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� Chronic exposure to MnCl2 may cause behavioral anxiogenic type in zebrafish.
� Behavioral damages may be originated from the reduction of neurons in the Vd nucleus.
� MnCl2 induces micronucleus and comet in erythrocyte after acute and chronic exposures.
� Liver histopathology shows vacuolization of hepatocytes after exposure to MnCl2.
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a b s t r a c t

Manganese is a metal often found as an environmental pollutant and very associated with neurological
disorders when in high concentrations. However, little is known about the effects that this contaminant
can cause when in environmentally relevant concentrations and occurrence, that is, much lower than
those commonly studied. So, the aim of the study was to evaluate the effects that environmentally
relevant concentrations of this metal would cause in different zebrafish organs (brain, liver, and blood).
Acute 96-h and chronic 30-day exposures were performed using the manganese chloride salt as a
pollutant. Behavioral alterations of anxiogenic type were observed in the animals after chronic exposures
to 4.0 mg L�1 MnCl2, which traveled a greater distance at the bottom of the aquarium. This may be
associated with neuronal damages in the telencephalic region responsible for motor and cognitive ac-
tivity of the fish, observed in animals from the same exposure. In addition, hepatic histopathological
damage as vacuolization of hepatocytes and genotoxic damage, identified by comet assay and micro-
nucleus test, was also observed after acute and chronic exposure, especially at the highest pollutant
concentrations (8.0 and 16.0 mg L�1 in acute exposure, and 4.0 mg L�1 in chronic exposure. The study
reinforces the risk that environmental pollutants pose to the ecosystem, even in low concentrations.

© 2019 Elsevier Ltd. All rights reserved.
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ermann Prado Rodrigues),
1. Introduction

Manganese (II) is an element of natural occurrence in some lo-
calities (Bouchard et al., 2018), mainly in the sites where igneous,
sedimentary, and metamorphic rocks are found (Mena, 1980).
However, it may occur from anthropic origin, being a fundamental
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raw material for the manufacture of fungicides, batteries, steel,
metal welding, varnishes, animal supplementation, and many in-
dustrial products (HSDB, 2001; Olanow, 2004; Patil et al., 2016).

Under normal conditions, manganese has essential functions for
the numerous physiological processes, including regulation of
cellular energy homeostasis, amino acid metabolism, lipids, pro-
teins, and carbohydrates (Erikson et al., 2005), immune system, and
blood clotting (Erikson and Aschner, 2003). In addition, it acts as an
important cofactor for enzymes such as superoxide dismutase (E.C.
1.15.1.1) (Hurley and Keen, 1987) and other enzymes involved in the
synthesis andmetabolism of neurotransmitters (Golub et al., 2005).
However, several studies report that prolonged exposures or high
concentrations of this metal are related to neurotoxicity in humans
and animals (Huang et al., 2011; Yoon et al., 2011; O’neal et al.,
2014; Altenhofen et al., 2017). It is noteworthy that among these
studies, only a few used Mnþ2 concentration ranges of possible
environmental occurrence, that is, the majority used concentration
bands well above the limit established by current legislation,
whether Brazilian or worldwide (Huang et al., 2011; Sarkar and
Shekhar, 2018; Altenhofen et al., 2017).

In Brazil, the concentrations of manganese commonly found in
different water courses vary from 0.05 to 0.5 mg L�1 in stretches of
the Sinos River (one of the most polluted river in the country)
(IBGE, 2010; Nascimento et al., 2015; Dalzochio et al., 2017; Bianchi
et al., 2019), to 19.3 mg L�1 in the Pampulha basin in Minas Gerais
(Rietzler et al., 2001).Worldwide, it has been found in groundwater,
superficial, and also in fish organs from contaminated rivers (Meyer
et al., 2017; Superville et al., 2018; Subotic et al., 2015), becoming an
environmental concern due to its long life and bioaccumulation
capacity (Yousafzai et al., 2010).

In this context, in situ biomonitoring studies and also laboratory
toxicity assays are essential for better characterization of the
toxicity of this frequent environmental pollutant. The aim of this
study was to evaluate the neurological, hepatic and genotoxic
damages induced by environmentally relevant concentrations of
manganese chloride (MnCl2) in zebrafish, through histological
analysis, MTT assay, micronucleus test, comet assay, and evaluation
of the exploratory behavior of animals.

2. Materials and methods

2.1. Experimental procedures

All experimental procedures were performed according to the
Brazilian Law for Laboratory Animal Care and Use (Law 11794/
2008) and were previously approved by the Institutional Com-
mittee for Animal Care and Use from Feevale University (protocol
number #02.16.046). A solid manganese chloride (MnCl2$4H2O.)
(LabSynth®, purity 98%) was used to prepare the dilutions. Each
1 mg L�1 of MnCl2 used corresponds to 0.28 mg L�1 of manganese,
since manganese represents 27.8% of the mass of MnCl2$4H2O. The
concentrations ranged from 0.5 mg L�1 MnCl2 (approximately 3.5
times less than the limit established for Class 3 waters, destined to
supply human consumption after conventional or advanced treat-
ment, by the National Council of the Environment (CONAMA)
through Resolution n� 357 of 2005 (BRASIL, 2005), and 16.0 mg L�1,
still representing a dose of environmental occurrence.

Adult wild-type zebrafish (Danio rerio; 6e7 months old, males
and females) were obtained from a local supplier. In laboratory, the
water used for maintenance and exposure of animals were recon-
stituted water (ISO, 1996). During the period of acclimatization
(seven days) and experimentation, the animals was maintained
under the following environmental conditions: water temperature
of 26 ± 2 �C, pH at 7.0e8.0, water hardness 75e100, 160 mS/cm of
conductivity and with a maximum density of 5 animals per liter of
water. The light/dark cycle was 14:10 h (lights on at 7:00 a.m.), in
constant aeration (semi-static system), and theywere fed thrice per
day with commercial flake food (Alcon).

The study consisted of two exposure periods: acute (96 hours),
where the animals (30 animals per group) were exposed from
0.5 mg L�1 to 16.0 mg L�1 of MnCl2; and chronic (30 days of
exposure) where animals (30 animals per group) were exposed to
0.5 and 4.0 mg L�1 of MnCl2. In both experiments 50% of the tank
water was renewed every 48 h.

The statistical analysis will be detailed in each topic of meth-
odological procedure, but all analyses were performed in software
GraphPad Prism 6. The data normality was assessed by the
Kolmogorov-Smirnov test and p < 0.05 was considered significant.

2.2. Behavioral analyses

At the end of the exposures, the animals (20 animals per group)
were submitted to the ‘open tank’ test. The apparatus consisted of a
tank of 20 � 20 � 10 cm (height x length x width). The behavior of
the animals was evaluated for 6 min and analyzed using ANY-maze
software. The following parameters were evaluated: average speed;
number of entries in the top, middle, and bottom zones of the
apparatus; the length of stay; and the distance traveled in each
zone. For statistical analysis, the one-way Anova test was applied,
followed by the Tukey post-test for normal distribution data. All
results were expressed as mean and standard error.

2.3. Genotoxicity assays

2.3.1. Micronucleus test
After filming, the animals were immediately sacrificed through

a section of the spinal cord to obtain blood samples for blood
smears (n ¼ 10). Blood smears were fixed with methanol (10 mi-
nutes) and stained with 5% Giemsa solution (New Prov) for 10 mi-
nutes. The analysis was made by light microscopy (Olympus BX41),
at 1000� magnification under an oil-immersion objective, which
were numbered 3000 erythrocytes per fish and recorded the
number of cells with micronuclei and nuclear abnormalities
(binucleated cell, cellular invagination, and cell budding), according
to the classification established by Fenech et al. (1999). Statistical
analysis was performed using the Kruskal-Wallis test, followed by
the Dunn post-test, and the data were expressed as mean and
standard error.

2.3.2. Comet assay
To complement the genotoxicity assessment, the comet test was

performed (5 animals per group). Briefly, in the absence of light,
5 ml of blood were mixed with fetal bovine serum and LowMelting
agarose (Sigma). The contents were rapidly transferred to a slide
already covered with regular agarose (LW Biotec), and the material
was covered with coverslip. After material solidification (about
10 minutes at 8 �C), the coverslip was removed and the slides were
dipped in lysis solution (2.5MNaCl,100mMEDTA,100mMTris) for
12 hours. After this period, the electrophoretic migration of DNA
(25 V and 300 mA current for 10 minutes) into alkaline electro-
phoresis buffer was performed. After the run, slides werewashed in
reverse osmosis water, fixed in absolute ethanol and stored under
refrigeration until the time of staining and analysis. DAPI fluores-
cence dye 1: 1000 (Sigma) was used, and the images were captured
by a fluorescence microscope (Zeiss Axio Scope. A1) at a magnifi-
cation of 100x, with the aid of a black and white CMOS camera
(AXIOCAM ICM1 model) with 1.2 megapixel, coupled to a micro-
computer with ZEN2 software. The analysis was performed by
categorizing, on average, 100 cells per animal according to the
comet tail size, ranging from 0 (no genetic damage, i.e. no tail) to IV
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(maximum genetic damage) (Fig. 1). Data were expressed by
calculating the genetic damage index, in which the total number of
cells of each class is multiplied by the respective value of the class
(Pitarque et al., 1999), so the index value can vary from 0 (all normal
cells) to 400 (maximum damage in all cells). Samples that differed
from the control group would be considered genotoxic. Statistical
comparison was performed using the Kruskal-Wallis test, followed
by the Dunn post-hoc test and data were expressed as mean and
standard error.
2.4. Histological procedure

After blood collection, the livers and brains were removed. The
samples were fixed in 10% Formol (Synth) for 12 hours. Slides
preparation followed the protocol described by Dalzochio et al.
(2016). Briefly, samples were dehydrated, embedded in paraffin,
sectioned in a rotatorymicrotome (5 mm) (Leica®, Germany). Brains
(about 5 animals per group) were stained with the Nissl technique
(Horn and Rasia-Filho, 2018), and livers (10 animals per group)with
the hematoxylin and eosin (H&E) technique for further analysis.

The livers were observed under optical microscopy (400x
magnification), and 20 fields per animal were captured and recor-
ded the degree of cellular alterations that varied from 0 (absent) to
6 (severe), as established by Bernet et al. (1999). We followed the
classification of the same authors for the attribution of alterations
found in the images, being circulatory (aneurysm and hyperemia),
regressive (degeneration and vacuolization), progressive (hyper-
trophy), and inflammatory (infiltration). After assigning the degree
of damage in each field analyzed (blinded to avoid any interfer-
ence), the mean of these changes (value of degree of damage) was
calculated per animal, and finally by group, for further statistical
analysis. Statistical analysis was performed using the Kruskal-
Wallis test, followed by the Dunn post-hoc test, and data were
Fig. 1. Categorization used for the analysis of comets; normal (A), grade I (B), grade II
(C), grade III (D) and grade IV (E and F) representing maximum genetic damage.
(Captured and created by the authors).
expressed as mean and standard deviation. The correlation coeffi-
cient for Spearman’s rank between the tested concentrations and
the degree of cell vacuolizationwas also determined (most frequent
alteration).

For the histological analysis of the telencephalon, we were
guided by the atlas of neuroanatomy of zebrafish elaborated by
Wulliman et al. (1996) (Fig. 2). The analysis consisted of the
observation, through optical microscopy (magnification of 400x), of
10 areas of interest in the size of 2 mm� 2 mm, located in the ventral
region of the telencephalon, specifically in the periventricular area,
in the dorsal nucleus (Vd) (specified in Fig. 2), considering only the
quadrants away from the edges of the nucleus (region). In these
quadrants, two inclusion borders (left and inferior) and two
exclusion edges (right and superior) were defined, as described by
Xavier et al. (2005) (Fig. 2C), where the cells were counted in the
dorsal nuclei with well-colored nuclei, evident edges and without
apparent overlap. Statistical analysis consisted of the Kruskal-
Wallis test, followed by Dunn post-hoc test, and data were
expressed as means and standard deviation. Spearman’s correla-
tion coefficient was also performed, due to the non-linearity of the
data, between the concentrations tested and the number of cells
counted in the dorsal nucleus.
2.5. MTT assay

The remaining animals (20 animals per group) were dissected
for the removal of the telencephalon. The pool of samples for
processing consisted of 2 telencephalons (2 animals), where half of
the sample was directed to the protein dosage (Lowry’s method),
and the other half was directed to the MTT quantification (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). For MTT,
the samples were washed in phosphate-saline buffer (PBS),
hydrolysed in trypsin (Sigma) and incubated at 28 �C for 10 mi-
nutes. After that, fetal bovine serumwas added to the samples, and
they were centrifuged for 10 minutes (1500 rpm), the supernatant
was discarded, and the samples resuspended in Leibowitz L-15
medium, for furtherMTTaddition (Sigma). Samples were incubated
at 28 �C for 2 h. Subsequently, the samples were centrifuged again
(15 min - 1500 rpm), the supernatant was discarded, samples were
resuspended in DMSO (dimethyl sulfoxide) and centrifuged for an
additional 30 min (1500 rpm). The final contents were transferred
to amicroplate (96wells) and absorbance readings were performed
in a spectrophotometer (Molecular Devices® M3) at 540 nm. Sta-
tistical analysis was performed through Anova test followed by
Tukey post-hoc test. Data were normalized and expressed in
absorbance obtained by reading MTT in 50 mg protein (mean pro-
tein concentration).
3. Results

3.1. Behavior analysis

Animals that were both acutely and chronically exposed to
MnCl2 did not show significant behavioral changes, as can be seen
in Fig. 3, except when observed the distance that the fish traveled in
the bottom zone of the aquarium; Animals chronically exposed to
4.0 mg L�1 MnCl2 showed a significant increase compared to ani-
mals in the control group (p ¼ 0.04) (Fig. 3 C3). Consequently, an-
imals exposed to 4.0 mg L�1 MnCl2 spent less time within the top
zone of the aquarium during the test, when compared to the con-
trol group (p ¼ 0.04) (Fig. 3 D1). When evaluating the responses of
animals from to the same concentrations, but comparing acute and
chronic exposure, no relevant behavioral changes were observed
either.



Fig. 2. A Image used as a reference for the localization and analysis of Vd (Wullimann et al., 1996). Fig. 2B: Histological section of the zebrafish telencephalon evidencing the studied
region (processed by the author) (100x of magnification). Fig. 2C: Vd at higher magnification (400x), demonstrating the analysis quadrants for cell count, with red exclusion borders
and green inclusion, representing an animal from control group. Fig. 2D: Vd at higher magnification (400x) with apparent reduction in the number of cell nuclei, representing an
animal acutely exposed to 16 mg L�1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Genotoxicity

Regarding to the comet assay, it was observed that fish exposed
to 16.0 mg L�1 of MnCl2 showed a higher DNA damage index
(p ¼ 0.025) in relation to the control group (Fig. 4A). However, no
significant differences were observed for the DNA damage index of
the animals from the chronic experimentation (Fig. 4A). In contrast
the animals of the acute experiment did not show significant dif-
ferences for the number of micronuclei (MN) and nuclear abnor-
malities (NA) (Fig. 4B and C). After chronic exposure, an increase of
micronuclei in erythrocytes of fish exposed to 4.0 mg L�1 of MnCl2
was observed in relation to the control animals (p¼ 0.05), as well as
an increase in nuclear abnormalities erythrocytes of animals
exposed to both concentrations (0.5 mg L�1 and 4.0 mg L�1) when
compared to the control group (p ¼ 0.003).

3.3. Histological analysis and mitochondrial viability assay with
MTT

The animals exposed to the highest concentrations of MnCl2



Fig. 3. Locomotor behavioral parameters evaluated in zebrafish exposed to MnCl2. Data are expressed as mean ± standard error and asterisks represent a statistical difference
compared to the control group within the same experimental period (acute or chronic), and the pound (#) represents a difference between the same concentrations but different
exposures (acute and chronic).
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Fig. 4. Data of comet assay (A) and micronucleus test (B and C). Data are expressed as
mean ± standard error and asterisks represent a statistical difference compared to the
control group within the same experimental period (acute or chronic).

Fig. 5. A Number of cells recorded in Vd of zebrafish exposed to different MnCl2
concentrations. Fig. 5B: Spearman correlation applied between MnCl2 concentrations
and the number of cells recorded in acute exposure animals (control n ¼ 4; 0.5 mg L�1

n ¼ 5; 1.0 and 2.0 mg L�1 n ¼ 3; 4.0 and 8.0 mg L�1 n ¼ 6; 16 mg L�1 n ¼ 3. Fig. 5C: MTT
reading (50 mg protein) of zebrafish after exposure to different concentrations of
MnCl2. All data expressed as mean and standard deviation. Asterisks represent sta-
tistical difference between groups within the same experiment (acute or chronic). And
pound (#) represents statistical difference between animals of the same exposure
concentration but from different experiments (acute and chronic).
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(8.0 mg L�1 and 16.0 mg L�1) demonstrated a significant reduction
in the number of cells in Vd (p¼ 0.004) (Fig. 5A) when compared to
the control group, or at animals exposed to MnCl2 0.5 mg L�1

(p ¼ 0.02). There was a significant negative correlation (R ¼ - 0.92)
(p ¼ 0.006) between the concentrations tested and the number of
cells counted (Fig. 5B), indicating that with the increase in con-
centration results in cell reduction. In relation to the chronic
exposure, the animals exposed to 4.0 mg L�1 of MnCl2 also differed
significantly from the control group and those exposed to
0.5 mg L�1 of MnCl2 (p ¼ 0.0006 and 0.0012 respectively) (Fig. 5A).
Fig. 5C details the results found in the mitochondrial telencephalic
viability assay. There were no significant differences between the
groups of animals from both exposures (acute and chronic)
(p ¼ 0.13 and 0.37 respectively). However, when comparing the
animals exposed to 0.5 mg L�1 of MnCl2 from the two experiments,
a significant increase of the mitochondrial telencephalic activity
was observed in the animals of the chronic experiment (p ¼ 0.002).

In relation to the hepatic histological analysis, tissue damage
was detected in both acute and chronic exposures in animals
exposed to different concentrations of MnCl2, especially cellular
vacuolization, as observed in Fig. 6. Statistical analysis (Table 1)
shows that the fish from the acute experiment exposed to
8.0 mg L�1 and 16.0 mg L�1 of MnCl2 had a higher degree of cellular
vacuolization than the control group (p < 0.001). However, the
animals to the chronic experiment from the concentrations of
0.5 mg L�1 and 4.0 mg L�1 of MnCl2 also presented a higher degree
of cellular vacuolization when compared to the animals in the
control group (p¼ 0.0007), confirming the sensitivity of the liver as
the target organ of xenobiotics.



Fig. 6. Zebrafish hepatocytes exposed to different MnCl2 concentrations; note comparison between acute and chronic exposures for control animals (A and B), exposed to
0.5 mg L�1 MnCl2 (C and D) with mild degrees and severe cell vacuolation respectively, 4.0 mg L�1 MnCl2 (E and F and H) with severe and moderate degrees of cell vacuolation
respectively, and 16.0 mg L�1 MnCl2 (G) with severe degree of vacuolization cell. In the inserts with greater maginification, we can visualize normal hepatocytes of the animals of the
control group, but with some presence of vacuolization (A and B); cell degeneration (C), hyperemia (D); vacuolization-associated cell hypertrophy (F); aneurysm (G) and presence of
extreme vacuolization in hepatocytes (H).
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4. Discussion

This study investigated possible changes caused by concentra-
tions and exposures that tried to simulate as much as possible the
conditions found in the environment regarding manganese. In
contrast to previous studies conducted with exposure to high
manganese concentrations (O’neal et al., 2014; Altenhofen et al.,
2017), the present study indicates that concentrations of rele-
vance and environmental occurrence are incapable of altering
motor behavior of adult fish, even after chronic exposures. How-
ever, animals chronically exposed to 4.0 mg L�1 of MnCl2 spent less
time in the top zone of the aquarium and traveled a longer distance
in the bottom zone of the aquarium when compared to animals in
the control group, indicating an anxiogenic behavior. Such findings



Table 1
Histological changes (value of degree) observed in zebrafish livers exposed to different concentrations of MnCl2. (Data are expressed as mean ± standard deviation and
different letters represent statistical difference, obtained through Kruskal-Wallis followed by Dunn’s multiple comparison test).

Control 0.5 mg L �1 1.0 mg L �1 2.0 mg L �1 4.0 mg L �1 8.0 mg L �1 16.0 mg L �1 p

Acute Aneurysm 0.25 ± 0.28a 0.10 ± 0.18a 0.21 ± 0.32a 0.15 ± 0.6a 0.27 ± 0.33a 0.31 ± 0.27a 0.17 ± 0.20a 0.94
Hyperemia 0.38 ± 0.32a 0.45 ± 0.31a 0.44 ± 0.37a 0.73 ± 0.06a 0.24 ± 0.18a 0.43 ± 0.34a 0.39 ± 0.29a 0.10
Degeneration 0.18 ± 0.29a 0,00a 0,00a 0.01 ± 0.27a 0.00a 0.07 ± 0.10a 0.04 ± 0.05a 0.06
Vacuolization 1.36 ± 0.62a 2.45 ± 0.89 ab 2.46 ± 1.16 ab 3.12 ± 0.03 ab 3.42 ± 1.51ab 4.17 ± 1.08b 4.16 ± 0.57 b <0.0001
Hypertrophy 0.42 ± 0.31a 0.4 ± 0.89a 0.86 ± 1.16a 0.64 ± 0.03a 0.48 ± 1.51a 1.20 ± 1.08a 0.70 ± 0.54a 0.052

Chronic Aneurysm 0,00a 0.05 ± 0.12a e e 0.06 ± 0.05a e e 0.58
Hyperemia 0.57 ± 0.72a 2.04 ± 0.91 b e e 1.52 ± 0.37ab e e 0.01
Degeneration 0.65 ± 0.66a 0.64 ± 1.05a e e 0.08 ± 0.12a e e 0.39
Vacuolization 1.36 ± 0.94a 4.35 ± 1.25b e e 3.60 ± 2.28 b e e 0.007
Hypertrophy 0.23 ± 0.55a 0.38 ± 0.42a e e 0.11 ± 0.19a e e 0.53
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corroborate with Altenhofen et al. (2017), where acute exposures of
adult fish to high concentrations of MnCl2 (90e270 mg L�1) were
also not sufficient to alter locomotor behavior.

Although the first available evidence in the literature relates the
effects of manganese especially to locomotor deficits in humans
(Couper, 1837; Mena et al., 1967; Kondakis et al., 1989), recently
some studies have also shown cognitive alterations (Wasserman
et al., 2011; Bjoklund et al., 2017; De Carvalho et al., 2018) in
humans and rodents (Amos-Kroohs et al., 2017), which is in
agreement with the main neurological pathway affected in man-
ganese exposures; the dopaminergic (Aschner al., 2005). It is
known that dopaminergic signaling regulates a wide range of
physiological functions, including motor, cognitive, and memory
activity (Jones and Miller, 2008; Altenhofen et al., 2017).

The same anxiogenic behavioral response was observed in
studies performed with the same animal species exposed to other
metals, such as nickel (Nabinger et al., 2017), arsenic (Baldissarelli
et al., 2012), zinc (Sarasamma, 2018), and mercury (Pereira et al.,
2016), suggesting that metal contaminants may, even at low con-
centrations, alter the fish behavior.

The behavioral damages mentioned above, however minor, may
be a reflection of the reduction in the number of cells of the dorsal
nucleus of the ventral telencephalic region, since the animals
acutely exposed to 8.0 mg L�1 and 16.0 mg L�1 of MnCl2 and
chronically exposed to 4.0 mg L�1 of MnCl2 showed a decrease in
the number of cells in this region. In zebrafish, this region is where
the tyrosine hydroxylase (TH) immuno-positive neurons are found,
considered the equivalent region to the dopaminergic ones in
mammals (Kaslin and Panula, 2001; Tay et al., 2011; Du et al., 2016).

TH exerts the function of metabolizing L-tyrosine in L-dopa,
precursor of dopamine (Yamamoto et al., 2011), which plays a
fundamental role in locomotion, cognition, emotion, and neuro-
endocrine function (Missale et al., 1998). Thus, changes in TH pos-
itive cells may reflect behavioral alterations. The reduction in the
number of cells of the dorsal nucleus may derive from apoptosis-
programmed cell death, since no evidence of necrosis was found
on histological observation. In addition, studies report a significant
increase in apoptotic markers induced by exposure to MnCl2 in a
neuronal cell line and in zebrafish (Yoon et al., 2011; Altenhofen
et al., 2017).

The mechanism of cell death induced by MnCl2 is still not well
established, however there are hypotheses relating it to the stress
of the endoplasmic reticulum and/or mitochondrial disorder (Yoon
et al., 2011). In this context, cell viability was verified by the MTT
assay, which in other studies (Yoon et al., 2011; Evren et al., 2015)
was associated with the reduction of cell viability in neuronal
cultures after acute MnCl2 exposures, however, in the present
study, no significant differences were observed between the groups
of animals from both exposures (acute and chronic), indicating that
the mechanism responsible for the neurotoxicity reported here
may have no origin or connection with mitochondrial activity.
However, it should be emphasized that this result can be also
attributed to the use of the total telencephalon of the animals,
being able to refer to other regions and cell types, masking possible
changes in Vd.

In addition to the observed neurotoxicity, histopathological
analysis of the livers also demonstrated damage. Cellular vacuoli-
zation in the hepatocytes was more frequently observed in the
animals acutely and chronically exposed to the MnCl2, which ac-
cording to the protocol used for the analysis characterizes as a
regressive alteration (Bernet et al., 1999), that is, that reduces the
functional capacity of the organ. It may delay or decrease theMnCl2
elimination and increase its relative amount in plasma (Ballatori,
2000).

Histopathological lesions in this organ have been studied by
several authors as a way to evaluate the toxicity of different sub-
stances, due to its metabolizing function (C�aceres- V�elez et al.,
2016; Souza et al., 2017). In other studies with zebrafish assessing
toxicity of other substances, there are also reports of cell vacuoli-
zation as one of the most frequently encountered changes (Velasco-
Santamaría et al., 2011; De Oliveira et al., 2015; Pereira et al., 2016).
Hinton and Laur�en (1990) indicate that this alteration is associated
with inhibition of protein synthesis, energy depletion, microtubule
disintegration, or changes in substrate utilization, and suggest the
presence of regions with accumulation of lipid and glycogen in-
clusions, or the combination of toxic agents with intracytoplasmic
lipids (Van Dyc et al., 2007).

In contrast, in mice, Huang et al. (2011) evaluated the toxicity of
MnCl2 (exposure by intraperitoneal injection of 6 mg L�1 of MnCl2),
and found changes in hepatic sinusoids and central veins, necrosis,
and infiltration of mononuclear cells, but did not report the pres-
ence of cellular vacuolization. However, in the present study, the
presence of necrosis or apoptosis in the hepatocytes, initially
evaluated, is ruled out due to the absence of inflammatory cells,
characteristic of necrosis, and morphologies traditionally found in
apoptosis, such as cell shrinkage (Elmore, 2007). The fact is that due
to liver metabolism and excretion of manganese, any hepatic
dysfunction results in elevated plasma Mn levels, and consequent
manganese deposition in the brain, characterizing neurotoxicity (Li
et al., 2017).

In relation to the genotoxicity analysis, the present data indicate
that the concentrations that are most similar to those found in the
environment at present (0.5 and 4.0 mg L�1) are sufficient to cause
damage to zebrafish erythrocyte DNA after prolonged exposures
due to the occurrence of micronuclei and nuclear abnormalities
reported here, although the species has a basal rate of up to 1
micronucleus in 1000 cells (Thom�e et al., 2016). Micronuclei are
masses of cytoplasmic chromatin, originating from fragments or
whole chromosomes left during anaphase, which reflect on struc-
tural problems or chromosomal changes during mitosis (Kampke
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et al., 2018), thus detecting the clastogenic capacity of chemical
substances (De Lima et al., 2016), warning the risk of prolonged
exposure to manganese.

It is known that exposure time to xenobiotics is crucial to
determine the frequency of genotoxicity in animals, i.e. it should be
sufficient for the expression of genotoxic characteristics to occur,
but not sufficient for the organism to develop a defensive mecha-
nism (Lemos et al., 2001; Yadav et al., 2009). Therefore, 96 h of
acute exposure may not have been sufficient for the occurrence of
damage to the genetic material of the animals, when observing only
the result of the micronucleus test. In contrast, the acute exposure
of the animals to 16.0 mg L�1 of MnCl2 resulted in an increase in
DNA damage index expressed by the comet assay. This is corrobo-
rated by authors who argue that the assay is capable of detecting
early and acute lesions in the DNA of target tissues, unlike the
micronucleus test that corresponds to chronic cellular responses, so
both tests are usually used in complementarity (Vasquez, 2009;
Hariri et al., 2018).

5. Conclusions

The present study has shown that although scientific attention
is usually focused on damage caused by exposures to high con-
centrations of pollutants or atypical situations where environ-
mental contamination is extreme, such as in environmental
disasters, contaminations caused by metals in low concentrations,
should be studied and observed with greater care. Manganese (II),
typically associated with neurodegenerative diseases, in humans
living in regions with soil and water contaminated by high con-
centrations, as well as in animals, caused damage in all organs
studied, reflecting even behavioral and DNA changes, especially
after prolonged exposure to concentrations typically found in the
environment. It should be noted that given the high toxicity of such
metal, it is necessary to understand the mechanisms of action
responsible for such threats, as well as whether these damages
could affect subsequent generations or be reversed after possible
decontamination or treatment of polluted environments. The study
reinforces and encourages other authors to better describe the
environmental toxicity caused by other metals as well as for further
understanding of the effects caused by the synergism of these
substances in the environment.
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