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Abstract Ni and Cd are widely used together in the
manufacture of cells and batteries. The incorrect dis-
posal of these products can result in environmental
contamination, posing risks to the organisms exposed
to these contaminants. However, the effects of the
mixture of Ni and Cd in freshwater fishes are still
unclear in the current literature, especially in relation
to biomarkers of oxidative stress. Thus, the objec-
tive of the current work was to compare the sublethal
effects caused by the mixture of cadmium (Cd) and
nickel (Ni) with the effects of these metals individu-
ally, in the fish Astyanax altiparanae. The animals
were exposed for 72 h to 20 pg L of Cd, 1.5 mg L
of Ni, or a mixture of these two metals at the con-
centrations mentioned. After exposure, tissue samples
were collected to evaluate hematological and plasma
parameters, biomarkers of oxidative stress in the gills,
and acetylcholinesterase (AChE) activity in brain and
muscle. Exposure to the mixture caused alterations
that were not observed in the groups exposed to the
metals individually, such as increased activity of cata-
lase and glutathione-S-transferase, and a reduction
in AChE activity in the brain. Thus, we concluded
that exposure to the mixture of Cd and Ni is more
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harmful to A. altiparanae than exposure to these met-
als separately.
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1 Introduction

Several human activities, such as industrial and
agricultural production, urbanization, and tourism,
contribute to environmental contamination (Amiard-
Triquet et al., 2015). Cadmium (Cd) and nickel (Ni)
are among the main contaminants of aquatic ecosys-
tems and are already known to have harmful effects
in aquatic organisms (Palermo et al., 2015; Pereira
et al., 2016). Although Ni is an essential metal for
plants and terrestrial animals, studies with fish have
not yet proven its essentiality (Wood, 2012). Expo-
sure to this metal can cause several alterations in fish,
such as oxidative stress, genotoxicity (Palermo et al.,
2015), morphological damage to the gills, and neuro-
toxicity (Topal et al., 2015, 2017). Cadmium is a non-
essential metal and can cause toxicity in concentra-
tions as low as 1 ug L! (Pereira et al., 2016; Silva &
Martinez, 2014). The main effects of this metal in fish
include oxidative stress, genotoxicity (Pereira et al.,
2016), osmoregulatory disorders (Silva & Martinez,
2014), and neurotoxicity (Naija et al., 2017).
However, contaminants in the natural environment
are not limited to one type in isolation, but instead,
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a combination of contaminants that can result in dif-
ferent consequences for the health of the exposed
organisms (Nikinmaa, 2014; Niyogi et al., 2015). A
metal mixture can cause different effects from those
observed after exposure to the metals separately,
causing greater toxicity (Abdalla et al., 2019; Oliveira
et al., 2018). In addition, the sum of the individual
effects is often not enough to infer the effect of the
mixtures, and exposure tests are required to evaluate
possible interactions between contaminants (Pillet
et al., 2019).

Ni and Cd are widely used together in the manu-
facture of cells and batteries, and the incorrect dis-
posal of these products can result in simultaneous
contamination of the environment by these two met-
als (Carolin et al., 2017; Conte, 2016). Previous
works have already demonstrated that Cd and Ni can
be found together in aquatic ecosystems across the
globe (Dourado et al., 2016; Rahman et al., 2022;
Tegu et al., 2023; Wang et al., 2023). In Brazilian sur-
face waters, cadmium can be found in concentrations
ranging from 6 to 46.8 pg L™ (Dourado et al., 2016;
Viana et al., 2018). For nickel, the values range from
77 to 870 pg L! (Dourado et al., 2016; Melo et al.,
2017; Viana et al., 2018).

According to the available literature, the effects of
the mixture of Ni and Cd are still unclear. In zebrafish
(Danio rerio), Ni reduced Cd uptake in the gills, but
increased Cd uptake in the whole body (Komjarova
& Blust, 2009). After a 3-h exposure, no interac-
tion was observed between Cd and Ni at the bind-
ing sites in the gills of Oncorhynchus mykiss (Niyogi
et al., 2015). In another study, Ni attenuated olfac-
tory dysfunctions caused by Cd in O. mykiss after
96 h of exposure (Dew et al., 2016). Bezerra et al.
(2022) evaluated the effects of a Ni and Cd mixture
on plasma, histological, and biochemical biomarkers
in the fish Prochilodus lineatus. In this species, all
effects caused by exposure to the metal mixture were
observed in the exposures to single metals, with the
exception of hyperglycemia. However, it should be
noted that none of these works evaluated biomarkers
of oxidative stress, which are normally very sensitive
to exposure to Cd and Ni, as already mentioned.

Oxidative stress occurs when there is an imbal-
ance between the production and elimination of reac-
tive oxygen species (ROS). Aerobic organisms have
several defense mechanisms to avoid oxidative stress,
since it can cause damage to macromolecules such
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as lipids, proteins, and DNA. Among these mecha-
nisms we can mention enzymatic antioxidants, such
as catalase (CAT), superoxide dismutase (SOD), and
glutathione-S-transferase (GST), in addition to non-
enzymatic antioxidants, such as glutathione (GSH)
(Lushchak, 2016; Nikinmaa, 2014).

In addition to oxidative stress biomarkers, hema-
tological parameters are important tools to assess the
general health status of fish. These parameters may
indicate physiological alterations resulting from expo-
sure to various contaminants, such as metals (Shah-
jahan et al., 2022). Previous studies have shown that
exposure to metals can cause reductions in hematocrit
and hemoglobin concentration (Kim et al., 2019; Lee
et al., 2022).

Acetylcholinesterase (AChE) activity is a neuro-
toxicity biomarker commonly used in ecotoxicology.
Decreased activity of this enzyme is usually associ-
ated with exposure to pesticides (Aragjo et al., 2018).
However, many studies have shown that exposure to
metals can also interfere with AChE activity. Dif-
ferent fish species exposed to Cu (Simonato et al.,
2016), Cd (Naik et al., 2020), Ni (Topal et al., 2015),
and Pb (Vicari et al.,, 2018) presented changes in
AChE activity, which demonstrates the relevance of
this biomarker for the evaluation of neurotoxic effects
after exposure to metals.

Changes in biomarkers of oxidative damage,
hematological parameters, and neurotoxicity bio-
markers are warning signs for future effects at higher
levels of biological organization (Rimoldi, 2021).
Oxidative damage, for example, can cause loss of
cell function and impair the health status of animals
in the long term (Monserrat, 2021). The analysis of
these parameters may be useful for future updates on
the maximum limits for metals in aquatic ecosystems,
since the current regulations were established mainly
based on studies with exposure to single metals (Bra-
sil, 2005).

The fish species chosen as the experimental model
for this work is Astyanax altiparanae. This species
is native to the Neotropical region, belonging to the
order Characiformes, and is found in South America
(Lima et al., 2003). The genus Astyanax is the most
diverse of the Characidae family in the Neotropi-
cal region, with a hundred species abundantly dis-
tributed in Brazilian hydrographic basins (Lima
et al., 2003; Ornelas-Garcia et al., 2008; Prado et al.,
2011). In addition, this genus has been shown to be
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very sensitive to various metals, such as aluminum,
manganese, copper, and zinc (Abdalla et al., 2019;
Santos et al., 2012; Tincani et al., 2019), and can be
easily maintained under laboratory conditions, due to
its small size. Therefore, the objective of the current
work is to compare the hematological, plasma, and
biochemical effects caused by cadmium and nickel,
individually and in a mixture, in the freshwater fish
A. altiparanae.

2 Material and Methods

Juveniles of A. altiparanae (n=56,4.95 +0.42 g,7.16
+ 0.25 cm, mean + SD) were collected from the Fish
Farming Station of the State University of Londrina
(Londrina, Parand, Brazil). All procedures involving
these animals were approved by the Ethics Committee
on Animal Experimentation of the State University of
Londrina (protocol number: 13642.2019.46). The fish
were acclimated in 300 L tanks containing dechlorin-
ated water under constant aeration, and fed with com-
mercial feed (Guabi®, Brazil) every 48 h. After accli-
mation, a 72-h exposure test was performed. Four
100 L glass aquariums were used, with dechlorinated
water under constant aeration. Each aquarium con-
tained 14 fish: one aquarium represented the control
group (CTR), with only dechlorinated water; one con-
tained 20 pg L' of cadmium (Cd group); one 1.5 mg
L' of nickel (Ni group); and one aquarium contained
a mixture of these two metals in the aforementioned
concentrations (Mix group). The concentrations of Ni
and Cd chosen are close to concentrations that caused
sublethal effects in previous studies with a Neotropi-
cal fish (Palermo et al.,, 2015; Silva & Martinez,
2014). To reach the nominal concentrations of Ni and
Cd in the exposure media, solutions with nickel chlo-
ride (NiCl,.6H,0) or cadmium chloride (CdCl,.H,0)
dissolved in ultrapure water were used. During the
exposure test, two water samples were collected from
each aquarium every 24 h. One sample was only acid-
ified (1% HNO;), to determine the total metal concen-
tration, and the second sample was filtered (0.45 pm)
and acidified, to evaluate the dissolved metal concen-
tration. During acclimation and the exposure test, the
water parameters remained adequate (temperature:
23.1 +0.3°C, pH: 8.6 + 0.2, dissolved oxygen: 7.7 +
1.3 mg L', mean + SD).

After the exposure, the animals were removed
from the aquariums and immediately anesthetized
with benzocaine (0.1 g L), for blood collection via
the caudal vein. The fish were then euthanized by
medullar sectioning for the collection of gills, brain,
and muscle samples, which were stored at -70°C until
biochemical analysis. For all the tissues collected,
samples were pooled (two animals per pool) for the
evaluation of the biomarkers.

Blood samples were used to evaluate the number
of erythrocytes (RBC), the mean corpuscular volume
(MCYV), the hematocrit (Hct), and the concentration
of hemoglobin (Hb). The remainder of the blood was
centrifuged to obtain the plasma, which was stored at
-20°C. To assess the RBC, 5 pL of blood were diluted
in 1 mL of formaldehyde citrate buffer (130 mM
sodium citrate in 0.4% formaldehyde). This mixture
was placed in a Neubauer chamber for cell counting
under an optical microscope. Hct was determined
according to the microhematocrit technique by cen-
trifugation (1200 g, 7 min), for cell and plasma sepa-
ration, followed by analysis on a standardized card.
Hb concentration was determined in a spectropho-
tometer at 540 nm, using a commercial kit (Labtest
Diagnéstica, Brazil). The MCV was calculated using
the following formula:

_ Het %10

MCV
RBC

Plasma glucose concentration was determined
using a commercial kit (Doles, Brazil) in a spectro-
photometer at 505 nm. Part of the gill samples were
diluted (1:5, m/v), homogenized in potassium phos-
phate buffer (0.1 M, pH 7.0), and centrifuged (20 min,
16000 g, 4°C). The supernatant was used to evaluate
the concentration of GSH, lipid peroxidation (LPO),
and the activity of CAT and GST. GSH concentration
was determined by the quantification of thiolate, in a
spectrophotometer at 412 nm, as described by Beutler
et al. (1963). LPO was evaluated through the TBARS
assay in a fluorimeter (ex/em: 535/590 nm), using
a malondialdehyde standard curve (Camejo et al.,
1998). CAT activity was determined by the decom-
position rate of H,O, in a spectrophotometer at 240
nm (Beutler, 1975). The GST activity was evaluated
in a spectrophotometer at 340 nm, by the complexa-
tion reaction of 1-chloro-2,4-dinitrobenzene (CDNB)
with reduced glutathione, according to the method
described by Gagné (2014). The remaining gill
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samples were homogenized (1:2, m/v) in buffer (0.5
M sucrose, 26 mM TRIS, 0.5 mM phenylmethylsulfo-
nyl fluoride, 1.3 mM B-mercaptoethanol) and centri-
fuged (45 min, 18000 g, 4 °C). The supernatant was
resuspended in ethanol/chloroform and the sulfhydryl
groups (—SH) were quantified in a spectrophotometer
at 412 nm (Viarengo et al., 1997).

Brain and muscle samples were diluted (1:10,
m/v), homogenized in potassium phosphate buffer
(0.1 M, pH 7.5), and centrifuged (20 min, 16000 g,
4°C). The supernatant was used to determine AChE
activity according to Ellman et al. (1961), with adap-
tations by Costa et al. (2007). The concentration of
total proteins was evaluated in gills, brain, and muscle
samples by the method of Bradford (1976), for stand-
ardization of the expression of the results.

For the statistical analysis, the results of each
parameter were evaluated for normality (Shapiro-
Wilk test) and homogeneity of variance (Levene test).
When the data showed normal distribution and homo-
geneity of variance, parametric tests were used (one-
way ANOVA and Student-Newman-Keuls). Other-
wise, the data were analyzed using non-parametric
tests (Kruskal-Wallis and Dunn). In all tests, a signifi-
cance level of 5% was adopted.

3 Results and discussion

The objective of this work was to compare the effects
of Ni and Cd, alone and in a mixture, in A. altipara-
nae fish. When in a mixture, the interaction between
two compounds that exert an adverse effect can be
described as additive, antagonistic, or synergistic. An
additive interaction refers to the sum of the effects of
the two compounds. In an antagonistic (or less-than-
additive) interaction, the presence of one compound
reduces the toxicity of the other compound. We can
say that there is synergism when the effect caused by
the mixture is greater than the sum of the effects of
the isolated compounds (also called more-than-addi-
tive). In addition, we can also mention the concept of
potentiation. If a substance causes toxic effects when
isolated and the other one does not induce toxicity
alone, but increases the toxicity of the first substance
in a mixture, we can say that there is a potentiation
interaction (Carriquiriborde, 2021; Martin et al.,
2021).
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In the present work, the effective Cd concentra-
tion was very close to the nominal value in the Cd
and Mix groups (Table 1). However, Ni concentra-
tion presented a variation of approximately -30% in
the Ni group, and -20% in the Mix group. Similar
variations have already been observed in other studies
with Ni exposure (Bezerra et al., 2022) and may be
related to the accumulation of the metal in fishes or
to the formation of complexes between the metal and
the organic matter present in the exposure medium,
which would result in Ni deposition at the bottom
of aquariums (Bezerra et al., 2022; Couture & Pyle,
2012).

Regarding hematological and plasma biomark-
ers, the RBC decreased (F = 4.44; p = 0.014) in
the Cd and Mix groups (Table 2). In addition, MCV
increased (H = 10.47; p = 0.015) in the Cd group.
The concentration of Hb (F = 1.60; p = 0.217),
Hct (F = 0.57; p = 0.643), and plasma glucose (F
= 0.07; p = 0.974) did not differ between groups.
The change in hematological parameters in the Mix
group is probably more related to Cd, as the animals
exposed to this single metal also showed a reduction
in RBC and MCV. In another work, the fish Rhamdia
quelen showed a reduction in Htco and Hb concen-
tration after a 15-day exposure to 100 pg L of Cd
(Pereira et al., 2016). The same effect was observed
in the fish Paralichthys olivaceus after 5 and 10 days
of exposure to the same Cd concentration (100 pg
L) (Lee et al., 2022). The reduction in RBC after
exposure to a contaminant indicates a state of anemia,
and is usually related to a reduction in the lifespan
of the erythrocytes and a consequent increase in the
rate of hemolysis, due to the interaction of the xeno-
biotic with the circulating erythrocytes (Witeska,
2015). The contaminant could also compromise the

Table 1 Concentrations of Ni and Cd in the exposure media.
Values are expressed in pg L' (mean + SD, n = 4). ND = not
detected. The detection limit is 0.07 pg L™ for Ni and 0.002 pg
L for Cd

CTR Ni Cd Mix
[Ni] Total ND 1081.7+ - 1280.0 +
76.9 140.2
Dissolved ND 10795+ - 1240.2 +
36.9 141.1

[Cd] Total ND
Dissolved ND

18.8+0.9 19.0+0.3
18.0+09 18.1 +£0.6
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Table 2 Number of erythrocytes (RBC), hemoglobin (Hb)
concentration, hematocrit, mean corpuscular volume (MCV),
and plasma glucose concentration in A. altiparanae exposed

only to water (CTR), nickel (Ni), cadmium (Cd), or a mixture
of these metals (Mix) for 72 h. Different letters indicate a sta-

tistical difference between groups (mean + SE, n = 7-4)

RBC Hb Hematocrit MCV Glucose

(10° mm®) (gdL™) (%) (um) (mgdL™)
CTR 26+02a 54+03a 28.0+£0.02a 98.7+12.0a 545+ 18a
Ni 22 +02ab 49+04a 248 £0.02a 139.3 £ 33.5ab 549+23a
Cd 1.7£02b 56+09a 26.8 £0.02a 1919+5.7b 555+30a
Mix 1.5+0.1b 6.7+0.6a 26.2 +0.00 a 182.6 + 12.2 ab 540+24a

erythropoiesis processes, however, the increase in the
rate of hemolysis is a more likely hypothesis for the
present study, as the exposure period was only 72 h.
The increase in MCV, which may be accompanied
by an increase in intracellular pH, is a compensatory
response commonly observed in fish during anemia,
as it causes improvements in the oxygen-carrying
capacity of the erythrocyte (Witeska, 2015). Further-
more, the increase in MCV explains why the reduc-
tion in RBC did not cause a reduction in hematocrit
in the present study.

The presence of Ni did not interfere in the RBC
reduction response caused by Cd, since this effect
was observed in both the Cd and Mix groups, with
no statistical difference between them. However, we
observed an antagonistic/less-than-additive interac-
tion regarding MCYV, as the increase in this parameter
was observed only in the Cd group.

In the gills, the activity of GST (F = 5.95; p =
0.005) and CAT (F = 4.75; p = 0.013) increased in
the animals exposed to the metal mixture (Table 3).
There were no differences between the groups regard-
ing LPO (F = 1.71; p = 0.199) and the concentrations
of GSH (F = 1.27; p = 0.309) and MT (F = 1.39; p =
0.275). Metals, such as Ni and Cd, can induce oxida-
tive stress in fish through exacerbated production of

Table 3 Concentrations of glutathione (GSH) and metal-
lothioneins (MT), lipid peroxidation (LPO), and activity of
catalase (CAT) and glutathione-S-transferase (GST) in gills
of A. altiparanae exposed only to water (CTR), nickel (Ni),
cadmium (Cd), or a mixture of these two metals (Mix) for 72

ROS and changes in the antioxidant defense mecha-
nisms (Santos Carvalho et al., 2015). In the animals
exposed to single metals, the absence of changes may
indicate that the basal activity of antioxidants was
sufficient to prevent oxidative stress, since there was
also no increase in LPO. The fish Galaxias maculatus
also did not show oxidative damage or changes in the
antioxidant defenses evaluated in the gills, after 96 h
of exposure to 2 and 9 pg L' of Cd (McRae et al.,
2019).

The increase in CAT and GST activity in the ani-
mals exposed to the metal mixture may indicate a
response to increased ROS production caused by the
metal exposure. CAT is responsible for converting
hydrogen peroxide into water and oxygen, while GST
can act as an antioxidant by conjugating GSH with
electrophilic compounds (Lushchak, 2016; Nikinmaa,
2014). This increase in the activity of antioxidant
enzymes observed in the gills in A. altiparanae was
effective in preventing oxidative stress, as there was
no increase in LPO in the Mix group.

Other studies with Ni exposure have already
reported similar results regarding oxidative stress
parameters. In the Neotropical fish P. lineatus, expo-
sure to 2.5 mg L' of Ni for 96 h did not cause an
increase in LPO in the gills, probably due to the

h. Different letters indicate a statistical difference between
groups (mean + SE, n = 7-5). GSH is expressed in pg -SH mg
protein™’; MT in nmol -SH mg protein™'; LPO in nmol TBARS
mg protein’’; CAT in pmol H,0, min mg protein’’; and GST
in nmol CDNB conjugated min™! mg protein™

GSH MT LPO CAT GST
CTR 96+13a 144+24a 0.32+0.07a 0.74 £ 0.06 a 23+03a
Ni 121+ 1.8a 104+1.1a 027 +£0.05a 1.10 £ 0.12 ab 32+03ab
Cd 97+10a 98+25a 0.34+£0.04 a 0.85+0.10 ab 34+03ab
Mix 13.1+17a 92+15a 0.19+0.03 a 1.21+0.11b 42+02b
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increase in GSH concentration and greater activity of
GST and SOD, as discussed by the authors (Palermo
et al., 2015). Oncorhynchus mykiss exposed for 21
days to 1 mg L' of Ni showed increased GSH con-
centration, increased CAT activity, and no changes in
LPO (Topal et al., 2017). Since the gills are in direct
contact with the water and with the contaminants pre-
sent there, this tissue may present faster initial activa-
tion of antioxidant defenses, and consequent greater
efficiency in preventing oxidative stress (Palermo
et al., 2015).

The increase in CAT and GST activity in the Mix
group indicates a synergistic/more-than-additive
effect on the oxidative stress parameters evaluated in
the gills, since this response was not observed in the
exposure to the single metals. In another work, P. lin-
eatus exposed to a mixture of iron, zinc, and manga-
nese showed an increase in the concentration of GSH
in the liver, however this response was not sufficient
to prevent an LPO increase in the tissue, an effect that
was not observed in the exposure to the single met-
als (Oliveira et al., 2018). This study corroborates
the results of the present work, indicating that expo-
sure to a metal mixture can be more harmful than
exposure to single metals, regarding oxidative stress
parameters.

In relation to the neurotoxicity biomarker evalu-
ated in A. altiparanae, AChE activity decreased (H =
18.66; p < 0.001) in the muscle of the Cd and Mix
groups. In the brain, the activity of this enzyme was
reduced (H = 13.46; p = 0.004) only in the Mix group
(Fig. 1). AChE is an enzyme present in the synaptic
cleft and neuromuscular junctions, being responsible
for the hydrolysis of acetylcholine and interruption
of nerve impulse transmission (Pereira et al., 2019).
Inhibition or stimulation of this enzyme can promote
physiological and behavioral changes that can inter-
fere with swimming performance and reproduction,
for example (Pretto et al., 2010).

The reduction in AChE activity in the muscle of
the animals exposed only to Cd and to the metal mix-
ture indicates a relation between the presence of Cd
and the alteration in AChE activity. Several authors
have already reported reductions in AChE activity
in fishes after Cd exposure (Naija et al., 2017; Naik
et al.,, 2020; Pan et al., 2017). This effect may be
caused by the binding of Cd to the active site of the
enzyme, making it more difficult to break down ace-
tylcholine (Pretto et al., 2010).
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Fig. 1 Acetylcholinesterase activity in the brain and muscle of
A. altiparanae exposed only to water (CTR), nickel (Ni), cad-
mium (Cd), or a mixture of these metals (Mix) for 72 h. Dif-
ferent letters indicate a statistical difference between groups
(mean + SE, n = 6-5)

The reduction in AChE activity in the muscle also
indicated that Ni and Cd presented an interaction
similar to the one observed in the reduction in RBC,
in which the presence of Ni did not interfere with the
effect of Cd. However, in the brain we observed a syn-
ergistic effect of the mixture of Ni and Cd, since the
reduction in AChE activity was not observed in this
tissue after exposure to the single metals. In the work
by Bezerra et al. (2022), P. lineatus exposed for 96 h
to a mixture of Ni and Cd, at the same concentrations
used in the present work, did not show a reduction
in AChE activity in the brain. This indicates that in
different species of fish the same tissue may present
greater or lesser sensitivity after exposure to a metal
mixture.

4 Conclusion

Together, the results of this work demonstrate that
the mixture of Ni and Cd can exhibit different types
of interaction depending on the biomarker evalu-
ated, however, most of the interactions were additive
or synergistic. In general, exposure to the mixture of
Ni and Cd was more harmful to A. altiparanae, as it
caused imbalances in antioxidant activity and reduced
AChE activity in the brain, effects not observed
after exposure to the single metals. In addition, we
showed that acute exposure to this metal mixture
can cause alterations that are harmful for this fish
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species, requiring further studies to assess whether
these effects are intensified or modified in chronic
exposures.
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