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A B S T R A C T

Exposure to aluminum (Al) and aluminum+manganese (Mn) can trigger an increase in reactive oxygen species
(ROS) and modify the activity of oxidative defense enzymes. This study investigated whether exposure to Al and
Al+Mn at acid pH for 24 and 96 h causes oxidative stress evidenced by antioxidants and oxidative damage in
the gills and liver of sexually mature Astyanax altiparanae males. The fish were subsequently immersed in metal-
free water for 24 and 96 h to see whether they recovered from the effects of these metals. Exposure to an acid pH
boosted the activity of gill superoxide dismutase (SOD) at 96 h and the fish did not recover when immersed for
the same period in water at neutral pH. Exposure to Al increased glutathione (GSH) levels (24 h) in the gills,
returning to control levels during the recovery period, showing the efficiency of the antioxidant system in
preventing lipid peroxidation of the gills and liver. Mn did not modify the activity of the enzymes studied, but
did trigger late hepatic lipid peroxidation during the recovery period. The group exposed to Al+Mn exhibited
several alterations, including increased concentration of GSH, as well as higher GPx and GR activity in the gills.
Despite the defensive responses triggered by acute exposure, during the recovery period there were alterations in
catalase (96 h) and an increase in hepatic metallothionein (24 h), but this did not prevent hepatic lipid perox-
idation. Al and Al+Mn produced different effects, and the timing of enzymatic and non-enzymatic antioxidant
defenses also differed.

1. Introduction

In recent years, the levels of various metals, such as aluminum (Al)
and manganese (Mn), have increased in the ecosystem, affecting the
health of aquatic organisms (Aravind and Prasad, 2003; Basha and
Rani, 2003; Brumbaugh et al., 2005; Atli et al., 2006; Al-Ansari et al.,
2010; Correia et al., 2010; Narcizo et al., 2010). Al and Mn are abun-
dant in the earth's crust and both have applications in the daily life of
humans (Emsley, 1991). While Mn is an essential metal and accumu-
lates predominantly in the mitochondria, mainly as Mn2+ through the
Ca2+ channel (Gunter and Pfeiffer, 1990), Al has no biological function
for aquatic organisms, and is absorbed into the cells by cellular and
active transport, essential metal channels and receptor-mediated en-
docsytosis, leading mainly to lipid peroxidation (Exley et al., 1996;
Exley and Mold, 2015). To understand the effect of Al in fish, most
studies have been restricted to analyzing toxicity under acidic condi-
tions, since Al is insoluble at pH 6 to 8 due to hydrolysis and formation

of Al(OH)3 (Driscoll and Schecher, 1990; Gensemer and Playle, 1999).
These studies have shown that Al causes brain and gill lesions, as well
as hematological, cardiovascular, metabolic and behavioral changes
(Exley et al., 1996; Vuorinen et al., 2003; Walker et al., 2001; Al-Alstad
et al., 2005; Barcarolli and Martinez, 2004; Vieira et al., 2013).

LC50 values for Al vary widely in fish, 0.70mg L-1 in Oryzias latipes
(Ramírez-Duarte et al., 2017), 1.53mg L−1 in Rasbora sumatrana
(Shuhaimi-Othman et al., 2015), 6.76mg L−1 in Poecilia reticulata
(Shuhaimi-Othman et al., 2015) and 28.89mg L−1 in Rutilus kutum
(Zahedi et al., 2014). For Mn, LC50 values also varied but they are quite
higher, 5.71mg L−1 in Rasbora sumatrana (Shuhaimi-Othman et al.,
2015), 18.80mg L−1 in Carassius auratus (Valbona et al., 2017),
23.91mg L−1 in Poecilia reticulata (Shuhaimi-Othman et al., 2015) and
54.39mg L−1 for Rutilus kutum (Zahedi et al., 2014).

At high concentrations, Al and Mn are considered pro-oxidant
agents, i.e., they are capable of inducing oxidative stress by stimulating
the production of reactive oxygen species (ROS) (Lee et al., 2006),
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leading to lipid peroxidation, DNA damage, impaired DNA repair and
increased susceptibility to apoptosis, factors that may lead to cytotoxic
events and impaired species reproduction (Almroth et al., 2005; García-
Medina et al., 2009; Correia et al., 2010; Vieira et al., 2013; Kida et al.,
2016; Ramírez-Duarte et al., 2017). Al is known to form complexes with
sulfhydryl (SH) groups, damaging several biomolecules, including li-
pids, proteins and nucleic acids (Goyer, 1997; Wu et al., 2005). Con-
versely, the ability of Mn to cause oxidative stress is due to the tran-
sition from the oxidative state Mn+2 to Mn+3, increasing its pro-
oxidant capacity (HaMai et al., 2001; Reaney and Smith, 2005), and
impairing the mitochondrial function, reducing ATP production, and
increasing electron leakage and ROS production (Scholte et al., 1988).

To neutralize the adverse effects on the gills, liver and other organs,
the organisms have a complex and effective antioxidant defense system
with both enzymatic and non-enzymatic mechanisms, including su-
peroxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), reduced glutathione (GSH), etc.
(Ahmad and Mehmood, 2006). These antioxidant defenses are sensitive
indicators of oxidative stress, and have therefore been widely used as
biomarkers in fish (Lushchak, 2011). SOD is the first line of defense
against oxidative stress, eliminating anion superoxide, whereas CAT
and GPx transform hydrogen peroxide into water and oxygen (Atli
et al., 2006; Elia et al., 2003; Ates et al., 2008). SOD and CAT deal
directly with free radicals in cells (Lloyd and Phillips, 1999; Dorval
et al., 2003), while other enzymes and proteins, such as GR and GSH,
help reinstate the reductive capacity of the cell (Bagnyukova et al.,
2005). The effect of oxidative stress on the activity of oxidative stress
enzymes has been observed in several freshwater teleosts exposed to
metals (Livingstone, 2001; Pandey et al., 2003; Fernandes et al., 2008).
This is a common adaptive response mechanism for combating oxida-
tive stress in fish, which can affect different tissues in different ways
(Stephensen et al., 2002). An effective antioxidant defense system is
essential if the organism is to protect against the damaging effects of
metals such as Al and Mn, and studies related to this topic are relevant
to different aquatic species (Fernandes et al., 2008). However, the
mobilization of energetic substrates for effective antioxidant action can
be detrimental to other functions, such as reproduction (Vieira et al.,
2013). Exposure of Astyanax altiparanae mature males to Al and
Al+Mn increased the levels of plasma androgens, showing that these
metals act as endocrine disruptors (Kida et al., 2016), as already
documented for Al in mature females of Oreochromis niloticus (Correia
et al., 2010).

The aim of this study was to evaluate the responses of the gill and
hepatic antioxidant enzymes of adult males of Astyanax altiparanae
when exposed to Al and Al+Mn by examining the effects of these
metals on oxidative stress responses. This species lives in basins in the
State of São Paulo, where, according to reports issued by Companhia
Ambiental do Estado de São Paulo (CETESB, 2017), the values are higher
than 0.1mg L−1 the maximum concentration allowed by Brazilian
regulations (CONAMA, 2005). It is based on the hypothesis that the
effects of Al and Mn differ, depending on whether Al is present on its
own, or combined with Mn. It was also assumed that the fish would be
able to recover from the effects of these metals by immersing them in
metal-free water for the same period.

2. Materials and methods

2.1. Subjects

The genus Astyanax encompasses over 100 species, widely dis-
tributed throughout most of Brazil (Orsi et al., 2004). Some of the
characteristics of Astyanax species make them model organisms for
biomonitoring the effects of pollutants in watersheds (Uieda and
Barreto, 1999). Studies on Astyanax have shown that environmental
contamination by industrial waste can alter oxidative stress biomarker
responses in these fish (Carrión and López, 2010; Sakuragui et al., 2013;

Costa-Silva et al., 2015), and can impair reproduction (Vieira et al.,
2013; Kida et al., 2016; Tolussi et al., 2018).

Sexually mature males of A. altiparanae with a mean body mass of
24.29 ± 1.17 g and measuring 11.78 ± 0.18 cm long (n=120) were
collected at CESP (Companhia Energética de São Paulo) and kept for
seven days in 10 glass aquariums (40×50×70 cm, 132 L of water/
tank, 2.20 g L−1

fish), with 90% water renewal every 24 h. The fish
were fed daily on extruded commercial feed containing 32% crude
protein. Feeding was suspended 24 h before beginning the experiment.

2.2. Experimental conditions

The experiment was conducted on five experimental groups (in
duplicates; 12 animals in each aquarium, 24 animals per group): 1)
control group at neutral pH (ctr - n); 2) acid pH group (acid pH); 3) Al
group (Al); 4) Mn group (Mn) and 5) group with both metals (Al+Mn).
Neutral pH was set at 7.2 and acid pH at 5.7. Al is insoluble at pH 6 to 8
(Driscoll and Schecher, 1990; Gensemer and Playle, 1999), therefore an
Al group in neutral pH was not considered.

The physical and chemical parameters of the water supply were
monitored to guarantee the necessary conditions for keeping the fish
alive and were previously published by Kida et al. (2016) (Table 1,
Supplementary material).

This was a two-stage experiment. The first stage consisted of acute
exposure to the metals, further split into two groups for evaluation at
24 h and 96 h. The second consisted of a recovery period. The fish were
placed in metal-free water at neutral pH and fed normally to provide
the ideal conditions needed for a possible recovery. Samples were taken
after 24 and 96 h, with 90% water renewal on a daily basis.

The solution of Al was obtained using aluminum sulfate [Al2(SO4)3;
Sigma-Aldrich] from a stock solution prepared with Milli-Q water,
acidified to pH 2.5 by adding 65% nitric acid (HNO3) (Suprapur;
Merck). MnSO4 (Sigma-Aldrich) was used to prepare the Mn stock so-
lution, together with Milli-Q water acidified to pH 2.5 by adding 65%
HNO3. For groups 3, 4 and 5, both metals were kept at a nominal
concentration of 0.5 mg L−1, which was chosen as representative of the
actual mean concentration of the metals found in the rivers of São
Paulo, Brazil (CETESB, 2017). The concentration of both metals are
sublethal, below the LC50 for A. altiparanae, that is 1.0mg L−1 for Al
and 4.85mg L−1 (unpublished data, calculated by Probit software).
Considering that higher concentrations can be found in the environ-
ment (CETESB, 2017), the concentrations used are environmentally
realistic.

Total Al and Mn concentration in the water were measured using an
atomic absorption spectrophotometer (GBC, AAS 932 Avanta-Plus, IL,
USA, following method EPA 6020A). Other water chemical variables
were measured according to Standard Methods (2005).

2.3. Biochemical analysis

The fish were anesthetized (1 g of benzocaine, previously diluted in
10mL of ethanol, per 10 L of water). Stringhetta et al. (2017) studying
gills, liver and brain in Colossoma macropomum described that benzo-
caine did not cause oxidative damage. Fish liver and gill samples were
homogenized (10mL/g tissue) in a phosphate buffer solution (0.1M,
pH 7.2) and centrifuged (15,000×g, 30min, 4 °C). The supernatants
were collected to analyze biotransformation enzyme activity, anti-
oxidant parameters, lipid peroxidation and metallothionein con-
centration, as described below. For all biochemical biomarkers, the
protein concentration of the samples was determined using the Brad-
ford method (Bradford, 1976) and the standard was bovine serum al-
bumin.

2.4. Antioxidant enzymes

CAT activity was determined according to Beutler (1975),
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Fig. 1. Astyanax altiparanae. Gill oxidative stress biomarkers after exposure to neutral pH, acid pH, Al, Mn and Al+Mn (24 h and 96 h) and recovery (24 h and 96 h).
Control group in neutral pH (ctr-n), acid pH group (pH ac), Al (Aluminum), Mn (Manganese), Al+Mn (Aluminum and Manganese). abDifferent letters indicate
statistically significant differences between experimental groups for each period (exposure and recovery individually).
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monitoring H2O2 decomposition based on the drop in absorbance at
240 nm. CAT activity was expressed as mol of H2O2 min−1/mg of
protein. SOD activity was determined by measuring the reduction rate
of cytochrome c by the superoxide radical at 550 nm (25 °C), according
to McCord and Fridovich (1969), and expressed in SOD U mg of pro-
tein−1, where an SOD unit is the amount of enzyme required to cause a
50% drop in the cytochrome c reduction rate. GPx activity was de-
termined based on the method proposed by Hopkins and Tudhope
(1973), in which the oxidation of NADPH in the presence of H2O2 is
measured at 340 nm and expressed in nmol of oxidized NADPH min−1/
mg protein−1. GR activity was determined according to Carlberg and
Mannervik (1975), based on the reduction of NADPH in the presence of
oxidized GSH at 340 nm, and expressed in nmol of oxidized NADPH
min−1/mg protein−1. GST activity was determined as described by
Keen et al. (1976), with a substrate of 1-chloro-2,4-dinitrobenzene
(CDNB). Absorbance activity was measured at 340 nm and expressed as
nmol CDNB/min−1 mg−1 of protein conjugate using a molar extinction
coefficient of 9.6 mM cm−1.

2.5. Non-enzymatic antioxidants

GSH concentration was estimated according to Beutler et al. (1963)
by reacting glutathione with the 5,5‑dithiobis‑2‑nitrobenzoic acid
(DTNB) substrate to form the thiolate (TNB), which was quantified in a
microplate spectrofluorometer at 412 nm, using L-glutathione reduced
(Sigma-Aldrich, Saint Louis, MO, USA) to yield a standard curve, and
expressed in μg GSH/mg of protein-1.

2.6. Metallothionein-type proteins

The concentration of metallothioneins (MT) was estimated based on
the concentration of sulfhydryl groups (Viarengo et al., 1997) and
quantified by spectrophotometer at 412 nm using Ellman's reagent (2M
NaCl, 0.43M DTNB in 0.2M phosphate buffer at pH 8.0).

2.7. Lipid peroxidation

Malondialdehyde (MDA) is one of the end products of lipid perox-
idation. It was determined by the TBARS assay (thiobarbituric acid
reactive substances) for MDA, and quantified in a microplate spectro-
fluorometer at 530 nm, using 1,1,3,3‑tetramethoxypropane to yield a
standard curve, according to Camejo et al. (1998).

2.8. Histological analysis

Histological analysis of the testes was carried out to confirm that all
males were at the same gonadal maturation stage. Fractions of the
testes were placed in a solution of methacrylate resin and absolute
ethanol (1:1) for 2 h, and infiltrated into pure resin solution for a fur-
ther seven days in the refrigerator. Slices 3 μm thick were obtained
using a Leica RM2255 microtome with glass knife. The testes were
stained with hematoxylin-eosin, and periodic acid-Schiff
(PAS)+ hematoxylin+Metanil Yellow (Quintero-Hunter et al., 1991).
The prepared sections were analyzed and documented using a compu-
terized image capture system (Leica DM 1000, Leica DFC 295 and Leica
Application Suite Professional, LAS V3. 6). The analysis showed that all
testes presented the spermatogenic lumen filled with spermatozoa,
classified as sexually mature (Schulz et al., 2010) (data not presented).

This experiment was approved by the Ethics Committee on the Use
of Animals (CEUA) of the Institute of Biosciences of the University of
São Paulo (163/2012).

2.9. Statistical analysis

After verifying sample data normality and homogeneity of variance,
one-way ANOVA was run on the parametric data, followed by the

Holm-Sidak test. For non-parametric data, Kruskal-Wallis one-way
ANOVA on Ranks was followed by Dunn's test. For all tests, each ex-
periment was analyzed separately (24 and 96 h acute exposure; 24 and
96 h recovery period). Data were presented as means ± standard error
of the mean (SEM) and the results treated as significant if P < 0.05.
The fish were deemed to have recovered when the treatment variable
showed no significant difference compared to the fish in the control
group over the same period.

3. Results

3.1. Gill oxidative stress

Exposure to an acid pH for 96 h increased SOD enzymatic activity
compared to the control (P=0.002) and 96 h was not sufficient to
reinstate the activity values found at neutral pH (P=0.001) (Fig. 1A).
Exposure to both metals and an acid pH did not alter CAT enzymatic
activity. However, during the 24-hour recovery period, there was an
increase in CAT activity in the gills of fish exposed to Al+Mn
(P=0.0000293), which normalized after 96 h (P=0.273) (Fig. 1B).

At 24 h, the concentration of GSH increased in the gills of fish ex-
posed to Al (P=0.003) and Al+Mn (P=0.005) (Fig. 1D), but after
96 h in metal-free water, GSH normalized, and remained similar to that
of the control group. Exposure for 96 h to Al+Mn increased GPx and
GR enzymatic activities (Fig. 1C, E) but did not alter GST activity (1F).
Exposure for 24 h did not significantly alter MDA levels, but there was a
significant increase in MDA in fish exposed to Mn (Fig. 1G) compared to
Al and Al+Mn groups (P=0.020). After exposure for 96 h, MDA le-
vels dropped in fish in the Al+Mn group (P=0.00239), and returned
to control levels after a 24-h recovery period (P=0.083) (Fig. 1G).

3.2. Hepatic oxidative stress

Exposure for 96 h to acid pH and Al or Al+Mn did not affect SOD
activity, nor concentrations of GR and GSH (Fig. 2A). Exposure for 24 h
to an acid pH caused a drop in CAT enzymatic activity compared to the
control group (P=0.000645). In the recovery period of 96 h CAT en-
zymatic activity was also lower in acid pH (P=0.028) (Fig. 2B). Ex-
posure to Al+Mn for 24 h triggered a drop in GPx enzymatic activity
(P=0.000137), but after 96 h in metal-free water, GPx levels were
normalized (P=0.154) (Fig. 2C). Exposure for 96 h to the metals and
acid pH did not alter MTL concentrations. However, after a 24-h re-
covery period, MTL levels rose in the Al+Mn group (P=0.000230)
(Fig. 2G). Exposure for 24 h and 96 h to acidic pH and metals did not
alter the individuals MDA concentration (P=0.101 and P=0.198 in
24-h and 96-h, respectively), but during the recovery period there was
an increase in MDA levels at 96 h in the liver of animals exposed to Mn
and Al+Mn (P=0.015).

4. Discussion

Exposure to some metals boosts the production of ROS by inducing
oxidative stress (Van der Oost et al., 2003). The present study shows
that exposure to metals and an acid pH for 24 h can trigger oxidative
stress in sexually mature A. altiparanae males. In some cases, a period of
96 h in metal-free water (recovery) was not sufficient for the fish to
recover from the effects of the metals and/or pH. Furthermore, the
effects of Al and Mn together differed from the effects of the exposure of
these metals individually. The simultaneous exposure to two or more
metals results in different patterns of ionic distribution in tissues due to
factors intrinsic to the fish physiology and the competitive relationship
of metal ions in the sites of biological association (Jaben et al., 2012;
Oberholster et al., 2012).

The gills are the first point of contact with environmental pollutants
in the water. They are multifunctional organs, handling vital functions
such as respiration, osmoregulation, acid-base balance and excretion of
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Fig. 2. Astyanax altiparanae. Hepatic oxidative stress biomarkers after exposure to neutral pH, acid pH, Al, Mn and Al+Mn (24 h and 96 h) and recovery (24 h and
96 h). Control group in neutral pH (ctr-n), acid pH group (pH ac), Al (Aluminum), Mn (Manganese), Al+Mn (Aluminum and Manganese). abDifferent letters indicate
statistically significant differences between experimental groups for each period (exposure and recovery individually).
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nitrogenous residues (Pandey and Upadhyaya, 2008). Paradoxically,
they are highly vulnerable to toxic chemicals primarily because of their
large surface area which facilitates increased toxic interaction and ab-
sorption, and also because the gill detoxification system is not as robust
as that of the liver (Playle and Wood, 1990; Pereira et al., 2010). Thus,
the gills are often used in assessing the impact of water pollutants on
marine and freshwater habitats, providing important indications of
acute exposure (Atli et al., 2006) and reliable results for assessing en-
vironmental water contamination (Pereira et al., 2010). The gill re-
sponses reported herein show that the gills can advantageously be used
as biomarkers for effective oxidative damage. The antioxidative re-
sponses differed for each treatment, implying that the gills provide ef-
fective protection for the other organs, given that the survival rate was
100%, corroborating the findings of Livingstone (2001) and Zhang et al.
(2004). However, note that when the fish were exposed to Al+Mn,
catalase increased only during the recovery period. In contrast, GSH
increased during exposure (24 h) preventing gills and hepatic LPO
during the acute exposure, but not the hepatic LPO during the recovery
period (96 h), suggesting that the GPx is the enzyme that is promoting
the breakdown of hydrogen peroxide into water and oxygen. GR is
responsible for the reduction of glutathione oxidized by GPx, through
oxidation of NADPH in NADP+, maintaining adequate concentrations
of GSH in its reduced state (Van der Oost et al., 2003; Hermes-Lima,
2004). The exposition to Al+Mn triggered this first line of defense,
coordinated by the increase, initially of the no-enzymatic defense
(GSH), followed by the enzymatic defenses. The increase in GSH levels
occur in two ways: increase in its synthesis or recycling via the GSH/
GSSG pathway, which depends on GR (Van der Oost et al., 2003). The
increase in GR activity in the gills, after 96 h, suggests that the second
mechanism was triggered. The results herein found suggest that enzy-
matic and non-enzymatic defenses were brought into play at different
times, and even when transferred to metal-free water, antioxidant de-
fense is still necessary against Al+Mn.

The liver is also a target organ of great importance for fish, since it is
involved in biotransformation processes and the elimination of xeno-
biotics. Both the liver and gills are highly sensitive to pollutants and
good candidates for biomonitoring (Farrel et al., 2011). However, the
liver exhibited specific variations in response to the contaminants, and
was less sensitive than the gills, corroborating the results of Velma and
Tchounwou (2010). It is also possible that the gills provided some in-
itial protection by boosting GSH activity and partially reducing metal
levels as part of the detoxification process (Zhang et al., 2004).

pH plays a key role in the bioavailability of many metals (Poléo
et al., 1995). pH values between 6 and 9 are recommended for fresh-
water fish in Brazil (CONAMA 357, 2005). However, episodes of rapid
acidification in inland water bodies can occur as a result of incidents
and ecological changes. In these situations, Al and Mn in the soil are
mobilized, boosting the presence of these metals in their dissolved,
more toxic forms and affecting fish populations (Monette and
McCormick, 2008). The environmental pH is known to influence anti-
oxidant enzyme activity, modifying enzymatic action and substrate
concentration in the organism (Moore et al., 2008). In this study, an
acid pH triggered a coordinated action of hepatic CAT and gill SOD and
the exposition period was relevant in the response. After 24 h, hepatic
CAT decreased the breakdown of hydrogen peroxide, but after 96 h, the
increased in gill SOD activity reestablished this process, what can be
confirmed by the absence in lipoperoxidation in both organs during the
acute exposure. However, 96-h recovery period was not sufficient to
reinstate hepatic CAT and gill SOD activity levels. These findings cor-
roborate the experiments conducted by Nilsen et al. (2013) on Atlantic
salmon, in which a period of over two weeks was required for complete
recovery after exposure to an acid pH.

Similar to an acid pH, the pro-oxidant action of Al can also alter the
activity of antioxidant enzymes. Several studies have shown that ex-
posure to high concentrations of Al can induce oxidative stress by sti-
mulating ROS in cells (Sinha et al., 2007), inducing LPO, altering the

activity of several antioxidant enzymes including SOD, CAT and GPX,
and inducing protein oxidation (Almroth et al., 2005; Vlahogianni
et al., 2007) activating CAT and then returning to normal levels. In the
liver, GPx activity decreased within 24 h of exposure to Al+Mn, since
this enzyme is an active participant, with CAT, in maintaining H2O2

levels (Hermes-Lima, 2004). Once it is deactivated, other detoxification
systems, such as MT, are necessary to give a significant boost to GPx
levels during the 24-h recovery period. However, only a few studies
show a correlation between exposure to Al and Mn, individually or
combined, and MT production in fish (Giguère et al., 2006; Leonard
et al., 2014). When fish were exposed to Mn alone, antioxidant defenses
were not activated, triggering late hepatic LPO during the recovery
period (96 h). The absence of an antioxidant defense response on ex-
posure to Mn was also observed by Oliveira et al. (2018) in Prochilodus
lineatus.

The data clearly show that the action of Al+Mn triggers different
antioxidant responses, as observed by Oliveira et al. (2018) studying
the effects of Mn and Fe in Prochilodus lineatus. Giguère et al. (2006)
analyzed the bioaccumulation pattern of copper, zinc, nickel and cad-
mium in Perca flavescens, reporting that MT helps protect against oxi-
dizing agents. Similarly, Chowdhury et al. (2005) observed differ-
entiated patterns of cadmium accumulation from water and feed in
different tissues of Oncorhynchus mykiss, associated with an increase in
MT at higher cadmium concentrations. Exposure to Mn alone resulted
in high concentrations of MT in the intestine, liver and kidney of On-
corhynchus mykiss (Filipovi and Raspor, 2003; Amiard et al., 2006; De
Boeck et al., 2010). The simultaneous exposure to two or more metals
can trigger different patterns of ionic distribution in tissues due to
factors intrinsic to the physiology of each species and the competitive
relationship of metal ions to sites of biological association (Jaben et al.,
2012; Oberholster et al., 2012).

In addition to the observed effects on oxidative stress, acid pH and
metals are also known as endocrine disrupters, acting on hormones in
the hypothalamic-pituitary-gonadal axis (Zelennikov et al., 1999;
Correia et al., 2010; Vieira et al., 2013; Atli et al., 2015). Exposure to
Al+Mn in the fish analyzed herein did not alter the plasma cortisol
concentration, suggesting that there was no change in metabolic de-
mand (Kida et al., 2016). However, the production of hormones that
modulate the hypothalamic-pituitary-gonadal axis, such as 11‑ke-
to‑testosterone, was found to impair the reproductive success of A. al-
tiparanae (Kida et al., 2016). Since all physiological systems are in-
trinsically related, changes in the immune and endocrine systems
generate adaptive responses that can disrupt processes and even impair
survival (Kime and Nash, 1999). In summary, endogenous and extrinsic
processes induce variations in oxidative stress biomarkers levels in in-
dividuals during the reproductive phase, and can initiate adaptive re-
sponses in this process (Aras et al., 2009).

5. Conclusion

The exposure of sexually mature A. altiparanae males to Al, re-
gardless of water acidity, triggered enzymatic and non-enzymatic an-
tioxidant responses that were able to protect the liver and gill mem-
branes against oxidative damage. However, the exposure of these
animals to Mn, individually or combined with Al, did not trigger the
same responses, resulting in lipid peroxidation of hepatocytes during
the recovery period. Immersing the fish in metal-free water for 24 h was
not always sufficient to induce recovery from the effects of exposure.
These findings suggest that this kind of contaminated environment can
impair the metabolism and reproductive physiology of this fish species.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpc.2018.09.004.
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