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Developmental abnormalities and
oxidative stress were evaluated in
zebrafish.

Paracetamol, ciprofloxacin and their mix-
tures can alter fish embryogenesis.
Paracetamol, ciprofloxacin and their mix-
ture induced oxidative damage in fish
embryos.

Concentrations of evaluated drugs and
their mixtures pose a threat to aquatic
species.
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Even though the toxic effects of paracetamol (PCM) and ciprofloxacin (CPX) have been deeply studied in the last
decades, the impact of the PCM-CPX mixture may induce in aquatic organisms is poorly known. Thus, the objec-
tive of this work was to investigate the teratogenic effects and oxidative stress that PCM, CPX, and their mixture
induce in Danio rerio embryos. Moreover, we aimed to determine whether the PCM-CPX mixture induces more
severe effects on the embryos than the individual drugs. For this purpose, zebrafish embryos (4 hpf) were ex-
posed to environmentally relevant concentrations of PCM, CPX, and their mixture until 96 hpf. In addition, at
72 hpfand 96 hpf, we also evaluated the oxidative stress biomarkers (superoxide dismutase, catalase, glutathione
peroxidase, lipid peroxidation, and hydroperoxides and carbonyl content) in the embryos. Our results demon-
strated that PCM, CPX, and their mixture reduced the survival rate of embryos by up to 75%. In addition, both
drugs, induced morphological alterations in the embryos, causing their death. The most observed malformations
were: scoliosis, craniofacial malformations, hypopigmentation, growth retardation, pericardial edema.
Concerning oxidative stress, our integrated biomarkers response (IBR) analysis demonstrated that PCM, CPX,
and their mixture induce oxidative damage on the embryos. In conclusion, PCM, CPX, and their mixture can
alter zebrafish embryonic development via an oxidative stress response.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Universidad Auténoma del Estado de México, Paseo Coldn interseccion Paseo Tollocan,
Colonia Residencial Colén, CP 50120 Toluca, Estado de México, Mexico.

E-mail address: Imgomezo@uaemex.mx (L.M. Gémez-Olivan).

The consumption of analgesics and antipyretics, as well as non-
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these drugs are sold without prescription. Among these, the best known
and most consumed NSAID worldwide is paracetamol (PCM). This drug
is the most commonly used for severe pain and osteoarthritis, for gastric
and duodenal ulcers, gastritis, and hiatal hernia, as an alternative treat-
ment in case of salicylates allergies and patients with hemophilia or re-
ceiving anticoagulants (Lau et al.,, 2016). According to Acetaminophen
Global Market Report, 2018, worldwide sales of PCM in 2019 summed
a total of 740 million USD. Nonetheless, it is forecasted that by 2023
its sales will rise to 780 million USD.

As a result of its high usage and partial degradation (14-75%), huge
amounts of PCM are spilled out every day into the aquatic environment
(Gutiérrez-Noya et al., 2021). Recent studies have reported the occur-
rence of this drug in worldwide water bodies. Table 1 shows the world-
wide occurrence of PCM in aquatic environments. As can be seen from
this table, the highest concentration of PCM found in WWTP effluent
and surface water were 3, 000 ug L™ and 30.4 pg L™, respectively.

Paracetamol is bio-transformed by cytochrome P450 (CYP450) in
the liver via CYP2E1, CYP1A2, and CYP3A4 subfamilies causing the for-
mation of a very unstable metabolite with a high affinity for thiol groups
N-acetyl-p-benzoquinone-imine (NAPQI). N-acetyl-p-benzoquinone-
imine can cause structural modifications in cellular proteins and there-
fore damage to deoxyribonucleic acid (DNA), ribonucleic acid (RNA), as
well as oxidative stress (Moriarty and Carroll, 2016; Xu et al., 2008).
Choi et al., 2018 for instance, showed that PCM (10 & 30 ug L™ ') induced
histological damage to the gill, structural damage to the kidney, and de-
crease glycogen levels in the liver of Oncorhynchus mykiss, after 4 weeks
of exposure. Moreover, Liu et al., 2019 showed that PCM altered the ex-
pression of Nrf1, a transcription factor related to the anti-oxidant sys-
tem, in Daphnia magna. Similarly, Gutiérrez-Noya et al., 2021 pointed
out that oxidative stress PCM-induced teratogenesis on embryos of
Cyprinus carpio. Thus, adverse effects induced by PCM are closely related
to the increased production of ROS during its biotransformation process.

Antibiotics are also an important group of drugs whose worldwide
consumption has been increasing (Israel et al., 2021). This group in-
cludes the fluoroquinolones, used in human and veterinary medicine
for the treatment of multiple bacterial infections (Avila et al., 2019). Cip-
rofloxacin is a broad-spectrum fluoroquinolone commonly utilized for
the treatment of diseases such as pharyngitis, sinusitis, and earaches,
as well as airway diseases such as pneumonia and bronchitis (Yi et al.,
2017).

Table 1
Worldwide occurrence of paracetamol and ciprofloxacin.
Country Concentration  Matrix Reference
(ng L)
Paracetamol
Brazil 304 Surface water Campanbha et al., 2015
Canada 57.5 WWTP effluent ~ Baet al, 2014
Canada 90.2 WWTP effluent  Baet al, 2014
China 150 WWTP effluent ~ Wuet al,, 2012
Colombia 39.25 WWTP effluent  Botero-Coy et al., 2018
Costa Rica 13.21 Surface water Spongberg et al., 2011
EE. UU. 1000 WWTP effluent ~ Wilcox et al., 2009
Italy 246 WWTP effluent  Verlicchi et al.,, 2012
Japan 1.7 WWTP effluent ~ Okuda et al., 2008
Mexico 3000 WWTP effluent ~ SanJuan-Reyes et al., 2015
Spain 246 WWTP effluent Gomez et al., 2007
UK 211.3 WWTP effluent  Kasprzyk-Hordern et al., 2009

Ciprofloxacin

Argentina 7.7 Surface water Teglia et al.,, 2019

China 5.9 Surface water Wei et al., 2012

EE.UU. 13 WWTP effluent  He et al., 2015

India 5528 Surface water Gothwal and Shashidhar, 2017
Pakistan 341 WWTP effluent  Riaz et al., 2017

Portugal 38.6 Hospital effluent ~ Santos et al., 2013

South Korea 8.7 WWTP effluent  Sim et al., 2011

Vietnam 0.25 Surface water Andrieu et al., 2015
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Due to the abuse in its consumption and its poor biodegradability, CPX
has been increasingly detected in wastewater (Li et al., 2011). The three
major sources of CPX entering wastewater are industry, hospital, and
household. Table 1 shows the worldwide occurrence of CPX in aquatic en-
vironments. Until now, the highest concentrations of this drug found in
wastewater treatment plants (WWTPs effluents), hospital effluents, and
surface water were 341 pg L™",38.6 ug L™, and 5528 pg L™, respectively.

As same as PCM, it has also been demonstrated that CPX can gener-
ate oxidative stress and cell death by stimulating the production of reac-
tive oxygen species (ROS), affecting lipids, DNA, and other cellular
components. (Becerra and Albesa, 2002). Zivna et al., 2016 for instance,
reported that the exposure of C. carpio embryos to CPX (1000 ug L~ " and
3000 pg L~ 1) led to the death of 32% of the embryos. Moreover, Gomes
etal., 2017 reported that CPX induced oxidative stress in Lemna minor L
by impairing normal electron flow in the respiratory electron transport
chain.

Since the mechanism of toxicity by both drugs is oxidative stress,
and the latter has been associated with teratogenic effects in several
aquatic species. The purpose of this study was to assess the teratogenic
effects and oxidative stress that PCM, CPX, and their mixtures have in
Danio rerio embryos. Furthermore, we also carried out an integrated
biomarkers (IBR) analysis to better understand the influence that oxida-
tive stress biomarkers (lipid peroxidation, hydroperoxides content, pro-
tein carbonyl content, superoxide dismutase, catalase, and glutathione
peroxidase) has on the embryos of this freshwater fish.

2. Material and methods
2.1. Reagents

Paracetamol (N-acetyl-4-aminophenol, CAS number: 103-90-2, linear
formula CH3CONHC6H40H, analytical purity of 99%) and cipro-
floxacin (1-Cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-
dihydroquinoline-3-carboxylic acid, CAS number 85721-33-1 linear
formula C17H18FN303, analytical purity > 98%) were purchased from
Sigma-Aldrich (St. Louis, MO). All other reagents referred to in the
methodology were purchased from the same company, unless reference
is made to another company.

2.2. Acclimatization and maintenance of broodstock fish

Wild-type zebrafish (0.9 + 0.5 g in weight and 3.5 4 0.5 cm in
length) were purchased from a commercial supplier (Aquanimals MX)
following the requirements requested in the OECD guidelines. None
fish showed visible signs of disease and stress, nor apparent
malformations. For their acclimatization, fish were kept in 120 L tanks,
at aratio of one fish per two liters of water (12 h of light by 12 h of dark-
ness). Along the experiment water from each tank was monitored and
maintained under the following conditions: T: 26 + 2 °C, pH: 7.2-7.6,
and oxygen saturation: 85%. Moreover, water was changed daily, main-
taining the above-mentioned characteristics. Breeding fish were fed
with commercial flakes (TetraMin Tropical Flakes®) [48% protein, 8%
fat, and 2% fiber], twice a day (Test Guideline No. 203 Fish) and supple-
mented with Artemia sp once a day, 15 days before egg production
(Elizalde-Velazquez et al., 2021a, 2021b).

2.3. Egg production

D. rerio eggs were obtained by natural fertilization (Elizalde-
Velazquez et al.,, 2021a, 2021b). Briefly, eight males and four females
(with visible gravidity) of 4-4.5 cm in length were placed in breeding
tanks. Each tank contained 12 L of tap water previously aerated,
dechlorinated, and reconstituted with commercial salts Instant
Ocean® (9 mg L™1). In addition, all tanks contained a breeding trap
(4 x 4 mm mesh). Early next day, eggs were collected rinsed with ultra-
pure water, and bleached according to the methods of Westerfield, 2007
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and Varga, 2011. Fertilized oocytes were classified under a stereoscopic
microscope (Zeiss Stemi 305 at 10x of magnification) according to the
protocol of Kimmel et al., 1995. Middle blastula stage oocytes (equiva-
lent to 2.5 hpf) were selected and used for subsequent experiments.

2.4. Embryolethality test

Paracetamol (150, 300, 450, 600, 750, 900, 1050, and 1200 ug L™1)
and CPX 5, 10, 15, 20, 25, 30, 35, and 40 ug L™ ') concentrations were se-
lected considering their occurrence in surface water, WWTP effluents,
and hospital effluents (Table 1). In addition, four binary mixtures
(M) were tested:

Mixture 1 (M1): corresponding to the lowest concentrations of both
drugs (150 g L' of PCM and 5 pg L™ of CPX).

Mixture 2 (M2): corresponding to the highest concentrations of
both drugs (1200 pg L~" of PCM and 40 pg L™ of CPX).

Mixture 3 (M3): corresponding to the effective concentration 50 of
malformations (ECso) obtained for each drug in isolation
(438.8 ug L~ ! of PCM and 18.2 pg L™! of CPX).

Mixture 4 (M4): corresponding to the lethal concentration 50 for
embryos (LCso) obtained for each drug in isolation (736.98 ug L™!
of PCM and 35.4 ug L~ of CPX).

All concentrations were prepared from the standards mentioned in
Section 2.1. Moreover, these were prepared from the stock solution
in dark volumetric flasks to avoid photodegradation.

The lethality tests were based on FET (Fish Embryo Acute Toxicity)
analysis. Briefly, 144 eggs at the mid-blastula stage (2.5 hpf) were se-
lected and randomly distributed into 24-well plates (1 embryo per
well). Plates were incubated in bioclimatic chambers at 28 + 1 °C,
with light-dark cycles of 8:14 h. All systems were static with daily me-
dium renewal. The temperature and humidity of the incubation cham-
ber were monitored until the end of the test. The number of living,
dead (coagulated or absence of heartbeat), and malformed embryos
was quantified at 12, 24, 48, 72, and 96 hpf. The data obtained were
used to calculate the embryo LCso and ECsp using a maximum
likelihood linear regression test, and their respective 95% confidence
intervals were calculated (p < 0.05). This analysis was performed with
US-EPA software ver. 1.5, according to the Trimmed Spearman-Karber
method (Hamilton et al., 1977). The LCs0/ECso ratio was used to
determine the teratogenic index (TI). If the value of Tl is >1, substance
should be considered teratogenic, but if this is <1, substance should
be categorized as embryo-lethal (Weigt et al., 2011).

2.5. Evaluation of morphology scoring and embryonic developmental
alterations

Systems cited in Section 2.4 were used for this purpose. The main
malformations induced by PCM, CPX, and their mixture were re-
corded based on the scoring scale established by Kimmel et al.
(1995) and Hermsen et al. (2011). Briefly, an experimental embryo
is compared to the reference embryo and receives points for each de-
velopmental hallmark dependent on its stage of development. All
deviations, for instance, incomplete detachment of the tail, will re-
sult in a lower point score which corresponds to a certain extent of
developmental retardation. The tail formation, somite formation,
eye development, embryo movement, heartbeat, blood circulation,
head and body pigmentation, tail pigmentation, presence of mouth
protrusion, and hatching were all the developmental hallmarks eval-
uated.

Malformations and other teratogenic effects were separately re-
corded as present or absent. Along the experiment, we evaluated the
following alterations: delay in the hatching process, hypopigmentation,
hemorrhaging in the head, hemorrhaging in the tail, hemorrhaging in
the yolk, miscellaneous; severe malformations, modified chord
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structure, malformation of the head, malformation of the heart, malfor-
mation of the tail, pericardial edema, scoliosis, yolk deformation, and
yolk edema. The total malformations were expressed as the percentage
of embryos with at least one malformation in comparison to the control.
The alterations to embryonic development presented by exposure to
the drugs and their mixtures were recorded at each exposure time,
and with these data, the concentration-response curves for PCM, CPX,
and their binary mixtures were constructed.

2.6. Evaluation of oxidative stress in zebrafish embryos

40 systems, each with one gram of zebrafish embryos (corre-
sponding to 1600 embryos), were distributed to aquaria of 4 L.
Each system was spiked with the environmentally relevant concen-
trations of PCM, CPX, and binary mixtures. During the exposure pe-
riod, temperature (27 4+ 1 °C) and light/dark cycles (14:10 h) were
kept constant in all systems. At 72 hpf and 96 hpf, 800 embryos, re-
spectively, were randomly selected and homogenized using 1 mL of
phosphate buffer solution (pH 7.4) at 12,500 rpm. The exposure
times were selected considering that at this time, the larvae had al-
ready hatched and their antioxidant enzyme system was already
functioning. For the evaluation of oxidative stress the following bio-
markers of cellular oxidation were determined: lipid peroxidation
level (LPX) (Buege and Aust, 1978), hydroperoxide content (HPC)
(Jiang et al., 1992), and protein carbonylation content (PCC)
(Levine et al., 1994). In addition to the antioxidant enzymes super-
oxide dismutase (SOD) (Misra and Fridovich, 1972), catalase (CAT)
(Radi et al., 1991) and glutathione peroxidase (GPX) (Giinzler and
Flohé, 1985, as modified by Stephenson, 2000). All results were har-
monized considering the protein contents determined by the
method of Bradford (1976). The experiments were replicated in trip-
licate.

2.7. Integrated biomarker response index (IBR)

The integrated biomarker response index was employed to
analyze the influence of oxidative stress biomarkers at each tested
environmentally relevant concentration of PCM, CPX, and their re-
spective binary mixtures (Sanchez et al., 2013). For IBR determina-
tion, the biomarkers of each tested drug and mixtures (Xi) were
compared with the biomarkers of the control group (Xo). The ratio
of Xi to Xo was log-transformed (Yi) to reduce variance. Subse-
quently, Yi values were standardized by applying the formula Zi =
(Yi-p)/s and using the mean (u) and standard deviation (s) of Yi.
Then, the biomarker deviation index (A) was calculated by the differ-
ence between Z; and Z,. Finally, the values of A were depicted in star
plots representing the integrated responses of biomarkers. In
addition, the absolute value of A of each biomarker was summed to
obtain IBR.

2.8. Traceability and test validity criteria

To ensure traceability of the results, batches of eggs were only used
whether the fertilization rate was greater than 90% and whether the
control group did not show more than 2% of alterations in their develop-
ment in all exposure times.

2.9. Ethical approval

This research protocol was evaluated and approved by the Ethics
and Research Committee of the Autonomous University of the State
of Mexico (UAEM) to ensure that the experiment was conducted in
accordance with the institutional standards and guidelines for ani-
mal care (approval ID: UAEM.CEL.DCTF.REC.078.2020). The provi-
sions referred to in the official Mexican standard on breeding, care,
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and use of laboratory animals (NOM-062-ZOO- 1999) were
considered.

2.10. Data analysis

The LCso and ECso were calculated by probit analysis with maximum
likelihood linear regression (EPA Analysis Program v1.5). The teratogenic
index (TI) was obtained applying the following eq. TI = (LCs0/ECsp).

A Student's t-test (one-tailed) was performed to identify statistically
significant differences between treatment and controls groups
(p <0.05, IBM SPSS Statistics 22 software). Statistics were done based
on affected embryos (embryos with lethal or teratogenic effects). At
first, the scores for each concentration of PCM, CPX, and binary mixtures
had to be registered, then for the control were gathered and finally, a
comparison was completed using the t-test.

Oxidative stress biomarkers data was examined using a two-way
analysis of variance (ANOVA), considering time as factor A and concen-
tration as factor B. Variations between the means were examined with
the Student-Newman-Keuls method, using SigmaPlot 12.3 software.
All oxidative stress biomarkers passed the normality test.

3. Results
3.1. Embryolethality test

Paracetamol, ciprofloxacin, and the binary mixtures showed
concentration-dependent behavior in the number of dead and malformed
embryos. LCso of PCM was 736.9 pg L™! with 95% confidence intervals
(647.2-853.9 ug L™1). Meanwhile, the LCs, value of CPX was 35.4 g L™
(29.2-47.9 pg L™1). The results of the mixture of the two drugs indicated
that the M4 mixture had the highest embryolethal index by causing the
death of 75% of the embryos. ECso of PCM and CPX were 438.8 ug L™!
and 18.2 pg L~ ! with 95% confidence intervals of 302.6-569.5 pg L' and
16.1-20.4 g L™, respectively. The teratogenic indexes were 1.6 for PCM
and 1.9 for CPX, which according to the criteria of Weigt et al., 2011,
both drugs should be classified as teratogenic. M4 mixture had the highest
number of malformed embryos (Table 2).

Fig. 1 shows the proportions of live, dead, and malformed embryos
for each concentration of PCM, CPX, and their binary mixtures. In all
cases, the number of live embryos decreased with increasing drug con-
centration. Ciprofloxacin had lower death rates. However, the PCM-CPX
mixtures showed the highest rates of deaths and malformations com-
pared to the individual drugs. The M4 mixture showed lower numbers
of live embryos.
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Fig. 1. Effects on survival and malformations embryos of D. rerio exposed to A)
PCM, B) CPX and C) Binary mixtures of PCM-CPX. Values are the mean of three
replicates + SE. Significant differences relative to: * control group; two-way
ANOVA(p < 0.05).

Table 2
Mortality and malformations rates by environmentally relevant concentrations of PCM, CPX and their binary mixtures on D. rerio embryos.
Paracetamol Ciprofloxacin Mixtures
Live Dead Malformed Live Dead Malformed PCM-CPX Live Dead Malformed
pg L! % % % pg L! % % % % % %
Control 100.0 0.0 0.0 Control 100 0.0 0.0 Control 100 0.0 0.0
150 86.1 13.9 25.0 5 91.7 83 15.3 M1 65.3 34.7 431
300 833 16.7 29.2 10 75.0 25.0 20.8 M2 48.6 514 54.2
450 70.8 29.2 333 15 70.8 29.2 431 M3 389 61.1 68.1
600 56.9 43.1 63.9 20 69.4 30.6 52.8 M4 25.0 75.0 93.1
750 45.8 54.2 68.1 25 55.6 44.4 583
900 43.1 56.9 75.0 30 55.6 444 65.3
1050 389 61.1 875 35 514 48.6 76.4
1200 31.9 68.1 88.9 40 45.8 54.2 833
LCso = 736.9 LCso = 354
Cl = [647.2-853.9] Cl = [29.2-47.9]
ECso = 438.8 ECs0 = 182
Cl = [302.6-569.5] Cl = [16.1-204]
T =16 =19
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3.2. Alterations in the development of D. rerio embryos by PCM, CPX and
their binary mixture

Fig. 2 shows the number of embryos that presented malformations
generated by exposure to different concentrations of PCM, CPX, and
their mixture. Paracetamol induced nine different malformations. De-
layed hatching and body hypopigmentation were the most frequent
malformations in embryos exposed to each of the PCM concentrations
evaluated. Exposure to different concentrations of CPX generated 16 dif-
ferent malformations. Craniofacial and yolk sac malformations were the
most frequent in the exposed embryos. The PCM-CPX mixtures showed
the highest number of different malformations. Delayed hatching and
pericardial edema occurred most frequently in the embryos exposed
to the binary mixture. The M4 mixture generated the highest number
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Fig. 2. Main malformations induced by A) PCM, B) CPX and C) Mixtures PCM-CPX in
D. rerio embryos.
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of embryos with malformations. The M1 mixture presented the lowest
number of malformed embryos.

3.3. Embryonic development score at different times and concentrations of
PCM, CPX and their binary mixtures

Fig. 3 shows the effect-concentration curves of PCM, CPX and the
four binary mixtures PCM-CPX tested about the normal development
of zebrafish embryos according to the score of Hermsen et al., 2011. In
all cases, a decrease in the score is shown with respect to the control or-
ganisms, due to the different morphological alterations presented. Con-
centrations from 300 to 1200 pg L™' of PCM showed statistically
significant differences in relation to the control group (p < 0.05). In
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Fig. 3. Concentration-response curves of PCM, CPX and their binary mixtures in D. rerio
embryos. All concentrations of PCM, CPX and their mixtures were significantly different
from the control group (p < 0.05). The differences are not indicated so that the figure
can be easily appreciated (Student's t-test).
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the case of CPX, the concentration that showed the greatest influence on
embryo development was 25 ug L™!. Meanwhile, the concentrations

Science of the Total Environment 806 (2022) 150541

control group (p < 0.05). In the case of binary mixtures of PCM-CPX,
M4 was the only mixture that showed significant differences with re-

from 15 ug L~! showed significant differences with respect to the spect to the control group.
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Fig. 4. Proportion of the number of malformations by concentration and main malformations in D. rerio embryos at the critical concentration of A) PCM, B) CPX and C) Mixtures PCM-CPX.
*Malformations of less than 5.0% in B) and C) are not presented.

Representation of the main teratogenic effects at 96 hpf at the critical concentration of (1) paracetamol, (2) ciprofloxacin and (3) M4 mixture. (4) Control organisms at 96 hpf.

Chm = Chorda malformation; Dd = Developmental delay; Eh = Eye hemorrhage; Hr = Hatching retardation; Bh = Body hypopigmentation; Tm = Tail malformation; Ysm = Yolk sac
malformation; Pe = Pericardial edema; Em = Eye malformation; Cm = Craniofacial malformation; Bm = Body malformation; Wt = Without tail formation; Tm = Tail malformation.
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Fig.4 (continued).

3.4. Teratogenic effects induced by PCM, CPX and their binary mixtures

Fig. 4 shows the total proportion malformations that occurred at
each concentration of PCM, CPX and their mixtures. In the PCM case,
the highest proportion of malformations occurred at 450 ug L™, and de-
layed hatching was the most frequent malformation associated with
this concentration. The highest proportion of malformations by CPX oc-
curred at the 25 pg L~ ! and craniofacial malformation was the most fre-
quent malformation associated with this concentration. Regarding the
mixtures, M4 had the highest proportion of malformations and body
malformation was the most frequent malformation in this mixture.

3.5. Biomarkers of cellular oxidation

Fig. 5 shows the results of cellular oxidation. Lipid peroxidation re-
sults are shown in Fig. 5A. Statistically significant increases were
found with respect to the control group (p < 0.05) in a concentration-
dependent manner. For PCM, increases were observed at 72 and 96
hpf respectively with respect to the control at concentrations of
150 pg L™ (1.09 and 0.84 times), 300 ug L™' (2.17 and 1.65 times),
450 pg L™' (3.24 and 2.45 times), 600 pg L~ (4.32 and 3.26 times),
750 pg L' (5.39 and 4.07 times), 900 pg L~ (6.47 and 4.87 times),
1050 pg L=! (7.54 and 5.68 times) and 1200 pg L~' (8.62 and 6.49
times). For CPX, the same trend was observed, the increases in times
with respect to the control at 72 and 96 hpf were 5 pg L~' (0.108 and
0.334), 10 pg L™' (0.213 and 0.616), 15 pug L' (0.319 and 0.880),

20 pg L™ (0.425 and 1.44), 25 pg L™! (0.549 and 1.40), 30 pg L™!
(0.636 and 1.65), 35 ug L™ (0.745 and 1.97) and 40 ug L™! (0.849 and
2.21), respectively. Finally, for the binary mixtures (PCM-CPX), there
was a significant difference with respect to the control group at 72
and 96 hpf: M2 (3.0 and 3.74), M3 (5.05 and 6.31), M4 (8.11 and
10.14). Protein carbonyl content results are shown in Fig. 5B. Significant
increases with respect to the control group (p < 0.05) were found at 72
and 96 hpf of 1.02 and 1.23; 1.93 and 2.35; 2.83 and 3.46; 3.73 and 4.57;
4.62 and 5.68; 5.52 and 6.78; 6.42 and 7.89; and 7.31 and 8.99 times, re-
spectively for 150, 300, 450, 600, 750, 900, 1050 and 1200 pg L~! of
PCM. For CPX of 1.02 and 1.24; 1.93 and 2.34; 2.83 and 3.45; 3.73 and
4.56; 4.62 and 5.64; 5.49 and 6.74; 6.38 and 7.84; and 7.26 and 8.92
times respectively at 5, 10, 15, 20, 25, 30, 35 and 40 pg L™ . Finally, for
the binary mixtures, there was a difference for M2 (3.16 and 2.77
times), M3 (5.24 and 4.58 times), and M4 (8.34 and 7.28 times). Hydro-
peroxides content results are shown in Fig. 5C. For PCM, increases were
observed at 72 and 96 hpf respectively with respect to the control at
concentrations of 150 pg L™! (1.63 and 1.16 times), 300 pg L~! (3.16
and 2.20 times), 450 pg L~! (4.70 and 3.24 times), 600 ug L~! (6.23
and 4.29 times), 750 pg L™ (7.76 and 5.33 times), 900 pg L~' (9.30
and 6.37 times), 1050 pg L~! (9.79 and 7.41 times) and 1200 pg L™
(9.87 and 8.45 times). For CPX, the same trend was observed, the in-
creases in times with respect to the control at 72 and 96 hpf were
5ug L™' (1.65 and 1.20), 10 ug L™ (3.20 and 2.22), 15 pg L™! (4.74
and 3.26), 20 ug L™' (6.29 and 4.31), 25 pg L™' (7.81 and 5.37),
30 ug L' (9.34 and 6.41), 35 ug L™' (9.42 and 7.45) and 40 pg L™!
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(9.70 and 8.49), respectively. Finally, for the binary mixtures (PCM- 3.6. Antioxidant defense biomarkers

CPX) there was a significant difference with respect to the control

group at 72 and 96 hpf respectively of M2 (3.16 and 3.10), M3 (5.28 Fig. 6 shows the results of antioxidant activity. Superoxide dismut-
and 5.16), M4 (8.42 and 8.22). ase activity results are shown in Fig. 6A. Statistically significant increases
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Fig.5.A) Lipid peroxidation (LPX), B) Protein carbonyl content (PCC) and C) Hydroperoxide content (HPC) in embryos of zebrafish D. rerio exposed to eight different concentration of PCM,
CPX and their binary mixtures at 72 and 96 hpf. Values are the mean of three replicates + SE. Significant differences relative to: * control group; two-way ANOVA(p < 0.05).
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Fig. 5 (continued).

were found with respect to the control group (p < 0.05) in a
concentration-dependent manner. In the case of PCM, increases were
observed at 72 and 96 hpf with respect to the control at concentrations
0f 150 ug L~ (1.16 and 1.04 times), 300 pg L~! (2.33 and 2.07 times),
450 pug L' (3.49 and 3.10 times), 600 pg L™ (4.64 and 4.13 times),
750 pg L=! (5.80 and 5.15 times), 900 pg L~ (6.96 and 6.18 times),
1050 pg L' (8.12 and 7.21 times) and 1200 pg L' (9.27 and 8.23
times). For CPX, the same trend was observed, the increases in times
with respect to the control at 72 and 96 hpf were 5 ug L™' (1.21 and
1.05), 10 pg L~' (2.69 and 2.09), 15 ug L~! (3.58 and 3.11), 20 ug L~!
(4.70 and 4.15), 25 ug L™ ' (5.84 and 5.17), 30 ug L™ (7.0 and 6.20),
35ug L™" (8.14 and 7.22) and 40 pg L' (9.29 and 8.24), respectively.
Finally, for the binary mixtures PCM-CPX there was a significant differ-
ence with respect to the control group at 72 and 96 hpf of M2 (3.90 and
3.46), M3 (6.58 and 5.85), M4 (10.57 and 9.38), respectively. Catalase
activity results are shown in Fig. 6B. Significant increases with respect
to the control group (p < 0.05) were found at 72 and 96 hpf of 0.94
and 1.14; 1.86 and 2.24; 2.79 and 3.34; 3.71 and 4.44; 4.64 and 5.54;
5.56 and 6.64; 6.49 and 7.74; and 7.41 and 8.83 times, respectively for
150, 300, 450, 600, 750, 900, 1050 and 1200 pg L~! of PCM. For CPX of
1.25 and 1.14; 2.48 and 2.24; 3.72 and 3.34; 4.95 and 4.44; 6.18 and
5.54; 7.42 and 6.64; 8.65 and 7.73; and 9.88 and 8.83 times respectively
at 5,10, 15, 20, 25, 30, 35 and 40 ug L. Finally, for the binary mixtures
there was difference for M2 (5.18 and 3.10 times), M3 (8.73 and 4.21
times) and M4 (8.75 and 8.35 times). Glutathione peroxidase activity
results are shown in Fig. 6C. For PCM, increases were observed at 72
and 96 hpf with respect to the control at concentrations of:
150 pg L™ (1.46 and 1.05 times), 300 ug L~' (2.92 and 2.09 times),
450 pg L™' (438 and 3.14 times), 600 pug L' (5.84 and
4.18 times), 750 ug L™' (7.30 and 5.22 times), 900 pg L™ (8.75 and
6.26 times), 1050 pg L™' (8.82 and 7.30 times) and 1200 pg L™' (9.14
and 8.34 times), respectively. For CPX, the same trend was observed,
the increases in times with respect to the control at 72 and 96 hpf
were 5 pg L' (1.48 and 1.07), 10 ug L™' (3.19 and 2.12), 15 pug L™!
(4.51 and 3.16), 20 pug L~ (5.85 and 4.20), 25 pg L' (7.30 and 5.24),

30 ug L™ (8.77 and 6.30), 35 ug L' (8.83 and 7.32) and 40 pg L'
(9.19 and 8.65), respectively. Finally, for the binary mixtures PCM-CPX
there was a significant difference with respect to the control group at
72 and 96 hpf respectively of M2 (4.38 and 3.14), M3 (7.40 and 5.29),
M4 (9.14 and 8.49).

3.7. Integral biomarker response index (IBRv2)

Fig. 7 shows the analysis of integrated biomarkers for PCM, CPX, and
their binary mixtures. In the case of PCM (Fig. 7A), our IBR analysis indi-
cated that at low concentrations the antioxidant enzymes got more in-
fluence on the embryos than oxidative damage biomarkers.
Nonetheless, as concentration increases, oxidative damage biomarkers
(LPX and HPC) got more impact on the embryos than antioxidant en-
zymes. Concerning CPX (Fig. 7B), we can observe that no matter the
concentration of this drug, antioxidant enzymes still have more influ-
ence over the embryos than oxidative damage biomarkers. Finally, in
the case of binary mixtures (PCM-CPX) (Fig. 7C), we can observe that
as same as PCM, as concentration increases, oxidative damage bio-
markers (HPC and PCC) got more impact on the embryos than antioxi-
dant enzymes.

4. Discussion

In this research work, we evaluated the toxic effects that PCM, CPX,
and their mixture induced in D. rerio embryos. According to our results,
environmentally relevant concentrations of PCM, CPX, and their mix-
ture produced different body malformations in the embryos, affecting
their integrity and consequently increasing the mortality rate of em-
bryos. For PCM, previous studies have demonstrated that 100 ug L™!
of this drug-induced the death of 50% of D. rerio embryos after 96 h of
exposure (David and Pancharatna, 2009). Nonetheless, in our study,
we found that 1200 pg L™! of PCM induced the dead of 68% of D. rerio
embryos after 96 h of exposure. These results suggest that either low
or high concentrations of PCM may increase the mortality rate of fish
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Fig. 6. A) Superoxide dismutase (SOD), B) Catalase (CAT) and C) Glutathione peroxidase (Gpx) activity in embryos of zebrafish D. rerio exposed to eight different concentrations of PCM,
CPX and their binary mixtures at 72 and 96 hpf. Values are the mean of three replicates + SE. Significant differences relative to: * control group; two-way ANOVA (p < 0.05).
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and that D. rerio embryos are highly sensitive to emerging pollutants
such as PCM.

According to Gutiérrez-Noya et al., 2021, LC50 of PCM in C. carpio
embryos was of 1.29 ug L™ 1. On the other hand, Cedron et al., 2020
established that LC50 of PCM in embryos was 6.6 mM (997.6 mg L™!).
Nevertheless, in this study, LC50 of PCM was 736 pg L.

As same as PCM, CPX may induce embryotoxic and teratogenic ef-
fects in fish. Zivna et al., 2016 for instance, reported that the exposure
of C. carpio embryos to 1000 and 3000 ug L™ of this drug led to the
death of 32% of the embryos. On the other hand, in our study, we
showed that CPX reached an LC50 of 35.4 ug L™". Thus, it can be sug-
gested that D. rerio embryos are more sensitive to CPX than C. carpio em-
bryos.

Regarding the mixture PCM-CPX, at mixture 4, we observed an in-
crease in the number of dead and malformed embryos (1200 ug L™! of
PCM and 40 pg L~ ! of CPX), reaching a mortality rate of 75% and a mal-
formation rate of 93.1%. In agreement with our results, Richards et al.,
2004 reported that the mixture of CPX (6, 10, 10 ug L) with other
drugs such as ibuprofen (6 pug L™ ') and fluoxetine (10 pg L) induced
an increase in the mortality rate and malformations of sunfish
(Lepomis gibbosus).

Our results demonstrated that different concentrations of PCM, CPX,
and their mixture PCM-CPX induced different malformations in D. rerio
embryos. For the particular case PCM, the main malformations observed
in the embryos were: craniofacial malformation, eye malformation, peri-
cardial edema, yolk sac malformation, tail malformation, hatching retarda-
tion, and body hypopigmentation. From these, the most frequent were
hatching retardation and body hypopigmentation. These results are con-
sistent with those reported by David and Pancharatna (2009), who dem-
onstrated that PCM (1-100 pg L™") induced different malformations
(alterations in the hatching process, alterations in the growth and develop-
ment of embryos, and hypopigmentation) in D. rerio embryos.

Hypopigmentation in fish is due to an affectation of the cells respon-
sible for the distribution of the pigment both in the cells of the retina
and in the melanophores of the head, body, and yolk sac. According to
Cedron et al., 2020, PCM (2.5 mM - 4.9 mM) may affect the synthesis
of the pigment cells: melanocytes, iridophores, and xanthophores that
are derived from the neural crest (NCC) in D. rerio. Regarding other
malformations, it is well known that PCM may generate different
malformations in fish due to its capacity to produce ROS. Reactive oxy-
gen species produced by PCM are produced through the formation of
NAPQ], during the biotransformation process of this drug. Reactive oxy-
gen species include the hydroxyl radical (OH-), superoxide anion (02-),
and hydrogen peroxide (H,0;), which modulate different cellular
processes invertebrate organisms. Moreover, ROS act as messengers
within cells and can induce cell growth, development, or death. None-
theless, when organisms are exposed to some toxic agents such as
PCM, the production of ROS increase, leading to important damage in
cells and consequently disrupt the normal development of embryos.
Thus, ROS produced by PCM may affect the cells of NCC and then induce
several body abnormalities (abnormal spinal development, yolk sac
malformation, hypopigmentation, delay of the hatching process) in fish.

Hatching in fish is caused via the movement of the embryo from the
first hours of development (17 hpf). These movements arise in the spi-
nal cord and continue until the development of the motor neurons of
the muscular nerves (Brustein et al., 2003). Several studies have re-
ported a delay in the hatching process induced by PCM. David and
Pancharatna, 2009 for instance, reported that PCM (1, 10, 50 y
100 pg L) induced important retardation in the hatching process of
D. rerio. Furthermore, they pointed out that this retardation in the
hatching was extended until 120 hpf. Similarly, Xia et al., 2017,
established that ibuprofen, diclofenac, and PCM (5-500 pg L™ ') induced
adelay in the hatching process in D. rerio, as a result of a reduction of the
movements of zebrafish during their first hours of development. In
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agreement with this data, we also demonstrate that PCM induced an
important delay in the hatching process of the embryos (Fig. 2A.)
Concerning CPX, we showed that the main malformations that this
drug-induced in D.rerio embryos were yolk sac malformation and cra-
niofacial malformation. The yolk sac is a unique compartment in em-
bryos rich in phospholipoproteins and with properties that facilitate
the sorption of chemical substances or external agents. Furthermore,
this is considered the source of nutrients necessary for the development
of the embryo (Fraher et al., 2016). In the literature, it has been reported
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that CPX can react with phospholipoproteins and form adducts (S—H)
modifying its structure (Miyares et al.,, 2014; He et al., 2013).

Genes, such as soxE, responsible for the normal development of the
body, are expressed in the central nervous system (CNS). Sox9b for in-
stance is involved in craniofacial development, while Sox10 is needed
for the normal development of pigment cells, spinal ganglia, and sympa-
thetic, enteric, and glial neurons. This is noteworthy, as ROS generated
by CPX disrupt functions of the CNS cells and consequently induce dif-
ferent malformations in fish, such as spinal deformities, yolk sac
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Fig. 7. Integral Biomarker Response Index (IBRv2) analysis performed to evaluate the different biomarkers of oxidative stress mentioned above, for each concentration of A) PCM, B) CPX
and C) Binary mixtures of PCM-CPX at 72 and 96 hpf. The higher the IBR value, the greater the damage in the embryo.
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malformations, craniofacial malformation, eye malformation, and
hypopigmentation. Zivna et al., 2016 for instance, reported that CPX
(100 pg L™'-3000 pg L™ ") generated different body abnormalities (lor-
dosis, kyphosis, craniofacial malformation, pericardial edema, yolk sac
deformation) in C. carpio embryos after 6 days of exposure. Similarly,
in our study, we found that D. rerio embryos exposed to CPX
(20 g L™ '-40 ug L™ ') presented different malformations. The most fre-
quent malformations found in our study were craniofacial malforma-
tion and yolk sac malformation, while the less frequent were
hypopigmentation, pericardial edema, and delay of the hatching pro-
cess.

Paracetamol and ciprofloxacin are simultaneously prescribed and
administered simultaneously in the common therapeutic practice, gen-
erating a pharmacokinetic interaction between the two drugs (M. M.
[ssa et al., 2007). Until now, there are no studies that we are aware of
that describe the toxic effects of the mixture PCM-CPX in D. rerio em-
bryos. Nonetheless, previous studies have established that CPX affects
the pharmacokinetics of PCM (Issa et al., 2006, 2007). In this research
work, D. rerio embryos were exposed to the PCM-CPX mixture at differ-
ent concentrations (M1 - M4). As we aforementioned, we decided to
use this mixture as these drugs are commonly prescribed together (M.
M. Issa et al., 2006). Moreover, from an environmental point of view,
this is important as the occurrence of drugs in aquatic environments
does not manifest itself in a single type, but in a very extensive group
of different molecules that are biologically active and are mixed in dif-
ferent concentrations (Graham et al., 2013; Muramatsu et al., 2016).

Paracetamol-Ciprofloxacin mixtures (M1 - M4) got mortality rates
of 34.7%, 51.4%, 61.1%, and 75%, respectively. As can be seen, mortality
rates increase in a concentration- and time-dependent manner; thus,
we can say that the mixture PCM-CPX is more embryotoxic than
drugs administered single (Table 1).

The main isoforms of CYP450 responsible for PCM metabolism are
CYP2E1, CYP1A2, and CYP3A4 (Nelson, 1995). This is important as CPX
is a potent competitive inhibitor of CYP1A2 (Herrlin et al., 2000), so it
could cause an increase in the concentration of non-metabolized PCM
and NAPQI, and consequently induced an increase of the mortality and
malformation rates (Dai and Cederbaum, 1995; Pasare et al., 1979). In

humans, it has been shown that PCM and CPX can cross the placenta
and cause mutagenic effects when these are administered in high
doses (Black and Hill, 2003; Briggs et al., 2011). Moreover, it has been
also reported that PCM is capable of entering the chorion in the phase
before embryonic hatching, and consequently increasing its potential
to produce malformations in organisms (Kim et al., 2004 ). Here, we
demonstrated that the mixture PCM-CPX generated different
malformations in D. rerio embryos, being body malformation the most
common. Body malformation could lead to other malformations (peri-
cardial edema, delay in hatching process, and/or tail malformation,
Fig. 4C) as from the beginning of embryonic development the function-
ing of organs, systems, and biotransformation pathways could be af-
fected by the pharmacokinetic interaction of PCM and CPX.

Oxidative stress is an intracellular process that occurs by an imbal-
ance between antioxidant enzymes and oxidant species. This process
is closely related to the biotransformation process of PCM and CPX.
Thus, once PCM is bio transformed, several ROS are generated, which
are capable to induce damage in biomolecules (Gémez-Olivan et al.,
2012). Similarly, in the case of CPX, ROS are generated in hepatic micro-
somes, after the metabolism of this drug (Wagai and Tawara, 1992;
Gilirbay et al., 2001). This is remarkable, as, in our study, we observed
that PCM (150-1200 pg L~') and CPX (10-40 pg L) alone increased
the production of malondialdehyde (MDA) at 72 hpf, while the mixture
PCM-CPX increased the production of MDA at 96 hpf (Fig. 5A).

During embryonic development, the relative rate of oxygen in me-
tabolism fluctuates, causing changes in the redox state of the cell
(Hansen et al., 2018). During early organogenesis, these changes could
have a much more devastating effect on embryos for two reasons.
Firstly, because alterations in the reducing environment may result in
a decrease or cessation of proliferation or promote apoptosis (Timme-
Laragy et al., 2018). Secondly, because antioxidant defenses during
early organogenesis are not as mature as later stages of development,
and may allow for longer periods of oxidative imbalance and alter
redox signaling (Hansen, 2006).

Antioxidant enzymes are vital to protect cells from damage caused
by oxidative stress. Catalase, for instance, decomposes intramolecular
H202 into 02 and H20, while GPX catalyzes the reduction of peroxides
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(hydroperoxides and lipid peroxides) in alcohol. An increase in CAT ac-
tivity may be the result of high levels of H202, generated during PCM
biotransformation (Nunes et al., 2014; Ramos et al., 2014; Nogueira
et al., 2019). According to our results, PCM (300-1200 pg L™!), CPX
(10-40pg L") and the mixture PCM-CPX (M2-M4) increased the activ-
ity of CAT in D. rerio embryos at 72 and 96 hpf (Fig. 6B). Similarly, Zivna
et al. (2016) revealed that CPX at environmentally relevant concentra-
tions (1 ug L™, 100 ug L™', 500 pg L1, 1000 pug L~ 1, 3000 pg L) in-
duced an increase in the activity of CAT and GPX in C. carpio embryos.

One of the main objectives of ROS is the reversible oxidation of cyste-
ines, leading to the formation of disulfide bonds that modulate the confor-
mation and activity of proteins. The primary product of NOX activity is 02,
which is immediately and largely transformed into H20 by an enzyme
called superoxide dismutase (SOD) (Bedard and Krause, 2007; Brandes
et al,, 2014). In our study, we demonstrated that SOD activity increased
in D. rerio embryos, after exposure to PCM (300-1200 ug L™1), CPX
(10-40 ug L™ 1), and the mixture PCM-CPX (M2-M4) (Fig. 6A). In agree-
ment with our results, Guiloski et al. (2017) and Giirbay et al. (2001)
found that antioxidant enzymes, SOD and GPX, increased their activity
in male fish Rhamdia quelen after exposure to PCM. Together these results
suggest that both PCM and CPX, as well as their mixture, increase ROS
production and the activity of antioxidant enzyme SOD.

The oxidation of reduced glutathione to glutathione disulfide is cat-
alyzed by GPX. Reduced glutathione is very important for the proper
progress of the reactions catalyzed by GPX and glutathione-S-
transferase (GST). Glutathione reductase is an enzyme that promotes
the conversion of glutathione disulfide to reduced glutathione (Di
Giulio and Hinton, 2008). Glutathione-S-transferase is a group of bio-
transformation enzymes that catalyze the conjugation of xenobiotics
and endogenous substances with glutathione, during the biotransfor-
mation reactions of phase II. Furthermore, these enzymes also protect
cells against damage from oxidative stress and the toxic effects of a
wide range of chemicals (Chambers, 1987; Di Giulio and Hinton, 2008).
Since we found a higher GPX activity in all treatment groups (PCM, CPX,
and their mixture), we suggest that these results are due to the gradual
collapse of the GST enzymatic pathway. In agreement with our results,
Zivna et al. (2016) found that environmentally relevant concentrations
of CPX increased the activity of GPX in C. carpio embryos. Similarly,
Nogueira et al. (2019) also reported that the exposure of D. rerio embryos
to CPX produced an important increase in the activity of GPX.

Our IBR analysis showed that PCM, CPX and their mixture, may in-
duce an important damage in D. rerio embryos, as a result of an impor-
tant increase of oxidative damage biomarkers (LPX and HPC).
Furthermore, it confirms that despite the antioxidant activity of SOD,
CAT, GPX, oxidative damage biomarkers still having an important influ-
ence over the embryos. This may be explained due to the increased pro-
duction of ROS via the biotransformation of PCM and CPX.

5. Conclusions

This study provided information on the embryotoxic, teratogenic, and
oxidative stress effects of two pharmaceutical products, PCM, CPX, as well
as their mixtures PCM-CPX. Paracetamol, ciprofloxacin, and their mix-
tures induced different morphological alterations in embryos, affecting
the integrity of the organisms, and consequently leading to their death.
Furthermore, we also demonstrated that the teratogenic and embryotoxic
effects that both drugs induced in D. rerio embryos have resulted from the
oxidative stress response generated by each drug. Therefore, it can be
concluded that the presence of these drugs can be harmful to aquatic spe-
cies. Overall, our results, contribute to better understand the toxic effects
of pharmaceutical products, individually and in a mixture.
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