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HIGHLIGHTS

e This study aimed to evaluate 17f-
estradiol-induced cyto-genotoxicity
in Cyprinus carpio.

e Increases in frequency of micro-
nuclei, caspase-3 activity and TUNEL-
positive cells were observed.

e The comet assay detected significant
increases at 24 and 96 h with the 1 ug
and 1 ng L™ of E2.

e 17B-Estradiol induces cyto-
genotoxicity on C. carpio.
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GRAPHICAL ABSTRACT
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O‘ B Exposure
o 12,24,48,72,96 h

Cyprinus carpio

CYTOTOXICITY

ABSTRACT

17B-Estradiol, a natural hormone present at high concentrations in aquatic ecosystems, affects and
modifies endocrine function in animals. In recent years research workers have expressed concern over its
potential effects on aquatic organisms; however, little is known about its capacity to induce genetic
damage or the pro-apoptotic effects of such damage on fish. Therefore, this study aimed to evaluate 17f-
estradiol-induced cyto-genotoxicity in blood cells of the common carp Cyprinus carpio exposed to
different concentrations (1 ng, 1 pg and 1 mg L™1). Peripheral blood samples were collected and eval-
uated by comet assay, micronucleus test, determination of caspase-3 activity and TUNEL assay at 12, 24,
48, 72 and 96 h of exposure. Increases in frequency of micronuclei, TUNEL-positive cells and caspase-3
activity were observed, particularly at the highest concentration. In contrast, the comet assay detected
significant increases at 24 and 96 h with the 1 pg and 1 ng L~ concentrations respectively. The set of
assays used in the present study constitutes a reliable early warning biomarker for evaluating the toxicity
induced by this type of emerging contaminants on aquatic species.
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1. Introduction

In recent years, water contamination has become a serious
problem for public health and aquatic ecosystems due to domestic
and industrial wastewater discharges which contain a large variety
of environmental contaminants such as personal hygiene products,
pharmaceuticals, and natural and synthetic hormones (Tetreault
et al., 2011; Fang et al., 2012), all these are part of “emerging con-
taminants”, a group of compounds which do not have a clear
regulation to date regarding their handling and discharge into
ecosystems (Kiimmerer, 2001; Petrie et al., 2015; Richardson and
Kimura, 2016). These substances are biologically active and
although some are not considered persistent, they are introduced
constantly, so they can represent a risk to ecosystem (Galar-
Martinez et al., 2015). In particular, concern has been expressed
over the presence of steroid hormones (estrogens, progestagens
and androgens), because it has been reported that members of this
group can affect and modify endocrine function in animals, and are
therefore known as endocrine disrupting compounds (EDCs)
(Matozzo and Marin, 2008; Bolong et al., 2009; Ma et al., 2016).
These chemicals can include natural estrogens (e.g., 17p-estradiol),
synthetic estrogens (e.g., 17a-ethinylestradiol), and estrogen
mimics (e.g., bisphenol A, 4-nonylphenol) (Sackett et al., 2015).

Estrogens are used in hormone replacement therapy, most often
to overcome the basic symptoms associated with menopause;
however, their use has made evident diverse complications,
including a higher risk of developing breast, endometrial and
ovarian cancer (El Habachi et al., 2014). One of the most extensively
studied estrogens in mammals, and probably the most common
one, is 17f-estradiol, often abbreviated E2. It has two hydroxyl
groups in its molecular structure and is a natural element formed in
the body. Of the three forms of estrogen produced naturally by all
vertebrates, E2 is the most potent one. It is the main estrogen
secreted by the ovaries and is oxidized to estriol before being
eliminated. E2 also undergoes reactions such as hydroxylation,
reduction, oxidation by methylation, and conjugation by liver cy-
tochrome P450 enzymes for subsequent elimination in urine. There
are no reports of E2 conjugates released into the environment
having direct biological activity, but they may be a storehouse of
hormone precursors since they are transformed to E2 by bacterial
action (Baronti et al., 2000; Yan et al., 2013a; Heffron et al., 2016).

EDCs enter the environment, through a variety of pathways such
as municipal sewage, industrial wastewaters, landfill, agricultural
run-off, wash-off from roadways and underground contamination.
Detection of these compounds in water is at trace levels (ug L1 or
even ng L™1) (Bolong et al., 2009), because standard methods of
sewage treatment are not completely effective in removing such
substances (Zhang et al., 2007). E2 is among the most potent EDC
having the potential to exert effects at extremely low concentra-
tions (Bowman et al., 2002). In Mexico, there is only one study that
reports the presence of E2 at concentrations from 0.11 ng L™ ! to
1.72 ng L~ ! in Xochimilco wetland (Diaz-Torres et al., 2013). Studies
of aquatic wildlife that are directly exposed to contaminants, often
provide early indications of potential environmental problems. A
few studies report E2 can produce different harmful effects, for
example, is an endocrine disrupter at concentrations above
200 ng L1 in 0. mykiss (Marlatt et al., 2006), affect the reproduction
of 0. javanicus at concentrations greater than 16 ng L~! (Imai et al.,
2005), can decrease the capacity of cellular antioxidant systems in
P. aibuhitensis at concentrations greater than 0.1 pg L~! (Lv et al,,
2016) and can induce immunomodulatory changes and neurotox-
icity in different organisms (Thilagam et al., 2014). On the other
hand, in vitro assays have shown that at low concentrations
(1-10 ng L) of E2 induce feminization in some species of male
wild fishes (Routledge et al., 1998), and changes the hepatic gene

expression of the vitellogenins and choriogenins in P. flesus
(Williams et al., 2007). Other possible endocrine-disruption effects
have been observed in fish, such as reduced ovary size, lower egg
viability, and delayed sexual maturity (Munkttrick et al., 1992;
Hontela et al.,, 1995). However, there are no reports of the cyto-
toxic effect of exposure to E2 on aquatic organisms, which is one of
the objectives of this study.

Genotoxicity is toxicity against cell's genetic material affecting
its integrity (DNA damage) and may lead to mutagenicity and car-
cinogenicity in some circumstances (Nesslany and Benameur,
2014). The genotoxic effects of physical and chemical agents/pol-
lutants can be monitored using a broad range of both in vivo and
in vitro biomarker assays (Kumar et al., 2017). A biomarker is a
cellular, molecular, genetic or physiologic response altered in an
organism or population in response to a chemical stressor (Costa
et al,, 2010). In a previous study it was reported that E2-induced
oxidative damage (Gutiérrez-Gomez et al., 2016) which could be
associated with genotoxicity (Maria et al., 2008). From an ecological
viewpoint, genetic damage may lead to hereditary mutations
compromising the physical condition integrity of fish populations
and their capacity to confront stress (Brown et al., 2009). Also,
damage to the DNA of aquatic animals has been associated with
reduced growth, abnormal developed and reduced survival of
embryos, larvae and adults (Lee and Steinert, 2003; Reinardy et al.,
2013). Analysis of DNA changes in aquatic organisms has proved an
effective method for evaluating water body contamination, even
when compounds are present at very low concentrations, as in the
case of E2 (Frenzilli et al., 2009). Among the genotoxicity tests,
comet assay and micronucleus (MNi) test are recognized due to
their robustness and sensitivity to evaluate DNA damage. The MNi
test measures a small subset of unrepaired DNA strand breaks,
whereas the comet assay measures strand breaks and labile sites
that may be removed subsequently by the DNA repair system, both
studies complement each other and their methodology is easy and
does not require sophisticated equipment (Kornca et al., 2003;
Heuser et al., 2008). On the other hand, certain genotoxic agents
also induce cytotoxicity (Selvi et al., 2013), defined as the pre-lethal
changes and events which occur in cells prior to necrosis (Vasquez,
2012). Lesions to DNA and inefficient repair mechanisms are crucial
in the un-leashing of apoptosis (Roos and Kaina, 2006), which is a
fundamental biochemical pathway of cellular death characterized
by diverse morphologic changes and has a major role in the
maintenance of tissue homeostasis (Simoes et al., 2013). There are
two main pathways of apoptosis: extrinsic and intrinsic. The
extrinsic pathway is produced in response to activation of death
receptors on the cell surface, while the intrinsic pathway arises in
response to extracellular signaling and internal lesions such as DNA
damage (Fadeel and Orrenius, 2005). From a mechanistic
perspective, apoptosis may be expected to contribute to the elim-
ination of cells with some kind of damage, particularly that of
premutagenic/mutagenic lesions (Decordier et al., 2002). An assay
that relies on detection of DNA strand breaks in situ by labeling
them with fluorochromes has been developed to identify and
quantify apoptotic cells by fluorescence microscopy. The assay is
commonly called TUNEL, the acronym of Terminal deoxy-
nucleotidyl transferase-mediated d-UTP Nick End Labeling
(Darzynkiewicz et al., 2008). TUNEL assay is certainly one of the
more simple, reliable, objective, and cost-effective methods avail-
able for assessing DNA damage (Sharma et al., 2013).

The common carp Cyprinus carpio, a freshwater fish, has been
introduced in Mexico in 80% of freshwater bodies and has become
an economically and ecologically important specie (Galar-Martinez
et al.,, 2015), and has been extensively used to evaluate the cyto-
toxicity and genotoxicity of substances in the aquatic environment
(Garcia-Nieto et al., 2014) and is therefore a good bioindicator for
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evaluating E2-induced cyto-genotoxicity.

The present study aimed to evaluate whether E2 induces gen-
otoxic effects by means of comet assay and micronucleus test and
cytotoxic effects through caspase-3 activity and TUNEL assay as
biomarkers of damage in blood cells of the common carp C. carpio at
12, 24, 48, 72 and 96 h. The nuclear anomaly or micronucleus test
and comet assay, are methods wich allows the investigation of DNA
damage, and have been widely applied to the investigation of
environmental genotoxin effects in several fish species (Nacci et al.,
1996; Mitchelmore and Chipman, 1998), while cytotoxicity is an
adverse effect or interference with structures or processes essen-
tials for cell survival, like caspase-3, an effector caspase in which
both apoptosis pathways (intrinsic and extrinsic) converge. The
detection of activated caspase-3 is a valuable and specific tool for
identifying apoptotic cells, even before all the morphological fea-
tures of apoptosis occur (Duan et al., 2003) and confirmed by the
TUNEL assay.

For the detection of double-stranded DNA breaks, TUNEL assay
has been used extensively as an indicator of apoptosis and/or
caspase-mediated cell death (Zhu et al., 2000). Because of this, we
aimed to select this parameters as biomarkers of early warning for
evaluating the toxicity induced by this type of emerging contami-
nants on aquatic species.

2. Materials and methods
2.1. Reagents and assay materials

The following reagents were purchased from Sigma-Aldrich (St
Louis, MO): 17f-estradiol, phosphate buffered saline (PBS, pH 7.4),
dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid
(EDTA), ethidium bromide (EB), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 3-[(3-cholamido-propyl)-
dimethylammonio]-1-propane-sulfonate (CHAPS), low melting
point (LMPA) and normal melting point agarose (NMPA), propi-
dium iodide (PI), Triton X-100, dithiothreitol (DTT), DNAse I, poly-i-
lysine, NaHCOs3, MgS0,, KCl, CaSO4-2H;0, NaCl, Trizma base and
NaOH. The CaspACE™ Assay System, Colorimetric, was purchased
from Promega (Madison, WI); proteinase K from Fluka (St Louis,
MO); the ApopTag® Fluorescein In Situ Apoptosis Detection S7100
kit from Chemicon International (Billerica, MA); and the Liqui-
PREP™ Cytology System kit from PBM (Mexico City, Mexico).

2.2. Specimen procurement and acclimation

Common carp (Cyprinus carpio) weighing 55.24 + 4.1 g and
measuring 19.22 + 0.87 cm in length were obtained from the Tia-
caque aquaculture center (State of Mexico), transported to the
laboratory and acclimated for 30 days with synthetic culture me-
dium (pH 7.4), at room temperature, with constant aeration, and
three fourths of the tank water was replaced every 24 h to maintain
a healthy environment. A natural light/dark photoperiod was
maintained and the organisms were fed Purina™ fish food.

2.3. Sublethal toxicity assays

Test systems consisting in glass tanks (120 x 80 x 40 cm) filled
of reconstituted water with NaHCO; (174 mg L™'), MgSO4
(120 mg L), KCI (8 mg L) and CaSO4-2H,0 (120 mg L) were
maintained at room temperature with constant aeration and a
natural light/dark photoperiod (Commission Directive 92/69/EEC).
Static systems with six carp each were used and no food was pro-
vided to specimens during exposure. Three environmentally rele-
vant concentrations of E2 were tested: 1 ng, 1 pg, and 1 mg L~ The
exposure times used were 12, 24, 48, 72 and 96 h. An E2-free

control system with six carp was set up for each exposure time,
and a positive control group was set up for each test and exposure
time; the assays were performed in triplicate using a total of 900
fish. After the exposure time is over, fish were removed from the
systems and placed in a tank containing a xylocaine solution
(0.02 mg mL~1) to anesthetize specimens. Blood was collected from
the caudal vein with a heparinized hypodermic syringe.

Blood samples (100 pL) were diluted with 600 pL PBS. These
samples were used to perform the comet assay and one part of cell
suspension was used to make smears to evaluate the presence of
micronucleus. For the TUNEL assay, 100 pL of cell suspension was
mixed with 1 mL of preservation solution from the liquid-based
cytology kit which had been kept refrigerated prior to mounting
of the samples. For determination of caspase-3 activity, 100 pL of
cell suspension was frozen at —20 °C, centrifuged at 16 000 x g
and —4 °C for 15 min, and the supernatant used to evaluate activity.

2.4. Comet assay

The protocol described by Martinez-Tabche et al. (2004) and
Carino-Cortés et al. (2010) for rainbow trout and mouse cells was
modified as follows: frosted slides were covered with a layer of 1%
NMPA (100 pL) and dried at room temperature, later a second layer
of 10 pL of cell suspension plus 0.75% LMPA (75 uL) was placed on
the same slide, spread, and solidified on ice. Slides were refriger-
ated at 4 °C for 30 min and placed in lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Trizma base, 10% DMSO and 1% Triton X-100,
pH 10) for 1 h. Once the time has elapsed, slides were placed in the
electrophoresis chamber which contained an alkaline solution
(300 mM NaOH and 1 mM EDTA, pH > 13). Electrophoresis was
performed at 300 mA and 25 V for 20 min. The process was halted
by rinsing in Trizma base (0.4 M, pH 7.4) and slides were to dry at
room temperature. Intraperitoneal (i.p.) injection with 20 mg
cyclophosphamide per kg of fish weight was used in the positive
control. Nucleoids from each slide were stained with 50 uL EB.
Scoring was done with an epifluorescence microscope (Zeiss
Axiophot-1) fitted with digital camera (ZWS-47DE) and imaging
software (Zeiss KS400 v3.01). We measured the total length con-
taining the nucleus and the migrated DNA (T), and divided the
result by the nucleus diameter (N) so as to obtain the T/N ratio in
100 nucleoids per fish, concentration and exposure time (Carino-
Cortés et al., 2010).

2.5. Micronucleus test

The cell suspension obtained from each specimen was fixed
with pure ethanol on a slide for 3 min, then stained with a 10%
solution of Giemsa in PBS (pH 6.7) for 10 min, and rinsed in tap
water. 1000 erythrocytes per fish were analyzed in a light micro-
scope. MNi frequency was expressed as the percentage of micro-
nucleated cells per 1000 cells (Cavas and Ergene-Goziikara, 2005).
Intraperitoneal (i.p.) injection with 20 mg cyclophosphamide per
kg of fish weight was used as a positive control.

2.6. Determination of Caspase-3 activity

The substrate [N-acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-
DEVD-pNA)] in the CaspACE™ colorimetric assay kit used to
determine Caspase-3 activity, binds to the enzyme, releasing the
chromophore pNA. A blank was prepared using 54 pL deionized
water and the reaction mixture, which includes: 32 pL caspase
buffer (312.5 Mm HEPES pH 7.5, 31.25% saccharose, 0.3125% CHAPS
(3-[(3-cholamidopropyl)-  dimethylammonio]-1-propane-sulfo-
nate)), 2 uL DMSO and 10 pL dithiothreitol (DTT, 100 mM). For the
control group and groups exposed to E2 (1 ng L™', 1 pg L~! and
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1 mg L™ 1), the following were used: 20 pL blood, reaction mixture
and 54 pL deionized water; for the positive control was used: re-
action mixture, 20 pL cellular extract [Jurkat cells (ATCC#TIB-152)
treated with anti-Fas mAb (50 ng mL~!, MBL International) in fetal
bovine serum (FBS)] and 34 pL deionized water. Finally, for
inhibited apoptosis samples: reaction mixture, 20 puL cellular
extract [Jurkat cells (ATCC#TIB-152) treated with anti-Fas mAb
(50 ng mL~!, MBL International) in FBS and 125 uL of the inhibitor
Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl)-fluo-
romethylketone, 20 mM)] and 34 pL deionized water.

After all solutions had been transferred, 2 pL of substrate DEVD-
pNA was added to each well. Absorbance was read at 405 nm and
the specific activity of caspase-3 was calculated. Results were
expressed as nM free pNA h™! g protein~!. Protein content as
determined by the Bradford (1976) method was used to normalize
the results of enzymatic activity.

2.7. TUNEL assay

For this test, the ApopTag Fluorescein S7110 kit was used.
Samples (100 pL) of the cell suspension diluted 1:15 in preservative
solution were centrifuged at 800 x g for 5 min at 4 °C, and the cell
pellet was resuspended in 50 pL mounting solution from the
cytology system Kkit. Later, 1 pL of this suspension was placed on a
microscope slide with poly-i-lysine, dried for 5 min at 60 °C. After
drying, fixed with cold acetone for 10 min, and hydrated in suc-
cessive changes (from 100% to 50%) of xylene, ethanol and water.
The cells were next treated with proteinase K (20 pg mL™!) for
10 min, then washed with PBS. After, 60 uL equilibrium buffer was
added, and incubation with 65 pL TdT enzyme at 37 °C for 60 min.
Finally, the cells were rinsed in PBS prior to adding anti-FITC con-
jugate that was use as a cell marker, and were maintained at room
temperature for 30 min, then were again rinsed in PBS, stained with
PI (1.5 pg mL™"), and observed under an epifluorescence micro-
scope equipped with a digital camera. In our assay, a negative
control sample was included, consisting of cells treated as
described above but without addition of TdT, while the positive
control sample consisted of cells loaded with DNase I (1 pg mL™1).
Rate of apoptosis was expressed as the percentage of TUNEL-
positive cells in 100 cells per sample.

B Control Positive control

TIN Index

2.8. Pearson's correlation between geno and cytotoxicity
biomarkers

Pearson's correlation analysis was used to find potential corre-
lations between geno (comet assay and micronucleus test)- and
cytotoxicity (TUNEL assay and Caspase-3 activity) biomarkers. The
Sigmastat v2.03 program was used.

2.9. Statistical analysis

All variables were expressed as the mean + SEM. To compare the
means for each variable, a one-way repeated measures ANOVA was
performed, followed by Dunn's test. Results of Cas-3 activity were
subjected to a Friedman repeated measures ANOVA by ranks, fol-
lowed by Student-Newman-Keuls post hoc multiple comparison
tests. The significance level was set at p < 0.05, and SigmaPlot v12.3
software was used.

3. Results

A tendency towards increased DNA damage compared to the
control group was seen at most exposure times with the 1 ng L™!
concentration of E2, but was significant only at 96 h (p > 0.05). A
similar behavior was found with 1 pug L™, the highest significant
increase occurring at 24 h. Damage index values with the 1 mg L~!
concentration did not differ from control group values at any
exposure time, but a peak was observed at 12 h. The positive
control was increased significantly in approximately 27—30% re-
spects to control group in all exposure times (Fig. 1).

Low percentages of MNi were found in control group cells at all
exposure times (0.100 + 0.014), while test concentrations showed
significant increases at all exposure times, and a concentration-
dependent peak at 48 h. The positive control showed significant
difference in approximately 100—110% respects to control group in
all exposure times (Fig. 2).

Increases in activity of Cas-3 with respect to the control group
were found with all concentrations at all exposure times, except
with the 1 pg L~! concentration where a 1% reduction relative to the
control group was found at 96 h. Activity levels were observed to be
similar at all exposure times, except at 48 h when the group
exposed to 1 mg L' had a significant, more than four-fold higher

MW ingL” W ougt’ 1mgL"

48 12 8
Time (h)

Fig. 1. Comet assay determination of DNA damage in blood of Cyprinus carpio exposed to E2. Bars represent the mean + SEM of damage index values from six specimens per
concentration and exposure time (100 nucleoids per fish). The assay was performed in triplicate. *Significantly different from the control group (p < 0.05).
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Fig. 2. Frequency of micronuclei (MNi) in blood of Cyprinus carpio exposed to E2. Bars represent the mean + SEM of six specimens per concentration and exposure time. The test

was performed in triplicate. *Significantly different from the control group (p<0.05).

increase with respect to the control group and all other concen-
trations and exposure times. The positive control was increased
significantly in approximately 100% respects to control group in all
exposure times (Fig. 3).

The percentage of TUNEL-positive cells in the control group was
within 27—35% at all exposure times. Groups exposed to the 1 ng
and 1 pg L~! concentrations showed a significant increase from
48 h on and up to 72 h that was approximately 9% and 12%
respectively above mean values in the control group. A similar
behavior was observed in the group exposed to 1 mg L™, but
beginning at 12 h. The positive control showed significance in
approximately 100—110% respects to control group in all exposure
times (Fig. 4).

Table 1 shows, respectively, the correlations observed between
the geno- and cytotoxicity biomarkers respectively at the different
exposure times, as can be seen, there is a higher correlation in the
concentration of 1 ng at 48 h in the biomarkers of genotoxicity,
while this correlation is observed in the concentration of 1 ug in
cytotoxicity case.

4. Discussion

The aquatic environment is the ultimate recipient of the
increasing amount and range of contaminants, which could be
potentially genotoxic and carcinogenic (Claxton et al. 1998). Studies
regarding E2 effects on fish have been focused on endocrine as-
pects. It is known that it may alter gonadosomatic index in males,
reduce egg production in females, induce vitellogenesis in males
and juveniles as well as decrease fertility (Mills et al., 2001; Kang
et al., 2002). However, it has also been reported that E2 can stim-
ulate the production of reactive oxygen species (ROS), which results
in oxidative damage to aquatic organisms (Gutiérrez-Gémez et al.,
2016). Biomarkers for monitoring environmental health are infor-
mative tools for detecting exposure and effects of chemical

pollutants, including EDCs (Adeogun et al., 2016). Among the
techniques to detect genotoxic effects, the comet assay detects DNA
single-strand breaks (strand breaks and incomplete excision repair
sites), alkali-labile sites and cross-linking, with the single-cell
approach typical of cytogenetic assays (Kumaravel and Jha, 2006;
Kumaravel et al., 2007). The positive control that was used was
cyclophosphamide, an alkylating agent, it has been shown to
possess various genotoxic and carcinogenic effects (Wang et al.,
2006). In our study, comet assay found a significant increase in
1 ngand 1 pg L~ of E2 (Fig. 1). This increase was time-dependent,
occurring at 24 h with the higher concentration and 96 h with the
lower one. In fish exposed to 1 mg L™, a non-significant maximum
increase of approximately 24% above control group values was seen
at 12 h. The damage found in blood cells of C. carpio may be
explained by the E2 biotransformation in which are formed 2- and
4-hydroxyestradiol (2-OH-E2 and 4-OH-E2) (Mauras et al., 2015). In
fishes, E2 metabolism occurs predominantly in the liver (Butala
et al., 2004). Free-radical intermediates and ROS formed during
biotransformation of xenobiotics can initiate macromolecular
changes, namely DNA damage, necrosis and apoptosis (Van der
Oost et al,, 2003). In humans, also the liver is the primary site of
E2 metabolism, where the rate of 2-hydroxylation catalized by
P450 1A2, P450 3A3 y P450 3A4, greatly exceeds that of 4-
hydroxylation (Hayes et al., 1996), both metabolites can directly
or indirectly damage DNA, proteins, and lipids through the gener-
ation of reactive free radicals by the reductive-oxidative cycling of
these catechol estrogens between their semiquinone and quinone
forms (Liehr and Roy, 1990; Dwivedy et al., 1992; Nutter et al., 1994).
Quinone intermediates may react with purine bases of DNA to form
depurinating adducts that generate highly mutagenic apurinic
sites. Several types of indirect DNA damage are caused by estrogen-
induced oxidants, such as oxidized DNA bases, DNA strand
breakage, and adduct formation by reactive aldehydes derived from
lipid hydroperoxides (Cavlieri et al., 2000). On the other hand,
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Fig. 3. Relative activity of caspase-3 in blood of Cyprinus carpio exposed to E2. Bars represent the mean + SEM of six specimens per concentration and exposure time. The test was
performed in triplicate. *Significantly different from the control group and all other test concentrations (p<0.05).
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Fig. 4. Percentage of TUNEL-positive cells in blood of Cyprinus carpio exposed to E2. Bars represent the mean + SEM of six specimens per concentration and exposure time (100 cells
per fish). The assay was performed in triplicate. *Significantly different from the control group (p<0.05).

enzymes, such as glutathione, a major endogenous antioxidant,
which plays a crucial role in protecting cells from exogenous and
endogenous toxins, and which exists in the glutathione reduced
(GSH) and glutathione disulphide (GSSG), was reported by Lv et al.
(2016) an increased dose dependent, specifically the activity of
GSSG of P. aibuhitensis exposed to E2; in addition to this, Gutiérrez-
Gomez et al. (2016) also found a significant increase in the activity

of the antioxidant enzymes superoxide dismutase, the first defense
and the main enzyme responsible for the conversion of superoxide
anion to hydrogen peroxide, and glutathione peroxidase in blood of
C. carpio exposed to concentration of 1 mg L~! E2 at 96 h; the in-
crease of these enzymes could explain the results in the comet
assay that demonstrated less damage to concentration of 1 mg L™},
evidencing a greater activity as a mechanism to counteract
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Pearson's correlation between A. Genotoxicity and B. Cytotoxicity biomarkers in blood of C. carpio.

A.

Biomarkers Micronucleus Test
Concentrations 1ng 1ug 1mg

12h 24h 48 h 72h 96 h 12h 24h 48 h 72h 9% h 12h 24h 48 h 72h 9% h
12h 0986 | 0.829 | 0.966 0.52 0.793 | -0.164 | 0.267 | 0484 | -0.591 | 0471 | -0.311 | -0.155 | 0.1 0.809 | 0.704
24h 0.922 0.92 0876 | 0685 | 0.752 | 0.027 | 0.103 | 0.598 | -0.372 | 0.262 | -0.243 | -0.275 | -0.127 | 0938 | 0478
ing 48 h -0.674 | -0.444 | -064 | -0.824 | -0.935 | 0.304 | -0.205 | -0.761 | 0.332 | 0.051 | -0.391 | -0.285 | -0.252 0.7 -0.327
72h 0262 | -0.243 | 0283 | 0472 | 0572 | -0.304 | 0.528 | 0278 | -0415 | 0.021 | 0.776 | 0.822 | 0676 | 0.151 | 0.147
96 h 0.395 | -0.143 | 0.418 | 0.527 | 0.601 | -0.206 | 0.629 025 | -0517 | 0.142 | 0.743 | 0821 | 0687 | 0.266 | 0.203
12h | -0.338 | 0.022 | -0.336 | -0.473 | -0.788 | 0.620 | -0.228 | -0.572 | 0.323 | 0.101 | -0.502 | -0.529 | -0.528 | -0.209 | -0.334
24h 0.158 | 0.012 | 0.188 | 0.029 | -0.406 | 0.839 | 0.544 | -0.573 | -0.269 | 0.473 | 0.109 | 0.188 | 0.038 | 0.187 | -0.192
1ug 48 h 0.924 0.7 0904 | 0.728 | 0.704 | 0.162 | 0.441 | 0412 | -0.554 | 0.395 0.07 0101 | 0.145 | o891 | 0419
72h -0.444 | -0.275 | -0.484 | 0177 | 0.218 | -0.498 | -0.525 | 0.534 | 0.527 | -0.784 | 0.396 | 0.068 | -0.101 | -0.215 | -0.306
96 h 0981 | 0.743 | 0971 | 0475 | 0.852 | -0.311 | 0321 | 0.487 | -0663 | 0497 | -0.27 | -0.053 | 0.244 0.73 0.785
0.269 | -0.316 | 0.317 | 0.129 | 0.568 | -0.639 | 0.551 | 0.149 | -0.587 | 0.234 | 0.485 | 0.773 085 | -0.092 | 0.463
-06 | -0.344 | -0.624 | 0.132 | -0.841 | 0.822 | -0.151 | -0.266 | 0.607 | -0.491 | 0.52 0.083 | -0.415 | -0.103 | -0.948
0694 | 0443 | 0732 | -0.098 | 0.103 | 0.199 | 0.555 | -0.323 | -0.714 | 0.882 05 | -0.079 | 0228 | 0338 | 0615
-0.392 | -0.791 | -0.305 | -0.765 | -0.279 | -0.547 | 0.332 | -0.566 | -0.311 | 0.304 | 0.043 | 0.504 | 0.691 | -0.867 | 0.269

0.368 | -0.074 | 0.373 | 0644 | 0636 | -0.169 | 0498 | 0.382 | -0.381 | -0.013 | 0.781 | 0.742 | 0.554 | 0.348 0.1

B.
Biomarkers Caspase-3
Concentrations 1ng 1ug 1mg

12h 24h 48h 72h 96 h 12h 24h | 48h 72h | 9%h 12h | 24h | 48h | 72h | 9h
12h | -0.579 | -0.160 | -0.593 | -0.330 | -0.326 | 0429 | 0.283 | 0.856 | 0.477 | 0.046 | -0.566 | 0.786 | -0.495 | -0.647 | 0.319
24h 0.545 | -0.186 | 0.402 | 0.300 | -0.769 | 0.374 | 0.804 | -0.328 | 0466 | -0.621 | -0.327 | -0.097 | 0.123 | 0.167 | 0.505
1ng 48 h 0541 | 0432 | -0.556 | -0.381 | -0.238 | 0.409 | 0415 | 0.096 | 0419 | -0.887 | -0.247 | -0.359 | 0.709 | -0.659 | 0.106
0.309 0.026 | -0.387 | -0.250 | -0.735 | 0.631 0.855 0.317 | 0.720 | -0.869 | -0.645 | 0.148 | 0.216 | -0.611 | 0.546
0.146 | 0.329 | -0.307 | -0.529 | 0.763 | -0.561 | -0.513 | -0.120 | -0.623 | -0.270 | 0.296 | -0.604 | 0.630 | -0.159 | -0.350
0496 | 0.080 | -0.153 | 0.054 | -0.844 | 0.729 | 0.870 | 0.061 | 0.805 | -0.763 | -0.485 | 0.034 | 0.241 | -0.391 | 0.457
; 0518 | 0.022 | 0.136 | -0.211 | -0.007 | -0.227 | 0.264 | -0.360 | -0.188 | -0.742 | -0.072 | -0.535 | 0.557 | 0.057 | 0.198
z -0.011 | -0.469 | 0.953 | 0.727 | -0.251 | -0.166 | 0.067 | -0.523 | -0.133 | 0.500 | 0.185 | 0.120 | -0.512 | 0.908 | 0.122
:z, 0.241 | -0.018 | 0.807 | 0.565 | 0.418 | -0.532 | -0.522 | -0.826 | -0.596 | 0.517 | 0.700 | -0.513 | 0.065 | 0.922 | -0.422
= -0.388 | -0.496 | -0.393 | -0.862 | -0.115 | -0.256 | 0.494 | 0652 | -0.124 | -0.749 | -0.824 | 0.399 | -0.136 | -0.508 | 0.749
-0.349 | -0.225 | 0424 | 0598 | -0.133 | 0.111 | -0.179 | -0.055 | 0.092 | 0.847 | 0.201 | 0427 | -0.663 | 0.463 | -0.128
-0.243 | 0521 | -0.727 | -0.198 | 0.340 | 0.279 | -0.471 | 0.439 | 0.178 | 0.370 | 0.207 | 0.103 | 0.093 | -0.578 | -0.511
-0.738 | -0.464 | 0.264 | 0.173 | 0.144 | -0.263 | -0.301 | 0.253 | -0.254 | 0.817 | 0.009 | 0618 | -0.826 | 0.347 | 0.024
-0.701 | -0.802 | 0.448 | 0.051 | -0.353 | -0.218 | 0.347 | 0.340 | -0.092 | 0.283 | -0.529 | 0.836 | -0.978 | 0.351 | 0.665
-0.497 | -0.181 | 0.328 | 0.395 | 0.276 | -0.213 | -0.521 | -0.024 | -0.262 | 0.966 | 0.350 | 0.323 | -0.598 | 0.465 | -0.304

oxidative DNA damage induced by E2. However, occasionally, such
damage is not effectively repaired or is erroneously repaired, elic-
iting changes in the original DNA sequence (Cavalieri and Rogan,
2014), for this reason, and to evidence the damage, the comet
assay is often applied in conjunction with the MNi test, that due to
its simplicity, is one of the most applicable techniques to identify
genomic alterations in environmental animals. MNi are formed in
the process of cell division and their expression can occur at
different times after the DNA damage event, depending on the cell
cycle kinetics and the mechanism of induction (Bolognesi and
Hayashi, 2011). Their presence in a cell population such as circu-
lating erythrocytes is indicative of the end of such lesions (Canistro
et al.,, 2012). In the present study, significant increases in MNi fre-
quency occurred with all concentrations from 12 h on, reaching a
peak at 48 h and declining thereafter (Fig. 2). In the literature,

appearance of MNi in aquatic organisms is said to take place
approximately 5 or 10 days after exposure, even though shorter
periods averaging 2—3 days have been reported in most fish species
(Udroiu, 2006). E2 can also induce damage at the chromosome
level. This compound is said to induce clastogenic and aneugenic
effects detectable by micronucleus test. Such damage is generally
considered an indicator of genomic instability (Kabil et al., 2008;
Kumar et al.,, 2015). Among the potential targets for induction of
numerical chromosomal aberrations or chromosome breakage are
the mitotic spindle (microtubules and centrioles), DNA and proteins
regulating it, and centromeres. Alterations in these cell compo-
nents are induced by E2 metabolites directly via covalent bonding
or indirectly by free radical formation, as discussed above. Similar
results regarding the genotoxicity of E2 have been found in other
fish species. For instance, this compound has been reported to
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induce nuclear anomalies in erythrocytes of S. aurata exposed to
4000 ng L' for 10 days (Teles et al., 2005). The same effect was
observed in D. labrax juveniles treated with 200 and 2000 ng L~ for
10 days (Teles et al., 2006). In the latter species, using identical
concentrations, Maria et al. (2008) found loss of DNA integrity in
liver, gill, kidney and blood. At the same concentrations, loss of DNA
integrity was found in liver of Japanese sea bass after 5, 10 and 15
days of exposure (Thilagam et al., 2010). Similarly, in gonad of
Carassius auratus exposed to a range of concentrations from 38 to
145 ng L~! for 3, 7, 10 and 14 days, genetic damage increased as
determined by comet assay (Yan et al., 2013b). In the review, most
authors agree that E2-induced genotoxicity is related to oxidative
stress. Pearson's correlation about the genotoxicity data showed
that there is a high correlation between the comet assay and
micronucleus test in the concentration of 1 ng at 48 h. Kim and
Hyun (2006) found a concordance between the comet assay and
the micronucleus test, their results shows that the sensitivity of the
comet assay seemed to be higher than the micronucleus test using
C. carpio.

Therefore, combining the use of the comet assay and micronu-
cleus test in the present study enabled detection of multiple
damage at different levels in a much shorter time period than the
ones used by other authors. Both techniques are preferred in
aquatic toxicology studies due to their high sensitivity and their are
also an excellent tool for evaluating environmental contaminants
with diverse molecular targets, as in the case of E2 (Kumar et al.,
2015).

The organisms respond to the presence of DNA lesions by acti-
vating cell cycle checkpoint and repair mechanisms, and have the
possibility of eliminating the damaged cells by triggering their
death. Induction of apoptosis has been recognized as a possible
outcome of DNA damage (Norbury and Zhivotovsky, 2004). Estra-
diol promotes cell survival or death depending on the context of the
cells or tissue in question (Williams et al., 2007). In mammalian
cells, these antagonistic effects are mediated by different estrogen
receptors: ERa, which promote cell cycle progression and apoptosis
prevention, and ERP, which stimulate Fas ligand expression
(extrinsic pathway) and promote caspase activation (Acconcia et al.,
2005). On the other hand, in eukaryotic cells, when a large number
of DNA lesions are present, the cell cycle is arrested at G1 to prevent
DNA replication, allowing time for errors to be repaired or
apoptosis to be initiated (intrinsic pathway). In rat spermatogenic
cells, both the extrinsic pathway, mediated by Fas receptors, and
the intrinsic pathway where the mitochondrion is involved, have
been shown to be implicated in cell death following exposure to E2
(Mishra and Shaha, 2005).

Irrespective of the pathway, the signaling cascades converge on
activation of Caspase-3, an inactive proenzyme located in the
cytosol of non-apoptotic cells wich is activated during early
apoptosis and acts as an effector protease that cleaves cellular
substrates and produce morphological alterations characteristic to
apoptosis (Hirata et al., 1998), this test detect membrane and pro-
tein alterations associated with apoptosis and allows the observa-
tion of early levels and effects associated with xenobiotic exposure
(Sweet et al., 1999); for that reason, determination of the activity of
caspase-3 has been extensively used as an indicator of apoptosis
(Dahmer, 2005). The monoclonal antibodies (mAbs) that bind to
the cell surface receptor Fas, are apoptosis inducer (Fisher et al.,
1995). In this assay anti-Fas mAb was used as the positive control.
A significant increase (p < 0.05) in specific activity of caspase-3 was
observed in the positive control with respect to the control group at
all exposure times. Activity levels with the lowest concentration
were similar at most exposure times, while the 1 pg L~! concen-
tration produced a peak at 72 h that was not significant with
respect to other exposure times, and a slight reduction (to 99%) at

96 h. In carp exposed to 1 mg L), the highest significant activity
was evidenced at 48 h (Fig. 3). The compound E2 modulates the
regulation of apoptotic signaling pathways. In oocytes of teleost
fishes, it induces cell proliferation, interrupting cell death and
steroidogenesis as long as estrogen concentrations are at normal
physiological levels. In contrast, at higher concentrations, E2 pro-
motes increased apoptosis (Nadzialek and Kestemont, 2010), as
seen in the present study.

During apoptosis, after caspases have been activated by the cells,
chromatin condensation occurs, followed by activation or synthesis
of diverse calcium-dependent nucleases that cleave both strands of
the double helix at nucleosome binding sites, resulting in specific
fragmentation (Vazzana et al., 2014). TUNEL is an assay based on
incorporation of biotinylated nucleotides conjugated to bromo-
deoxyuridine (BrdU) at the 3’ OH ends of the DNA fragments that
form during apoptosis. TUNEL assay may be considered generally as
a method for the detection of DNA damage (DNA fragmentation),
and under the appropriate circumstances, more specifically as a
method for identifying apoptotic cells (Lawry, 2004).

Therefore, this assay should be performed in combination with
another method of apoptotic cell detection, such as Cas-3 activity
determination. In the present study, significant increases in TUNEL-
positive cells in the highest concentration and both 1 ng and
1 pg L1 at 48 and 72 h (Fig. 4) were found despite the fact that the
relative activity of Caspase 3 was elevated but did not differ
significantly. These results suggest that a potential inhibition of
apoptosis was not carried out completely. When damage is such
that the cell is unable to repair itself, mechanisms directing the cell
to die are activated (Zhou and Elledge, 2000). Pearson's correlation
about the cytotoxicity data showed that there is a high correlation
between TUNEL assay and caspase-3 activity in the concentration of
1 pg at 48 h.

Due to all the above, the cytotoxicity and genotoxicity data
found in this study, could be related to the ability of E2 to generate
oxidative stress. This was proven in a previous study already pub-
lished in which it was demonstrated that E2 is capable of gener-
ating oxidative stress in gill, brain, liver, kidney and blood of
common carp (Cyprinus carpio) at the same concentrations used in
this study (Gutiérrez-Gémez et al., 2016). The significant increase in
damage index values represents accumulation of DNA damage but,
as evidenced by the biomarkers of apoptosis used in the study, the
cell death process may mask this effect. For instance, in fish
exposed to 1 mg L~! no significant increase was found by comet
assay, yet this concentration had the highest increases in TUNEL-
positive cells and relative activity of Caspase-3. Results in the pre-
sent work to comet assay showed less damage to the concentration
of 1 mg L™, Possibly at the highest concentration, repair mecha-
nisms were overexpressed.

5. Conclusions

E2 induced cyto-genotoxicity in blood cells of Cyprinus carpio at
the concentrations used. This may favor disease development and
affect species survival in aquatic ecosystems. The set of assays used
in the study constitutes a reliable early warning biomarker for
evaluating the toxicity induced on aquatic species by this type of
emerging contaminants. The results show that E2 poses a risk to the
animals as common carp to induce cyto and genotoxicty and rep-
resents a latent risk to community.
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