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Survival and malformation rates in-
duced by paracetamol was evaluated in
Cyprinus carpio.

Oxidative stress status was evaluated at
72 and 96 hpf in embryos of Cyprinus
carpio.

Paracetamol reduced the survival rate of
the embryos of up to 90%.

At concentrations of 2.0-3.5 pg/L of
paracetamol the most severe
malformations occurred.

Paracetamol alters embryonic develop-
ment and oxidative status in Cyprinus
carpio.

i Environmentally
/©/ Y realistic
HO © concentrations

-~ Cyprinus carpio
‘ embryos

Paracetamol
Generates I
' TI= LCsy/ECso=1.29/2.84=0.45 ‘
Imbalance
H / \

CFM= Craneofacial malformation; WF=Without Fin; Oxidative
CM= Cord malformation; H-Hypopigmentation; PE= stress
o Pericardial edema; YSM=Yolk sac malformation
oncentation
Alterations in
survival

Developmental disturbances

ARTICLE INFO

ABSTRACT

Article history:

Received 10 June 2020

Received in revised form 25 November 2020
Accepted 12 December 2020

Available online 9 January 2021

Editor: Damia Barcelo

Keywords:

Developmental disturbances
Teratogenesis

Common carp

Oxidative status
Paracetamol

Paracetamol (PCM) is among the most consumed analgesic and antipyretic drugs worldwide. Due to its high con-
sumption, this drug has been reported ubiquitously on different water bodies, posing a real threat to aquatic or-
ganisms. Until now, several studies have pointed out that PCM may induce oxidative stress, histological damage
and developmental disorders on different aquatic species. Nonetheless, there is still a huge knowledge gap about
the toxic effects that PCM may induce in species of commercial interest such as the common carp Cyprinus carpio.
The aim of this study was to evaluate survival and malformation rates induced by PCM (0.5 pg/L - 3.5 pg/L) in
early life stages of common carp. Furthermore, oxidative stress biomarkers were evaluated at 72 and 96 h post
fecundation. PCM reduced the survival rate of the embryos of up to 90%, as concentration increased. LCso and
ECsom Were 1.29 ng/L and 2.84 pg/L, respectively. Biomarkers of cellular oxidation and antioxidant enzymes
were modified in a concentration-dependent way with respect to the control group (p < 0.05). The main devel-
opmental alterations observed were lordosis, scoliosis, craniofacial malformations, hypopigmentation, growth
retardation, pericardial edema and rachyschisis. These data indicate that environmentally realistic concentra-
tions of PCM could be hazardous and affects the development in early stages of C. carpio. Moreover, our findings
also indicate that C. carpio embryos may be a useful in vivo model to evaluate embryonic and teratogenic effects of
drugs such as PCM.

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

Paracetamol (PCM) also known as acetaminophen (N-acetyl-p-
aminophenol) is a drug that possesses analgesic and antipyretic proper-
ties. This drug is mainly used in the treatment of osteoarthritis, espe-
cially hand, hips, shoulders, and knees (Anderson, 2008). However, it
is also prescribed for gastric and duodenal ulcers, gastritis and hiatal
hernia, as an alternative treatment in case of salicylates allergies and
in patients with hemophilia or receiving anticoagulants (Acevedo-
Barrios et al., 2017). Furthermore, because PCM does not require a pre-
scription for its consumption, it is usually utilized to improve cold and
flu symptoms (Li et al., 2015).

The pharmacological activity of PCM is associated with the inhibition
of the active site of the isoforms 1 and 2 of cyclooxygenase (COX) en-
zymes (Smith, 2009). In addition, PCM has a variant of COX-1 which is
prostaglandin H2 synthetase called COX-3 (Hersh et al., 2005). The
new splice variant of COX-1 called COX-3, recently discovered in the
brain of dogs (Chandrasekharan et al., 2002), is sensitive to paracetamol
and it is believed that plays an important role in the biosynthesis of
prostanoids known as important mediators of pain and fever. Drugs
that preferentially block COX-1 also appear to act on COX-3. However,
at the human nucleotide sequence level, the existence of COX-3 is ques-
tionable (Hazarika and Selvam, 2019).

Thanks to its efficacy and relative high safety, PCM is one of the best-
selling pain relievers worldwide. In 2015, 85.6% of the yearly worldwide
production was concentrated in Asia, specifically in China and India
with a 64.4 and 21.2% respectively. Furthermore, some data indicates
that in 2019 worldwide PCM sales summed a total of 740 million USD
and it is forecasted that by 2023 its sales will rise to 780 million USD
(Acetaminophen Global Market Report, 2018).

As a consequence of its intense usage and partial degradation
(14-75%), large amounts of PCM and its toxic transformation by-
products are incorporated into different environmental matrices such
as soil, rivers, drains, leachates, effluents from wastewater treatment
plants, water tables, drinking water from which their levels ranged
the ng/L to pg/L (Joss et al., 2006; Murray et al., 2010; De Luna et al.,
2012; Kawabata et al., 2012; Kunkel and Radke, 2012; Nunes et al.,
2014; Li et al., 2015; Petrie et al., 2015; Rivera-Jaimes et al., 2018).
Table 1 summarizes some PCM occurrence data in different countries
around the world.

As can be seen in Table 1, the worldwide occurrence of PCM on dif-
ferent water matrices vary from one country to other. This may be ex-
plained due to the metabolism of PCM, the design used in the
wastewater treatment plants and the proportion of treated waters in-
corporated into surface waters (Kunkel and Radke, 2012).

Although, PCM is not a highly persistent compound in the environ-
ment, its continuous aggregation into the medium exceeds its transfor-
mation rate, producing adverse effects on aquatic organisms (Ratola
etal.,2012). For instance, Choi et al., 2018 demonstrated that concentra-
tions of 10 and 30 pg/L of this drug may induce histological damage to
the gills, structural damage to the kidney and decrease the glycogen
levels in the liver of Oncorhynchus mykiss, after 4 weeks of exposure. Ad-
ditionally, Liu et al. (2019) showed that PCM may alter the expression of
Nrf1, gene related to the anti-oxidant system and redox homeostasis
disruption, in Daphnia magna. These results are in agreement with our
previous findings, where PCM induced oxidative stress and genotoxicity
in Hyalella azteca, Daphnia magna and C. carpio at concentrations of
770 pg/L, 100 pg/L and 246 pg/L, at 72, 48 and 96 h, respectively
(Gémez-Olivan et al., 2012, 2014a, 2014b; Nava-Alvarez et al., 2014).
Therefore, the adverse effects induced by PCM in aqutic organisms are
related to the increased production of reactive oxygen species (ROS)
during its biotransformation process.

Since ROS are capable of producing oxidative stress and this phe-
nomenon has been associated with embryotoxic and teratogenic effects
in non-target organisms (Gutiérrez-Noya et al., 2020; El Hajam et al.,
2020; Luja-Mondrago6n et al., 2019), PCM may induce embryotoxicity
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in aquatic organisms. Although, previous studies have reported that
PCM induced embryotoxic and teratogenic effects on Danio rerio and
Xenopus laevis (Cedron et al., 2020; Fort et al., 1992; Saide et al.,
2019). These findings were identified at other concentrations of PCM
different from those used in this work. Furthermore, in these works
the relationship between these alterations and oxidative stress was
not demonstrated. The novelty of this work is that embryotoxic and ter-
atogenic effects induced by PCM were identified for the first time at en-
vironmentally relevant concentrations, identified in several water
bodies of the world. Besides, the effects were demonstrated in a species
of commercial interest in many countries of Latin America and Asia as
the common carp Cyprinus carpio. This work together with the above
mentioned, complement the information of the ecotoxicological profile
of PCM, a drug that is considered relatively safe. Therefore, it was hy-
pothesized that the PCM at environmentally realistic concentrations
would exhibit alterations in survival, malformation rates and oxidative
stress in early stages of common carp C. carpio.

2. Material and methods
2.1. Chemicals

Paracetamol (N-acetyl-4-aminophenol, CAS number: 103-90-2)
with linear formula CH3CONHCgH4OH was purchased from Sigma-
Aldrich (Mexico), with an analytical purity of 299%. All other com-
pounds used were purchased from Sigma-Aldrich (Mexico), unless
it is indicated in the undergoing method at any given point of the
experiment.

2.2. Test organisms and maintenance

The test organisms used in this study were provided by the Tiacaque
Carpicola Center located in the municipality of Jocotitlan, State of
Mexico. This center is the main producer of common and herbivorous
carp in the country. The carps used for the study were organisms in a re-
productive age with in a size of 45 to 60 cm and weighting between 5
and 7.5 Kg.

The test organisms were placed in breeding ponds for 20 days prior
to the experiments, separating the males from the females. Water pa-
rameters were strictly controlled: temperature was maintained at
23 + 2 °C, conductivity at 740 & 100 pS/cm, pH at 7.0 & 1.0 and dis-
solved oxygen >95% saturation. The carps were kept in a photoperiod
(12:12 h) and fed daily with protein supplemented food (35%),
enriched with carbohydrates and other nutrients to ensure that the
carps improve the desired husbandry index. A day before the experi-
ment, the male carps were joined with the female in the spawning
ponds in order to obtain eggs.

2.3. Egg production

C. carpio eggs were obtained through an in situ fertilization process
using the natural method. C. carpio embryos in the blastula stage (2 h
post-fertilization) were collected immediately after natural mating,
rinsed in water, and checked under a stereomicroscope (Zeiss Stemi
305). The unfertilized eggs and those showing cleavage irregularities
or injuries were discarded.

The fertilization process was carried out in spawning ponds of
25-30 m? in which ten males and five females were placed. To favor
the fertilization process, the females were previously injected with
human chorionic gonadotropin (hCG-500 IU/Kg) in the caudal vein. At
the bottom of the spawning ponds, nets and casuarina branches were
placed in order to retain the oocytes. The embryos in blastula period
were exposed to environmentally realistic concentrations of PCM. The
selection of realistic concentrations of PCM used in this study was
made considering studies of occurrence in freshwater bodies around
the world, which is where common carp, C. carpio can survive (Archer
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et al,, 2017; Bound and Voulvoulis, 2006; Yang et al., 2011; Cantwell
et al,, 2019). As well as other studies carried out by our group (Madin
reservoir), that the PCM concentration varies in the places where the
common carp usually lives (Pérez-Coyotl et al., 2019).

2.4. Embryo-survival test

C. carpio embryos were exposed to seven graded concentrations of
the PCM at levels of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 pg/L, prepared by
successive dilutions of stock solution. These test systems were proc-
essed together with a PCM-free control system. The test systems
consisted of 24-well microplates, to which a randomly selected fertil-
ized oocyte was placed, to form batches of 20 oocytes for each PCM con-
centration tested. The tests were performed in triplicate. The
microplates were maintained for 96 h at a temperature of 24 4+ 1 °C
and during natural light-dark photoperiods in the laboratory. 60 em-
bryos were observed for each PCM concentration tested using a Zeiss
Stemi 305 stereoscopic microscope. Observations were made at
96 hpf, and lethality was considered when coagulated oocytes occurred
or when no heartbeat was detected. At the end of the test, the number of
dead embryos, survivors and those with malformations were recorded
for each concentration of PCM. LCsg and ECsg,, values were determined
by means of a maximum likelihood linear regression in addition to their
respective 95% confidence intervals (p < 0.05). This analysis was per-
formed using the US-EPA software ver 1.5, according to the Trimmed
Spearman-Karber method (Hamilton et al., 1977). The data obtained
was used to calculate the teratogenic index (TI), which is the relation-
ship between LCso/ECsom. The interpretation of the Tl was taken into ac-
count using as a reference the criteria established by Weigt et al. (2011),
which considers that if the TI is greater than 1, the PCM would be iden-
tified as a teratogenic compound; but if it is less than 1 then this com-
pound would be embryolethal.

2.5. Fish embryo-toxicity test (FET)

Fish embryo toxicity test was based on the OECD guideline Protocol
236 “Fish Embryo Toxicity” (FET) test (Test No. 236: Fish Embryo Acute
Toxicity (FET) Test, 2013). Some adaptations to the test were made ac-
cording to Luja-Mondragén et al. (2019). C. carpio embryos were ex-
posed to seven graded concentrations of the PCM at levels of 0.5, 1.0,
1.5, 2.0, 2.5, 3.0 and 3.5 g/L, prepared by successive dilutions of stock
solution. These test systems were processed together with a PCM-free
control system. The test was performed using 60 eggs per treatment, di-
vided in 3 replicates, selected and distributed in 24-well microplates in
bioclimate chamber, 20 wells were filled with 2 mL of the test solution
and four wells with water (internal plate control, as required in the
OECD guideline). The test was started immediately after fertilization
and up to 96 h. The embryos were observed at 12, 24, 48, 72 and 96 h
post-fertilization (hpf) using the Zeiss Stemi 305 stereomicroscope.
The development parameters of the embryos were evaluated through-
out the test period using x 70 magnification for the eggs and x 40 for
the hatched embryos. Before hatching, the following parameters were
evaluated: egg coagulation, otolith formation, general delay in develop-
ment, eye and body pigmentation, somites formation, heartbeat,
edemas, detachment of the tail-bud from the yolk sac, yolk sac absorp-
tion and hatching. The alterations were established considering the
criteria established by Hermsen et al. (2011) and Kimmel et al. (1995)
and with the consequent modifications for the common carp referred
by Luja-Mondragén et al. (2019).

2.6. Morphology scoring system and assessment of teratogenicity

The systems cited in Section 2.5 were used for this purpose. The eval-
uation of C. carpio eggs and larvae exposed to environmentally relevant
concentrations was performed at 12, 24, 48, 72 and 96 hpf. For each al-
teration to embryonic development, a score was assigned considering
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the criteria established by Hermsen et al. (2011) and Kimmel et al.
(1995) and with the consequent modifications for the common carp re-
ferred by Luja-Mondragén et al. (2019). Acknowledging the alterations
to embryonic development and the teratogenic disorders generated by
the presence of PCM, a frequency histogram was charted out in which
the main drug induced malformations triggered on the C. carpio eggs
and embryos were quantified after the exposure to this drug.

Alterations such as detachment of tail, somite formation, eye devel-
opment, movement, heartbeat, blood circulation, head-body pigmenta-
tion, tail pigmentation, pectoral fin, protruding mouth and hatching
were registered. These alterations were recorded at the demarcated
check points (12, 24, 48, 72 and 96 hpf) and a score was assigned at
each given time according to Luja-Mondragén et al., 2019.

2.7. Oxidative stress biomarkers evaluation

One gram of C. carpio eggs (average 1150 4 250 embryos) were ex-
posed to PCM concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 pg/L in
six-liter systems. After 72 and 96 h, the embryos were homogenized
with phosphate buffer at pH 7.4 and the cell oxidation biomarkers
were determined: lipoperoxidation level (Buege and Aust, 1978),
hydroperoxide content (Jiang et al., 1992) and antioxidant enzymes su-
peroxide dismutase and catalase by Misra and Fridovich (1972) and
Radi et al. (1991) methods, respectively. These methods are performed
routinely in our facilities and can be reviewed in detail at Morachis-
Valdez et al., 2015; Saucedo-Vence et al., 2015. The experiments were
replicated fivefold. The exposure times selected to determine the bio-
markers of oxidative stress were 72 and 96 hpf, these were chosen be-
cause the zebrafish larvae had already hatched and their enzymatic
system was already working properly.

2.8. Ethical approval

This protocol was reviewed and approved by the Ethics Committee
of the Universidad Auténoma del Estado de México (UAEM) to ensure
that it was carried out in accordance with institutional standards for
the care of animal subjects (Approval ID: ME.AUSMCF.REC.123.2019).
Provisions in the official Mexican norm on breeding, care and use of lab-
oratory animals (NOM-062-ZO0- 1999) were also taken into account.

2.9. Statistical analysis and test reliability criteria

For the calculation of the ECso malformations and LCs, values, US-
EPA software ver 1.5 method was used, as dictated by the Trimmed
Spearman-Karber, through probit analysis with maximum likelihood
linear regression. To characterize the teratogenic potential of a test sub-
stance, the teratogenicity index (TI) was calculated using the ratio of
LCso and ECsq. Furthermore, the survival data was analyzed by con-
structing a survival graph using a Kaplan-Meier analysis employing
the IBM SPSS Statistics 22 software.

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 on the
basis of affected embryos (embryos with lethal or teratogenic effects);
at first, the scores for each concentration of PCM had to be registered,
then for the control were gathered and finally a comparison was com-
pleted using the t-test.

The results of the oxidative stress biomarkers were examined using
a two-way analysis of variance (ANOVA) considering concentration and
exposure time followed by a Tukey-Kramer multiple comparisons test
with a 95% confidence limit, in order to determine the differences be-
tween the means. For reaching such results we resource to the IBM
SPSS Statistics 22 software.

To guarantee the traceability of the results, two main validating
criteria for the test were established; the first one was to ensure a fertil-
ization percentage > 90% and the second one, for the test to be
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Fig. 1. Survival graph by Kaplan-Meier analysis in C. carpio by PCM exposure.

considered valid, an analysis of the control group at the 96 hpf mark was
conducted in order to review that it did not present a lethal teratogenic
effect index greater than 10%.

3. Results
3.1. Embryo survival test

For all the concentrations of PCM, mortality and malformations data
was concentration- dependent (p < 0.05). The LCsq (for embryotoxic ef-
fects/lethality) and ECsq (for particular teratogenic effects) data were
obtained at 96 hpf for the concentration-response curve on a minimum
of 3 separate experiments. The LCsq value was 1.29 ng/L with 95% confi-
dence intervals between 1.13 and 1.44 pg/L. ECso, value was 2.84 ng/L
with intervals between 2.38 and 3.65 pg/L and the value Tl was 0.45. Ac-
cording to the criteria of Weigt et al. (2011), PCM was embryolethal.

Fig. 1 shows a Kaplan-Meier graph, in which the median OS can be
observed, which was 1.7 pg/L, the lower limit 0.95 and the upper
2.54 pg/L. Survival diminishes reaching its highest expression at the
concentration of 2.5 pg/L. At 3 and 3.5 pg/L, a slight increase in survival

m0.5ug/L m1.0pg/L 1.5 pg/L
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Without fin [N N
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Growth retardation
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is observed respect to 2.5 pg/L (p < 0.05). The malformations aug-
mented depending on the concentration up to 2 pg/L. Mortality growth
dose-dependently, reaching its maximum at the concentration of
3.5 pg/L.

3.2. Teratogenic alterations

Several abnormalities such as growth retardation, pericardical
edema, skeletal alterations were observed in C. carpio embryos exposed
to all the concentrations of PCM (p < 0.05).Pericardial edema, craniofa-
cial malformations, skeletal alterations (scoliosis, lordosis, kyphosis and
rachyschisis) and hatching retardation were elicited in the common
carp embryos exposed to PCM from 2.5 and up to 3.5 pg/L respect to
control group (p < 0.05) [Fig. 2]. In many of the embryos exposed to
PCM at concentrations above 2.5 ng/L, death was observed after 96 h
of exposure, possibly due to severe malformations presented at these
concentrations.

3.3. Morphology scoring evaluation and assessment of teratogenicity

Fig. 3. shows the concentration-response curves for morphological
score performed from all PCM concentrations. For PCM, there was a
clear shift between concentration-response curves, suggesting a pro-
gressive effect on the development of alterations in all concentrations
tested. Among all morphological features, skeletal alterations and
growth retardation were the most affected. Concentrations from
2.5 pg/L showed significant differences in each PCM concentration and
exposure time in comparison to the control (p < 0.05). Concentrations
between 1.0 and 2.0 pg/L, exhibited very similar scores in the embryonic
development of C. carpio; however, these concentrations were signifi-
cantly different in contrast to the control group (p < 0.05). When com-
paring the scores obtained at 0.5 and 1.0 pg/L concentrations, a
statistically significant reduction was observed among 42% and 50% in
parallel to the concentrations of 3 and 3.5 pg/L (p < 0.05). The greatest
alterations in the development of embryos exposed to PCM were ob-
served at 3.5 pg/L.

Despite the different concentrations at which PCM exerted their ef-
fects, the patterns of teratogenic effects appeared very similar (Fig. 4),
mostly comprising head and heart malformations, scoliosis, yolk defor-
mation and edema in exposed embryos. The control group did not
present any teratogenic alterations in neither exposure time. The

m2.0pg/L m25pug/L m3.0pg/L m3.5pug/L

200 250 300 350

Number of malformations

Fig. 2. Main malformations induced by exposure to PCM concentrations in C. carpio embryos.
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72 96

Fig. 3. Concentration-response curves of PCM in C. carpio embryos. After 48 h, all PCM concentrations 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).

concentrations of 2.5, 3.0 and 3.5 pg/L generated the most serious
malformations mainly at 72 and 96 hpf. These malformations were lor-
dosis, scoliosis, craniofacial malformations, hypopigmentation, growth
retardation, pericardial edema and rachyschisis.

3.4. Oxidative stress evaluation

All oxidative stress biomarkers showed statistically significant dif-
ferences compared to the control group (p < 0.05) at the two exposure
times (Table 2). The maximum alterations observed in the biomarkers
of oxidative stress were presented at the concentration of 3.5 pg/L. At
3.5 pg/L, were observed increments with respect to the control group
of 136% and 80.9% in HPC, 97.7% and 98% in LPX, 322% and 341% in
SOD activity, and 125% and 114.9 in CAT activity, at 72 and 96 h, respec-
tively (p <0.05). All PCM concentrations produced oxidative damage in
embryos exposed at 72 and 96 h except for 1 pg/L for HPC and SOD ac-
tivity, and for 2 pg/L for LPX and for 3 pg/L for HPC (p > 0.05).

4. Discussion

This research reveals that C. carpio embryos are a suitable model to
predict PCM teratogenicity. Although, there are some other studies
that had identified PCM-induced alterations in embryonic development,
the used concentrations of this NSAID are higher than those identified in
water bodies. In addition, the above mentioned studies have shown ter-
atogenic effects by PCM on organisms such as Xenopus laevis and Danio
rerio and not on a species of commercial interest such as C. carpio and
environmentally relevant concentrations of PCM. The findings identi-
fied in this study made possible to establish the argument that PCM in
environmentally relevant concentrations is capable of causing alter-
ations in embryonic development, teratogenic effects and as well as af-
fect the survival of C. carpio embryos. Furthermore, these findings are
related to alteration in oxidative status in carp embryos.

The toxic effects of PCM have been identified in various aquatic or-
ganisms such as Hyalella azteca, Phorcus lineatus and Oncorhynchus
mykiss in different studies (Almeida and Nunes, 2019; Choi et al.,
2018). The main identified effects of PCM have been related to its ability
for inducing oxidative stress in aquatic organisms (Barbosa et al., 2020;
Piedade et al., 2020; Liu et al., 2019; Nunes et al., 2017; Gémez-Olivan
et al., 2012). The oxidative stress induction capacity has been associated
with the PCM biotransformation process, once it undergoes through this
activity it generates ROS that are capable of oxidizing biomolecules like
lipids and proteins (Almeida and Nunes, 2019; Gomez-Olivan et al.,

2012). Excessive production of ROS can overwhelm the innate antioxi-
dant response, leading to pro-oxidant conditions in the cell and gener-
ating lipoperoxidation, DNA damage, disruption of signaling cascades,
irregular gene expression or altered protein function and degradation
of existing proteins (Gémez-Olivan et al., 2012).

N-acetyl-p-benzoquinoemine (NAPQI), an extremely toxic interme-
diary compound, is produced during the oxidation process of PCM by
cytochrome P450 enzymes (Xu et al., 2008). Once this metabolite is con-
jugated with glutathione, it is eliminated from the human body (Kavitha
etal, 2011), and spillage on to water bodies, where can induce toxic ef-
fects on non-target organisms. (Barbosa et al., 2020; Nunes et al., 2017).
Other ways, in which PCM can induce oxidative stress is by activating
the Apoptosis Inducer Factor (AIF), which works like NADH oxidase
and regulates the activity of the mitochondrial I complex (Jaeschke
et al., 2018). Furthermore, PCM may induce the production of
perooxynitrite (ONOO-) a very potent and highly reactive oxidant.
Perooxynitrite is generated in the mitochondria of hepatocytes and si-
nusoidal endothelial cells and forms nitrotyrosine protein adducts. The
perooxynitrite formed in the mitochondria leads to the nitration of pro-
teins present in that organelle such as SOD2 (Jaeschke et al., 2012).

Redox signaling is vital to embryogenesis. For instance, during the
developmental period there are changes in redox potential that guide
cell fate towards either proliferation in a reduced state or differentia-
tion, apoptosis, or necrosis with an increased oxidative state. Further-
more, it is known that proliferative processes, differentiation and
apoptotic activity are regulated somewhere by redox states and
that changes in this or its imbalance can alter them. It is considered
that the most susceptible periods in embryonic development are those
that define the transition from one important event to another, (for ex-
ample: from proliferation to differentiation) in the development of a
certain organ or system. Therefore, a substance that is capable of induc-
ing oxidative stress for long periods, characterized by redox imbalance
may alter the normal development (Jensen et al., 2001).

The toxicity induced by PCM in C. carpio embryos can also be ex-
plained by the drug action mechanism, which blocks COX enzymes,
responsible for the degradation of arachidonic acid for the produc-
tion of prostaglandins (PGs) (Bazan et al., 2012). These cell media-
tors are involved in a wide variety of physiological functions of
various species, including an important role in neuronal transmis-
sion and ion transport across cell membranes (Arkhipova et al.,
2006). The modification of the ion exchange through the chorion
can be reflected in a delay in the growth of C. carpio embryo and al-
tering the hatching process.
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Fig. 4. Teratogenic effects of PCM exposure on morphological features in C. carpio embryos. Abbreviations: CFM = Craneofacial malformation, R = Rachischisis, L = Lordosis, HR =
Hatching retardation, YSM = Yolk Sac Malformation, WF=Without Fin, S=Scoliosis, H=Hypopigmentation, PE = Pericardial edema, CH = Cord hemorrhage, TM = Tail

Malformation, K=Kyphosis.

In this study, we corroborated that PCM is capable of inducing oxida-
tive stress in common carp embryos in a concentration dependent man-
ner. Furthermore, at 72 and 96 h, this drug at all concentrations tested
was capable to increase the levels of LPX, HPC, and the enzymes SOD

and CAT activity with respect to the control group (p < 0.05). In agree-
ment with these results, concentrations of 5 mM of PCM may generate
oxidative stress due to a reduction in 47.9% of glutathione (GSH) in em-
bryos of Xenopus laevis (Saide et al., 2019).
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Table 2
Biomarkers of cellular oxidation and antioxidation in C. carpio embryos at 72 and 96 h exposed to PCM.
Concentration HPC LPX SOD CAT
ug/L nM of CHP/mg PT mM MDA/mg PT IU SOD/ mg PT UM H,0,/mg PT
72 hpf 96 hpf 72 hpf 96 hpf 72 hpf 96 hpf 72 hpf 96 hpf
0.63 +
Control (0) 0.58 + 0.01 001 583 + 0.6 614 + 05 0.27 + 0.01 0.29 + 03 87 + 1.1 94+ 13
0.5 0.74 + 0.02%3b 076 + 0.02"ab 612+ 05%ab 658 + 07%ab 035+ 005%ab 041 + 006D 103 £ 1.9%ab 109 + 1.4%ab
1.0 0.81 + 0.01%&b 083 + 0.03"ab 736 + 0.7%ab 76.5 + 044D 047 4+ 006"ab 049 + 005%ab 115 + 14%ab 121 4 1.6%ab
15 094 + 0.02%ab 096 + 0.02"ab 826 + 04%ab 8564 03%ab 056 + 006%aP 061 + 004%aD 137 £ 06%ab 141 + 0.4%ab
2.0 1.02 + 004%ab 107 £ 005%ab 946 + 09%ab 963 + 07"ab 065 + 004*ab 071 + 004D 141 + 14%ab 151 + 15%ab
25 1.17 + 0.02*ab 121 + 003*ab 1018 + 1.0%ab 1077 + 12%ab 085 + 0.04%ab 092 + 0.07°ab 157 + 1.9"ab 165 + 25%ab
3.0 129 + 0.02*ab 131 +003*ab 1087 + 1.1%ab 1125 + 1.0%ab 098 + 0.06%b 105+ 0.05%ab 171 £ 19%ab 182 + 16%ab
3.5 137 £ 002"ab 141 + 004%ab 1153 £ 08"ab 1216 + 1.0%ab 114 + 0.04"ab 128 + 006"ab 196 + 1.6%ab 202 4+ 2.1%ab

ANOVA and Tukey-Kramer.
CHP = cumene hydroperoxide; MDA = malondialdehyde.
Values are the mean of five replicates 4+ SEM.
* Significantly different (p < 0.05) from the control group.
2 Significantly different with respect to time.
b Significantly different with respect to concentration.

Nrf1 protein and its isoforms, are indispensable for maintain cellular
homoeostasis, normal organ development, and growth during different
life stages (Zhang and Xiang, 2016). Furthermore, Nrf1 proteins have
the capacity to maintain the antioxidant defences and respond to oxida-
tive stress (Timme-Laragy et al., 2018). Thus, these proteins could work
as transcription factors for a considerable number of genes that take
part in the glutathione synthesis and Redox signaling (Sant et al., 2017).

At the early life-stages of embryonic development in various aquatic
organisms like fish, there is a high susceptibility to oxidative damage by
ROS (Parlak, 2018; Wu and Zhou, 2012). The imbalance of oxidative sta-
tus is caused by an aerobic metabolism overload due to the high energy
demand that occurs in the embryo growth process. Other conditions
that can also lead to the imbalance of oxidative status are: 1) free radi-
cals elevated production, 2) incremented iron levels not bounded to
proteins (NPBI) and 3) antioxidant systems lacking maturity (Mohd
Zanuri et al,, 2017; Petitjean et al,, 2019).

The results of the embryoletality test showed that the malformations
in the carp embryos were more severe at higher concentrations of PCM.
Furthermore, the highest percentages of embryo death were observed
at concentrations of 2-3.5 pg/L (Fig. 1). The observed effects of death
can be explained by the NAPQI presence within the embryo. In cypri-
nids, hepatocytes are known for forming at 32 hpf, but the embryos
liver starts to function at 72 h after hatching (Chu and Sadler, 2009;
Driessen et al., 2013). Therefore, embryo registered deaths were caused
by the NAPQI toxic effect which were related to the concentration expo-
sure. In addition to NAPQJ, ROS that form during phase I biotransforma-
tion of PCM such as superoxide anion O; and H,0, that are highly
oxidizing, can destabilize the proteins and lipids of C. carpio larvae af-
fecting their functions and causing embryos death (Parolini et al.,
2010; Parvez and Raisuddin, 2005).

Once the PCM passes through the chorion and ROS are formed inside
the larvae of C. carpio, these oxidize the lipids and bind to the proteins,
favoring the generation of embryotoxic effects (Weil et al., 2009).

When evaluating the malformations that were induced by PCM at
different environmentally relevant concentrations and different
exposure times, we observed that the most common malformations
were lordosis, scoliosis, craniofacial malformations, hypopigmentation,
growth retardation, pericardial edema and rachyschisis. These
malformations could be explained by the presence of ROS and the
NAPQI. The increase of ROS within the C. carpio embryo can alter intra-
cellular calcium homeostasis, which leads to DNA damage (Kang et al.,
2012) and cellular apoptosis that generates genotoxic, cytotoxic,
embryotoxic and morphological alterations (Larsson et al., 2016; Shen
etal,, 2019). In addition, the increase in ROS in oocytes has been associ-
ated with reduced fertilization success, diminished embryo quality and
increased abnormalities which can be observed in the later life of the

offspring (Lord and John Aitken, 2013). It is also known that the oxida-
tion of lipids by the presence of ROS can inhibit the osteoblasts differen-
tiation and promote osteoclasts differentiation through the increasing
expression of interleukin-6 (Tseng et al., 2010), these effects contrib-
uted to the bone resorption causing skeletal alterations (Boglione
et al,, 2013) like the ones observed in our study.

Since PCM is a highly soluble drug (0.1 mg/mL) and has a high bio-
transformation capacity (approximately 90%), this drug can permeate
the chorion pores (0.5-0.7 um) on fertilized eggs while these ones are
in the gastrula stage (Rawson et al., 2000). During the embryos
development, the chorion permeability changes encouraging a greater
penetration as the development time increases. This has been shown
in a study done by Kim et al. (2004), who identified that a greater pen-
etration force is necessary to pierce the chorion in blastula and gastrula
stages than in the pre-hatching stage embryos. Also, Kais et al. (2013),
demonstrated that the permeability of 2,7-dichlorofluorescein was
greater with increasing embryos development time, being higher at
48 hpf than at 24 hpf.

In this study, we observed that craniofacial malformations, lordo-
sis, scoliosis and rachyschisis are the most common, occurring
malformations at all evaluated exposure times and in all tested con-
centrations. These results are consistent with the investigation car-
ried out by Cedron et al. (2020), who demonstrated that PCM at
concentrations 2.5, 3.5, 4.9, 6.9, 9.6, and 13.4 mM may produce cra-
niofacial abnormalities which are dose-dependent in zebrafish and
that this drug also favors the sox9b gene expression reduction.
These authors concluded that PCM affects proliferation, composition
and joint formation of differentiated cranial neural crest cells.

These craniofacial alterations could also be explained through the ef-
fect that the formed NAPQI in PCM metabolization process being capa-
ble of binding to the G proteins present in the embryo, those are
responsible for regulating the chondrocytes proliferation which are
the skeletal system precursors (Cohen et al., 2014).

Another identified alteration that affects the embryonic develop-
ment identified in our study was hypopigmentation. These results are
similar to those found by Cedron et al. (2020), who detected a decrease
in pigmentation in zebrafish embryos exposed to 2.5 and 6.9 mM of
PCM and melanin synthesis blockage. They also found that zebrafish
embryos exposed to 4.9 uM PCM suffered from a decrease in melanin
content at 48, 72 and 96 hpf of 83.9, 65.1 and 60.3% respectively. In ad-
dition, in another study it was reported that PCM at a concentration of
3.3 x 107% mM is capable of reducing the pigmentation of Danio rerio
embryos (David and Pancharatna, 2009). It is well known that pigmen-
tation in zebrafish embryos begins at 25 hpf in the retinal epithelium
and then spreads throughout the skin (Fernandes et al., 2016). In our
study, hypopigmentation of C. carpio embryos was observed at
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concentrations of >1.0 ug/L, after 48 hpf. With these results we could
can conclude that as it was shown with zebrafish, PCM blocks melanin
synthesis in C. carpio embryos. Moreover, as indicated by Cedron et al.
(2020), PCM could interfere with the development of black pigment
cells; also, PCM might act directly preventing tyrosine biotransforma-
tion in order to produce melanin (Vad et al., 2009).

In the present study, pericardial edema was also identified in
C. carpio at all tested PCM concentrations. This same outcome was
found on Xenopus laevis frogs when exposed to 100 and 150 mg/L of
PCM (Fort et al., 1992). Similarly, in a study conducted by Weigt et al.
(2011), it was determined that concentrations of 4 and 6 mM of PCM in-
duced pericardial edema on Danio rerio embryos. This malformation
could be explained by the increase of apoptotic cells observed by
Cedron et al. (2020) in zebrafish embryos exposed to 2.5 and 4.9 mM
PCM during 72 and 96 hpf. Some studies have identified that cellular ap-
optosis is responsible for cellular damage and malformations in the
early life stages of aquatic organisms (AnvariFar et al., 2017; Elmore,
2007; Sawant et al., 2014).

The growth retardation found in this study can also be explained by
the increase of ROS generated by PCM exposure in the embryos. The ex-
cess of ROS can generate the inhibition of choriolysins (proteases) that
are necessary to digest the chorion. Likewise, increasing ROS can inhibit
hatching enzyme 1 (HE1), which is necessary to break down the cho-
rion. During the 72 hpf, the weakening of the chorion is important,
since this favors the first spontaneous movements of the larvae, to
leave this membrane and begin the development (Haendel et al.,
2004). Inhibition of the previously mentioned enzymes may explain
the growth retardation. Similarly, in the embryo growth process, the ox-
ygen requirements are high in the oocytes, so an imbalance in the redox
status can generate growth retardation (Paskova et al,, 2011).

The growth retardation may also be related to the mechanisms of
PCM action, which acts as a blockage for cyclooxygenase. Studies con-
ducted by Cha et al. (2005, 2006); showed that inhibition of cyclooxy-
genase 1 (COX-1) causes defective formation of intersomitic
vascularization and growth arrest. These authors reported that pro-
duced prostaglandins by COX-1 activation are necessary in the pro-
cesses of gastrulation and segmentation.

PCM at concentrations of 1-100 mg/L has been associated with
growth retardation manifested along with delayed hatching, reduced
body mass and tail malformation on zebrafish embryos (David and
Pancharatna, 2009). These effects may be related to the mechanism of
action of the PCM, evidenced in studies carried out by Cha et al. (2005,
2006) which have shown that cyclooxygenase inhibition induces defec-
tive formation of the vascular had, shortened intersomitic vessels, and
causes growth arrest.

Zebrafish has been used the same way that it has been analyzed in
most studies to assess the embryotoxic and teratogenic capacity of
PCM. However, with the discovered findings in this study, we demon-
strated that the common carp C. carpio can also be used as a good
bioindicator for this type of tests because of its relevance as a species
of economic and ecological interest in various Latin American regions
(Gémez-Olivan et al., 2017).

In summary, PCM effects have shown outcomes at different levels.
For example, the alteration of the chorion permeability, the ROS forma-
tion through its biotransformation including NAPQI so they have the
ability to modify the biomolecules functions of common carp C. carpio
embryos. This fish model is a good indicator of pollution from this
non-steroidal anti-inflammatory.

5. Conclusions

PCM at environmentally relevant concentrations is capable of gener-
ating alterations to embryonic development and cause teratogenic ef-
fects in C. carpio embryos. The survival of 50% of embryos exposed to
PCM was presented at the concentration of 1.29 pg/L. The effective con-
centration for malformations manifestation was 2.84 pg/L. PCM was
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embryolethal in accordance with the criteria established by Weigt
et al. (2011). At concentrations of 2.0-3.5 ug/L, the most severe
malformations occurred. Craniofacial malformations, skeletal disorders,
pericardial edema and growth retardation were the most severe of all.
The alterations to embryonic development and teratogenic effects con-
tributed to the death of approximately 70% of the embryos in the
highest concentrations tested. The environmentally realistic concentra-
tions of PCM tested in this study altered the oxidative status in embryos
of the common carp and at very low concentrations, the PCM has the
ability to alter the C.carpio embryonic development of this economic in-
terest specie.
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