-
tion in MDA levels, is consistent with the limitation of oxidative dam-
age in gill tissue throughout recovery. Overall, the data suggest that
although the initial phase of recovery involves modulation of enzymes
associated with peroxide removal, C. macropomum exhibits antioxi-
dant adjustment capacity in the gills, favouring the reorganization of
the redox response during recovery (Duan et al., 2024). The gill IBRv2
index complements these findings by highlighting the overall adaptive
effort of the organ through a rapid response in the first hour of recov-
ery, associated with initial changes in CAT and GST and a reduction in
MDA (Devin et al., 2014). At 24 h, the maintenance of the index indi-
cates persistence of the adaptive effort, associated with increased
SOD, GPx and GST, reflecting biochemical adjustments aimed at sta-
bilizing redox status (Wen et al., 2018). Finally, the reduction of the
index at 48 h indicates progressive stabilization and return to homeo-
stasis, suggesting that compensatory mechanisms were effective in
restoring gill function and preserving the functional integrity of the
fish after cold shock (Campos et al., 2019; Schleger et al., 2024).

Although the intestine is often addressed in feeding trials and
studies of nutritional stress, this tissue also deserves attention under
cold stress conditions, as it plays a central role in nutrient digestion
and absorption and acts as a physico-immunological barrier (Guerreiro

et al., 2023; Ramos-Oliveira et al., 2026). This functional combination

results in high metabolic activity of the epithelium, making the intes-
tine particularly sensitive to changes in redox balance (Chen
et al, 2023; Chu et al., 2025; Liu et al., 2025). In our study, we
observed a compensatory antioxidant response within the first 24 h,
evidenced by increased activities of SOD, GPx, GST and GR, while the
maintenance and subsequent reduction of CAT activity suggest a
greater contribution of the glutathione-dependent antioxidant system
in peroxide removal (Lv et al., 2021). This pattern is consistent with
that described in teleost species such as Brachymystax lenok tsinlingen-
sis and D. rerio (Chu et al., 2025; Fang et al., 2023).

Regarding oxidative damage in the intestine, no changes were
observed in PC levels. In contrast, lipid peroxidation increased at 24 h,
peaking at 48 h, indicating that the antioxidant response was not suf-
ficient to prevent the progression of oxidative damage. The high con-
tent of polyunsaturated fatty acids in intestinal cells, resulting from
lipid absorption, makes this tissue particularly susceptible to oxidation
(Chen et al., 2023; Fu et al., 2025; Li et al., 2023; Liu et al., 2025;
Magouz et al., 2022). This pattern is consistent with reports in teleosts
exposed to acute stressors, showing increased intestinal MDA levels
(Chen et al., 2023; Dawood et al., 2022; Fu et al., 2025; Li et al., 2021;
Zhou et al., 2022). Complementing these findings, the IBRv2 index
identified a peak in physiological reorganization at 24 h and a decline
at 48 h, indicating that, despite the delayed peak in MDA levels, the
overall set of compensatory mechanisms was effective in stabilizing
homeostasis (Lv et al., 2021).

In studies investigating different types of stress in fish, the liver is
among the main tissues evaluated due to its central role in
metabolism, biotransformation and maintenance of homeostasis
(Figueiredo-Fernandes et al., 2006). This high energetic demand
makes hepatic tissue particularly susceptible to ROS production under
thermal challenge conditions (Sun et al., 2020; Wang et al., 2019). In
our study, during the recovery phase after cold stress, the liver of
C. macropomum showed increased activities of SOD, GPx and GR
within the first hour of recovery. This pattern is consistent with a
higher oxidative demand in hepatic tissue during post-cold physiologi-
cal reorganization, a condition that, in other studies, has been associ-
ated with intensified oxidative metabolism and electron leakage in the
respiratory chain (Brand, 2016; Mailloux, 2018; Qi et al., 2013).

In this context, the absence of an increase in MDA in the liver
compared to baseline is consistent with an initial limitation of oxida-
tive damage to lipids, a pattern also described in juveniles of
C. macropomum subjected to thermal challenges (dos Santos Silva
et al., 2024). On the other hand, the maintenance of the hepatic anti-
oxidant response throughout recovery appears to depend, in part, on
the activity of GPx and GR and on the supply of NADPH required for
the regeneration of GSH from GSSG (Fan et al., 2014). In other spe-
cies, the literature indicates that, under acute thermal challenges, this
demand may be associated with the involvement of the pentose phos-
phate pathway and G6PDH (Dalvi et al., 2017; Guillen et al., 2019;
Laiz-Carrion et al., 2002). The reduction in SOD, GPx and GR activi-
ties, together with increased protein carbonylation, indicates dimin-
ished hepatic antioxidant capacity at later stages and enhanced

protein damage, consistent with studies showing that proteins are



MELO ET AL

preferential targets under thermal stress (Grim et al., 2010; Malek
et al, 2004; Wen et al., 2018). Unlike the pattern observed in the
IBRv2 in other tissues, the liver exhibited an immediate response fol-
lowed by a progressive decline in subsequent hours (Campos
et al., 2019; Devin et al., 2014). In this specific context of hepatic tis-
sue, this reduction does not indicate homeostatic recovery, but rather
a possible limitation in sustaining the antioxidant response over time,
suggesting greater susceptibility to the progression of structural oxi-
dative damage (da Silva et al., 2024; Wang et al., 2019). This behav-
iour corroborates studies identifying the liver as a highly demanding
organ under thermal stress, in which prolonged exposure may com-
promise the antioxidant system and affect cellular integrity (Rossi
et al., 2017; Roychowdhury et al., 2021; Sun et al., 2020).

Skeletal muscle represents the largest fraction of fish body mass,
constitutes a functionally diverse tissue, and responds sensitively to
metabolic and environmental changes, with direct implications for
growth, performance and final product quality (Chu et al., 2021;
Dettleff et al., 2020; Johnston et al., 2011). In this context, cold stress
imposes significant physiological and metabolic challenges on teleost
muscle tissue (Guderley, 2004). During the recovery phase, we
observed modulation of the antioxidant response in this tissue
throughout the experimental period, with changes in enzymatic activi-
ties but no evidence of a sustained protective antioxidant response. In
contrast to the enzymatic profile, muscle showed reduced lipid peroxi-
dation (MDA), suggesting stability of the lipid component, possibly
associated with membrane remodelling and reduced propagation of
peroxidation at low temperatures (Chu et al., 2021; Grim et al., 2010;
Malek et al., 2004). On the other hand, there was a progressive
increase in protein carbonylation, indicating a greater incidence of oxi-
dative damage to proteins during recovery, a pattern also described in
other species (Pereira et al., 2023).

Overall, the data indicate a dissociation between MDA and PC,
with greater vulnerability of the protein component in muscle. This
pattern is represented by the IBRv2 as a scenario of metabolic effort
and vulnerability. Muscle reached its peak mobilization at 24 h, main-
taining a high plateau up to 48 h. The expansion and maintenance of
the radar chart area illustrate the continuous effort of the antioxidant
system in response to the challenge imposed by recovery after cold
shock (Campos et al., 2019). However, consistent with the dissocia-
tion observed in damage biomarkers, the persistence of this elevated
index indicates that the muscle response capacity was directed and
limited (Grim et al., 2010; Kammer et al., 2011). Although mobilization
was effective in protecting membrane lipid structures, it was not suffi-
cient to fully neutralize ROS, allowing the progression of oxidative
stress and leading to protein carbonylation (Corréa et al., 2024; Melo
et al., 2024).

In the context of tropical aquaculture species, cold shock epi-
sodes represent critical events, as they may compromise physiological
functions even after thermal restoration. In C. macropomum, recovery
after cold shock was tissue-specific, with a temporal redistribution of
redox costs among organs: gills responded more promptly, the liver
concentrated the integrated response in the early phases, while brain

and intestine expressed a relevant part of this reorganization at later

s FISHBIOLOGY |

time points, and muscle showed a slower recovery. This pattern is
consistent with the tissue variability described in juvenile tambaqui
and in other species subjected to different stressors (Corréa
et al., 2024; Melo et al., 2024) and reinforces IBRv2 as a useful tool
for integrating complex redox responses.

5 | CONCLUSION

The present study demonstrates that post-cold recovery in juvenile
C. macropomum is a dynamic, time-dependent and tissue-specific
process. The liver stood out for the greatest amplitude of bio-
marker changes, suggesting high redox reactivity and lower sustain-
ability of the antioxidant response throughout recovery. In parallel,
the gills responded immediately, while the muscle and intestine
showed more delayed oxidative damage. The brain, in turn, showed
a greater tendency to restore basal homeostasis. The multitissue
approach, combined with IBRv2, allowed the integration of antioxi-
dant responses across different tissues, revealing that recovery
involves biological costs even after thermal restoration. These find-
ings highlight the importance of incorporating the recovery phase
into experimental assessments of cold stress in tropical fish and
provide a physiological basis for management and monitoring strat-
egies applied to aquaculture.
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