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Abstract
Major tailings dam failures have occurred recently around the world and resulted in severe environmental impacts, such as
metal contamination. Manganese is a metal highly associated with mining activities, largely detected in mining dam
collapses. This metal is considered necessary for different organisms, but it can be toxic and cause oxidative stress and
genetic damage in fishes. In this study, we investigated the toxic effects of manganese on Astyanax lacustris, by exposing the
fish individually to different concentrations of this metal (2.11, 5.00, and 10.43 mg/L) for 96 h. To assess the effects of
manganese, we used biochemical biomarkers (glutathione S-transferase, catalase, and acetylcholinesterase enzyme activity)
and the manganese bioaccumulation in different tissues (liver and gills). The obtained data showed that only at
concentrations of 5.00 mg/L and 10.43 mg/L the activity of glutathione S-transferase differed significantly. Additionally, the
acetylcholinesterase activity in the brain tissue was inhibited. The highest level of manganese bioaccumulation was observed
in the liver and branchial tissue. Overall, we concluded that high concentrations of manganese may cause physiological
changes in Astyanax lacustris.
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Introduction

Various ecosystems naturally contain metals due to geolo-
gical activity, but they can enter aquatic environments
through anthropogenic activities such as wastewater,
industrial effluents, agricultural activities, and mining
(Anandkumar et al. 2018; Zhong et al. 2018). Because
mining byproducts like metals are prevalent in mining tail-
ings dams, they represent a high risk to aquatic environ-
ments (Zhang et al. 2018). Major tailings dam ruptures have
occurred recently around the world and resulted in severe
environmental impacts and human deaths (Islam and Mur-
akami 2021). In aquatic ecosystems, metals are considered
important pollutants due to their environmental persistence
and potential for toxicity and bioaccumulation (Zhong et al.

2018). Manganese (Mn) is one of the metals associated with
mining activities and dam collapses (Segura et al. 2016;
Passos et al. 2021). The maximum concentration of man-
ganese allowed by Brazilian legislation (CONAMA 357/05)
in freshwater environments is 0.5 mg/L (Brasil 2005). The
tailings that contaminated the Doce River in 2015 contained
an average Mn concentration of 433 ± 110mg/kg (Queiroz
et al. 2018). The concentration of total and dissolved man-
ganese in the water varied temporally after contamination,
but Mn concentrations of up to 1638mg/L were reported in
2016 in the Rio Doce (Carvalho et al. 2017). Although Mn is
considered a necessary for protein transport and neurological
functions (Fitsanakis et al. 2010), in high concentrations it
can be toxic and induce oxidative stress, affect enzymatic
activity, and cause genetic damages and behavioral changes
in fishes (Cavas 2011; Qu et al. 2014; Tuzuki et al. 2017;
Passos et al. 2021; Coppo et al. 2018; Marinho et al. 2019;
Marins et al. 2019; Gnocchi et al. 2023), Mn also accumu-
late in animal tissues (Gabriel et al. 2013; Anandkumar et al.
2018; Coppo et al. 2018).

A. lacustris (Characidae) is an abundant freshwater fish
species with a short life cycle, easy capture, handling, and
adaptability in the laboratory, which facilitates its use in
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bioassays (Stevanato and Ostrensky 2018). This fish species
is commonly found in freshwater bodies in the Neotropics,
including surrounding rivers affected by the dam rupture in
Mariana, Brazil in November 2015 (Eschmeyer 2013; Sal-
vador et al. 2018). A. lacustris play an important ecological
role in freshwater ecosystems as the main prey of diverse
carnivorous fishes (Garutti 2003) and are broadly consumed
and used as live bait by riverine human populations (Fon-
seca et al. 2017; Súarez et al. 2017). In this study, we
evaluate the potential effects of manganese on A. lacustris,
by analyzing biochemical biomarkers (GST, CAT, and
AChE), as well as the bioaccumulation of manganese in
liver and gills tissues. We hypothesize that the presence of
manganese affects the enzymatic activities of GST, CAT,
and AChE, and accumulate in the hepatic and branchial
tissues of A. lacustris.

Material and methods

Acclimatization

Juveniles of A. lacustris (3.04 g ± 0.87 and 5.95 cm ± 0.60)
were obtained from local breeding facility in Itarana,
Espírito Santo State, SE Brazil, and transported to the
Laboratory of Applied Ichthyology (LabPeixe/UVV). In the
lab, they acclimated for 30 days in a 310 L polyethylene
tank with 12:12 h (dark/light) photoperiod and continuous
aeration. They were fed thrice daily with Propescado
(Nutriave Alimentos Ltda., 45% crude protein, extruded).
Weekly, 70% tank water was changed, and daily bottom
water was siphoned. Water parameters were monitored
using a YSI 85 multiparameter: dissolved oxygen (5.87 mg/
L ± 0.50), pH (7.7 ± 0.6), temperature (23.9 °C ± 0.5), and
conductivity (137.4 μS/cm ± 12.5). Alkalinity (13.44 mg/L
CaCO3 ± 4.75) and hardness (59.63 mg/L CaCO3 ± 10.43)
were analyzed following APHA (2005)’s protocols. Fish
fasted for 24 h before transferring to test aquariums. Animal
use and experimental procedures were previously approved
by the animal ethics committee (CEUA UVV - 508/2018).

Toxicity bioassay

After acclimatization, 24 fish were randomly transferred to
6 L glass aquariums for 48 h of acclimation. After that, ani-
mals were exposed to different Mn concentrations for 96 h.
The fish were divided into four treatments with different
nominal manganese concentrations: (i) Control (C - uni-
versity’s standard supply water); (ii) 3.33mg/L Mn; (iii)
6.65mg/L Mn; and (iv) 13.33 mg/L Mn, based on results
from previous studies (Segura et al. 2016; Carvalho et al.
2017; Coppo et al. 2018; Passos et al. 2021). Each group had
six individually exposed fish in the aquariums. Manganese

was introduced in the water using a stock solution (Manga-
nese chloride tetrahydrate, 2 g/L; Sigma - M3634). Environ-
mental conditions matched the acclimation period: dissolved
oxygen (5.87mg/L ± 0.50), pH (7.4 ± 0.5), temperature
(23.93 °C ± 0.60), conductivity (119.96 μS/cm ± 18.80), alka-
linity (13.01mg/L CaCO3 ± 4.42), and hardness (64.78mg/L
CaCO3 ± 10.31). After 96 h of exposure, fish were anesthe-
tized (0.2 g/L Benzocaine) and euthanized by cervical section
(Winkaler et al. 2007). Gills, liver, and brain were frozen at
−80 °C for biochemical and accumulation analysis.

For Mn bioaccumulation in liver and gills, samples were
digested in a microwave oven (Ethos UP - Milestone) at
1000W and 200 °C. Mn concentrations in the digested
samples and water were quantified using an Atomic
Absorption Spectrophotometer (Thermo Scientific, AAS
ICE 3500) and expressed as mg/kg for tissues and mg/L for
water. To validate the method, blanks were prepared fol-
lowing the same sample procedure using fish tissue refer-
ence material (ERM-BB422™). The highest purity reagents
were used throughout the digestion process and solutions
were prepared using ultrapure water with a resistivity of
18.2 MΩ obtained from a Millipore system. Quality assur-
ance and quality control (QA/QC) testing analyses were
performed to monitor the reliability of the methods. A
calibration curve (analytical curve) was performed, and the
R-squared of standard regression was 0.999, the recovery of
118%, the limit of quantification (LQ) was 4.8 µg/L, and the
limit of detection (LD) of 1.6 µg/L.

Gill and brain samples were homogenized in a phosphate
buffer, and total tissue protein was assessed following
Bradford (1976)’s method. Glutathione S-transferase (GST)
and catalase (CAT) activities in the gills were quantified
following the procedures described by Habig et al. (1974),
Habig and Jakoby (1981), and Aebi (1984). Acet-
ylcholinesterase (AChE) activity in brain tissue was mea-
sured according to Ellman et al. (1961).

Statistical analysis

Data normality was assessed with the Shapiro–Wilk test.
One-way analysis of variance (ANOVA) was utilized for
treatment comparisons, followed by Tukey’s post-hoc test
for multiple comparisons. Furthermore, the NOEC (no
observed effect) and LOEC (lowest observed effect con-
centration) were determined to assess risk based on sig-
nificant biomarkers. NOEC represented the highest Mn
concentration without significant change compared to the
control (ANOVA followed by Dunnett test), while LOEC
was the lowest concentration with a significant effect
compared to the control. Statistical significance was deter-
mined at p ≤ 0.05. Data are presented as mean ± standard
error. All statistical analyses were conducted using
SigmaPlot 12.5.
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Results

During exposure, Mn dissolved concentrations in water
were 0.24 mg/L ± 0.02 (control), 2.11 mg/L ± 0.62
(3.33 mg/L group), 5.00 mg/L ± 0.96 (6.65 mg/L group),
and 10.43 mg/L ± 1.21 (13.33 mg/L group). Manganese
accumulation in liver tissue indicated a significant differ-
ence only in the 10.43 mg/L group compared to the control
(p= 0.03; Fig. 1A). However, all exposed groups exhibited
a significant Mn increase in gill tissue compared to the
control (p ≤ 0.001) (Fig. 1B).

Results for the GST enzyme revealed increased activity
in gill tissue for fish exposed to 10.43 mg/L compared to
5.00 mg/L (p= 0.007; Fig. 2A). CAT activity did not
exhibit significant differences among treatments (p= 0.07;
Fig. 2B). AChE activity in the brain tissue of exposed fish
was inhibited at high manganese concentrations (5.00 and
10.43 mg/L; p= 0.002; Fig. 2C).

NOEC and LOEC results show that even at the lowest
Mn concentration (2.11 mg/L), gill tissue already accumu-
lates this metal. These results also indicate that at 5.00 mg/L
of Mn, changes in AChE enzymatic activity in the brain
tissue occur, highlighting the potential toxicity of Mn to fish
in short-term exposure (96 h) (Table 1).

Discussion

The increased manganese accumulation in gill and liver tis-
sues may result from the higher metal ion availability in
water at elevated metal concentrations, facilitating greater
tissue accumulation. Additionally, this heightened Mn
accumulation at higher concentrations is influenced by the
equilibrium between fish absorption capacity and clearance
(Anandkumar et al. 2018). The gill tissue, being a thin and
extensive surface directly in contact with water, is more
susceptible to metal-induced damage than other tissues
(Gabriel et al. 2013). Assessing metal toxicity in fish often

utilizes gill tissue, as it is metabolically active and considered
the first line of defense against environmental toxins due to
its direct exposure to the surroundings (Javed et al. 2015).
Moreover, metal accumulation may vary between tissues due
to physiological differences and body position (Kraal et al.
1995). The liver plays a key role in metal metabolism,
contributing to detoxification. Consequently, high metal
concentrations are typically observed in the liver, making it a
valuable indicator for assessing the effects of exposure to
various metal concentrations, including manganese (Siscar
et al. 2014). Similarly to our findings, previous studies have
reported significant manganese concentrations in the liver
tissue of different fish species exposed to varying Mn con-
centrations in laboratory experiments (Coppo et al. 2018;
Passos et al. 2021; Gnocchi et al. 2023) and samples col-
lected from natural environments (Badr et al. 2014).

In the gill tissue of fish exposed to 10.43 mg/L, GST
activity was higher than in those exposed to 5.00 mg/L
(p= 0.007). This enzyme activation may indicate a
response to detoxify the excess manganese in the gills.
Conversely, at 5.00 mg/L, lower enzymatic activity sug-
gests reduced production of reactive oxygen species (ROS).
Antioxidant system enzymes can exhibit varying activity
levels depending on the stressor type and concentration
(Javed et al. 2015). Catalase did not show significant dif-
ferences in activity among different exposure concentra-
tions, suggesting that its metabolic pathway was not
activated. Gabriel et al. (2013) investigated the antioxidant
system responses in Colossoma macropomum fish exposed
to 3.88 mg/L of manganese for 96 h and also did not
observed changes in GST branchial activity or CAT hepatic
activity. This implies that there is no consistent pattern of
antioxidant activity in tissues of fish exposed to metals.
Similarly, Tuzuki et al. (2017) reported no differences in
GST activity in Centropomus parallelus exposed to man-
ganese (3.18 mg/L of Mn2+) for 96 h at two different tem-
peratures (24 and 27 °C), suggesting that Mn2+ metabolism
occurs via an alternative biotransformation pathway.

Fig. 1 Concentration of
manganese in the (A) liver and
(B) gills of A. lacustris exposed
to different manganese
concentrations (2.11, 5.00, and
10.43 mg/L) for 96 h. Different
letters indicate statistical
significative differences
(p ≤ 0.05). Results are expressed
as mean ± standard error
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Additionally, the responses of the antioxidant defense
system may vary depending on the specific tissue being
evaluated (Gabriel et al. 2013). For instance, Coppo et al.
(2018) observed alterations in GST activity in the liver
tissue of Oreochromis niloticus exposed to different man-
ganese concentrations (0.2, 1.5, and 2.9 mg/L), while GST
activity in the gill tissue did not differ among treatments.
This aligns with our findings, highlighting that enzyme
activity can be either activated or inhibited based on the
tissue analyzed.

In the brain of fish exposed to manganese, AChE activity
demonstrated significant inhibition at higher metal con-
centrations (p= 0.002). This suggests that elevated envir-
onmental metal concentrations may act as inhibitors of
AChE activity, potentially disrupting the transmission of

nervous impulses in organisms. The inhibition of AChE by
metals occurs because these compounds can bind to the
functional groups of proteins, compromising catalytic
activity and resulting in the loss of enzymatic function
(Haverroth et al. 2015). AChE plays a key role in acet-
ylcholine (ACh) hydrolysis at cholinergic synapses, ensur-
ing the intermittent nature of nervous impulses responsible
for neuronal communication (Lopes et al. 2019; Araújo
et al. 2016).

The inhibition of AChE activity due to metal exposure,
as observed in this study, can lead to the excessive accu-
mulation of the neurotransmitter ACh in the synaptic cleft.
This accumulation promotes the hyperstimulation of post-
synaptic receptors, potentially causing various issues,
including cholinergic syndrome and even the death of the
individual (Lopes et al. 2019). De Lima et al. (2013) also
observed the inhibition of acetylcholinesterase enzymatic
activity in Danio rerio after exposure to various metals such
as copper, iron, and cadmium. Our results indicate that
metals can disrupt brain physiology, inducing changes in
AChE enzymatic activity because metals can bind to
functional protein groups, compromising their catalytic
activity and resulting in the loss of AChE function.

NOEC and LOEC results reveal that manganese accu-
mulation in gill tissue is observable even at the lowest
concentration used (2.11 mg/L). A similar pattern of Mn
accumulation in gill tissue was observed by Coppo et al.
(2018), in which O. niloticus specimens were exposed to the

Fig. 2 Enzymatic activity in
different tissues of A. lacustris
exposed to different manganese
concentrations (2.11, 5.00, and
10.43 mg/L) for 96 h. (A)
Glutathione S-transferase (GST)
activity in the gills; (B) Catalase
(CAT) activity in the gills; and
(C) Acetylcholinesterase
(AChE) activity in the brain
tissue. Different letters indicate
statistical significative
differences (p ≤ 0.05). Results
are expressed as
mean ± standard error

Table 1 The concentration of no observed effect (NOEC) and lowest
concentration of observed effect (LOEC) refer to the accumulation of
manganese in tissues and the activity of AChE in individuals of A.
lacustris exposed to different concentrations of manganese.

Parameter LOEC (mg/L) NOEC (mg/L)

Liver manganese concentration 10.43 5.00

Gill manganese concentration 2.11 –

AChE activity 5.00 2.11

The NOEC and LOEC values for the biomarkers GST and CAT
cannot be determined since there are no significant differences
observed in comparison to the control group
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lowest manganese concentration of 2.9 mg/L. This suggests
that even at relatively low concentrations, manganese can
accumulate in animal tissues, representing environmental
risks to fish.

Moreover, the NOEC and LOEC results indicate that even
at the concentration of 5.00mg/L of Mn, there are already
noticeable changes in the enzymatic activity of AChE in the
brain tissue, highlighting the potential toxicity of Mn to fish
in a short-term exposure (96 h). Our findings suggest that
alterations in enzymatic activity can serve as valuable bio-
markers in the context of environmental manganese con-
tamination. The need for studies that document the effects of
manganese on fish is essential, given their crucial role in
various trophic chains. Living organisms can exhibit adverse
effects due to pollutants present in the ecosystem through a
range of behaviors (Wieczerzak et al. 2016).

Conclusion

Our results showed that manganese, even as an essential
metal on different physiological functions, in high con-
centrations can alter biochemical parameters of A. lacustris.
Furthermore, our results showed that even under acute
exposure manganese can accumulate in different tissues
(liver and gills) of this fish depending on environmental
concentrations, but chronic exposures may lead to long-
term impacts, such as changes in the growth and repro-
duction rates, and survival of this species. Additionally, we
highlight the suitability of A. lacustris as a bioindicator for
impacts caused by manganese on the resident biota of the
aquatic ecosystem.
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