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ARTICLE INFO ABSTRACT
Edited by: Dr. M.D. Coleman Several studies highlight the presence of aluminum and diclofenac in water bodies around the world and their
ability to induce oxidative stress and a negative effect on biomolecules in several aquatic species. However,
Keywords: studies evaluating the toxic effect of mixtures of these contaminants are scarce. The objective of this work was to
zclofenac determine the genotoxic, cytotoxic and embryotoxic effect of the mixture of aluminum and diclofenac at envi-
uminum

ronmentally relevant concentrations on Cyprinus carpio.

Interacti . . . . . K .
Gnezl:z;; ]:incity Juveniles of Cyprinus carpio were exposed to 0.31 pg L™! of diclofenac, 24.45 mg L of aluminum, and a
Embryotoxicity mixture of both contaminants at the same concentrations for 12, 24, 48, 72 and 96 h. After the exposure time the

liver, gills and blood were extracted and the following biomarkers were evaluated: micronucleus frequency,
comet assay, caspase activity and TUNEL test. On the other hand, Cyprinus carpio embryos were exposed to
diclofenac (0.31 pg L_l), aluminum (0.06 mg L_l) and their mixture at the same concentrations and exposure
time. Microscopic observation was performed to evaluate embryonic development at 12, 24, 48, 72 and 96 h.
Diclofenac (0.31 pg L™1) induces significant increases in micronucleus frequency with respect to control (p <
0.05), in all tissues. Aluminum (24.45 mg L!) significantly increases DNA damage index in liver and blood cells
with respect to control (p < 0.05). All treatments increase caspases activity in all tissues with respect to control (p
< 0.05). Diclofenac increases the percentage of TUNEL-positive cells in liver and blood; while aluminum and the
mixture increases it significantly in gills and blood with respect to the control (p < 0.05). The mixture signifi-
cantly delays embryonic development, while aluminum and the mixture significantly increase teratogenic index
with respect to control (p < 0.05). In conclusion, exposure to environmental concentrations of aluminium,
diclofenac and their mixture induces genotoxic damage, cell death by apoptosis and negative effects on the
development of Cyprinus carpio and the toxic response is modified by the interaction of the xenobiotics.

Cyprinus carpio

1. Introduction the water column and sediments (Rotter et al., 2015; Reichwaldt and
Ghadouani, 2016).

Anthropogenic activities are a constant threat to the stability of Pharmaceuticals and metallic elements are groups of toxics widely

ecosystems, and in this sense, aquatic systems are receptors for all kinds distributed in water bodies. These agents and their metabolites can

of urban waste, including the presence of persistent toxic compounds in reach water bodies through domestic, hospital and industrial effluents,
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as well as agricultural activities and as a consequence of precipitations
and acid drainage (Lydersen and Lofgren, 2002; Vystavna et al., 2013;
Luja-Mondragon et al., 2019; Sanjuan-Reyes et al., 2020).

Diclofenac (DFC) is a non-steroidal anti-inflammatory, widely used
for the treatment of joint pain and inflammation (Atzeni et al., 2018). It
is a drug capable of causing acute toxicity and chronic effects on aquatic
species, in addition to being inserted into trophic chains through bio-
accumulation (Swan et al., 2006). DFC induces oxidative stress on
aquatic species, as reported by Saucedo-Vence et al. (2014), who found
that subacute exposure of Cyprinus carpio to a concentration of 7.098 mg
L! elevates the activity of the antioxidant enzymes superoxide dis-
mutase (SOD) and catalase (CAT) and increases lipid peroxidation (LPx)
levels. Gomez-Olivan et al. (2014) demonstrated that the subacute
exposure of Daphnia magna to a concentration of 9.7 mg L™ of this drug
also increases the antioxidant enzymatic activity of SOD and CAT, as
well as the levels of LPx; it was also demonstrated that at these con-
centrations a genotoxic activity is induced after 48 h. On the other hand,
a study on Danio rerio embryos conducted in order to determine the
toxicity of DFC in their development, showed that concentrations of up
to 100 mg L' can cause embryos mortality rates rise up to 100 %
(Hallare et al., 2004).

Aluminum (Al) is one of the main components of the Earth’s crust of
which it forms part in a proportion of 8%, and only surpassed among
metals by silicon (26.5 %) (Exley, 2003). This is one of the most widely
distributed metals in aquatic ecosystems, and its toxicity is variable due
to the complexity of the physicochemical forms that are presented in
solution. Although most chemical forms are not considered toxic, highly
toxic inorganic monomeric species tend to form under special acid pH
conditions. Such acidity condition is very common in water bodies due
to excessive waste (Garcia-Medina et al., 2011).

In fish, Al at concentrations higher than 10—15 pg L™! produces gill
accumulation, increased secretion of the gill mucosa, respiratory prob-
lems, imbalance in the regulation of ions and decreased growth, also
affects cell functions by interfering in cell differentiation, cell tissue
integrity and increased production of free radicals that react with
membrane lipids and generate changes in the transport of proteins
(Garcia-Medina et al., 2011; Poléo et al., 2017; Ramirez-Duarte et al.,
2017).

Stephens and Ingram (2006), studied the mortality of Bidyanus
bidyanus, Carassius auratus and Cyprinus carpio exposed to water with
high concentrations of Al, and observed histological damage in the gills,
consisted of diffuse hypertrophy, hyperplasia of the gill epithelium and
fusion of secondary lamellae. In the liver, the damage was more severe,
presenting diffuse fat degeneration of hepatocytes, as well as growth of
the hepatocyte nuclei with marginalized chromatin.

Garcia-Medina et al. (2011) found that in common carp, aluminum is
capable of producing reactive oxygen species, and a reduction-oxidation
(REDOX) imbalance that could induce damage to biomolecules. This
could also affect cell integrity and induce malformations in carp
embryos.

Even though reports about the individual toxic effect of DFC and Al
have been written, studies on the toxic effects that both xenobiotics
combined can cause are inexistent. This is important to consider, since
most pollutants in the environment act as mixtures and not individually.
This can cause toxicological interactions that modify the expected toxic
response that these xenobiotics have while isolated (Hernandez et al.,
2017).

Cyprinus carpio is a fish widely used in aquaculture. It has been used
as test organism in toxicological trials due to its economic importance
and wide geographical distribution (Oruc and Uner, 2002).

The objective of this study was to determine the genotoxicity, cyto-
toxicity and embryotoxicity induced by the mixture of diclofenac and
aluminum at environmentally relevant concentrations on C. carpio.
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2. Materials and methods
2.1. Obtainment and acclimatization of C. carpio

Carps (Cyprinus carpio) in juvenile stage of at least 3 months of age,
with a length of 19.05 + 0.51 cm and a weight of 200 + 2 g were ob-
tained from the Tiacaque Aquaculture Center (Estado de México), and
transported to the laboratory in plastic bags with properly oxygenated
water. At the laboratory, fishes were distributed in glass aquariums
equipped with filtration and aeration systems, and were kept at room
temperature, with 8:16 h dark-light cycles and fed daily with high
quality Nutripec® food. Water was kept between 20 + 2 C, with oxygen
saturation between 80-90 % and pH 7.5-8.0.

Embryos used in the embryotoxicity experiment were obtained by
natural breeding and induced spawning at the Tiacaque Aquaculture
Center (Estado de México). Fertilized embryos that did not exceed 4 hpf
(hours post fertilization) were selected for the experiments.

2.2. Cyto-genotoxicity determination

Each trial was conformed of 6 fish groups, divided by exposure time
(12, 24, 48, 72 and 96 h). This means a total of 30 fishes per trial were
used. There were four exposure groups: two fish groups were placed in
independent containers with an aluminum concentration of 24.45 mg
L7! and a diclofenac concentration of 0.31 pg L7 respectively, in
accordance with what was reported by Gonzalez-Gonzalez et al. (2014),
who found these concentrations in the Madin dam, a freshwater body in
the State of Mexico, Mexico. A third group was placed in a container
with a mixture of both substances at those same concentrations. The
fourth group was the control group, to which none of the toxic com-
pounds studied were added.

After the exposure times, a blood sample was obtained by puncture
of the caudal vein. Subsequently, the organisms were sacrificed in an ice
bath with 2% lidocaine and the organs designated for the study (gills and
liver) were dissected and processed to perform the tests for the evalua-
tion of genotoxicity by determining the frequency of micronuclei (MN)
and the test of unicellular electrophoresis (comet assay), and of cyto-
toxicity by means of the TUNEL test and the evaluation of the caspase-3
activity.

2.2.1. Unicellular electrophoresis test (comet)

The evaluation of the genotoxicity of aluminum, diclofenac and
mixture was performed using a comet test (Singh et al., 1988). This test
evaluates the fragmentation of single strands of DNA (Costa et al., 2008).
Liver, gills and blood cells were prepared through homogenization and
filtering of tissues. The filtered cells were set on slides for the assay.

A 100 pL layer of 0.75 % low melting point agarose mixed with 50 pL
of the cell homogenate was added to frosted slides and cooled in an ice
bath. These preparations were immersed in a pH 10 lysis solution (2.5 M
NaOH, 10 M EDTA, 10 M Tris with Triton and DMSO) for 1 h.

Subsequently, the preparations were placed in a horizontal electro-
phoresis chamber, containing a buffer solution (300 mM NaOH and 1
mM EDTA) at pH 13 and 4 °C, where they remained for 20 min. The
electrophoresis was performed with a current of 25 V and 300 mA for 20
min. At the end of the electrophoresis, the preparations were removed
from the chamber and neutralized with a tris regulator, pH 7.5 for 5 min.

Preparations were dyed with 50 pL of ethidium bromide (2 pg mL™1).
Sample readings were performed in a Motic ® BA410 epifluorescence
microscope, equipped with a Motic ® XBE fluorescence lamp with a
filter for wavelengths 510—560 nm, and the Motic Images Plus ® 2.0
image software. DNA comet tail length (T) and nucleoid diameter (N)
were determined in order to establish the T/N index in units of 100 cells
per concentration and time, for each experimental group.

2.2.2. Micronuclei determination
Another of the biomarkers used to evaluate genotoxicity was the



E.H. Quiroga-Santos et al.

frequency of MN. This test detects damage due to the breakage or delay
of chromosomes. To determine the MN, smears of the cellular suspen-
sions to analyze were performed (obtained with previous homogeniza-
tion and filtration). The smears were fixed in pure ethanol for 3 min, left
to dry and dyed with a Giemsa solution at 10 %. Finally, samples were
washed with tap water. 2000 cells per treatment were quantized with a
X52—146 binocular biologic microscope. Frequency was expressed as
number of nucleated cells per 2000 cells (Cavas and Ergene-Goziikara,
2005).

The applied criteria for cell selection with micronuclei were: that
small nuclei should not be linked to the main nuclei; color and intensity
of the stain had to be similar to that of the main nuclei (Yong and
Chang-Kee, 2006) and they should have had a diameter ratio between
1/5 and 1/20 of that of the main nuclei (Bolognesi et al., 2006).

2.2.3. TUNEL-positive cells

The Millipore® ApopTag® Fluorescein S7110 kit was used to
determine the percentage of TUNEL-positive cells. 300 pL of suspended
cells in conservative solution were centrifuged at 3000 rpm for 5 min at
4 °C. The button was re-suspended in 50 pL of montage solution (PBM —
liquid cytology kit). Later, 1 uL of cell suspension was placed on a pol-
ylisin slide and the preparation was allowed to dry at 60 °C for 5 min.
Once dry, samples were immersed in cold acetone for 10 min, followed
by a dehydration train of absolute alcohol at 96, 80, 70, 60 and 50 %,
and water for 30 s each. Once cells were dehydrated, a proteinase K
pretreatment (20 pg mL™1) was performed for 10 min, the samples were
washed three times with PBS for 10 min, and excess liquid discarded. 60
pL of equilibrium buffer from the ApopTag Fluorescein kit were added,
and the samples were left to rest for 10 min. The TdT enzyme solution
was added to the cells (65 pL per sample) and incubated in a humid
chamber for 1 h at 37 °C. Reaction was interrupted with a wash/stop
buffer for 10 min at room temperature. Samples were washed three
times with PBS for 1 min. Then, anti-digoxin conjugate was added (65 pL
per sample) in order to mark apoptotic cells by incubation in a humid
chamber for 30 min at room temperature, protected from light. Sample
was washed with PBS for 2 min at room temperature. Marking was
contrasted with 1.5 pg mL ™! of propidium iodure. Slides were observed
in a Motic ® BA410 epifluorescence microscope, equipped with a Motic
® XBE fluorescence lamp with a filter for wavelengths 450—490 nm, and
the Motic Images Plus ® 2.0 image software. Apoptosis was expressed as
the number of TUNEL positive cells per 100 cells.

2.2.4. Caspases activity

To determine the activity of caspase-3, a colorimetric test kit (Cas-
PACETM Promega) was used, whose substrate (Acetyl-Asp-Glu-Val-Asp
p-nitroaniline) binds to the enzyme releasing the chromophore p-
nitroaniline (pNA). To quantify enzyme activity, pNA was determined in
a spectrophotometer at 405 nm. The activity of caspase is expressed in
pM of pNA released per hour per mg of protein compared to the control
group. A reagent blank was prepared with 32 pL of caspase buffer (312.5
mM HEPES, pH 7.5; 31.25 % sucrose; 0.3125 % CHAPS (3-[(3-chol-
amido-propyl) dimethylammonio]-1-propane-sulfonate), 2 pL. DMSO
(dimethyl sulfoxide), 10 pL dithiothreitol (DTT; 100 mM) and 54 pL
deionized water. For control and test groups, 32 pL of caspase bulffer, 2
pL, 10 pL of DTT (100 mM), 20 pL of cell extract and 34 pL of deionized
water were used. For positive control (hepatocytes, gill cells and tested
blood with 1 pg de Cd*2 per mL SFB of Invitrogene™®) 32 L of caspase
buffer, 2 pL of DMSO, 10 pL of DTT (100 mM), 20 pL of cell extract and
34 pL of deionized water were used. For inhibited apoptosis (hepato-
cytes, gill cells and tested blood with 1 pg de Cd*2 per mL SFB of Invi-
trogene™® and with 20 mM of Z-VAD-FMK by Promega), 32 L of
caspase buffer, 2 pL of DMSO, 10 pL of DTT (100 mM), 20 pL of cell
extract with inhibited apoptosis and 34 pL of deionized water were used.
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2.3. Embryotoxicity determination

Groups of 12 embryos, including a control group, were formed by
triplicate. Test groups were exposed to 1000 pL of aluminum, diclofenac
or the mixture at a concentration of 0.06 mg L™ and 0.31 pg L!
respectively, directly on 12 well plates and incubated for 96 h. Plates
were kept at 28 °C + 1 °C with natural light-dark cycles. Mortality rates
in the control group were kept at a maximum of 10 % Test solutions,
including control, were prepared with egg water as established by
Westerfield (2007). The concentration of Al used in this part of the study
was lower than that used in the study with juveniles (geno-cytotoxicity),
because the latter caused the death of 100 % of the embryos, so for this
experiment the organisms were exposed to one hundredth of the lowest
concentration of aluminum found in the Madin Dam (0.06 mg L™}) by
Gonzalez-Gonzalez et al. (2014).

The morphological evaluation of the embryos was performed using
an inverted microscope at 12, 24, 48, 72 and 96 h of exposure time. Each
observation was recorded using a Microsoft® web cam, and the Cyber-
Link YouCam® software. As described by Kimmel et al. (1995), an
embryonic development scoring system was used and adapted for Cyp-
rinus carpio.

The morphological characteristics to which the score was assigned
were: tail development, somite formation, ocular formation, movement,
blood circulation, heart beating, body-head pigmentation, tail pigmen-
tation, pectoral fin appearance, mouth protuberance and hatching.

The teratogenesis index was calculated as established by Hermsen
etal. (2011), determining 11 different types of malformations including:
pericardial, ocular and vitelline sack edemas, head, otolith, tail, cord
structure and heart malformations and vitelline sack scoliosis, raquis-
quisis and deformity. Teratogenesis index increases as the previously
mentioned malformations do.

2.4. Statistical analysis

Comet, micronuclei, TUNEL and caspase activity results were
analyzed using a Kruskal-Wallis non parametric test, followed by a
multiple comparison using the Dunn method. Embryo development re-
sults were analyzed using a Friedman repeated measures analysis of
variance on ranks with a Dunn multiple comparison. Regarding terato-
genesis index, U-Mann Whitney non parametric test were used. All an-
alyses were performed using p < 0.05 in the SigmaPlot 12® software.

3. Results

Fig. la shows the results concerning the comet test, where is
observed that both Al and diclofenac, isolated or in mixture, produce the
fragmentation of the single strands of DNA in the liver cells. These were
significant (p < 0.05) for the group exposed to aluminum at 24 (23.4 %)
and 48 h (25.26 %), diclofenac at 72 h (20.16 %) and the mixture at 24
and 96 h (19.34 % and 19.88 %). On gill tissue (Fig. 1b) none of the
tested toxics, isolated or in mixture, produced changes in this parameter.
Regarding blood tissue (Fig. 1c), a tendency to increase was observed at
24 h of exposure for all treatments with respect to control. This increase
was particularly important at 24 (18.37 %) and 48 (23.98 %) hours of
aluminum exposure, and in the group exposed to the mixture at 24
(20.27 %) and 72 h (22.40 %).

Damage by chromosomal break or delay in hepatic cells produced by
the different treatments is presented in Fig. 2a. The increment of MN
frequency was significant (p < 0.05) only for the group exposed to
diclofenac after 48 and 72 h (946.69 and 1563.09 %), and aluminum
after 48 h of exposure (809.5 %). The group exposed to the mixture
showed a similar behavior with respect to control during the whole
experiment. Gill tissue (Fig. 2b) showed a micronuclei frequency ten-
dency to increase for the group exposed to aluminum, although this
increase was not significant. On the other hand, the group exposed to
diclofenac showed important increases during all exposure times
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Fig. 1. DNA damage index in hepatic (a), gill (b) and blood (c) cells of Cyprinus carpio exposed to relevant environmental concentrations of diclofenac, aluminum and
their mixture. * Significant statistical difference with respect to the control group. Statistical test: Kruscal- Wallis non-parametric and multiple comparison by Dunn

test (p <0.05).

(750.41, 697.42,1177.69, 853.72 and 754.00 % at 12, 24, 48, 72 and 96
h, respectively). Mixture exposed organisms presented a similar
behavior when compared to control group during the whole experiment.
Fig. 2c shows blood results, where a tendency of micronuclei frequency
to increase in groups exposed to diclofenac and aluminum is observed at
48 and 96 h. On the other hand, at 12, 24 and 72 h there was a significant
increase in diclofenac exposed group (522, 625 and 361 %), while for
the aluminum the significant increase occurred at 24 h (400 %). This is
particularly noticeable for the diclofenac exposed group at 12 and 24 h.
Organisms exposed to the mixture show similar behavior when
compared to control.

The percentage of TUNEL-positive cells induced by the different
treatments in the liver tissue is shown in Fig. 3a. The group exposed to
diclofenac has the highest percentages of TUNEL-positive cells in the
experiment, being significant (p < 0.05) at 72 and 96 h when compared
to control group (382 and 300 %) and the mixture (231.20 and 128.57
%). Groups exposed to aluminum and the mixture did not present
noticeable differences when compared to control group along the
experiment. Fig. 3b shows results for the TUNEL test on gill cells. The
aluminum exposed group showed significant increments (p < 0.05) with
respect to control at 12 and 72 h (235.33 and 285.77 %). Diclofenac
exposed group showed a similar behavior when compared to control
group. On the other hand, organisms exposed to the mixture presented a
tendency to increase along the experiment, being significant only (p <

0.05) at 48 and 72 h of exposure time (111.10 and 533.35 %). Finally,
Fig. 3c present results of the TUNEL test in blood cells. As can be seen, in
the group exposed to diclofenac there was an increase in this parameter
at all exposure times, being significant at 24, 72 and 96 h (1683.34,
1763.35 and 1914.14 %, respectively). In like manner, the group
exposed to aluminum showed significant increases with respect to
control at 72 and 96 h (1470.00 and 1521.32 %). The group tested with
the mixture behaved similarly to control group, with significant differ-
ences when compared to the diclofenac and aluminum tested groups at
48 and 72 h, showing a decrease of about 90 % Fig. 4 shows results for
caspase-3 activity in analyzed tissues. Liver tissue (Fig. 4a) showed a
significant increase in this parameter in the groups exposed to diclofe-
nac, aluminum and the mixture when compared to the control group at
all exposure times, being only significant (p < 0.05) for the mixture at
24, 48 and 96 h (804.14, 674.87 and 466.88 %). The organisms exposed
to the mixture of both contaminants showed the greatest increase in
enzymatic activity with respect to the results of those exposed to the
substances individually (126.10, 176.80 and 90.62 % for DFC and
497.33, 367.44 and 79.26 % for Al). The gill tissue of individuals
exposed to diclofenac (Fig. 4b) showed no significant increases in cas-
pase enzyme activity throughout the experiment. On the contrary, the
group exposed to aluminum showed a significant increase in caspase
activity from 12 h and until the end of the experiment (881.75, 1512.35,
236.30, 495.55 and 144.78 % at 12, 24, 48, 72 and 96 h, respectively).
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Fig. 2. Micronuclei frequency in hepatic (a), gill (b) and blood (c) cells of Cyprinus carpio exposed to relevant environmental concentrations of diclofenac, aluminum
and their mixture. * Significant statistical difference with respect to the control group; 1) significant statistical difference compared to diclofenac. Statistical test:

Kruscal- Wallis non-parametric and multiple comparison by Dunn test (p <0.05).

The organisms exposed to the mixture of xenobiotics showed a tendency
to increase with respect to control group at 12, 24, and 96 h of exposure
time (98.94, 391.18 and 169.46 %). The effect on blood tissue is shown
in Fig. 4c. Diclofenac produces a tendency to increase the caspase ac-
tivity at 12, 24 and 48 h (88.82, 27.87 and 39.51 %). After that, treat-
ment showed a behavior similar to control group. Aluminum causes
important increases in enzyme activity starting at 12 h and until the end
of the experiment (200.67, 413.10, 375.38, 360.19 and 368.40 % at 12,
24, 48, 72 and 96 h, respectively). The mixture induces an increase in
caspase enzyme activity during all exposure times with respect to con-
trol (181.64, 194.72, 220.40, 267.43 and 115.24 % at 12, 24, 48, 72 and
96 h, respectively).

Obtained scores for embryonic development are shown in Fig. 5.
Groups exposed to diclofenac and aluminum delay embryos’ develop-
ment starting at 24 h of exposure time and lasting until the end of the
experiment. Nevertheless, these delays are not significant with respect
to control. On the other hand, the mixture produces a significant delay in

embryonic development at 48 (p=0.003) and 96 (p=0.005) hours of
exposure time.

Teratogenic index results are presented in Table 1. Diclofenac treated
group showed no important statistical differences with respect to control
group, as no malformations were detected through the whole experi-
ment. Regarding the group exposed to aluminum, it showed a statisti-
cally different teratogenic index, presenting malformations in the head
and in the structure of the cords and presence of pericardial edemas. On
the other hand, the mixture of xenobiotics produces a slightly lower
teratogenic index when compared to aluminum individually. Never-
theless, such value was statistically different when compared to control
group. The types of malformations observed in the group treated with
the mixture of contaminants were the same as those found in the group
exposed only to aluminum.
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test (p<0.05).

4. Discussion

The geno and cytotoxic effects as well as the teratogenesis produced
by diclofenac, aluminum and their mixture on Cyprinus carpio, were
evaluated in the present study. In general, the assessment of the risk to
the health of aquatic organisms from exposure to this type of contami-
nant is mainly based on the toxicity data of individual xenobiotics.
However, studies of the toxicity of the mixture of aluminum and diclo-
fenac are necessary, in particular with regard to the genotoxic effects
due to recent reports of the carcinogenic potential of both compounds
and its constant occurrence in aquatic environments (Hong et al., 2007;
Ribas et al., 2014; Darbre, 2016; Mandriota et al., 2016; Mandriota,
2017).

The results concerning the damage to DNA by the fragmentation of a
strand or the formation of adducts (Fig.1, comet assay) shows that
aluminum and the mixture of xenobiotics produces significant increases
in the index of DNA damage in blood and liver at different exposure
times. It is known that aluminum is capable of establishing bonds or
adducts with sulfhydryl groups of enzymes and phosphate groups of

nucleic acids. In addition, it is able to displace intracellular iron and
through the Fenton reaction, trigger the production of hydroxyl radicals
and thus induce DNA nitrogen bases oxidization (Garcia-Medina et al.,
2011), which would explain the results obtained, both in the group of
organisms exposed to Al and to the mixture of xenobiotics.

In the case of diclofenac, at the concentration tested, a significant
increase in DNA damage was observed only at 72 h in liver cells. The
nucleophilic groups of deoxyribose and nitrogenous bases of DNA are
exposed to the electrophilic attack of reactive oxygen species (ROS)
which reach the cell nucleus and are formed because of external agents
or cellular metabolic processes (Shi et al., 1996). In this sense, the
transformation of diclofenac can generate hydroxylated metabolites
such as 5-hydroxydiclofenac, plus free radicals (van Leeuwen et al.,
2011), which would explain the damage produced by diclofenac and the
mixture of xenobiotics in the liver of common carps. This effect co-
incides with that observed by Pandey et al. (2017) in hepatic cells of
0. niloticus exposed to 0.68 mg L™! of diclofenac, who mention that the
damage to the DNA found could have developed from DNA-protein
cross-links break, DNA double strand break, DNA adducts formations
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Fig. 4. Caspase-3 activity in hepatic (a), gill (b) and blood (c) cells of Cyprinus carpio exposed to relevant environmental concentrations of diclofenac, aluminum and
their mixture. * Significant statistical difference with respect to the control group. Statistical test: Kruscal- Wallis non-parametric and multiple comparison by Dunn
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Fig. 5. General morphological scoring of Cyprinus carpio embryos exposed to environmentally relevant concentrations of diclofenac, aluminum and their mixture.
Statistical test: Friedman repeated measures analysis of variance on ranks with a Dunn multiple comparison (p <0.05).
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Table 1
Teratogenic index produced on Cyprinus carpio embryos after exposure to diclofenac, aluminum and their mixture at environmentally relevant concentrations.
Control Diclofenac Aluminum Mixture
Mean + E.S + 0.00 + 0.00 0.0354 + 0.00832 *" 0.0273 + 0.0119 *"

Malformations frequency per experimental group

- Head malformations: 11.11%
- Cord structure malformations: 11.11%
- Pericardial edema: 5.55%

- Head malformations: 16.66%
- Cord structure malformations: 11.11%
- Pericardial edema: 8.33%

@ Significant difference with respect to control group.

b Statistically significant difference with respect to diclofenac treated group. (Statistical trail: U- Mann- Whitney p < 0.05).

and DNA-DNA and DNA single-strand resulting from the interaction
between the toxic and its metabolites with DNA.

Regarding to gill cells, none of the treatments shows a genotoxic
effect at DNA level. In the case of Al it has been reported that chlorine
cells, found in the primary gill lamellas, serve as storage site for
aluminum, since they have shown that after an exposition to this metal
of up to 48 h Al is precipitated into the cytoplasm of cells. In addition, it
has been observed that under these circumstances cell proliferation in-
creases to replace damaged cells. (Norrgren et al., 1991; Poléo et al.,
2017). It is likely that aluminum not stored in chlorine cells remains
free. It may later quickly enter systemic circulation and focus its toxic
effect in other target sites.

In the blood, an increase in DNA damage caused by aluminum can be
observed from the first exposure times, being only significant at 48 h
(corresponds to the maximum damage). In the mixture the behaviour is
similar, with two significant maximums at 24 and 96 h. The damage is
likely to remain constant over time due to the gradual release of
aluminum from the gill chloride cells, which release the xenobiotic
depending on the concentration of free toxicant. The constant disposi-
tion of the xenobiotic generates a damage that with the passing of time
can accumulate, presenting a maximum damage time. In response,
repair systems can be activated or, if the damage cannot be repaired,
cells can experience programmed cell death (Chatterjee and Walker,
2017).

In the case of mixtures of pollutants with different specific modes of
action, interactions may occur, and the changes are basically modifi-
cations of the toxicity of the pollutants (Gomez-Olivan et al., 2017;
Luja-Mondragon et al., 2019; Sanjuan-Reyes et al., 2020), as observed in
the different biomarkers evaluated. Thus, fluctuations in the level of
damage to DNA observed in the cells of organisms exposed to the
mixture of diclofenac and aluminum, have also occurred in mixtures of
other contaminants, for example, Stankeviciute et al. (2017) observed a
significant increase in damage to DNA, at 7 days of exposure in Salmo
salar erythrocytes exposed to a mixture of metals (Zn, Cu, Ni, Cr, Pb and
Cd), the damage was evaluated by the frequency of micronuclei. This
assay allows for chromosomal rupture detection caused by an inade-
quate reparation of DNA molecules during cell cycle or by a direct toxic
effect over cellular division mechanisms (Bolognesi and Hayashi, 2011).

In Fig. 2, it can be seen that the group exposed only to diclofenac
showed significant increases in most of the exposure times in the three
tissues evaluated. As mentioned previously, diclofenac biotransforma-
tion and photo-degradation process lead to hydroxylated metabolites
formation, such as the 5-hydroxydiclofenac and ROS. These radical
species can oxidize the genetic material producing different types of
damage, including single or double strand breaks in the sugar-phosphate
skeleton, modification of nitrogenous bases (thymine ring saturation
and fragmentation), and formation of DNA-protein or DNA-DNA
through various mechanisms: modification of DNA bases (OH radical
action leads to over 20 modifications, the most common being 8-hy-
droxy-2'-deoxyguanosine (8-OHdG) which has high mutagenic poten-
tial), depurination of DNA bases (apurinic or apyrimidinic sites formed
by cleavage of the glycosidic bond, which may result from OH- radical
attack on sugar), and strand breaks (due to cleavage of the phospho-
diester bond, occurring frequently by free radical attack on deoxyribose

of the DNA backbone) (Islas-Flores et al., 2017). This can cause ruptures
of adjacent phosphodiester bonds at the site of abstraction at the time of
distribution of genetic material in cell division, plus consequent
micronuclei formation (Bolognesi and Hayashi, 2011).

Compared to those exposed to diclofenac, no significant chromo-
somal damage was apparently found in organisms exposed to aluminum.
However, in most exposure times non-significant levels were observed
above the control group. It is probably that the lesions at the molecular
level produced by Al, and evidenced by the comet assay, have been
repaired by enzymatic systems or eliminated by apoptosis, so there was
no damage at the chromosomal level. On the other hand, aluminum can
cause chromosomal damage because of its ability to modify tubulin
structure or destabilize lysosomal membranes, which could lead to the
release of lysosomal DNAase in the cytoplasm, which would explain the
non-significant increases in this parameter (Banasik et al., 2005).

In the case of the organisms exposed to the xenobiotic mixture, no
significant effect was shown on the frequency of micronuclei in the
tissues studied, these values were lower compared to the groups exposed
to diclofenac and aluminum individually. All these results indicate that
possibly there was some kind of antagonistic action between diclofenac
and aluminum. Antagonism occurs when one or more compounds in a
mixture interfere with the effect of another. Consequently, there is a
reduction in the predicted effect for individual compounds that do not
need to be structurally similar (Lopez-Gonzalez et al., 2019). There are
various mechanisms by which xenobiotics can produce an antagonistic
interaction, including when a compound stimulates the biotransforma-
tion of a second or interferes in some way with its absorption
(Hernandez et al., 2013). Diclofenac present in the xenobiotic mixture
does not induce the chromosomal genotoxic effect observed in organ-
isms individually exposed to this pollutant. The gills are the main site of
absorption of oxygen, nutrients and xenobiotics in the fish. Several
studies have shown that some toxics, including Al, produce morpho-
logical changes in this organ, including gill hyperplasia and secondary
lamellae hypertrophy, which increment gill thickness and diminish its
diffusion gradient between blood and the surrounding water (Poléo
et al., 2017). This phenomenon explains the remarkable difficulty of the
organisms to breathe during the experiment and probably the reduced
diffusion of diclofenac into the systemic circulation, and consequently
the lower damage produced.

On the other hand, there may also be a reduction in the effects on the
frequency of micronuclei due to alteration in the rate of cell renewal, for
example, a decrease in erythropoiesis (Udroiu, 2006). Therefore, the low
frequency of MN presented in the organisms exposed to the mixture
could be due to the alteration of the kinetics of the cells and the accel-
erated replacement of these and not to a lesser genotoxic effect.

Usually, injuries by chromosomal fracture commonly activate cell
death processes by apoptosis. One of the most relevant events in the
development of apoptosis is the activation of caspase enzymes, which
initiates the apoptotic process. These enzymes lead to endonucleases
systems activation (for DNA degradation) and cytoskeleton degradation,
which induces apoptotic bodies formation (Choudhary et al., 2015).
DNA degradation is one of the most relevant apoptosis characteristics
and can be evaluated by the TUNEL test (Mohan et al., 2015).

Fig. 2 shows an increase in TUNEL-positive cells, depending on time,
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tissue and tested xenobiotic. Thus, in the blood cells exposed to diclo-
fenac, the increase occurs at 72 and 96 h, which coincides with the
decrease in the frequency of MN. Diclofenac may affect red blood cell
membranes in many ways. It interacts with a specific class of lipids
found in the erythrocytes plasmatic membrane exterior, which induces a
disorder effect over the acyl chains of the membrane phospholipid
bilayer. This also modifies the biconcave form of red blood cells, which
become especially susceptible to cell death by an external membrane
permeability modification (Suwalsky et al., 2009).

In the case of liver, there is a significant increase in apoptosis pro-
duction, particularly in organisms exposed to diclofenac between 24 and
96 h. There are reports that diclofenac activates apoptosis in hepatocytes
mainly via mitochondria. Diclofenac biotransformation metabolites (4
and 5-hydroxydiclofenac), together with oxygen reactive species formed
in this process, have proved to modify multiply ways of cellular
signaling. These include transcription factors, such as the (NF)-E2 nu-
clear factor that with the 1(Nrf-1) factor participate in proliferation and
differentiation processes, as well as cell death by apoptosis (Cardoso--
Vera et al., 2017). Studies in mammals have shown that exposure to
different diclofenac concentrations cause an early increase in Bcl-xL
proteins expression, as well as oxygen reactive species generation.
These effects depend on the concentration and occur inside the mito-
chondria (Gomez-Lechon et al., 2003; Syed et al., 2016; Amanullah
et al., 2017).

In the gills there is no increase in TUNEL-positive cells, nor in caspase
activity (Fig. 4) in organisms treated with diclofenac, this is consistent
with the increased frequency of MN at all exposure times. In contrast, in
the gills of organisms exposed to aluminum there was a significant in-
crease in caspase-3 activity at 12 h of exposure, maintaining this ten-
dency until 96 h. The same behavior was observed in the TUNEL test. In
freshwater, aluminum labile forms (cationic/inorganic) accumulate in
gills, causing a regulatory and respiratory iono- and osmoregulatory
dysfunction, that can cause the death of the organisms (Poléo et al.,
2017). Failure of the cell to regulate the input and output of ions can
eventually increase intracellular calcium levels. On the other hand,
aluminum is characterized by cause an increase in reactive oxygen
species that compromise antioxidant defenses. Both events promote
apoptosis (Mustafa-Rizui et al., 2014).

In the hepatic cells of organisms exposed only to aluminium, an in-
crease in caspase-3 activity is observed between 24 and 96 h. A similar
result was observed in the frequency of TUNEL-positive cells in most
exposure times, being significant at 72 and 96 h. Aluminum can reduce
the availability of ATP for cell consumption, which is associated with
increased calcium input into the cells. This increase is associated with
the activation of programmed cell death processes, even causing the
translocation of phosphatidyl serine to the outside of the cell (Herlax
et al., 2011). In addition, Al induces the release of cytochrome ¢ from
mitochondria, a decrease in Bcl-2 in both the mitochondria and the
endoplasmic reticulum, the translocation of Bax into mitochondria, the
activation of caspase-3 and DNA fragmentation (Ghribi et al., 2001).

In the case of the blood cells of organisms exposed to Al, there was a
tendency to increase the activity of caspase-3 at 12, 72 and 96 h. AI>*
stimulates the translocation of phosphatidyl serine outside the cells,
which stimulates cell phagocytosis and reduces cell volume. Several
studies have demonstrated that aluminum intoxication induces red
blood cells eryptosis (Herlax et al., 2011). This element is capable of
affecting pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) proteins, as well
as transcription factors such as the p21 and p53. It has also been shown
to exert oxidative stress on the lymphocytes of exposed carps, oxidizing
proteins involved in the process of cellular cycle regulation, causing an
unbalance of this process and increasing cell death by apoptosis (Gar-
cia-Medina et al., 2011).

The mixture of xenobiotics demonstrated to induce the most elevated
blood caspase-3 enzymatic activity and TUNEL-positive cells at 72 and
96 h of exposure. A similar effect was observed in the gills at 96 h in the
TUNEL test, presenting a possible synergy. A synergistic effect occurs
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when the effect of exposure to a mixture of xenobiotics is greater than or
different from that expected by an additive effect (sum of effects),
inducing responses not predicted by their individually known effects.
When synergistic effects are observed, one of the xenobiotics changes
the response in the organism qualitatively or quantitatively. A quanti-
tative response is one that is much greater than what would be observed
for an additive effect and a qualitative effect is the result of attacking
different targets and therefore the response cannot be predicted (Zeliger,
2011). Both pollutants, Al and diclofenac, cause cytotoxic effects indi-
vidually, so cytotoxic activity of the mixture may be the outcome of the
individual effects of each xenobiotic.

Stepanova et al. (2013) determined that although diclofenac
biotransformation metabolites, along with the free radicals generated in
that process, are especially toxic to aquatic organisms at concentrations
between 0.015 and 3 mg L™, no negative effects were observed in carp
embryos. The concentration employed in the present research is
considerably lower and likewise, no negative effects on embryos were
observed.

For its part, a study on biphasic vertebrate embryos treated with
metallic cations showed that aluminum at a concentration of 1.5 mMol
is significantly more toxic than chrome on the Triturus vulgaris mer-
idianalis. Al causes malformations that affect the heart system. In addi-
tion, the embryos showed blisters and edema on the surface of their
bodies, probably due to the ability of this metal to interrupt the transport
of metal ions (Calevro et al., 1998).

The Al concentrations used in this study, both individually and in
mixture, cause head and cord structure malformations, as well as peri-
cardial edemas. These results coincide with what was observed in
zebrafish larvae embryos exposed to 25-100 pM of aluminum where it
was shown that the nervous and circulatory systems were the most
affected (Monaco et al., 2017). This is probably due to the ability of this
metal to interfere with the transport of metal ions across the cell
membrane and its ability to indirectly induce reactive oxygen species
and free radicals. This compromises the antioxidant defense systems,
which are especially important for the embryos, to maintain the REDOX
balance and reduce the frequency of the negative effects on the em-
bryonic development.

In conclusion, diclofenac and aluminum at environmentally relevant
concentrations, act as genotoxic, cytotoxic, embryo-toxic and terato-
genic agents on C. carpio. The toxic response obtained when testing the
mixture of both xenobiotics is completely different when compared to
that of substances individually. This is especially important considering
the fact that contaminants in the aquatic environment are not found in
isolation, but in complex mixtures, and therefore interactions that affect
the expected toxic effects may occur.

Authorship statement

Manuscript title: Geno-cytotoxicity and congenital malformations
produced by relevant environmental concentrations of aluminum,
diclofenac and their mixture on Cyprinus carpio. An interactions study.

All persons who meet authorship criteria are listed as authors, and all
authors certify that they have participated sufficiently in the work to
take public responsibility for the content, including participation in the
concept, design, analysis, writing, or revision of the manuscript.
Furthermore, each author certifies that this material or similar material
has not been and will not be submitted to or published in any other
publication before its appearance in the Environmental Toxicology and
Pharmacology journal.

Authorship contributions

Please indicate the specific contributions made by each author (list
the authors’ initials followed by their surnames, e.g., Y.L. Cheung). The
name of each author must appear at least once in each of the three
categories below.



E.H. Quiroga-Santos et al.

Conception and design of study: M. Galar-Martinez, S. Garcia-
Medina;

acquisition of data: E.H. Quiroga-Santos, S. Cano-Viveros, K. Ruiz-
Lara, H. Islas-Flores;

analysis and/or interpretation of data: E. Gasca-Pérez, L.M. Gomez-
Olivan.

Drafting the manuscript: M. Galar-Martinez, S. Garcia-Medina, E.H.
Quiroga-Santos, E. Gasca-Pérez;

revising the manuscript critically for important intellectual content:
L.M. Gémez-Olivan, S. Cano-Viveros, K. Ruiz-Lara, H. Islas-Flores.

Approval of the version of the manuscript to be published (the names
of all authors must be listed):

E.H. Quiroga-Santos, M. Galar-Martinez, S. Garcia-Medina, E. Gasca-
Pérez, S. Cano-Viveros, K. Ruiz-Lara, L.M. Gomez-Olivan, H. Islas-Flores.

Ethical approval

All applicable international, national and institutional guidelines for
the care and use of animals were followed. All procedures were per-
formed in accordance with the ethical standards of the institution where
the studies were conducted.

Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgment

This study was made possible by financial support from the Consejo
Nacional de Ciencia y Tecnologia (CONACyT, Project 181541) as well as
the Secretaria de Investigacion y Posgrado of the Instituto Politécnico
Nacional, Mexico (SIP-IPN, Project 20181459). We give thanks to
Biologist Gerardo Ontiveros at the Centro Carpicola Tiacaque for sup-
plying the test specimens and giving advice on their care and
maintenance.

References

Amanullah, A., Upadhyay, A., Chhangani, D., Joshi, V., Mishra, R., Yamanaka, K.,
Mishra, A., 2017. Proteasomal dysfunction induced by diclofenac engenders
apoptosis through mitochondrial pathway. J. Cell. Biochem. 118, 1014-1027.
https://doi.org/10.1002/jcb.25666.

Atzeni, F., Masala, L.F., Sarzi-Puttini, P., 2018. A review of chronic musculoskeletal pain:
central and peripheral effects of diclofenac. Pain Ther. 7, 163-177. https://doi.org/
10.1007/s40122-018-0100-2.

Banasik, A., Lankoff, A., Piskulak, A., Adamowska, K., Lisowska, H., Wojcik, A., 2005.
Aluminum-induced micronuclei and apoptosis in human peripheral-blood
lymphocytes treated during different phases of the cell cycle. Environ. Toxicol. 20,
402-406. https://doi.org/10.1002/tox.20125.

Bolognesi, C., Hayashi, M., 2011. Micronucleus assay in aquatic animals. Mutagenesis
26, 205-213. https://doi.org/10.1093/mutage/geq073.

Bolognesi, C., Perrone, E., Roggieri, P., Pampanin, D.M., Sciutto, A., 2006. Assessment of
micronuclei induction in peripheral erythrocytes of fish exposed to xenobiotics
under controlled conditions. Aquat. Toxicol. 78S, S93-S98. https://doi.org/
10.1016/j.aquatox.2006.02.015.

Calevro, F., Campani, S., Ragghianti, M., Bucci, S., Mancino, G., 1998. Test of toxicity
and teratogenicity in biphasic vertebrates treated with heavy metals (Cr>*, AI**, Cd?
. Chemosphere 37, 3011-3017. https://doi.org/10.1016/50045-6535(98)00342-
7.

Cardoso-Vera, J.D., Islas-Flores, H., SanJuan-Reyes, N., Montero-Catro, E.L., Galar-
Martinez, M., Garcia-Medina, S., Elizalde-Velazquez, A., Dubldn-Garcia, O., Gomez-
Olivéan, L.M., 2017. Comparative study of diclofenac-induced embriotoxicity and
teratogenesis in Xenopus Leavis and Lithobates catesbeianususing the frog embryo
teratogenesis assay Xenopus (FETAX). Sci. Total Environ. 574, 467-475. https://doi.
org/10.1016/j.scitotenv.2016.09.095.

Cavas, T., Ergene-Goziikara, S., 2005. Induction of micronuclei and nuclear
abnormalities in Oreochromis niloticus following exposure to petroleum refinery and
chromium processing plant effluents. Aquat. Toxicol. 74, 264-271. https://doi.org/
10.1016/j.aquatox.2005.06.001.

Chatterjee, N., Walker, G.C., 2017. Mechanisms of DNA damage, repair, and
mutagenesis. Environ. Mol. Mutagen. 58, 235-263. https://doi.org/10.1002/
em.22087.

Choudhary, G.S., Al-harbi, S., Almasan, A., 2015. Caspase-3 activation is a critical
determinant of genotoxic stress-induced apoptosis. In: Mor, G., Alvero, A. (Eds.),

10

Environmental Toxicology and Pharmacology 82 (2021) 103555

Apoptosis and Cancer. Methods in Molecular Biology (Methods and Protocols).
Humana Press, New York, pp. 1-9. https://doi.org/10.1007/978-1-4939-1661-0_1.

Costa, S., Coelho, P., Costa, C., Silva, S., Mayan, O., Santos, L., Teixeira, J.P., 2008.
Genotoxic damage in pathology anatomy laboratory workers exposed to
formaldehyde. Toxicology 252, 40-48. https://doi.org/10.1016/j.tox.2008.07.056.

Darbre, P.D., 2016. Aluminium and the human breast. Morphologie 100, 65-74. https://
doi.org/10.1016/j.morpho.2016.02.001.

Exley, C., 2003. A biogeochemical cycle for aluminium? J. Inorg. Biochem. 97, 1-7.
https://doi.org/10.1016/50162-0134(03)00274-5.

Garcia-Medina, S., Razo-Estrada, C., Galar-Martinez, M., Cortés-Barberena, E., Gomez-
Olivan, L.M., Alvarez-Gonzalez, ., Madrigal-Bujaidar, E., 2011. Genotoxic and
cytotoxic effects induced by aluminium in the limphocytes of the common carp
(Cyprinus carpio). Comp. Biochem. Physiol. C Toxicol. Pharmacol. 153, 113-118.
https://doi.org/10.1016/j.cbpc.2010.09.005.

Ghribi, O., Herman, M.M., Forbes, M.S., DeWitt, D.A., Savory, J., 2001. GDNF protects
against aluminum-induced apoptosis in rabbits by upregulating Bcl-2 and Bcl-XL and
inhibiting mitochondrial Bax translocation. Neurobiol. Dis. 8, 764-773. https://doi.
org/10.1006/nbdi.2001.0429.

Gomez-Lechon, M.J., Posonda, X., OConnor, E., Donato, T., Catell, J.V., Jover, R., 2003.
Diclofenac induces apoptosis in hepatocytes by alteration of mitochondrial function
and generation of ROS. Biochem. Pharmacol. 66, 2155-2167. https://doi.org/
10.1016/j.bcp.2003.08.003.

Go6mez-Olivan, L.M., Galar-Martinez, M., Garcia-Medina, S., Valdés-Alanis, A., Islas-
Flores, H., Neri-Cruz, N., 2014. Genotoxic response and oxidative stress induced by
diclofenac, ibuprofen and naproxen in Daphnia magna. Drug Chem. Toxicol. 37,
391-399. https://doi.org/10.3109/01480545.2013.870191.

Go6mez-Olivan, L.M., Mendoza-Zenil, Y.P., SanJuan-Reyes, N., Galar-Martinez, M.,
Ramirez-Duran, N., Martin-Doimeadios, R.D.C.R., Rodriguez-Farinas, N., Islas-
Flores, H., Elizalde-Velazquez, A., Garcia-Medina, S., Pérez-Pastén, B.R., 2017. Geno-
and cytotoxicity induced on Cyprinus carpio by aluminum, iron, mercury and mixture
thereof. Ecotoxicol. Environ. Saf. 135, 98-105. https://doi.org/10.1016/j.
ecoenv.2016.09.037.

Gonzalez-Gonzélez, E.D., Gomez-Olivan, L.M., Galar-Martinez, M., Vieyra-Reyes, P.,
Islas-Flores, H., Garcia-Medina, S., Pérez-Pastén, R., 2014. Metals and nonsteroidal
anti-inflammatory pharmaceuticals drugs present in water from Madin Reservoir
(Mexico) induce oxidative stress in gill, blood, and muscle of common carp (Cyprinus
carpio). Arch. Environ. Contam. Toxicol. 67, 281-295. https://doi.org/10.1007/
500244-014-0048-0.

Hallare, A.V., Kohler, H., Triebskorn, R., 2004. Developmental toxicity and stress protein
responses in zebrafish embryos after exposure to diclofenac and its solvent, DMSO.
Chemosphere 56, 659-666. https://doi.org/10.1016/j.chemosphere.2004.04.007.

Herlax, V., Vazquez, R., Mate, S., Bakas, L., 2011. Eriptosis, la muerte suicida de
eritrocitos; mecanismos y enfermedades asociadas. Bioquimica Clinica 2, 287-296.
https://www.redalyc.org/articulo.0a?id=53521168006.

Hermsen, S.A.B., Brandhof, E.J., Ven, L.T.H., Piersma, A., 2011. Relative embryotoxicity
of two classes of chemicals in a modified zebrafish embryotoxicity test and
comparison with their in vivo potencies. Toxicol. In Vitro 25, 745-753. https://doi.
org/10.1016/j.tiv.2011.01.005.

Hernandez, A.F., Parron, T., Tsatsakis, A.M., Requena, M., Alarcén, R., Lopez-
Guarnido, O., 2013. Toxic effects of pesticide mixtures at a molecular level: their
relevance to human health. Toxicology 307, 136-145. https://doi.org/10.1016/j.
t0x.2012.06.009.

Hernéandez, A.F., Gil, F., Lacasana, M., 2017. Toxicological interactions of pesticide
mixtures: an update. Arch. Toxicol. 91, 3211-3223. https://doi.org/10.1007/
500204-017-2043-5.

Hong, H.N., Kim, H.N., Park, K.S., Lee, S.K., Gu, M.B., 2007. Analysis of the effects
diclofenac has on Japanese medaka (Oryzias latipes) using real-time PCR.
Chemosphere 67, 2115-2121. https://doi.org/10.1016/j.
chemosphere.2006.12.090.

Islas-Flores, H., Gomez-Olivan, L.M., Galar-Martinez, M., Sdnchez-Ocampo, M., SanJuan-
Reyes, N., Ortiz-Reynoso, M., Dublan-Garcia, O., 2017. Cyto-genotoxicity and
oxidative stress in common carp (Cyprinus carpio) exposed to a mixture of ibuprofen
and diclofenac. Environ. Toxicol. 32, 1637-1650. https://doi.org/10.1002/
tox.22392.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebrafish. Dev. Dyn. 203, 253-310.

Lopez-Gonzalez, E., Siroski, P.A., Poletta, G.L., 2019. Genotoxicity induced by widely
used pesticide binary mixtures on Caiman latirostris (broad-snouted caiman).
Chemosphere 232, 337-344. https://doi.org/10.1016/j.chemosphere.2019.05.218.

Luja-Mondragén, M., Gémez-Olivan, L.M., SanJuan-Reyes, N., Islas-Flores, H., Orozco-
Hernandez, J.M., Heredia-Garcia, G., Galar-Martinez, M., Dublan-Garcia, O., 2019.
Alterations to embryonic development and teratogenic effects induced by a hospital
effluent on Cyprinus carpio oocytes. Sci. Total Environ. 660, 751-764. https://doi.
org/10.1016/j.scitotenv.2019.01.072.

Lydersen, E., Lofgren, S., 2002. Potential effects of metals in reacidified limed water
bodies in Norway and Sweden. Environ. Monit. Assess. 73, 155-178. https://doi.
org/10.1023/A:1013002904977.

Mandriota, S.J., 2017. A case-control study adds a new piece to the aluminium/breast
cancer puzzle. EBioMedicine. 22, 22-23. https://doi.org/10.1016/j.
ebiom.2017.06.025.

Mandriota, S.J., Tenan, M., Ferrari, P., Sappino, A.P., 2016. Aluminium chloride
promotes tumorigenesis and metastasis in normal murine mammary gland epithelial
cells. Int. J. Cancer 139, 2781-2790. https://doi.org/10.1002/ijc.30393.

Mohan, C., Long, K., Mutneja, M., Ma, J., 2015. Detection of end-stage apoptosis by
ApopTag® TUNEL technique. In: Mor, G., Alvero, A. (Eds.), Apoptosis and Cancer.



E.H. Quiroga-Santos et al.

Methods in Molecular Biology (Methods and Protocols). Humana Press, New York,
pp. 43-56. https://doi.org/10.1007/978-1-4939-1661-0_5.

Monaco, A., Grimaldi, M.C., Ferrandino, 1., 2017. Aluminium chloride-induced toxicity
in zebrafish larvae. J. Fish Dis. 40, 629-635. https://doi.org/10.1111/jfd.12544.

Mustafa-Rizui, S.H., Parveen, A., Verma, A.K., Ahmad, 1., Arshad, M., Mahdi, A.A., 2014.
Aluminium induced endoplasmic reticulum stress mediated cell death in SH-SY5Y
neuroblastoma cell line is independent of p53. PLoS One 9, 2160-2165. https://doi.
org/10.1371/journal.pone.0098409.

Norrgren, L., Wicklund, Gl, Malmborg, O., 1991. Accumulation and effects of aluminium
in the minnow (Phoxinus phoxinus L.) at different pH levels. J. Fish Biol. 39, 833-847.
https://doi.org/10.1111/j.1095-8649.1991.tb04413.x.

Orug, E.O., Uner, N., 2002. Marker enzym assessment in the liver of Cyprinus carpio (L)
exposes to 2,4-D and azinphosmethyl. J. Biochem. Mol. Toxicol. 16, 182-188.
https://doi.org/10.1002/jbt.10040.

Pandey, P.K., Ajima, M.N., Kumar, K., Poojary, N., Kumar, S., 2017. Evaluation of DNA
damage and physiological responses in Nile tilapia, Oreochromis niloticus (Linnaeus,
1758) exposed to sub-lethal diclofenac (DCF). Aquat. Toxicol. 186, 205-214.
https://doi.org/10.1016/j.aquatox.2017.03.007.

Poléo, A.B., Schjolden, J., Sgrensen, J., Nilsson, G.E., 2017. The high tolerance to
aluminium in crucian carp (Carassius carassius) is associated with its ability to avoid
hypoxia. PLoS One 12, e0179519. https://doi.org/10.1371/journal.pone.0179519.

Ramirez-Duarte, W.F., Kurobe, T., Teh, S.J., 2017. Impairment of antioxidant
mechanisms in Japanese Medaka (Oryzias latipes) by acute exposure to aluminum.
Comp. Biochem. Physiol. C Toxicol. Pharmacol. 198, 37-44. https://doi.org/
10.1016/j.cbpc.2017.05.003.

Reichwaldt, E.S., Ghadouani, A., 2016. Can mussels be used as sentinel organisms for
characterization of pollution in urban water systems? Hydrol. Earth Syst. Sci. 20,
2679-2689. https://doi.org/10.5194/hess-2015-523, 2016.

Ribas, J.L.C., da Silva, C.A., de Andrade, L., Galvan, G.L., Cestari, M.M., Trindade, E.S.,
Zampronio, A.R., de Assis, H.C.S., 2014. Effects of anti-inflammatory drugs in
primary kidney cell culture of a freshwater fish. Fish Shellfish Immunol. 40,
296-303. https://doi.org/10.1016/].fsi.2014.07.009.

Rotter, S., Gunold, R., Mothes, S., Paschke, A., Brack, W., Altenburger, R., Schmitt-
Jansen, M., 2015. Pollution-induced community tolerance to diagnose hazardous
chemicals in multiple contaminated aquatic systems. Environ. Sci. Technol. 49,
10048-10056. https://doi.org/10.1021 /acs.est.5b01297.

Sanjuan-Reyes, N., Gémez-Olivan, L.M., Pérez-Pastén Borja, R., Luja-Mondragén, M.,
Orozco-Hernandez, J.M., Heredia-Garcia, G., Islas-Flores, H., Galar-Martinez, M.,
Escobar-Huérfano, F., 2020. Survival and malformation rate in oocytes and larvae of
Cyprinus carpio by exposure to an industrial effluent. Environ. Res. 182, 108992.
https://doi.org/10.1016/j.envres.2019.108992.

Saucedo-Vence, K., Dubldan-Garcia, O., Lopez-Martinez, L.X., Morachis-Valdez, G., Galar-
Martinez, M., Islas-Flores, H., Gémez-Olivan, L.M., 2014. Short and long-term
exposure to diclofenac alter oxidative stress status in common carp Cyprinus carpio.
Ecotoxicology. 24, 527-539. https://doi.org/10.1007/510646-014-1401-9.

11

Environmental Toxicology and Pharmacology 82 (2021) 103555

Shi, X., Jiang, H., Mao, Y., Ye, J., Saffiotti, U., 1996. Vanadium (IV)-mediated free radical
generation and related 2'-deoxyguanosine hydroxylation and DNA damage.
Toxicology 106, 27-38. https://doi.org/10.1016/0300-483X(95)03151-5.

Singh, N.F., Mc Coy, M.T., Tice, R.R., Scheneider, E.L., 1988. A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp. Cell Res. 175,
184-191. https://doi.org/10.1016,/0014-4827(88)90265-0.

Stankeviciute, M., Sauliuté, G., Svecevicius, G., Kazlauskiené, N., Barsiene, J., 2017.
Genotoxicity and cytotoxicity response to environmentally relevant complex metal
mixture (Zn, Cu, Ni, Cr, Pb, Cd) accumulated in Atlantic salmon (Salmo salar). Part I:
importance of exposure time and tissue dependence. Ecotoxicology 26, 1051-1064.
https://doi.org/10.1007/s10646-017-1833-0.

Stepanova, S., Praskova, E., Chromcov4, L., Pihalova, L., Prokez, M., Blahova, J.,
Suobodova, Z., 2013. The effects of diclofenac on early life stages of common carp
(Cyprinus carpio). Environ. Toxicol. Pharmacol. 35, 454-460. https://doi.org/
10.1016/j.etap.2012.09.011.

Stephens, F.J., Ingram, M., 2006. Two cases of fish mortality in low pH, aluminium rich
water. J. Fish Dis. 29, 765-770. https://doi.org/10.1111/j.1365-2761.2006.00772.
X.

Suwalsky, M., Marrique, M., Villena, F., Sotomayor, C.P., 2009. Structural effects in vitro
of the antiinflammatory drug diclofenac in human erythrocytes and molecular
models of cell membranes. Biophys. Chem. 141, 34-40. https://doi.org/10.1016/].
bpc.2008.12.010.

Swan, G.E., Cuthbert, R., Quevedo, M., Green, R.E., Pain, D.J., Bartels, P.,
Cunningham, A.A., Duncan, N., Meharg, A.A., Oaks, J.L., Parry-Jones, J., 2006.
Toxicity of diclofenac to Gyps vultures. Biol. Lett. 2, 279-282. https://doi.org/
10.1098/rsbl.2005.0425.

Syed, M., Skonberg, C., Hansen, S.H., 2016. Mitochondrial toxicity of diclofenac and its
metabolites via inhibition of oxidative phosphorylation (ATP synthesis) in rat liver
mitochondria: Possible role in drug induced liver injury (DILI). Toxicol. In Vitro 31,
93-102. https://doi.org/10.1016/j.tiv.2015.11.020.

Udroiu, I., 2006. The micronucleus test in piscine erythrocytes. Aquat. Toxicol. 79,
201-204. https://doi.org/10.1016/j.aquatox.2006.06.013.

van Leeuwen, J.S., Vredenburg, G., Dragovic, S., Tjong, T.J., Vos, J.C., Vermeulen, N.P.,
2011. Metabolism related toxicity of diclofenac in yeast as model system. Toxicol.
Lett. 200, 162-168. https://doi.org/10.1016/j.toxlet.2010.11.010.

Vystavna, Y., Le Coustumer, P., Huneau, F., 2013. Monitoring of trace metals and
pharmaceuticals as anthropogenic and socio-economic indicators of urban and
industrial impact on surface waters. Environ. Monit. Assess. 185, 3581-3601.
https://doi.org/10.1007/s10661-012-2811-x.

Westerfield, M., 2007. The Zebra Fish Book. A Guide for the Laboratory Use of Zebra Fish
(Danio Rerio). University of Oregon press, Eugene.

Yong II, K., Chang-Kee, H., 2006. Comparative evaluation of the alkaline comet assay
with the micronucleus test for genotoxicity monitoring using aquatic organisms.
Ecotoxicol. Environ. Saf. 64, 288-297. https://doi.org/10.1016/j.
ecoenv.2005.05.019.

Zeliger, H.I., 2011. Human Toxicology of Chemical Mixtures, second ed. Elsevier,
Oxford.



