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ARTICLE INFO ABSTRACT

Keywords: Pharmaceuticals are used for the prevention or treatment of diseases, and due to their manufacturing process
Pharmaceutical industry they are continuously released to water bodies. One of the pharmacological groups detected in aquatic en-
Pharmaceuticals vironments is non-steroidal anti-inflammatory drugs (NSAIDs) at trace concentrations. This study evaluated the
NSA_H.)S survival and malformation rate in oocytes and larvae of Cyprinus carpio (C. carpio) after exposure to different
;{/Ioslf;zaﬁms proportions of an industrial effluent. Initially, the industrial effluent was sampled from an NSAID manufacturing

plant located in the city of Toluca, State of Mexico, subsequently the physicochemical characterization and
determination of the concentration of chemical compounds present were carried out. On the other hand, the
lethal concentration 50 (LC50) and the effective concentration 50 (EC50) were calculated to determine the
teratogenic index (TI), as well as the alterations to the embryonic development and the teratogenic effects on
oocytes and larvae of C. carpio at the following proportions of the industrial effluent: 0.1, 0.3, 0.5, 0.7, 0.9 and
1.1%, following the Test Guideline 236, which describes a Fish Embryo Acute Toxicity test, the exposure times
were 12, 24, 48, 72 and 96 h post-fertilization. The contaminants detected were NaClO (2.6 mg L.~ ') and NSAIDs
such as diclofenac, ibuprofen, naproxen and paracetamol in the range of 1.09-2.68 mg L™ . In this study the
LC50 was 0.275%, the EC50 0.133% and the TI 2.068. Several malformations were observed in all proportions of
the industrial effluent evaluated, however the most severe such as spina bifida and paravertebral hemorrhage
were observed at the highest effluent proportion. The industrial effluent evaluated in this study represents a risk
for organisms that are in contact with it, since it contains chemical compounds that induce embryotoxic and
teratogenic effects as observed in oocytes and larvae of C. carpio.

1. Introduction

Pharmaceuticals are used for the diagnosis, treatment or prevention
of diseases and to restore, correct or modify physiological functions
(Directive 2004/27/EC; Cherkis, 2013). Every year 4000 pharmaceu-
tical products are marketed for human and animal care (Rehman et al.,
2015), and they are continuously released to the environment, mainly
as a result of improper disposal, metabolic excretion or manufacturing
processes (Hernando et al., 2006). The pharmaceutical industry is one
of the main contributors of wastewater as a result of the production
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process and cleaning of the machinery used, these waters can contain
multiple chemical components such as organic solvents, catalysts, ad-
ditives, reagents, intermediates, raw materials and active pharmaceu-
tical ingredients (APIs) at different concentrations (Sreekanth et al.,
2009). It is estimated that approximately half of the pharmaceutical
wastewater produced worldwide is discarded without prior treatment
(Lange et al., 2006; Enick and Moore, 2007). Although APIs are gen-
erally designed to be non-persistent, they can reach the water bodies
due to the continuous emissions that are generated, being detected in
different aquatic compartments at trace concentrations (ng L1 to low
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Table 1
Physicochemical characteristics of the industrial effluent.
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Physicochemical characteristics Industrial effluent evaluated

NOM-001-SEMARNAT-1996 NOM-073-ECOL-1994

Temperature (°C) 18.4
Dissolved oxygen (mg L™ %) 10.1
Conductivity (uS em™1) 138.7
pH 6.9
Chlorides (mg L™YH 124
Fluorides (mg L™") 4.4
Hardness (mg L™1) 281.2
Ammonia (mg L™1) 0.94
Total suspended solids (mg L™ ") 25
Total phosphorus (mg L™") 5.9
Total nitrogen (mg L™ 1) 12
Biochemical oxygen demand (mg L~1) 47
NaClO (mg L™1) 2.6

40 40
NI NI
NI NI
6.5-8.5 6-9
250 NI
0-15 NI
500 NI
NI NI
60 150
10 10
25 NI
60 100
NI NI

NI = Not included in the official norm.

Table 2
Mortality and malformation data in oocytes of Cyprinus carpio exposed to in-
dustrial effluent.

Proportion of Number of  Mortality (%) Malformations (%)
industrial embryos

effluent (%) exposed

0 (control) 60 0 0

0.1 60 23.3 46.6

0.3 60 53.3 66.6

0.5 60 65.0 70.0

0.7 60 71.6 76.6

0.9 60 83.3 81.6

1.1 60 88.3 93.3

LC50 = 0.275%

CI = [0.212%-0.335%]
Teratogenic index
2.068

EC50 = 0.133%
CI = [0.067%-0.194%]

ug L™1Y) (Hernando et al., 2006; Miller et al., 2018). The main APIs
detected in water bodies are non-steroidal anti-inflammatory drugs
(NSAIDs) such as diclofenac (DCF), ibuprofen (IBP), naproxen (NPX)
and paracetamol (PCT). These drugs have been consistently detected at
higher concentrations compared to other APIs in different effluents
from wastewater treatment plants (Metcalfe et al., 2003; Lishman et al.,
2006). In Mexico these drugs have been authorized for sale without a
prescription and therefore their consumption is increasing (Gomez-

w—Survival rate (%)

100 1

Olivan et al., 2009), nevertheless it is essential that they are used ra-
tionally. Several studies in Mexico have reported their presence in
wastewater, surface water, ground water, and hospital effluents at the
following concentrations: DCF (0.001-4.824 g LY, IBP
(0.015-4.51 pg LY, NPX (0.052-13.589 pug L1, PCT
(0.0004-14.9 pg L™ 1) (Siemens et al., 2008; Gibson et al., 2010; Félix-
Canedo et al., 2013; Gonzélez-Gonzalez et al., 2014; Neri-Cruz et al.,
2015; Pérez-Alvarez et al., 2018; Rivera-Jaimes et al., 2018; Luja-
Mondragén et al., 2019). The presence of APIs in the environment is
due to their lipophilic and non-biodegradable nature, as well as their
biological activity (Velagaleti and Burns, 2006). The global concern for
its possible adverse effects on the environment is increasing as it has
been shown to affect biota (Andersson and Hughes, 2014). Biomarkers
allow to evaluate the effects generated by exposure to a xenobiotic or a
mixture of them (Celander, 2011; Hernandez et al., 2014, 2019), such is
the case of the Fish Embryo Acute Toxicity (FET) test. FET allows to
determine the acute or lethal toxicity of chemical products in the em-
bryonic stages of fish (OECD, 2013; Braunbeck et al., 2015). Acute
toxicity tests with non-target sensitive species are an integral part of the
identification of environmental hazards and the risk assessment of
chemical compounds including APIs (Scholz et al., 2013; Bebianno and
Gonzalez-Rey, 2015). There are studies that demonstrate the embry-
otoxic and teratogenic potential of NSAIDs (particularly DCF) in various
aquatic species such as Xenopus laevis, Lithobates catesbeianus (Cardoso-
Vera et al., 2017) and common carp Cyprinus carpio (Stepanova et al.,

Malformation rate (%)
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0.5 0.7 0.9 1.1

Industrial effluent proportion (%)

Fig. 1. Survival and malformation rate in oocytes and larvae of C. carpio according to industrial effluent exposure.
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Fig. 2. Exposure time-response curve of the general morphology score according to different proportions of industrial effluent on oocytes and larvae of C. carpio.
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Fig. 3. Teratogenic malformations induced by exposure to industrial effluent for 96 h at the following proportions: 0.1, 0.3, 0.5, 0.7, 0.9 and 1.1%, on C. carpio.

2013). In an exposure assessment study conducted by Letzel et al.
(2009) determined the specific DCF load that reaches a receiving body
of water in Germany, the average per capita per day was 0.28 mg, this
study also concludes that at environmentally relevant concentrations
(ng L™ 1), DCF may cause chronic adverse effects in fish populations. In
addition, there is evidence that the accumulation of several pollutants
(including APIs) in aquatic environments significantly decreases fish
populations (Hamilton et al., 2016), such as Salmo trutta (Borsuk et al.,
2006), salmonids in general (Parrish et al., 1998; Kroglund and Finstad,
2003), in Anguilla anguilla (Castonguay et al., 1994a, b; Dekker, 2003),
and in European estuarine and coastal fish species (Matthiessen and
Law, 2002). FET has been widely used in zebrafish to assess the ter-
atogenic potential of different xenobiotics (Batel et al., 2018; Griinspan
et al., 2018; Yao et al., 2018). Nevertheless, there are few studies in
other fish species such as common carp (Luja-Mondragén et al., 2019;
Pérez-Coyotl et al., 2019). C. carpio is grown in more than 100 countries
worldwide and represents up to 10% of global annual freshwater
aquaculture production (FAO, 2007; Bostock et al., 2010), this or-
ganism has a high value as a food source (Xu et al., 2014). Therefore,
the present study aimed to evaluate the survival and malformation rate
in oocytes and larvae of C. carpio after exposure to different proportions
of an industrial effluent.

2. Materials and methods

2.1. Sampling of the industrial effluent and physicochemical
characterization

The effluent was sampled from an NSAIDs manufacturing plant in
Toluca, State of Mexico, which does not have a wastewater treatment
plant. It is important to mention that the effluents generated by the
pharmaceutical industry of this study reach the Lerma River, this river
is part of the Lerma-Chapala-Santiago hydrological system that is one of
the most important in Mexico and is particularly distinctive in its en-
demism of freshwater fish (Algansea barbata, Chirostoma riojai, Goodea
atripinnis, Notropis sallei, Girardinichthys multiradiatus, Poeciliopsis in-
fans). C. carpio is an introduced species and inhabits this aquatic en-
vironment (CONAGUA, 2011). The Lerma River is one of the most
polluted rivers in Mexico. Its main sources of pollutants are industrial
and municipal wastewater, which has seriously affected water quality,
causing the extinction of several native species of fauna and flora
(Sedeno-Diaz and Lépez-Lopez, 2007).

The methodology described in NMX-AA-003-1980 was followed,
which establishes general guidelines and recommendations for sam-
pling wastewater discharges. The samples were taken from the output
of the production area, which is directly connected to the drainpipe
exiting plant, were collected in 20-L polyethylene containers previously
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Fig. 4. Representative malformations induced by exposure to industrial effluent at 12, 24, 48, 72 and 96 hpf, on C. carpio. Abbreviations: DD = Developmental
Delay, DHP = Delay in the Hatching Process, ED = Eye Deformation, FD = Fin Deformity, H = Hypopigmentation, HH = Hemorrhaging in the Head, HT =

Hemorrhaging in the Tail, HY = Hemorrhaging in the Yolk, M =

Miscellaneous, MCS =

Modified Chorda Structure, MH = Malformation of the Head,

MHE = Malformation of the Heart, MHP = Mouth Hyperplasia, MO = Malformation of the Otoliths, MT = Malformation of the Tail, PE = Pericardial Edema, PH
= Paravertebral Hemorrhage, R = Rachischisis, S = Scoliosis, SB = Spina Bifida, YD = Yolk Deformation, YSE = Yolk Edema.

washed with nitric acid (Sigma-Aldrich) 30% and rinsed with water
deionized. Samples were labeled, protected from light, and immediately
transported to the lab and were stored at 4 °C. The physicochemical
characteristics were determined according to official Mexican standards
NOM-001-SEMARNAT-1996 and NOM-073-ECOL-1994. The official
Mexican norms set the maximum permissible levels of contaminants in
wastewater discharges arising in the pharmaceutical and pharmaco-
chemical industries and entering, respectively, domestic waters and
resources, and receiving water bodies.

2.2. Extraction of analytes

Water samples (5 mL) were taken directly from the containers with
the industrial effluent and collected in glass vials and refrigerated at
4 °C for subsequent determination of concentrations. The samples were
vacuum-filtered through 10-um GF/C glass microfiber filters, followed
by 0.45-um nylon membrane filters (Whatman, Cambridge, UK). A li-
quid-liquid extraction with 5 mL (1:1, v/v) hexane/ethyl acetate was
performed to extract DCF, IBP, NPX and PCT from 1-mL water samples.
These samples were centrifuged at 1800 x g for 10 min and the upper
organic layer was extracted again. This extraction was repeated and
organic layers were combined and evaporated to dryness. The

procedure was carried out in quintuplicate.

2.3. Quantification of NSAIDs by liquid chromatography—tandem mass
spectrometry (LC-MS/MS)

The quantification of NSAIDs from the industrial effluent was car-
ried out following the methodology described by SanJuan-Reyes et al.
(2015). Chromatographic analysis was performed on an Agilent 1290
Infinity HPLC unit (Santa Clara, CA), a RRHD Eclipse Plus C18 column
(2.1 x 50 mm i.d.; 1.8-pum particle size) was used for the chromato-
graphic separation. Los NSAIDs were quantified on an Agilent 6430
Triple Quadrupole MS equipped with electrospray ionization (ESI) po-
sitive mode.

The method DL (MDL) and method QL (MQL) were defined and
determined as the minimum detectable amount of DCF, IBP, NPX, and
PCT with a signal to noise (S/N) ratio of 3 and 10 for level of detection
(LOD) and level of quantification (LOQ), respectively. The data for each
API were: 27 and 90 ng L™ for DCF; 30 and 89 ng L™ ! for IBP; 21 and
76 ng L™! for NPX; 28 and 92 ng L.~ for PCT.
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Fig. 4. (continued)

2.4. Obtaining and selecting oocytes

Oocytes were obtained by natural fertilization from C. carpio-
breeding center in Tiacaque, State of Mexico. The fertilization process
was carried out in situ and two adult females and four adult males were
placed in reproductive stages within a fertilization pond with a water
level of two-thirds of their capacity. The average size and weight of the
breeding fish was 40 cm and 5 kg, respectively. Once spawning and
fertilization were done, the parent fish were immediately removed to
avoid damage to the eggs that have been laid. Eggs were collected with
an adequate size mesh screen, rinsed with Dutch Standard Water [DSW;
demineralized water supplemented with NaHCO; (100 mg L™ 1Y),
KHCO; (20 mg L™1), CaCl,.2H,0 (200 mg L~ 1!), and MgS0,4.7H,0
(180 mg L™1) and then aerated for 24 h] (Hermsen et al., 2011), and
were observed under a stereoscopic microscope and only the fertilized
eggs were selected [blastula stage; 2 h post-fertilization (hpf)], for
subsequent exposure to different proportions of the industrial effluent.

2.5. Tests of embryolethality, embryotoxicity and teratogenesis

These analyzes were carried out in the Toxicology laboratory of the
Autonomous University of the State of Mexico. Organisation for
Economic Co-operation and Development (OECD) test guideline (236)
for fish embryo acute toxicity (FET) was followed. It determines the

acute toxicity of chemicals to embryonic fish. Tests were performed as
follows: twenty embryos at 2 hpf were randomly selected, for each
proportion of the industrial effluent (0.1, 0.3, 0.5, 0.7, 0.9 and 1.1%), a
control group was also included. The embryos were placed in sterile flat
bottom microplates of 24 wells (1 embryo/well) (Costar, Corning
Incorporated, USA), each well contained 2.5 mL of the proportion of the
industrial effluent. The microplates were maintained at 24 + 1 °C with
a natural photoperiod of 12:12 h of light/darkness. The developing eggs
were observed at 12, 24, 48, 72 and 96 hpf. The tests were carried out
in triplicate, in a static environment without renewal. The concentra-
tion of dissolved oxygen in the control group and in the different pro-
portions of the industrial effluent was monitored at all exposure times
and was greater than 85% of saturation. A Zeiss Stemi 305 stereoscopic
microscope coupled with a camera was used for the observations at all
exposure times. The embryos and larvae were photographed. The
mortality in all negative control groups was less than 10%.

Embryos and larvae were counted after 96 hpf, considering lethality
when the oocytes coagulated, or no heartbeat was detected. At the end
of these acute toxicity experiments, the LC50 was estimated with its
95% confidence limits (p < 0.05).

All morphological transformations occurring during embryonic and
larval development were observed. Alterations in embryonic develop-
ment were recorded according to the scoring system established by
Luja-Mondragoén et al. (2019), at the specified test times (12, 24, 48, 72
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0.7%

Fig. 4. (continued)

and 96 hpf). It is important to mention that dead embryos were not
scored. Ultimately, a frequency histogram was created with the ter-
atogenic malformations identified.

The test was considered valid since the control group showed no
more than 10% of teratogenic effects at 96 hpf.

2.6. Data analysis

Initially, the mean lethal concentration (LCsp) and the effective
concentration inducing 50% malformation (ECso) were determined by a
probit analysis (EPA Analysis Program v1.5), with the aim of assessing
acute toxicity. Teratogenic index (TI) was obtained through the fol-
lowing equation: TI = (LCs0)/(ECs).

Continuous data were analyzed using one-way analysis of variance
(ANOVA), with Bonferroni's post hoc test for the analysis of homo-
geneous data. For the analysis of non-homogeneous data, the Kruskal-
Wallis test was used. Finally, with the Fisher's exact test, the frequency
of abnormal oocytes or embryos was evaluated. Significance was ac-
cepted when p < 0.05, using the IBM SPSS Statistics 25.

3. Results
3.1. Physicochemical characterization of the industrial effluent

The physicochemical characteristics of the industrial effluent are
shown in Table 1. However, with the exception of dissolved oxygen,
conductivity, ammonium, and NaClO, since they are not contemplated
by official Mexican norms (NOM-001-SEMARNAT-1996 and NOM-073-
ECOL-1994), all the remaining parameters do not exceed the limits
established by both norms.

3.2. Quantification of NSAIDs
The results of the quantification of NSAIDs are the following: DCF

(1.82 + 0.03 mg L™, IBP (227 =+ 0.05 mg L™'), NPX
(1.09 + 0.02mgL™") and PCT (2.68 * 0.05 mg L™%).

3.3. Embryolethality and teratogenicity data of the industrial effluent
evaluated

Table 2 shows the mortality percentages obtained for C. carpio
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Fig. 4. (continued)

Fig. 4. (continued)

exposed to the different proportions of the industrial effluent. In addi-
tion, Fig. 1 shows that as the proportion of the industrial effluent in-
creases, the malformation rate also increases while the survival rate
decreases. The LC50 value was 0.275% (95% CI: 0.212%-0.335%). On
the other hand, the percentages of malformations are also shown, which
were used to estimate the EC50, the value was 0.133% (95% CI:
0.067%-0.194%). With the previous data, TI was determined, which

was 2.068 in this study. This value indicates that the industrial effluent
evaluated in this study is teratogenic.

3.4. Evaluation of embryos

In Fig. 2, the score obtained for each of the proportions of industrial
effluent at the different hpf is observed. A significant decrease
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(p < 0.05) can be observed in the score with respect to the control
group as the proportions of the industrial effluent increased at all hpf.
In the case of 0.1% the decrease was 20%, for the proportion of 0.3% it
was 24%, in 0.5% of 31%, for the case of 0.7% it was 39%, for the
proportion 0.9% it was 44% and finally for 1.1% a decrease of 48% was
observed.

Fig. 3 shows the frequency of the teratogenic alterations observed in
the oocytes and larvae of C. carpio exposed to the different proportions
of the industrial effluent. The most frequent were: fin deformity, ra-
chischisis, scoliosis, yolk deformation and yolk edema. The most severe
alterations such as spina bifida and paravertebral hemorrhage were
observed at the highest concentration of exposure (1.1%).

Fig. 4 illustrates the teratogenic alterations observed in the oocytes
and larvae of C. carpio. The control is included where the normal de-
velopment of the common carp is observed at all times of exposure.
However, after 12 hpf developmental alterations begin to be observed,
in all the evaluated proportions of the industrial effluent.

4. Discussion

Water is indispensable in pharmaceutical manufacturing operations.
The wastewater that leaves the pharmaceutical industries varies in
content and concentration of pollutants, it is estimated that approxi-
mately half of the pharmaceutical wastewater produced worldwide is
discarded without specific treatment (Gadipelly et al., 2014). In this
study, the evaluated effluent comes from a pharmaceutical industry
that has an NSAIDs manufacturing plant and does not have a waste-
water treatment plant, therefore its waste goes directly to the municipal
sewer. In Mexico there are two official norms that regulate the dis-
charge of wastewater in the aquatic environment (NOM-001-SEMAR-
NAT-1996 and NOM-073-ECOL-1994), but none of them contemplates
the presence of APIs. The physicochemical characterization allows to
evaluate the quality of the water and to be able to predict the impact
that it will have on the aquatic ecosystem. In this study, the physico-
chemical characteristics of the industrial effluent were determined,
which were within the limits established by both norms, with the ex-
ception of dissolved oxygen, conductivity, ammonium, and NaClO,
since they are not contemplated by official Mexican norms. Dissolved
oxygen represents the concentration of chemical or biological com-
pounds that can oxidize and may have potential for contamination
(Popa et al., 2012). The conductivity allows to know the concentration
of ionic species present in water, such as ammonium, which is the io-
nized form of ammonia. The presence of chlorinated compounds in
water containing ammonium favors the formation of chloramines
(Hahn-Schlam et al., 2006), which are highly oxidizing molecules.
Chloramines have been shown to form protein-DNA crosslinks
(Kulcharyk and Heinecke, 2001). This could contribute to the damage
generated in C. carpio embryos due to exposure to industrial effluent. In
addition, the teratogenic effect of NaClO has been demonstrated in
other aquatic species such as Daphnia magna (Ton et al., 2012). The
toxic effects of this compound have been related to the generation of
reactive oxygen species (ROS), which are produced by the disturbance
of different isoforms of cytochrome P450 (Sapone et al., 2007). The
effluent analysis showed the presence of NSAIDs such as DCF, IBP, NPX
and PCT at concentrations of mg L™ . These pharmaceuticals have also
been detected in other industrial effluents at concentrations of ng L™ *
to ug L~ (Lin et al., 2008; Collado et al., 2014; Scott et al., 2018). The
Food and Drug Administration (FDA) requires an environmental eva-
luation of APIs when the concentration is equal to or greater than
1 ug L™ ! in the aquatic environment (FDA-CDER, 1998). In addition,
according to the European Regulatory Guide established by the Eur-
opean Medicines Agency, the approval procedure for new human
pharmaceutical products requires an environmental risk assessment if
the concentration of APIs is > 10 ng L~! (EMEA, 2006). LC50 at 96
hpf in this study was 0.275%, Carlsson et al. (2009), reports an LC50
between 2.7 and 8.1% at 144 hpf in zebrafish (Danio rerio) due to
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exposure to an industrial effluent. The occurrence of NSAIDs in the
environment has become a topic of great concern due to their potential
ecotoxicity in the environment, since they negatively affect aquatic and
terrestrial organisms at different trophic levels (Pounds et al., 2008;
Gonzalez-Rey and Bebianno, 2014). Further, there are studies that show
that the threat of chemical contamination for fish populations is more
acute in freshwater environments (Hamilton et al., 2016), which sig-
nificantly reduces fish populations. The biotransformation of NSAIDs by
CYP2C9 generates ROS such as the hydroxyl radical (OH-), and the
superoxide anion (O,*) (Sirokd and Drastichova, 2004; Uno et al.,
2012), as well as hydroxylated metabolites that are even more toxic
than the original molecule (Islas-Flores et al., 2014; SanJuan-Reyes
et al., 2015). Oxidative stress (OS) occurs when the ROS generation rate
exceeds that of their removal, generating deleterious effects such as the
oxidation of lipids, proteins, and DNA (Martinez-Alvarez et al., 2005),
apoptosis, and embryonic development delays (Paskova et al., 2011).
The latter was observed in this study at all proportions of the industrial
effluent evaluated. In previous studies, our research group has de-
monstrated the oxidative damage generated in C. carpio after exposure
to different NSAIDs as well as by exposure to an industrial effluent
(Islas-Flores et al., 2013, 2014, 2017; SanJuan-Reyes et al., 2013,
2015). OS is associated in the pathogenesis of a broad spectrum of
defects, including skeletal malformations, and cardiovascular defects
(Kovacic and Somanathan, 2014). ROS have an important role in em-
bryonic development, since this may be adversely affected by the re-
versible reaction of ROS with transduction proteins, thereby altering
embryonic signal transduction pathways (Wells et al., 2005; Dennery,
2007). In addition, our results of embryotoxicity and teratogenicity can
be explained by the mechanism of action of NSAIDs, through the in-
hibition of cyclooxygenase (COX-1 or COX-2), which is effected by in-
hibiting prostaglandin (PG) synthesis (Brausch et al., 2012). It has been
shown that PGs are involved in reproduction, as well as in the immune
and circulatory systems, and finally in osteo- and chondrogenesis
(Peltzer et al., 2019). In this study, alterations at the level of the central
nervous system, heart and bone were observed mainly. These altera-
tions may not only affect embryonic survival, but may potentially affect
later life-stage fitness parameters (Rangasamy et al., 2018). Inhibition
of COX-1 generates a defective formation of the vascular tuve, shor-
tened intersomitic vessels, and causes growth arrest because COX-1
derived prostaglandins are necessary during gastrulation and segmen-
tation periods (Cha et al., 2005, 2006). In this study, hatching delay (72
hpf) was also observed, it has been reported that hatching is mediated
by COX-2 derived prostacyclines (Huang et al., 2004). The delay in
hatching may be due to the inhibition of the hatching enzyme chor-
ionase, as well as osmotic disorders that interfere with the activity of
the hatching enzyme, increased oxygen consumption by embryos/
larvae and finally due to behavioral deficits that result in a weakened
spontaneous muscle movement (Strmac et al., 2002; Haendel et al.,
2004).

Our results are consistent with other authors who have demon-
strated the effects of NSAIDs on different aquatic species, such is the
case of IBP that generates developmental delay, cardiac anomalies,
pectoral fin malformation, decreased hatching rate and growth, spinal
curvature, and behavioral alterations in D. rerio at concentrations
greater than 10 pg L~ ! (David and Pancharatna, 2009). On the other
hand, DCF (1 and 10 pg L™ %) affects the early stages of embryonic
development of M. galloprovincialis (Balbi et al., 2018). In Xenopus al-
terations of the axis, gut, heart, head and eyes were observed, as well as
blistering (edema), after exposure to various concentrations of DCF
(1 mg L™! to 64 mg L™1) (Chae et al., 2015). NPX (10, 50, 100 and
200 pg L™1) affect early developmental stages including eclosion and
growth in C. carpio (Sehonova et al., 2017). Finally, it has been shown
that PCT (1, 5, 10, 50 and 100 mg L™ ') induces alterations in D. rerio as
developmental delay and hatching, tail and fin malformations, as well
as changes in pigmentation, larval behavior and survival (David and
Pancharatna, 2009).
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5. Conclusions

The industrial effluent evaluated in this study contained as main
contaminants NaClO and NSAIDs, these generated embryotoxicity and
teratogenicity in C. carpio. The main alterations were: fin deformity,
rachischisis, scoliosis, yolk deformation and yolk edema. The most se-
vere alterations such as spina bifida and paravertebral hemorrhage
were observed at the highest effluent proportion. The use of effect
biomarkers based on toxicity endpoints induced by individual chemi-
cals in a mixture could be a useful tool for predicting and preventing the
risk of toxicity.
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