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The toxicity of metals, including aluminum (Al), tde potentiated by temperature and
acid pH, a concern in view of the current globakrwiag scenario. The aim of this
study was to evaluate the bioconcentration of Athia testes and semen A$tyanax
altiparanaeand the potential of this metal, at different eamimental temperatures and
acid pH, to cause cytotoxicity and genotocixityarythrocytes and spermatozaa.
altiparanaemales were divided into nine experimental grogpsach of three different
water temperatures (20, 25 and 30 °C), the fisltevegposed to a neutral pH, an acid
pH and acidic water containing Al (0.5 mg)L The fish were subjected to subacute,
semi-static exposure and sampled at 24 and 96tar Aach exposure period the comet
assay (blood and semen) and micronucleus test dplomere performed.
Bioconcentration of Al was evaluated in the test@sl semen. Exposure time and
temperature influenced the Al bioconcentrationgratin the testes. Al concentration in
the semen was higher in fish exposed at 20 and€C224 h). The DNA fragmentation
score for the semen and blood was higher in figfosed to Al at 20 (24 h) and 30 °C
(96 h). The frequency of nuclear abnormalitiesrytteocytes was higher in the group
exposed to Al at 30 °C (96 h). It was concluded &ldioconcentrates in the testes and
semen ofA. altiparanaeat different temperatures and is potentially aytat and
genotoxic to erythrocytes and spermatozoa in fhesies.

Keywords: pH; Spermatozoa; Semen; Metal; Temperature

Highlights

*Increased temperature enhances the bioaccumulatidhthe testes after 96 h.
*A shorter exposure period (24 h) triggers Al bioamulation in the semen.
*Temperature and pH potentiate the genotoxic amotoyic effects of Al.

* The DNA damage caused by Al to the erythrocytes spermatozoa is reversible.
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1. Introduction

Human activities, such as discharging domesticjcaljural and industrial
effluents into the environment, are the main dsvésehind the environmental
degradation process, whether characterized by negbaiver water quality or adverse
effects on animal physiological processes (Manzetnal, 2015, Vianaet al, 2017).
Discharged waste can contain many toxic substarinekjding metals, pesticides,
drugs and solvents, which can bioconcentrate fierdift tissues, alter growth, behavior,
reproduction and metabolism, and damage DNA (Authn2®11; Kidaet al, 2016;
Vianaet al, 2017).

Aluminum (Al) is one of the metals found in waterdies and is, in fact, one of
the most abundant metals in the earth's crusadtrhany everyday applications (water
treatment, manufacturing of cans and cooking ulgnsic.), but to date no biological
function has been described for this metal (Nagak2; Fernandez-Davikt al, 2012).
Therefore, there are no specific binders or chaperdor Al transport, no transporters
or channels to selectively facilitate the passdghis metal across cell membranes, and
no intracellular storage proteins to aid in celdlameostasis. Furthermore, there are no
pathways for Al metabolization and excretion (Exéd Mold, 2015). The presence of
Al in the organism can cause diseases and induee effects, as reported by several
studies on different animal groups. Al can caussogic effects in fish kidney cells
(Klingelfus et al, 2015) and affect amphibian growth and larval awdbryonic
development (Peles, 2013; Herkowtsal, 2015). In humans, it can accumulate in the
brain and has been linked to the etiology of autitald et al, 2018) and Alzheimer’s

disease (Tomljenovic, 2011).



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Kida et al. (2016) analyzed. altiparanaemales exposed to Al during the active
phase of the reproductive cycle and observed amease in plasma levels of
testosterone and 11-ketotestosterone after expésuB6 hours, suggesting alterations
in the reproductive physiology of males impairiqgesn production and spermiation.
Genotoxic effects of Al were also observed in thgtheocytes of juveniles of the
tropical specie®rochilodus lineatugGalindoet al, 2010), oxidative stress (D. carpio
(Garcia-Medinaet al, 2013), ionic imbalance and inhibition of M&—ATPase
enzymatic activity inP. lineatus(Camargoet al, 2009), and increased DNA damage
(time-dependent) and a higher level of oxidized DNAC. carpio (Garcia-Medinaet
al., 2011).

In addition to the known toxic effects of Al anchet metals such as cadmium,
mercury, arsenic and selenium on aquatic organisimis, also known that higher
temperatures can aggravate the effects of thesalsmeh fish health (Muniz and
Oliveira-Filho, 2006). Pole6 and Muniz (1993) obser an increase in ventilation
frequency to adjust the respiratory rate Salmo salarexposed to Al at higher
temperatures. The occurrence of this synergistiecefis worrisome in light of the
current global warming scenario. Data from the rijdgernmental Panel on Climate
Change (IPCC, 2013/2014) state that the earth'pemture will increase by 0.3 to 1.7
°C from 2010 to 2100, potentially aggravating theicity of metals.

Teleosts inhabit different trophic levels in th@dochain, and for this reason are
widely used in ecotoxicological trials and studiesvaluate the genotoxic potential of
various substances, including metals. They are sdsaitive to environmental changes
and capable of bioconcentrating contaminants, eatetow concentrations in water
bodies (Jesust al, 2014, 2016; Chuat al, 2018). Furthermore, fish bioassay data

correlate well with genotoxicity in human cells espd to environmental mutagenic
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agents (Marcoret al, 2010), and some of the results obtained usirgpstt can be
extrapolated to human#éstyanax altiparanadias also been used in bioassay studies
(Gomeset al, 2013; Vieiraet al, 2013; Chehadet al, 2014; Bettimet al, 2016; Kida
et al, 2016; Abdallaet al, 2019), mainly due to its high plasticity to diat
environments, small size so that experiments caodnelucted in tanks, and ease of
handling under laboratory conditions.

Micronucleus tests, nuclear abnormality tests dmel comet assay (Osman,
2014; Lapuentet al, 2015) are the most widely used methods for evialyanutagenic
and genotoxic effects in fish. They can be combingti other biochemical methods
and biomarkers, as well as quantification of meitalanimal tissues, to evaluate levels
of water pollution. The data available in the ktiere to date reveal the genotoxic effect
of Al in juvenile fish, but not in fish during theeproductive phase, combined with
variations in water temperature. Based on the otigseenario of climate change and
human activities, our hypothesis is that changesater temperature and acid pH can
bring about the accumulation of Al in fish testesl @emen, triggering genotoxic effects
in erythrocytes and sperm cells. Therefore, the afrthis study was to evaluate the
bioconcentration of Al in fish testes and semen thiedpotential of this metal, combined
with temperature changes and acid pH, to causdoxytity and genotoxicity in the

erythrocytes and spermatozoafofaltiparanae

2. Material and Methods

2.1. Experimental conditions

Sexually maturéA. altiparanae(n=360) males were donated by the Paraibuna
Hydrobiology and Aquaculture Statio@@¢mpanhia Energética de Sao Paul@ESP,

Paraibuna, Sao Paulo, Brazil). Prior to the expenimnthe fish were kept for seven days
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in the ectotherm facility at the Universidade deo $&aulo, Institute of Biosciences,
Department of Physiology (IB/USP). They were themsferred to 18 glass tanks (132
L water/tank, 10 fish/tank) with water replenishm0% every 24 h) and fed daiyg
libitum with extruded feed (32% crude protein). They weeprived of food for 24
hours before beginning the experiments and urdiletihd of subacute exposure, in order
to obviate feces as a further experimental variable

Separate studies were conducted at two exposuresitih) 180 fish were
exposed to the experimental conditions for 24 hoansl 2) 180 fish were exposed to
the experimental conditions for 96 hours. Thesépsrwere chosen based on previous
studies (Correi@t al, 2010; Kidaet al, 2016; Abdalla et al., 2019) to verify responses
over different time intervals, since some physiatafjresponses occur rapidly due to
the plasticity of the species studied.

For each experimental period (24 and 96 h), thenalsi were divided into nine
experimental groups (replicates) based on thrderdiit temperatures (20 °C, 25 °C and
30 °C), at each of which the fish were exposecdetatnal pH, acid pH (5.5) and acid pH
(5.5) with aluminum, resulting in the following esqimental groups: T1) water at 20
°C, no Al, neutral pH; T2) water at 20 °C, no AtichpH; T3) water at 20 °C, with Al,
acid pH; T4) water at 25 °C no Al, neutral pH (gohigroup); T5) water at 25 °C, no
Al, acid pH; T6) water at 25 °C, with Al, acid pH) water at 30 °C, no Al, neutral
pH; T8) water at 30 °C, no Al, acid pH; T9) wate¢r3@ °C, with Al, acid pH. Al was
added to the water for groups T3, T6 and T9 atrecewtration of 0.5 mg:t (mg of
Al.L™ water).

The Al solution was prepared at a concentrationO& mg.L* (5.67 g
Aly(SOy)3.18H,0 - Sigma Aldrich - diluted in 700 ml of deionizedhter, adjusting the

pH to 2.5 with 65% HN®@- Suprapur, Merck). A quantity of 8.148 ml of tlsislution
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was added to the 132-L tanks in order to obtaimdial concentration of 0.5 mg.L-1 of
Al and a pH of 5.5 (required for Al bioavailabil)tysince Al is relatively insoluble at
pH 6 to 8 due to hydrolysis and the formation of(¥H); (Driscoll and Schecher, 1990;
Gensemer and Playle, 1999). This concentrationlofids chosen as representative of
contamination levels in some basins in the Stat&&jd Paulo, according to reports
published byCompanhia Ambiental do Estado de Sdo P4UBTESB, 2016), and is
below the LG value (1mg.L}) previously obtained (unpublished data).

Water temperatures were determined according t&nbg/n adequate survival
temperatures (Siqueira-Silvet al, 2015). The 24- or 96-hour period started from
temperature stabilization for each experimentaligr@and temperature transitions were
controlled at a rate of 1 °CY{Truemanet al, 2000). For each experimental group, the
water temperature was kept constant using thehestot facility cooling system, and
thermostat-controlled water heaters monitored pecaly.

Thus, ten fish were collected from each experinmeatak (at 24 h and 96 h),
giving a total of 20 fish per experimental groupki. The tests were semi-static, with
90% water renewal every 24 hours. The water in tdnks was filtered and the
physicochemical parameters (e.g. temperature asgblged oxygen) analyzed daily
using an oximeter (YSI55) and a pH meter (Gehaka).

The experiment was approved by the Animal Use EtGiommittee (CEUA) at

IB/USP (265/2016; Process 16.1.417.41.3).

2.2. Water collection
Water samples (150 ml) from each tank were colte@eery 24 hours and
placed in amber flasks previously washed with @@&cid. The sample was always taken

with a 20 ml syringe at the same point inside #rkt It was aliquoted into two flasks
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(one for total Al - unfiltered, one for dissolved Afiltered with a Valuprep PVDF 0.45,
Hexis filter syringe) and acidified with 65% nitraxid (Suprapur, Merck) at pH<2.5.
The vials were then kept refrigerated at 4 °C ahduantified by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). To determina Ahe water samples, they were

diluted 10x in 2% HN@and directly injected into the ICP-MS unit.

2.3. Collection of semen

The fish were always collected in the morning. Befoollection, spermiation
was induced with pituitary extract of common caBp,carpiq at a dose of 5 mg.Kg
body mass. Induction was carried out at differemes during exposure, taking the
treatment temperature into account. Spermiatidasier at higher temperatures: for fish
kept at 20 °C — hypophysation (induced breedingy imaiated 13 h before collection;
for fish kept at 25 °C, 11 h before collection; dnd fish kept at 30 °C, 9 h before
collection. Fish from different experimental groupere anesthetized with eugenol-
based solution (clove oil) (1 ml eugenol: 10 mlagtbl: 10000 ml tank water). After
collecting the semen and blood, the anesthetizddviiere euthanized by transection of
the spinal cord at the operculum (Schreck and Ma880).

To collect the semen, the urogenital papilla wasefadly dried with paper
towels to avoid the contaminating the semen witkewaurine, blood or feces, and the
abdomen massaged from the head toward the taileis&mm each fish was collected

with an automatic pipette, aliquoted into polyedng graduated tubes and kept at 4 °C.

2.4. Quantification of aluminum in semen and testes
Al was quantified in an aliquot of g semen, diluted in 10QL saline solution

(0.9% NaCl). Samples were frozen at -20 °C and wdrdified by ICP-MS following
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the protocol in Batistaet al. (2009). The removed testes were frozen for Al

quantification by ICP-MS, following the protocol Aguiaret al. (2012).

2.5. Comet assay on spermatozoa
A guantity of semen (10.) was removed, diluted in 1000 fetal bovine serum
(Gibco; Thermo Fisher Scientific) and the solutfomm each fish/treatment stored at 4

°C for three days before performing the comet agasylescribed for blood samples).

2.6. Blood collection and blood tests

Blood was collected by caudal vasculature punctisiag a heparin coated
syringe (5000 Ul, Hepam& The blood (10uL) was diluted in 1000uL of
cryopreservation buffered solution (250 mM Saccbey@l0 mM Trisodic Citrate, 5%
DMSO, pH 7.6) (Evrarett al, 2010; Jacksoet al, 2013). The samples were frozen for
one month and thawed in a polystyrene box at 4'#@n, 10uL of the cell suspension
was added to 120L of low melting agarose (0.8%) at 37 °C. To rue tomet assay,
the slides were precoated with agarose (1% w/v B% Puffer). Two slides were
prepared for each fish/treatment and incubatetenréfrigerator in lysis buffer (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO, 1% TRITONX-100, 0.01M
Sarcosine) at pH 10 for one hour. The slides when ttransferred to a horizontal
electrophoresis cell and placed in denaturatiofeb 800 mM NaOH, 100 mM EDTA,
pH 13) for 30 minutes in the dark. The samples wken electrophoresed (25V and
300mA) for 20 minutes, and the slides placed intna¢imation buffer (0.4M Tris - 15
minutes), fixed with 100% ethanol (10 minutes) atated in the refrigerator for further
analysis. For fluorescence microscopy analysisXR@EDuL of GelRed (Biotium) were

deposited on each slide and 100 nucleoids couaiEmrding to fragment migration,
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and classified as: class 0 (no damage); classwi dlmage); class 2 (average damage)
and class 3 (high damage), based on Kobayesldl. (1995). The scores of each
experimental group were calculated by multiplyihg humber of nucleoids visualized
in each class by the value of the class (0, 1, 3)orFinally, the scores of all the
individuals subjected to a given treatment were raech and divided by the number of
individuals to obtain the mean score. The DNA gataduced by the comet assay were
ranked based on scores from zero (minimum degredragmentation) to 300
(maximum degree of fragmentation).

To run the micronuclei and nuclear abnormalities, telood smears (&) were
prepared on clean glass slides (duplicate) anddedty overnight. The slides were then
fixed in methanol PA (100%) for 10 minutes, waskseth distilled water, stained with
10% Giemsa (25 minutes), washed with distilled wadeéed under ambient conditions
(24 hours), coated with Permount coverslips (Fi$R15-500) for analysis with an
optical microscope (1000x) and the micronuclei andlear abnormalities (binucleate,
segmented, kidney, lobed and blebbed) counteddendified according to Carrased
al. (1990). A thousand cells (totaling 12000/groupyeveounted on each slide and the

results expressed as percentage frequency (%).

2.7. Statistical analysis
Data were expressed as mean * standard error ofiehe (SEM) and subjected to the
Kolmogorov-Smirnov normality test. The groups weoenpared by the ANOVA two-
way test (variables: temperature and treatmeng@d by the Student Newman Keuls

post-hoc test. Values were considered significadtifferent at R0.05.

3. Results
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3.1. Water chemistry and animal survival

The physicochemical characteristics of the watexdus the experiments are
detailed in Table 1.

The physicochemical parameters of the water suppid in all experimental
treatments were as follows: Calcium — 2.10 riy.Phosphates - <L.Q. (limit of
quantification); Total Inorganic Carbon - 12.5 mig.lTotal Organic Carbon - <L.Q.;
Organic matter - 5 mg:t; Total Nitrogen - 0.02 mg:t; Turbidity - 1.43 NTU; Total
Alkalinity - 57.54 mg CaC@L™; Total Hardness - 51.65 mg Cag€"; Chlorides -
21.35 mg CIL™; Iron - <L.Q.; Conductivity - 71.30S.cni* at 25°C; Sulfates - <L.Q .

Under these conditions, fish survival was 100% lingeoups during the 24 h
bioassay. During the 96-h exposure, survival wae 4D0% in groups T1 to T8. Only

group T9 produced different results (24 h - 1008h4 60%; 72 h - 50%; 96 h - 50%).

Table 1. Physicochemical parameters of the wated urs the experimental treatments

(24 h and 96 h) of males B&tyanax altiparanae

Treatment pH Temperature Désxsy(g\éid Total Al Disi?lved
24 h °C mg.L* mg.L* mg.L*
1 7.40+0.05 19.37+0.06 8.63 +0.06 0.08+0 -
2 5.65+0.08 18.68+0.17 8.63 £ 0.08 0.08+0 -
3 549+0.08 18.37+0.138.71+0.13 045+0.05 0.36%0.09
4 7.50+0.10 24.52+0.19 6.82+0.19 0.08+0 -
5 5.73+0.04 24.62+0.23 7.04+0.10 0.06 +0 -
6 550+0.07 2497+0.097.26+0.11 042+0.04 0.38+0.08
7 7.72+0.06 30.88+0.255.87+0.11 0.08+0 -
8 5.65+0.16 29.92+0.10 5.77 +£0.07 0.07x0 -
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9 5.38+0.09 31.27+0.075.71+0.05 047+0.01 0.44+0.02
Treatment pH Temperature D(i)sxsyc;\é(ra]d Total Al DissA?Ived
96 h °C mg.L* mg.L* mg.L*
1 7.62+0.02 20.69+0.07 7.72+0.08 0.08+0 -
2 5.38+0.02 19.95+0.17 8.06 +0.10 0.07x0 -
3 5.37+0.02 2044+0.15805+0.11 0.54+0.01 0.48+0.02
4 7.49+0.06 24.56+0.11 7.53 +0.06 0.08+0 -
5 5.42+0.07 24.48+0.117.28+0.12 0.09+0 -
6 547+0.05 2490%+0.137.25+0.10 0.53+0.01 0.50=%0.02
7 7.66+0.03 31.24+0.07 6.15+0.04 0.07x0 -
8 5.31+0.07 30.44+0.20 6.19 + 0.06 0.07x0 -
9 5.39+0.05 31.27+0.206.29+0.07 0.53+0.01 0.49%0.02

T1) water at 20 °C, no Al, neutral pH; T2) water2@t°C, no Al, acid pH; T3)

water at 20 °C, with Al, acid pH; T4) water at Z5, ho Al, neutral pH (control group);

T5) water at 25 °C, no Al, acid pH; T6) water at°Z5 with Al, acid pH; T7) water at

30 °C, no Al, neutral pH; T8) water at 30 °C, nq Atid pH; T9) water at 30 °C, with

Al, acid pH. Data are means + SEM (n=6 - 24 h1(= 96 h).

3.2. Bioconcentration of Al in testes and semen

In the 24 h bioassay (Fig. 1A), there was no défiiee in Al concentration in the
testes for any of the treatments. In the fish egddsr 96 h, the effect of water pH on
Al levels in the testes was temperature-depend&r®.004). No significant difference
was observed in the bioconcentration of Al in thetés at different temperatures in the
fish exposed to neutral pH. In the fish exposeada pH (with or without Al) there
was an increase in Al concentration in the testebh@temperature increased (P<0.001).

On analyzing the experimental groups at differemperatures, there was no difference
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between groups at 20 °C (P=0.30). At 25 °C, thie ésposed to acid pH with Al
exhibited a higher bioconcentration of Al in thestes compared to the other groups
(neutral pH - P=0.004; acid pH- P=0.01). At 30 fit& fish kept at neutral pH exhibited
a lower concentration of Al in the testes than ¢hosthe other experimental groups,
and the fish exposed to acid pH with Al exhibitbd highest concentration of Al (13.7

+1.98pg.g% P<0.001) (Fig. 1B).

=

A [Al] Testes (ug.g')-24h [Al] Testes (ng.g*)- 96h

bt b b s b
R~
(g

[N =Y

NN =]

o »

[Al] Testes (ng.g")
[Al] Testes (ng.g")
=

'S

Aa
Ba
Ab
2 Ca Ab BIb i Ac I
. :
i,li i -1-,:- o L Aa Cai i -
20°C 25°C 30°C 20°C 25°C 30°C
Temperatures Temperatures

SNeutralpH ®AcidpH ®AcidpH+Al mNeutralpH wAcidpH wAcid pH+ Al

Fig. 1. Concentration of aluminum in the testeg.¢") for each experimental group at
exposure times of 24 h (A) and 96 h (B) (n=6). Whter at 20 °C, no Al, neutral pH;
T2) water at 20 °C, no Al, acid pH; T3) water at°®t) with Al, acid pH; T4) water at
25 °C, no Al, neutral pH (control group); T5) watr25 °C, no Al, acid pH; T6) water
at 25 °C, with Al, acid pH; T7) water at 30 °C, Ab neutral pH; T8) water at 30 °C, no
Al, acid pH; T9) water at 30 °C, with Al, acid pBifferent uppercase letters indicate
significant differences (P<0.05) for the same treait at different temperatures;
different lowercase letters indicate significantfetences (P <0.05) at the same

temperature for different treatments.

In the semen, Al was observed in the ejaculatdl @xperimental groups at both
24 (Fig. 2A) and 96 h (Fig. 2B). In the 24 h asafwcid pH, the concentration of Al

was higher at 25 °C than at 30 °C (P=0.02). In atid+ Al, Al concentration was
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higher at 20 and 25 °C compared to the fish expase&2D °C (P=0.04, P=0.02). For
different treatments at the same temperature,rafisignt difference was observed only
at 20 °C; fish exposed to acid pH + Al exhibitethigher concentration of Al in the

semen than those exposed to neutral and acid gHZR). In the fish exposed for 96 h
at 30 °C, the concentration of Al was higher in sleenen of fish exposed to acid pH +

Al than in those in the other experimental groupsQ.006) (Fig. 2B).

A [Al] Semen (ug.L) - 24h B [Al] Semen (ug.L) - 96h

40
-
30 -\Bb .
25 2
20 20 b b
15 15 I I =
10 10
5 5
0 0
2W0°C 25°C 30°C

Temperature Temperature

l.-\l] Semen (pg L l)
[Al] Semen (ng.L?)

S Neutral pH ®AcidpH ®AcidpH+Al ®Neutral pH ®AcidpH ®Acid pH + Al

Fig. 2. Concentration of aluminum in the sempagr.l(‘l) for each experimental group at
exposure times of 24 h (A) and of 96 h (B) (n=6)) Water at 20 °C, no Al, neutral
pH; T2) water at 20 °C, no Al, acid pH; T3) waté28 °C, with Al, acid pH; T4) water

at 25 °C no Al, neutral pH (control group); T5) eaiat 25 °C, no Al, acid pH; T6)

water at 25 °C, with Al, acid pH; T7) water at 3D, ho Al, neutral pH; T8) water at 30
°C, no Al, acid pH; T9) water at 30 °C, with Al,idgH. Different uppercase letters
indicate significant differences (P<0.05) for them® treatment at different
temperatures; different lowercase letters indisadeificant differences (P <0.05) at the

same temperature for different treatments.

3.3. Comet assay: blood and semen
Regardless of cell type and exposure time, theeffepH and Al on the degree

of DNA fragmentation was temperature-dependent (6.
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In the 24-h experimental groups, the DNA fragmeatascore in the semen of
fish exposed to neutral pH was higher at 25 °C3heC than at 20 °C (P=0.02, P=0.01,
respectively). At acid pH + Al, as the temperatin@eased the degree of fragmentation
dropped (P=0.05). In terms of temperature-depeneftatts, at 20 and 25 °C the fish
exposed to acid pH + Al had a higher semen fragatiemt score than those exposed to
a neutral or acid pH alone (Fig. 3A). After expastor 96 h, the fish exposed to neutral
pH had a higher fragmentation score at 25 and 3fb¥pared to the fish exposed at 20
°C (the same result was obtained after 24 h). ibh gid, fragmentation was higher at 30
°C than at the other temperatures. In acid pH +aAhigher temperature led to an
increase in the DNA fragmentation score (P=0.08).tdrms of exposure at each
temperature, at 20 °C the scores were higher isgheen of the fish exposed to acid pH
(with or without Al) compared to neutral pH. At 2&, the score was higher in fish
exposed to acid pH + Al (P=0.02), and at 30 °C,st@re was higher at acid pH (this

score increased when Al was added) (Fig. 3B).

A Semen - 24h B Semen - 96h

Score
o
o

Aa
15
Ac Ap Ba Aa AaCa Aa

o BcAbI 100 | py BaCa  AbBbBa  gcAP
* mM BEN NN || < wmm mc@ ED
0 0

20°C 25°C 30°C 20°C 25°C 30°C
Temperature Temperature

mNeutralpH @AcidpH ®mAcidpH+ Al mNeutralpH @AcidpH ®Acid pH+ Al

Fig. 3. DNA fragmentation score (0-300) for sperozatn of Astyanax altiparanae,
obtained by the comet test. The fish were exposezkperimental groups for 24 h (A)
and 96 h (B) (n=6). T1) water at 20 °C, no Al, meupH; T2) water at 20 °C, no Al,
acid pH; T3) water at 20 °C, with Al, acid pH; Tégater at 25 °C no Al, neutral pH

(control group); T5) water at 25 °C, no Al, acid ;pFb) water at 25 °C, with Al, acid
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pH; T7) water at 30 °C, no Al, neutral pH; T8) watt 30 °C, no Al, acid pH; T9)
water at 30 °C, with Al, acid pH. Different uppesealetters indicate significant
differences (P<0.05) for the same treatment atewdfft temperatures; different
lowercase letters indicate significant differen¢@s<0.05) at the same temperature for

different treatments.

In the erythrocytes (24 h, Fig. 4A), DNA fragmenrdat in fish exposed to
neutral and acid pH (no Al) increased with risieghperature. With the addition of Al,
fragmentation was higher at 20 and 30 °C than aP@5P=0.02). An analysis of
erythrocyte fragmentation scores at each temperastiowed that, at 20 °C, fish
exposed to acid pH + Al exhibited a higher degreééragmentation than fish in the
other experimental groups. At 25 °C, fish exposeddid pH (with and without Al)
exhibited higher fragmentation compared to fishasega to neutral pH. At 30 °C, the
fragmentation score was higher in fish exposeddotnal pH compared to the other
groups (P=0.02). At 96 h (Fig. 4B), fish exposedntutral and acid pH (no Al)
exhibited a significant increase in the fragmentatcore with increasing temperature.
When Al was added, the fragmentation score wasehigh20 °C than at 25 and 30 °C
(P=0.02). In overall terms, DNA fragmentation at &d 25 °C was higher in fish

exposed to Al compared to the other groups.

A Blood - 24h B Blood - 96h
300 300
250 250
00 200
g 150 g 15
- Aa Aa Ab Ab 31 gy BbBa AaAaBa
100 - Bb Ba 100
R I ﬂl C°ﬂ| Iﬂl Wl
20°C
Tempernture Tempera(ure

mNeutral pH @AcidpH ®Acid pH+ Al mNeutralpH @AcidpH ®AcdpH+Al
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Fig. 4. DNA fragmentation score (0-300) for eryttytes of Astyanax altiparanae,
obtained by the comet test. The animals were expwsexperimental groups for 24 h
(A) and 96 h (B) (n=6). T1) water at 20 °C, no Adutral pH; T2) water at 20 °C, no
Al, acid pH; T3) water at 20 °C, with Al, acid pfM4) water at 25 °C no Al, neutral pH
(control group); T5) water at 25 °C, no Al, acid;pFb) water at 25 °C, with Al, acid
pH; T7) water at 30 °C, no Al, neutral pH; T8) watt 30 °C, no Al, acid pH; T9)
water at 30 °C, with Al, acid pH. Different uppesealetters indicate significant
differences (P<0.05) for the same treatment atedfit temperatures; different
lowercase letters indicate significant differen{®s<0.05) at the same temperature for

different treatments.

3.4. Micronucleus blood test

Kidney, lobed, segmented, blebbed and binucleatdeau abnormalities were
found in erythrocytes at both exposure times. Miadei were found only at 96 h
(0.0001, 25 °C, acid pH). The effects of pH andphesence of Al on the formation of
nuclear abnormalities was temperature-dependerttiottt 24 (P<0.001) and 96 h
(P=0.02).

Fish exposed for 24 h (Fig. 5A) to neutral and gatitdexhibited higher levels of
erythrocyte nuclear abnormalities at 20 °C thahat other temperatures (P<0.001).
When Al was added, levels of nuclear abnormaliie30 °C were higher than at 25 °C
(P=0.005). After 96 h (Fig. 5B), adding Al triggdr@a higher frequency of nuclear
abnormalities only at 30 °C (P<0.001). In overalints, adding Al at 25 and 30 °C
increased the frequency of erythrocyte nuclear abalities compared to treatments at

neutral and acid pH without the addition of Al (P8@7; P<0.001).
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A NA - 24h B NA - 96h

0,005 0,005
g 0,004 g 0,004
g 0,003 £ 0,003
% Aa Aa % Aa
;-'.'. 0,002 Bab Aa §. 0,002 a Ba
5 0,001 ’_I_‘ ABb Bb & 0,001 p b p b

0°C 25°C 0°C 20°C 25°C 30°C
Temperature Temperature
ENeutral pH B AcidpH BAcidpH+ Al ENeutral pH DAcidpH BAcidpH+ Al

Fig. 5. Frequency of nuclear abnormalities (NA) @mythrocytes of Astyanax
altiparanae The experimental groups of fish were expose®fh (A) and 96 h (B)
(n=6). T1) water at 20 °C, no Al, neutral pH; T2ater at 20 °C, no Al, acid pH; T3)
water at 20 °C, with Al, acid pH; T4) water at Z5 fio Al, neutral pH (control group);
T5) water at 25 °C, no Al, acid pH; T6) water at°Z5 with Al, acid pH; T7) water at
30 °C, no Al, neutral pH; T8) water at 30 °C, nq Atid pH; T9) water at 30 °C, with
Al, acid pH. Different uppercase letters indicagngicant differences (P<0.05) for the
same treatment at different temperatures; diffel@nercase letters indicate significant

differences (P <0.05) at the same temperatureifi@rent treatments.

4. Discussion

This study revealed that Al can bioconcentratedthlihe testes and semen, and
this pattern is related to exposure time, acid pHi\water temperature. The combination
of acidic water and lower temperature (20 °C) haytatoxic and genotoxic effect on
the erythrocytes and spermatozoaofaltiparanaeat both 24 and 96 h, but this effect

was aggravated by adding Al to the water.

4.1. Water physicochemical properties and fishisatv
The physicochemical properties of the water (emperature, pH and dissolved

oxygen) are of fundamental importance in ecotoxigmal bioassays, since they can
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influence biomarkers and fish survival. Moreovére properties of the water directly

affect the solubility of metals and their bioavhilay to aquatic organisms, since

changes in these properties promote the speciatitire metals, making them more or
less toxic (Namiesnik and Rabajczyk, 2010). Alngpaoteric, and therefore changes in
pH are followed by Al speciation. In addition to péther parameters that influence the
toxicity and bioavailability of Al are temperaturkinder concentration and the ionic
strength of the solution (Matus and Kubova, 2005).

The Environmental Protection Agency (EPA) in theitelth States recommends
an acceptable limit on Al concentration of 0.2 myand the National Environmental
Council (CONAMA) in Brazil sets the maximum valuédissolved Al at 0.1 mg.L
Therefore, the concentration used in this studyjlar to that observed in some rivers
in the State of Sdo Paulo (CETESB, 2016), is firees higher than the EPA permitted
limit and can affect aquatic life. The quality dletwater used was compliant with the
recommendations of the EPA and CONAMA.

The survival of the fish in this study was influeddoy high temperature (30 °C)
combined with the presence of Al in the water (96 Ihis possible that the lower
survival rate at 30 °C with the addition of Al wdge to the Al potentiation effect in
combination with higher temperature and acid pH.d&in these conditions,
polymerization of Al in the gills increases leading functional hypoxia, a fact
corroborated by the behavior of the fish in thisugr (seeking oxygen on the surface of
the water when oxygen was available in the walidrgse findings are corroborated by
Pole6é and Muniz (1993), who reported that Al taxién Salmo salardepends not only
on pH but also on temperature, emphasizing the iitapoe of these variables when

evaluating the effects of Al on fish.
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4.2. Bioconcentration of Al in the testes and semen

In this study, the bioconcentration capacity ofiklthe testes was found to be
related to temperature and exposure time, corrtibgrahe findings of Poledé and
Muniz (1993), who showed that Al toxicity increases higher temperatures.
Furthermore, Al bioconcentration in the testesreé8t&h exposure was higher than after
only 24 h exposure. Al was also detected in teates semen of fish that were not
deliberately exposed to this metal, revealing #nsn at the low concentration (0.07
mg.L") found in water supply, Al can bioaccumulate ire thissues of aquatic
organisms, depending on the temperature and pH.

Correia (2012) exposedstyanax bimaculatuso 0.5 mg.[* Al and found that
Al bioconcentrated in the liver, spleen, musclegdnieys, ovaries, gall bladder,
encephalon and gills, and impaired the fecundityfeohales. Vuorineret al. (2003)
exposedCoregonus albuldo Al and observed Al bioconcentration in the gjiths well
as impacts on physiological reproductive paramdtikays in oocyte development and
gonadal maturation). Kidat al. (2016), exposing males &. altiparanaeto the same
concentration used in this study, did not testAbbioconcentration in the testes, but
did observe increased plasma levels of androgemgesting that Al also acts as an
endocrine disruptor in male fish. This alteration androgen levels may influence
spermatogenesis, spermiogenesis and sperm quadihulzet al, 2010), since Al was
found in the testes and semen in our study, whi@s wonducted at the same
concentration. These results show the plasticitfistf under Al stress, responding by
reproducing as fast as possible.

In teleosts, the effects of Al on male reproductorgans/cells have not been
investigated to date. In the nineties, it was bskeown that Al affects mammals by

inhibiting testosterone synthesis {itro) in Leydig cells (Laskey and Phelps, 1991).
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Exposure of mammals to Al has also been showndocees testosterone levels, trigger
histopathological changes in the testes, reducemspmncentration, motility and
viability, and increase sperm abnormalities in \Afigsats (Cheraglhet al, 2017). Wistar
rats fed for 60 days on a diet containing 1.5 mg.&fAl (mimicking human exposure
to this metal) exhibited Al in germ cells, and exarnow concentration Al was found to
impair spermatogenesis and sperm quality (Martieieal, 2017). The same authors
reported an increase in oxidative stress and inflation, highlighting the toxic action
pathways of Al in the male reproductive system (fwiaz et al, 2017). In human
semen, Kleinet al. (2014) found high concentrations of Al in Frencatipnts and
discussed the implications of these levels form¢ngenesis and sperm concentration.
In regard to the effects of temperature, the datawsthat the pattern of Al
bioconcentration in the testes and semen diffecerding to exposure time. Exposure
to Al for 24 h was not sufficient to trigger Al moncentration in the testes, even at
different temperatures, but after 96 h exposuracat pH, higher temperature boosted
the bioconcentration of Al in the testes. In thees, the effects were observable after
only 24 h, with higher levels of Al at 20 and 25 é@mpared to 30 °C. However, after
96 h exposure the pattern changed and the fishsedpim Al at 30 °C exhibited higher
levels of Al in their semen. We suggest that thecbncentration of Al in the semen
occurred faster than in testes due to its fluidsesiency and the spermatozoa renewal
rate during spermatogenesis. However, no studie® Heeen carried out so far

comparing the concentration of metals in the testessemen.

4.3. Comet assay
One of the tools used to verify the effects of empound on tissue is the comet

assay, which is a standard method for determimngvo/in vitro genotoxicity, and is
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sensitive, robust, versatile and powerful enoughet@luate damage caused by
clastogenic agents by measuring DNA strand breaksimal and plant cells (Lapuente
et al, 2015). The comet assay has therefore been ussévieral ecotoxicological
studies to measure reversible DNA damage causedafigine (Santos-Silvat al,
2018), pesticides and hydrocarbons (Biarethal, 2017) and trace metals (D'Costa
al., 2017). The degree of fragmentation detected hdrgthe comet assay suggests that
Al binds to the DNA-histone complex causing confatibnal chromatin changes, as
found in the human nervous system (Lukatval, 1987), and may cause cell DNA
fragmentation. Using the comet assay, Al genotokidias been found in the
erythrocytes ofProchilodus lineatus(Galindo et al, 2010) andCyprinus carpio
(Gomez-Olivanet al, 2017), and in the liver odRhamdia queler{Klingelfus et al,
2015).

Furthermore, the degree of DNA fragmentation triggeby Al is temperature-
dependent, suggesting that the fragmentation sisorecreased by the denaturation
process induced by the potentiated effect of Ablaserved in the semen after exposure
for 96 h. In erythrocytes, DNA fragmentation respenpatterns at different
temperatures were similar at 24 and 96 h for betitral and acid pH, and the DNA
fragmentation score increased concomitantly withperature (30 °C>25 °C>20 °C).
However, the addition of Al modified this pattesuggesting that at 24 h, 26 is the
optimal temperature, but exposing the fish to aeloW20 °C) or higher (36C)
temperature increases DNA fragmentation. At a loeg@osure time (96 h), the lowest
fragmentation score was recorded at 20 °C. Hassah (2017) studied the effects of
ambient temperature on Nile tilapigD.( niloticug, a species whose optimum
temperature is 25-28 °C, and observed that thentidestress induced by cold (14 °C)

and heat (36 °C) affected the expression of heatksproteins (HSP70), oxidative
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stress genes (metallothioneins, glutathione sfesmses) and immune response genes,
in addition to inducing micronucleus formation @dNA fragmentation. Buschiret al.
(2003) suggest that temperature induces damageusseahDreissena polymorpha
DNA, modifying cell sensitivity to environmental jhatants undeiin vitro conditions.
Therefore, elucidating the role of temperaturesseatial in determining the potential
genotoxicity of environmental pollutants.

Irrespective of the presence of Al, our data shbat tan acid pH is able to
induce genotoxic damage in the semen and erytlescgt A. altiparanae but this
effect is potentiated by the addition of Al, redass of exposure time. There is no data
on the propensity of an acid pH to cause genotalmage in teleost cells, but
alterations in reproductive hormone levelsAicipenser gueldenstaed(iZzelennikovet
al., 1999) and irA. altiparanae(Kida et al, 2016) have been shown, as well as impacts
on larval development i€arassius auratus gibeligTaghizadehet al, 2013). Thus,
even during a period of subacute exposure, acidiemtriggers physiological changes
and can impact fish populations. Therefore, thisdgtcorroborates the mutagenic
impact of Al on several cells. DNA fragmentationbath erythrocytes and sperm cells,
together with the propensity of water temperatuse atfect the degree of DNA
fragmentation, suggest that the reproduction of 8pecies may be affected by the

variables studied herein.

4.4. Micronucleus test

In addition to the comet assay, the micronuclessdad the presence of nuclear
abnormalities are widely used iasvivo/in vitro biomarkers in molecular epidemiology
and the investigation of cytogenetic damage. A amacleus consists of acentric

fragments expelled from the main nucleus in the Istages of anaphase (Kirsch-
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Volderset al, 2003). These fragments can be formed by two nmesims: clastogenesis
(chromosomal breaks) and aneugenesis (dysfuncfitimeanitotic apparatus). Nuclear
erythrocyte abnormalities may be indicative of esrduring cell division (Carrasoet
al., 1990; Udroiu, 2006). It is important to combire tresults of the comet assay and
micronucleus test with mutagenic tests, since tasy sensitive, powerful, simple,
versatile and cost-effective (Araldit al, 2015). In this study, a low frequency of
nuclear abnormalities was observed, possibly dudoshort exposure time. Nuclear
abnormalities in fish erythrocytes are more frequemen the fish are exposed for long
periods to genotoxic agents (Osmetnal, 2010; Vicariet al, 2012). This fact can be
observed in the natural environment, where a highlbver of nuclear abnormalities are
observed as a result of the impacts of human &esyiproviding a bioindicator for
water quality and organism survival potential (@utzet al, 2015; Vianeaet al, 2017,
Hussainet al, 2018). According to Alinket al. (2007), prolonged exposure to low
concentrations of genotoxic agents aggravates té#sets on fish cells, and in other
aquatic organisms. In this study, the micronucleast, a biomarker that evaluates
irreversible erythrocyte DNA damage, was not usefiuggesting that Al causes
reversible DNA damage (evaluated by the comet astaythe erythrocytes and
spermatozoa oA. altiparanae The data suggest that semen quality parameters,as
semen physicochemical characteristics, morphologlysperm kinetics, should also be

investigated to predict impacts on the reproductibtihese organisms.

5. Conclusion
Under the experimental conditions described hentican be stated that Al,
even at environmental concentrations, bioconcesdrat the testes after 96 hours of

exposure and this accumulation increases at higaemperature. In the semen,
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556 accumulation occurs sooner, just after 24 h exmosumn conjunction with water
557 temperature and acid pH, this accumulation triggstetoxic and genotoxic effects,
558 causing reversible DNA damage to the erythrocytesspermatozoa &. altiparanae

559
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Highlights

* Increased temperature enhances the bioaccumulation of Al the testes after 96 h.
* A shorter exposure period (24 h) triggers Al bioaccumulation in the semen.
*Temperature and pH potentiate the genotoxic and cytotoxic effects of Al.

* The DNA damage caused by Al to the erythrocytes and spermatozoais reversible.



