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Abstract
Manganese and iron were found at high concentrations (3.61 mg/L and 19.8 mg/L, respectively) in the water of the Rio Doce
after the dams of Fundão and Santarém broke in Mariana/MG (Brazil). These same metals were found in fish and crustacean
muscle (15 mg/kg and 8 mg/kg wet weight, respectively) in the specimens collected near the Rio Doce’s outfall. Due to the
variation in Mn concentration found in the lower Rio Doce, this study aimed to determine the effects of Mn in Oreochromis
niloticus, at the concentrations allowed by CONAMA, and in concentrations found in the Rio Doce after the dams broke.
The animals were exposed to the following dissolved concentrations: control group (0.0 mg/L), 0.2; 1.5 and 2.9 mg/L
manganese for 96 h. In addition, a positive control was conducted, injecting intraperitoneally with cyclophosphamide (at
25 mg/kg). These exposures caused significant erythrocyte micronucleus formation in the organisms exposed to the highest
concentration, as well a significant increase in the DNA damage index of erythrocytes from organisms exposed to 1.5 mg/L
and 2.9 mg/L treatments. The glutathione S-transferase enzyme activity also showed a significant increase in the liver of the
organisms exposed to 2.9 mg/L. However, catalase activity increased significantly in the gills of the animals exposed to all
concentrations of manganese that were tested. Manganese bioconcentrated in greater quantities in the liver than the gills.
Thus, manganese causes significant damage to genetic material, generates nuclear abnormalities, activates the body’s
detoxification system and can accumulate in animal tissue.
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Introduction

The extensive use of water by humans makes this the
resource most used by man (Andreoli and Carneiro 2005;
Mitic et al. 2013) but has compromised its quality
(Bruchchen et al. 2013). Most contaminants found in the
ecosystems are from industrial, agricultural or domestic
sources (Cantanhêde et al. 2016; Libânio 2005). In the
aquatic environment, dissolved or suspended chemicals

may be absorbed by organisms through the contact surface,
gastrointestinal tract or gills (Fontaínhas-Fernandes 2005;
Saha and Naman 2011). Many organisms have a high
potential to bioconcentrate metals from the environment
(Repula et al. 2012).

Manganese (Mn) is an abundant metal in natural envir-
onments (Bordean et al. 2014). It is a common industrial
product and an element from iron ore deposits (Pereira et al.
2008). Mn is an essential metal for some vital functions in
microquantities (in humans 2.3 mg/day for adult males and
1.8 mg/day for adult females) (Food and Nutrition Board
2001) such as the synaptic neurotransmission (Duran et al.
2014; Vieira et al. 2012) and is necessary for bone structure
and reproduction (Adeyeye et al. 1996). However, Mn can
cause neurological disorders (Rocha and Afonso 2012),
decrease natural populations, and cause respiratory, meta-
bolic and endocrine changes, thereby altering concentra-
tions of steroid hormones and resulting in losses in the
reproductive process such as in concentration of
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approximately 0.6 mg/L, in Astyanax bimaculatus (Kida
2014). It was also reported that Mn causes oxidative stress
(at 8.4 and 16.2 mg/L), mitochondrial dysfunction (at 4.2,
8.4 and 16.2 mg/L), anemia and interferes in carbohydrate
metabolism (at 8.4 and 16.2 mg/L) in fish (Rhamdia quelen)
(Dolci et al. 2013).

The Rio Doce basin (in Brazil) has a history of intense
human occupation and economic activities, which conse-
quently generate pollution from chemical compounds. One
of the most common metals that has shown a relevant
increase in concentration in sediment is Mn (ranging from
50 mg/kg to 200 mg/kg), possibly due to mining-related
activities occurring locally. At the end of 2015, the Fundão
and Santarém dams broke, culminating in the leakage of
approximately 34 million cubic meters of tailing sludge
from iron mining (Brasil 2015; Freitas et al. 2016). This
incident will be noted in history and ecosystems as one of
the greatest socioenvironmental tragedies in the country.
The mud covered 663 km along the Rivers Gualaxo do
Norte and Doce, reaching two states, Minas Gerais and
Espírito Santo (Porto 2016). According to Carvalho et al.
(2017), in August 2016, Mn, similar to other metals, was
still at concentrations above the maximum value allowed in
the water by CONAMA Resolution 357/05, which is 0.5 mg
of Mn/L (Brasil 2005), reaching 1.638 mg/L of Mn dis-
solved in the water. Similar results were found by Maia
(2017) for Mn dissolved in Rio Doce water (concentrations
10 times higher than that allowed by CONAMA Resolution
357/05). Additionally, the Mn concentrations found in fish
and crustacean muscle were higher in the specimens col-
lected near the Rio Doce’s outfall, reaching 15 and 8 mg/kg
wet weight, respectively (Bianchini 2016).

Given these events, it is crucial to carry out environ-
mental biomonitoring of the impacted area and to perform
these monitoring analyses using bioindicators, which are
considered essential instruments, (Freitas and Siqueira-
Souza 2009); moreover, numerous studies have been con-
ducted around the world (Jovičić et al. 2015; Zhuang et al.
2013). Fish are considered excellent bioindicators because
they are capable of reflecting disturbances at different
environmental scales due to their biological and ecological
characteristics (Jovičić et al. 2015; Lins et al. 2010). The
biomarkers are also used to assess biological responses that
reflect the toxic effects of chemical substances (Bebianno
et al. 2015; Isla-Flores et al. 2013). Among the biomarkers
of exposure, the most commonly used in fish are enzymes
involved in the detoxification of xenobiotics and their
metabolites (Cappello et al. 2013; Klaassen 2001; Lech and
Vodicnik 1985; Natalotto et al. 2015; van der Oost et al.
2003), and genotoxicity biomarkers, such as comet assay
and micronucleus test (Kendall et al. 2001; Peakall 1994).
The combined use of different biomarkers is encouraged to

obtain a broader understanding of the responses of the
organism to the contaminant, to predict the severity of the
damages caused and to establish a cause and effect rela-
tionship (Brandão et al. 2011). Many of these biomarkers
are initially tested in laboratory assays, where exposure
experiments are performed on test organisms for different
toxic agents in which changes in biomarker responses are
evaluated. In this way, one can ascertain the effects of the
substance in isolation or in synergy with other substances;
however, under these conditions, physico-chemical para-
meters are kept constant so that they do not influence the
results. Based on the results obtained with the biomarker
and bioindicator responses, one can then extrapolate to what
may happen in the environment, and thus, in the future, be
used and applied to take measures to protect the ecosystem.
These laboratory analyses also allow biomarkers to be
carried out in environmental biomonitoring studies.

Due to the variation in Mn concentration found in the
lower Rio Doce, this study aimed to determine genotoxic,
biochemical and bioconcentration effects of Mn in Oreo-
chromis niloticus, at the concentration allowed by CON-
AMA and in concentrations found in the Rio Doce after the
dams broke. This species was used because of its country-
wide distribution, including the Rio Doce, and because it
can be easily acquired from farmers.

Materials and methods

Acclimatization

A total of 50 O. niloticus juveniles (8.5 ± 1.5 g) were pur-
chased from aquaculture (Guarapari, Espírito Santo) and
transported to the Applied Ichthyology Laboratory (LAB-
PEIXE/UVV), where they were stored in a 500 L plastic
tank in filtered and dechlorinated water, with constant
aeration for 3 months for acclimatization. During this per-
iod, 50% of the water in the tank was exchanged once time
a week, and the physical–chemical characteristics of the
water were monitored six times a week: temperature=
29.73 ± 0.79 °C, dissolved oxygen= 6.48 ± 0.3 mg/L, pH
= 6.60 ± 0.34, total ammonia= 0.93 ± 0.37 mg/L, nitrite=
0.44 ± 0.31 mg/L, total hardness= 52.94 ± 3.83 mg CaCO3/
L and alkalinity= 8.96 ± 4.61 mg CaCO3/L. These analyses
were performed using EcoSense pH 100 A equipment,
EcoSense YSI DO 200 and following standard methods
(APHA 1989). The acclimatization tanks were maintained
under 12 h of light and 12 h of darkness. The animals were
fed daily with commercial feed with 55% protein. The use
of these animals in the present experiment was approved by
the Committee on Ethics, Bioethics and Animal Welfare
(CEUA – UVV) according to protocol No. 371–2016.
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Experimental design

After the acclimatization period, 32 specimens (21.75 ±
8.2 g and 11.88 ± 2.3 cm) were placed in an individual glass
aquarium (6 L), which contained dechlorinated water with
constant aeration, where they remained for 24 h before the
start of the experiments. The specimens were divided into
treatments with different dissolved concentrations of Mn:
(1) 0.0 mg of Mn/L (no contaminant – control group); (2)
0.2 mg Mn/L; (3) 1.5 mg Mn/L and (4) 2.9 mg Mn/L (n= 8
for each treatment). In addition, a group of fish injected with
cyclophosphamide (CPM), a well-known genotoxic drug,
was used as positive control. For this procedure, fish were
sedated with 0.1 g/L benzocaine solution, weighed, and
injected with CPM (at 25 mg/kg), and then transferred to a
glass aquarium containing dechlorinated water in the same
conditions as the control group. At the beginning of the
experiments (0 h), the contaminant was carefully added to
water of each test aquarium, and then fish remained under
these conditions for 96 h. To achieve the dissolved Mn
concentrations tested (0.2, 1.5 and 2.9 mg/L), the following
volumes of MnCl2.4H2O were added in the glass aquariums
(6 L): 1, 5 and 10.46 mL, respectively. The MnCl2.4H2O
was added to the aquariums by a 2000 mg of Mn/L stock
solution. Daily, during this period, possible deaths were
observed. Feeding of the animals was suspended 24 h
before the fish were transferred to the aquariums.

The choice of 0.2 mg/L Mn for one of the experimental
groups was chosen because this level is near to the limit
concentration on the definition of Freshwater Class 2 pro-
vided in CONAMA (Conselho Nacional do Meio
Ambiente/National Environment Council) Resolution no.
357/05 (0.5 mg/L); 1.5 mg/L Mn was selected based on
previous study that shows the dissolved concentration of
1.638 mg of Mn/L in the Rio Doce water (Carvalho et al.
2017); and 2.9 mg/L Mn was included because it simulates
the large Mn concentrations present in the environment
(Segura et al. 2016). Mn chloride analytical reagent (AR)
(MnCl2.4H2O) was purchased from Sigma-Aldrich®.

Analyses of physico-chemical water parameters (tem-
perature, dissolved oxygen, pH, total ammonia, nitrite, total

hardness, and alkalinity) were performed at the initial time
(0 h), just after the water contamination, and at the end of
the experiment (96 h) (Table 1).

After the experiment, the animals were sedated with
0.1 g/L benzocaine solution. Blood collection was per-
formed via caudal puncture using pre-heparinized syringes
for the micronucleus test and comet assay. Liver, muscle
and gills were also removed after a cervical section eutha-
nasia procedure. Half of the liver, gill and muscle samples
were stored in a freezer at −80 °C for biochemical analysis,
and the other half of samples of all these tissues were also
stored at −20 °C for metal quantification.

Genotoxic analysis

The micronucleus test was performed using blood drawn on
slides according to Grisolia et al. (2005). Two slides were
prepared for each animal (8 animals per treatment, for a
total of 16 slides for each treatment). The dried blood
material was fixed with methanol for 30 min, stained with
5% Giemsa solution for 40 min, and washed and dried at
room temperature. The micronuclei were identified fol-
lowing the criteria proposed by Fenech et al. (2003), and the
mean frequency of micronuclei (‰) present in erythrocytes
was calculated for each individual.

The comet assay was performed by the alkaline method,
and staining with silver nitrate following the methodology
of Tice et al. (2000) with modifications and was performed
using two slides per individual. The slides were precoated
with 1.5% agarose, and the blood material diluted in RPMI
solution was mixed with low melting agarose at 37 °C.
After being dried, the slides were placed in lysis solution
(2.5 M NaCl, 100 mM EDTA and 10 mM Tris, pH
10.0–10.5), 1% Triton X-100 and 10% DMSO in a refrig-
erator and sheltered from light. The slides were then placed
in electrophoresis cell and immersed in electrophoretic
buffer for 20 min, followed by electrophoretic run at 25 V
and 300 mA for 15 min. The slides were neutralized with
TRIS buffer and stained with silver nitrate. The comets
formed were observed under an optical microscope at 40-
fold magnification, and 100 cells per slide were counted.

Table 1 Mean of 0 h and 96 h of
the physico-chemical parameters
of water after the exposure
period of Oreochromis niloticus
(n= 8) to manganese in the
different concentrations

Parameter 0.0 mg/L 0.2 mg/L 1.5 mg/L 2.9 mg/L

Dissolved oxygen (mg/L) 7.54 ± 0.3 7.52 ± 0.3 7.60 ± 0.3 7.50 ± 0.3

Temperature (°C) 25.77 ± 0.3 25.93 ± 0.1 25.66 ± 0.3 25.92 ± 0.2

Total ammonia (mg/L) 1.53 ± 0.8 1.91 ± 0.6 1.95 ± 0.6 2.28 ± 0.6

Nitrite (mg/L) 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01

pH 7.59 ± 0.1 7.63 ± 0.1 7.58 ± 0.1 7.57 ± 0.1

Total hardness (mg CaCO3/L) 49.67 ± 8.9 57.02 ± 14.7 59.70 ± 11.5 65.83 ± 4.3

Alkalinity (mg CaCO3/L) 21.14 ± 2.4 20.61 ± 3.6 19.70 ± 2.8 21.42 ± 5.7

Data are expressed as the mean ± standard deviation

1152 G. C. Coppo et al.



The damage was classified from 0 (undamaged) to 4
(maximum damage) according to the shape and size of the
tail, where the tail size is proportional to the number of
DNA fragments (Collins 2004).

Biochemical analysis

The animal tissues were stored in a freezer (Ultra Freezer
CL 120 −80 °C) until the period of analysis. For analyses of
glutathione S-transferase (GST), catalase (CAT) and total
proteins, the tissues were homogenized with phosphate
buffer (pH 7.0) and centrifuged (13,000 rpm) for 30 min at
4 °C to obtain the supernatants.

The absolute activity of the GST enzyme was estimated
using phosphate buffer (pH 7.0), 1 mM 1-chloro-2,4-dini-
trobenzene (CDNB) and 1 mM GSH as substrate, for 1 min,
at 10-s intervals (Habig et al. 1974). The GST activity was
calculated from the absorbance obtained using the Absor-
bance Microplate Reader SpectraMax 190, at the wave-
length of 340 nm. The results are expressed as U/mg of
protein/min. The CAT enzyme activity was evaluated by the
continuous observation of the decrease of the hydrogen
peroxide (H2O2) concentration, for 1 min, at 10-s intervals.
The reaction medium was used as reaction medium 10mM
H2O2, 1M TRIS HCl and 5 mM EDTA (Aebi 1984), and
absorbance reading was performed using 10 μL of the
sample with 690 μL of the reaction medium in a spectro-
photometer Biospectro SP-220, at wavelength of 240 nm.
The results are expressed in μmol H2O2 metabolized/min/
mg of protein. The concentration of total proteins in the
liver and gill was determined by the Bradford method
Bradford (1976), and the samples were assayed in Absor-
bance Microplate Reader SpectraMax 190, at the wave-
length of 595 nm. The analysis of total proteins was
necessary to calculate the enzymatic activities. In all bio-
chemical analyses, two replicates were made for each ani-
mal (eight animals per treatment).

Mn bioconcentration

The bioconcentration of Mn was performed according to
Veronez et al. (2016), with adaptations. Water samples were
collected from each aquarium soon after the addition of the
contaminant (0 h) and at the end of the experimental time
(96 h). For quantification of the metal dissolved in water,
the samples (n= 8 per treatment) were acidified with 10%
of the total volume of the samples with nitric acid (65%),
and before reading, the samples were filtered with pre-
cleaned and non-sterile 13 mm Analitica filters with
0.45 μm pores. For the quantification of metal present in the
tissues, the wet weight of the tissues was first measured.
Half of liver, muscle and gill samples (n= 8 per treatment
of each tissue) were stored in falcon tubes (15 mL), where

2 mL of nitric acid (65%) was added for digestion. Then,
the falcon tubes were incubated in an ultrasonic bath to
accelerate the digestion process.

The concentration of the Mn in the digested samples and
dissolved in the water was determined by atomic absorption
spectrophotometry (detection limit= 0.297 μg of Mn/L;
quantification limit= 0.899 μg of Mn/L) in the graphite
mode (Analítica, ASS ICE 3300) by the Laboratory of
Applied Ichthyology (LABPEIXE), University of Vila
Velha (UVV). The results are expressed as μg/g (wet
weight).

The results obtained for the reference material were
evaluated using ERM-BB422 (European Reference Mate-
rials®) fish tissue for Mn analysis. The sample of this cer-
tified reference material was treated and analyzed in the
same way as the samples of the biological material collected
and evaluated in the present study, as previously described.
The certified value for the reference material was 0.368 ±
0.028 mg/kg, and the measured value was 0.341 mg/kg,
with a recuperation of 92.66%.

Statistical analysis

Normality of the results was tested using the Shapiro–Wilk
test, and the data were then compared between the treat-
ments. Differences were detected by a one-way analysis of
variance (ANOVA), followed by the Tukey post-test for
multiple comparisons, and the control (without addition of
Mn) and positive control groups were compared by t-test.
Linear regression was performed between the Mn accu-
mulation in the evaluated tissues (muscle, liver and gills)
and the individual’s weight. Sigma Plot 12.0 software was
used for the analysis. Significant differences were defined
when p < 0.05.

Results

Water physico-chemical parameters

The values were expressed by the mean ± standard devia-
tion of two measurements of all aquariums: at the beginning
(0 h) and at the end of experiment (96 h). The values
obtained from the physico-chemical parameters in the water
of the aquarium tests are presented in Table 1. The para-
meters evaluated did not show differences among the
treatments, indicating the maintenance of the quality of the
water.

The concentrations of the Mn dissolved in the water
measured by spectrophotometry were 0.2 mg/L, 1.5 mg/L
and 2.9 mg/L at the beginning of the experiment (0 h). At
the end (96 h), the measurements were 0.1 mg/L, 0.3 mg/L
and 0.7 mg/L. This decrease in the concentration of
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bioavailable metal after the experimental period is probably
due to fish bioconcentration of the metal.

During the experiment, there was no mortality in any
specimen.

Genotoxic analysis

The exposure of individuals to Mn caused the formation of
micronuclei in the erythrocytes; however, there was a sig-
nificant (p < 0.001) incidence of micronuclei (1.2‰), only
at the 2.9 mg/L concentration, compared with the control
group (0.13‰) and to the other treatments (Fig. 1a). In
0.2 mg/L and 1.5 mg/L concentrations, and the following
micronucleus frequency means were obtained: 0.31‰ and
0.56‰, respectively. In the positive control (25 mg/kg of
CPM), the incidence of micronuclei was 2.3‰.

For the DNA damage index, there was a significant (p <
0.001) increase in erythrocytes from fish exposed to Mn at
2.9 mg/L concentration, resulting in the highest incidence of
DNA damage (Fig. 1b). In 2.9 mg/L treatment, most of the
cell fragments were classified as class 3 (severe damage) or
4 (very severe damage) compared with organisms exposed
to other concentrations. This incidence of damage in classes
3 and 4 reflects the higher toxicity and capacity to cause
damage to the genetic material of 2.9 mg of Mn/L, whereas
the other concentrations caused minor injuries.

Biochemical analysis

The GST activity showed a significant (p < 0.001) increase
in the livers of the exposed organisms only at the highest
concentration (2.9 mg/L) compared with the other treat-
ments (0.2 mg/L and 1.5 mg/L) and the control group,
indicating the activation of this enzyme at high concentra-
tions of Mn (Fig. 2a). The different treatments resulted in no

significant difference in CAT activity in the liver of O.
niloticus individuals (Fig. 2b).

When the gills of O. niloticus individuals were analyzed,
GST activity did not change in individuals exposed to Mn
when compared with the control group (Fig. 2c). Regarding
CAT enzyme activity in the gills, a significant increase (p=
0.01) in activity was observed in all treatments compared
with the control group (Fig. 2d).

Mn bioconcentration

Linear regression was performed between the Mn accu-
mulation in the evaluated tissues (muscle, liver and gills)
and the individual’s weight but was not significant (liver: r²
= 0.148, p= 0418; gills: r²= 0.08, p= 0.648; muscle: r²=
0.123, p= 0.501). The bioconcentration analysis of Mn in
the different tissues showed that this metal is liable to
bioconcentrate in O. niloticus tissues. The liver showed
high bioconcentration of Mn, followed by the gills and
muscle. The treatment groups showed increasing bio-
concentration of Mn in the liver compared with the control
group, and at 2.9 mg/L and 1.5 mg/L, concentrations pre-
sented a significant difference compared with the control
group but not compared with each other (Fig. 3a). The
2.9 mg/L treatment showed a mean of 27.97 μg Mn/g wet
weight of the sample (liver), and the other treatments had a
mean of 3.87 μg/g and 7.68 μg/g in 0.2 mg/L and 1.5 mg/L,
respectively.

In the gills, there was a significant increase (p < 0.001) in
Mn bioconcentration only in the individuals exposed to the
highest concentration tested (2.9 mg/L treatment) compared
with the other treatments and to the control group (Fig. 3b);
this group had a mean value of 9.18 μg/g wet weight sample
and significantly differed from the other treatments.

Muscle had the lowest bioconcentration of Mn compared
with the other tissues (hepatic and gill tissues), presenting

Fig. 1 a Mean frequency of micronucleated erythrocytes (‰) and (p <
0.001). b DNA damage index (DI) (p < 0.001) in erythrocytes of
Oreochromis niloticus (n= 8) exposed to different concentrations of
manganese and a positive control group (Cyclophosphamide at 25 mg/
kg) for 96 h. The results are expressed as the mean and standard

deviation. Different letters indicate significant differences (p ≤ 0.05)
between the treatments (ANOVA test). Asterisk marks (*) indicate
significant differences between positive control and control groups (t
test) (t= 12. 167; df= 14; p < 0.001)
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mean values of 0.61 μg/g, 0.71 μg/g, 2.13 μg/g and 2.43 μg/
g body weight for the control, and 0.2 mg/L, 1.5 mg/L and
2.9 mg/L treatments, respectively. In addition, there was no
significant difference between the different concentrations
of Mn used (Fig. 3c).

Discussion

According to a 2016 report, after the accident in the Rio
Doce, the concentration of Mn presents a gradient where the
highest values are found at the outfall of the river (Bianchini
2016), so we conducted this study to evaluate the effects of
this metal on fish. We observed that the exposure to Mn,
during 96 h, can induce and increase micronucleus in the
erythrocytes of O. niloticus. According to Winter et al.
(2007), Mn can cause chromosomal breaks or changes in
the mitotic spindle during the period of cell division,
demonstrating its toxic potential. Micronucleus can be
formed due to the interaction of physical, chemical or bio-
logical agents with structures, such as the mitotic spindle
and the centromere, thereby promoting changes in the
mitotic apparatus and resulting in failure of chromosome
segregation (Souza and Fontanetti 2006). The results
obtained in this work at the 2.9 mg/L concentration are

supported by the literature demonstrating that Mn causes
DNA damage and interferes with the fidelity of genetic
replication, both in laboratory experiments and in environ-
mental biomonitoring analyses (Costa and Aschner 2014;
Duarte et al. 2012; Falfushynska et al. 2011). Falfushynska
et al. (2011) showed that Carassius auratus gibelio indi-
viduals exposed to 1.7 mg/L Mn for 14 days had a sig-
nificant incidence of micronucleus (5‰), and a significant
result (4‰) for the same species exposed to 0.05 mg/L of
copper for 14 days was also observed. Duarte et al. (2012)
also showed a significant result (1.56 ‰) studying Oreo-
chromis niloticus from a polluted lagoon at Espírito Santo,
Brazil (where the Mn concentration was 0.052 mg/L).

As in the micronucleus test, the DNA damage index
analysis, performed using the comet assay, showed a sig-
nificant increase in organisms exposed to the 1.5 mg/L and
2.9 mg/L treatments. This test assesses damages with pre-
mutagenic potential, as it is these injuries that can be
repaired in the cells. The results showed that Mn was able to
cause significant damage to the DNA of erythrocytes of O.
niloticus following acute exposure; thus confirming its
potential to generate damage to the genetic material in the
analyzed cells. The integrity and stability of the genetic
material are essential for cellular balance, the passage of
complete genetic information to the daughter cells and for

Fig. 2 a Activity of glutathione S-transferase (p < 0.001) and b catalase
(p= 0.358) in the liver; and c glutathione S-transferase (p= 0.228)
and d catalase (p= 0.01) in the gills of Oreochromis niloticus (n= 8)

exposed to different concentrations of manganese. The results are
expressed as the mean and standard deviation. Different letters indicate
significant differences (p ≤ 0.05) between the treatments
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the survival of the organism (Scalon et al. 2010). These
functions may have been impaired in the O. niloticus spe-
cimens exposed to the highest concentrations of Mn tested
in this work. Various pollutants such as metals can act
directly on organisms or through free oxygen radicals,
generating degenerative processes and causing genotoxic

effects (Halliwell and Gutteridge 1985). Our results agree
with those obtained by Matsumoto et al. (2006), who ana-
lyzed the genotoxicity of Mn and the index of damage to the
genetic material of O. niloticus in Córrego dos Bagres,
Franca – SP, and by Ahmed et al. (2011), who exposed
Oreochromis mossambicus individuals to arsenic for 96 h
and observed a significant increase in DNA damage. In
addition, as in the present study, the increase in the damage
to genetic material was shown to be dose dependent, with
the highest concentration tested resulting in an increased
damage index. The researchers also demonstrated that
metals other than Mn can cause DNA damage.

Toxicological bioassays with samples collected in the
Rio Doce (Brazil) soon after the accident in November of
2015 indicated cytotoxic potential and DNA damage, which
was shown by the damage index induced by exposing
Human Hepatocellular Carcinoma epithelial cells (HepG2
cells) to the Rio Doce water samples (Segura et al. 2016). In
a laboratory experiment where individuals of Geophagus
brasiliensis, another species of cichlid, were exposed to
water from the Rio Doce before and after the break of the
Fundão and Santarém, Mariana/MG dams, results showed a
significant increase in the frequency of micronucleus (4‰
before the break and 4.5‰ after the break) and of the
damage index (200 before the break and 160 after the
break), demonstrating that even before the accident, Rio
Doce water already had genotoxic potential (Gomes et al.
2018). Together with the Escobar (2015) data, these results
confirm that the Rio Doce was already polluted, but the
mining tailings contributed with pollutants harmful to the
local fauna.

The presence of toxic agents in the aquatic environment
can affect the synthesis of detoxification enzymes such as
GST, and produce ROS at the same time (Sreejai and Jaya
2010). These changes, in turn, activate expression of a gene
(CYP1A) linked to the production of enzymes of the anti-
oxidant process, such as CAT, to decrease the concentration
of reactive oxygen species (ROS) within animal cells
(Sheehan et al. 2007). In the present work, GST activation
was observed only in the hepatic tissues of the O. niloticus
specimens exposed to the highest concentration of Mn,
whereas CAT showed a significant increase in activity in
the gill tissues of the organisms exposed to all Mn con-
centrations. According to Padmini and Usha Rani (2009),
the enzymatic activity can be increased or inhibited by
exposure to metals, depending on the concentration and the
period of exposure. Exposure to metals may increase liver
GST activity (Guilherme et al. 2008), as shown in the
present study, and in GST activity in the gills, as shown in
similar results that by Dautremepuits et al. 2009. This
activation of the detoxification system of the organism
occurs due to the functions of various enzymes, which
neutralize toxic compounds and convert them to hydrophilic

Fig. 3 a Bioconcentration of manganese in the liver (p= 0.011), b
gills (p < 0.001) and c muscle (p= 0.067) of Oreochromis niloticus (n
= 8) exposed to different concentrations of manganese. The results are
expressed as the mean and standard deviation. Different letters indicate
significant differences (p ≤ 0.05) between the treatments

1156 G. C. Coppo et al.



compounds, thus facilitating their excretion from the
organism. CAT is the primary excretion enzyme of hydro-
gen peroxide; therefore, when its activity is low, the
availability of hydrogen peroxide in the organism is higher
(Cerqueira and Fernandes 2002; Monteiro et al. 2009). In
this study, the enzyme activity was higher in the hepatic
than gill tissues. Similar results were obtained by Atli and
Canli (2007), who exposed O. niloticus individuals to dif-
ferent concentrations (5, 10 and 20 μM) of cadmium, cop-
per, zinc and lead for 14 days and observed that the liver is
the organ most capable of combating oxidative stress and
the organ with the highest activity of antioxidant enzymes
such as CAT. Together with the action of superoxide dis-
mutase (SOD), CAT represents a first defense system of the
organism against oxidative stress (Qu et al. 2014).

In an aquatic environment, when exposed to high levels
of metals, fish can absorb these bioavailable contaminants
through the gills or skin or ingest them in contaminated
food and water. These metals are carried by the bloodstream
and sent to various organs (van der Putte and Pärt 1982).
The accumulation of metals may vary according to the
physiological differences and position of the tissue in the
body of the fish (Kotze 1997). The accumulation of Mn by
fish also depends on the availability of the metal in the
environment, the water parameters and the individual
characteristics and conditions of each organism (Bervoets
and Blust 2003).

The liver had a mean concentration of all treatments
(0.2 mg/L, 1.5 mg/L and 2.9 mg/L) of 21.27 μg/g wet
weight, followed by 4.49 and 1.77 μg/g body weight for
gills and muscle, respectively. According to Niemic et al.
(2015), the fish liver is characterized by a high ability to
bioconcentrate Mn and therefore is widely used in Mn
pollution monitoring biomonitoring. The presence of
essential metals, such as Mn, is common in the fish liver due
to its role in metabolism in the animal (Zhao et al. 2012).
However, the accumulation of Mn in the gills is directly
linked to the process of water absorption, since this organ is
in constant contact with the aquatic environment due to the
respiratory process (Hernroth et al. 2004). However, con-
trary to what was found in other studies (Badr et al. 2014;
Gabriel et al. 2013), in the present work, a higher con-
centration of Mn was found in the liver than the gills. In
Badr et al. (2014), tilapia (O. niloticus) collected in the Nile
River were analyzed, and Mn accumulation in the gills was
5.61 μg/g wet weight and that in the liver was 1.25 μg/g wet
weight. In the present study, muscle had low accumulation
of Mn, similar to the results found in other studies, such as
Badr et al. (2014), since muscle is not a typical tissue for
significant biotransformation and bioconcentration of
metals (Elnabris et al. 2013). The presence of lower con-
centrations of Mn in the muscle is important because the
muscle is an edible part of the animal and is widely

consumed throughout the world (Heath 1991; Iranshani
et al. 2011). Mn concentration 5.13 μg/g was found in
Paralichthys sp. and 2.08 μg/g in Balistes capriscus mus-
cles; these were animals collected in the outfall of the Doce
River after the break dams (Bianchini 2016). The analyses
carried out in the present study showed that the metal was
concentrated more in the inedible portions than in the fish’s
edible tissues, corroborating the results obtained by Iran-
shani et al. (2011), Steenkamp et al. (1994) also shows that
the highest Mn tissue concentrations found in freshwater
crabs (Potamonautes warreni) from polluted sites were
found in the carapace (587 μg/g wet weight) instead of in
the muscle (15 μg/g wet weight).

According to Ye et al. (2009), high concentrations of Mn
in water result in bioconcentration of this metal in tissues of
various organisms, in addition to causing changes in sodium
balance, reduced calcium and phosphorus absorption,
caused alterations in carbohydrate metabolism and impaired
immune functions of the animal. Additionally, at high
concentrations, this metal may still cause changes in
synaptic processes and the central nervous system because
Mn ions cross the blood–brain barrier. Thus, exposure to
high concentrations of Mn causes harmful effects in
organisms. In the present study, genotoxic and biochemical
alterations were also observed in O. niloticus specimens. In
general, activities such as mining and related activities or
impacts imply changes in the environment such as impair-
ment of water quality (Oliveira et al. 2015). Some studies
have pointed to a risk of extinction of some species typical
of the river, besides the alteration of the entire trophic chain
and will continue to cause impacts on local biodiversity in
the short, medium and long term (Espindola et al. 2016),
including loss of biodiversity, ecosystem compromise and
loss of ecosystem services (Garcia et al. 2016).

Conclusion

After carrying out the analyses, we found that Mn at high
concentrations, such as 2.9 mg/L, causes significant geno-
toxic damage, promoting a significant formation of ery-
throcyte micronuclei and causing substantial damage to the
genetic material of erythrocytes. The exposure of O. nilo-
ticus organisms to Mn probably stimulated the activation of
the GST and CAT enzymes, which detoxify the fish
organism and can be accumulated in greater quantities in
the liver, followed by the gills and muscle. This fact is
important because tilapia is economically valuable. The
authors consider it necessary to carry out future studies
evaluating the quality of the Rio Doce sediment, as well as
the synergistic effects of the metals found in greater con-
centrations in this environment.
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