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ARTICLE INFO ABSTRACT

Keywords: The present study focuses on the effects of E, and EE, environmental concentrations on different components of
Endocrine disruptors the reproductive axis of pejerrey (Odontesthes bonariensis), a native fish species from Pampas lakes of Argentina.
Estradiol The results obtained demonstrated that E, and EE, separate or mixed, could disrupt key pathways of the pejerrey
Ethi“ylesnjadi'ﬂ_ Brain-Pituitary-Gonadal axis. First, it was observed that at the brain level, gnrh-III and cyp19alb mRNA ex-
E;er‘::;lmve axis pression increased significantly in the exposed fish. Secondly, in the pituitary fshb and lhb mRNA expression

levels, the study did not show any differences between treated and control groups. Thirdly, fshr and lhcgr
transcript levels showed a significant decrease at testicular level. Nevertheless, testosterone plasmatic levels
remained unchanged in exposed fish. In addition, in a histological analysis, it was possible to find pyknotic
nuclei in estrogen only on treated fish testis linked to a reduction in the GSI index and a decrease in the length of
spermatogenic lobules. All these findings highlighted the fact that environmental concentrations of E,, EE, and

their mixture disrupted the endocrine-reproductive axis of pejerrey, being the testis the main direct target.

1. Introduction

Estrogenic substances such as 17f-estradiol (E,) and 17a-ethiny-
lestradiol (EE,) are pollutants that contribute to the estrogenic activity
in waters of the world (Desbrow et al., 1998). In vertebrate ovaries, E,
is produced during oocyte growth (Zohar et al., 2010), while EE, is a
synthetic hormone used in contraceptive pills (Kolpin et al., 2002;
Laurenson et al., 2014). Both estrogens are excreted through the urine
in the aquatic environment (Guengerich, 1990) making it possible to
measure concentrations from less than 1 up to 300 ng/L for EE, (Kolpin
et al., 2002; Laurenson et al., 2014; Caspillo et al., 2014), and 1 up to
631 ng/1 for E, (Desbrow et al., 1998; Valdés et al., 2015).

Chascomiis shallow lake (35°38'S 58°0'W) is a typical water body of
Argentina's Pampa region and due to its particular physicochemical
characteristics (Diovisalvi et al., 2010) it is possible to accumulate
different pollutants as estrogens (Valdés et al., 2015). In this sense, E,
and EE, (369 and 45 ng/L respectively) were measured in the waters of
the “Girado” stream which is connected to Chascomiis shallow lake, and
where the effluents of the City of Chascomis are discharged. The re-
ported concentrations are higher compared to other lakes around the
world This may be due to a poor service of the local sewage plant of
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Chascomds city. In all Pampa's lakes, and specially in Chascomts, a
population of an important native fish species, pejerrey (Odontesthes
bonariensis), lives (Somoza et al., 2008; Colautti et al., 2015). Moreover,
pejerrey is an excellent model to study environmental aquatic tox-
icology due to its sensitivity to pollutants (Pérez et al., 2012; Garriz
et al., 2015).

Although, estrogens levels found in dischargeable effluents are re-
latively low, E, concentrations recorded on the surface of water are
usually higher than EE, (Desbrow et al., 1998; Kolpin et al., 2002;
Laurenson et al., 2014; Valdés et al., 2015). And these two pollutants
can act as sexual endocrine disruptors (ED) in different fish species
(Brion et al., 2004; Cheshenko et al., 2008; Caspillo et al., 2014).

The reproductive cycle of teleost fish is regulated by different hor-
mones and enzymes of the Brain-Pituitary—-Gonadal axis in order to
stimulate gametogenesis and spawning (Zohar et al., 2010). The go-
nadotropin releasing hormone (GnRH) is the neuromodulator that co-
ordinates the synthesis and the release of pituitary gonadotropins
(Gths) follicle, stimulating hormone (FSH) and luteinizing hormone
(LH). These hormones play a central role in the regulation of gameto-
genesis and the production of sexual steroids, through their receptors at
gonadal level (Levavi-Sivan et al., 2010). Sexual steroids exert negative
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and positive feed-back effects at the pituitary and hypothalamus levels
to modulate the synthesis and release of GnRH and Gths (Zohar et al.,
2010). The whole reproductive cycle regulation represents a complex
process in fish, including the reception of environmental cues that can
be disrupted by environmental stressors (Miranda et al., 2013). There is
also a wealth of data that proves that environmental estrogens can in-
fluence or disrupt the normal endocrine regulation of the reproductive
cycle (Johns et al., 2011). These kinds of reproductive alterations in-
clude the induction of different genes and proteins, changes in the
gonadal structure and in the expression of secondary sex characteristics,
and/or in the sexual behavior (Johns et al., 2011; Guyén et al., 2012;
Caspillo et al., 2014; Roggio et al., 2014). Exposures to estrogens cause
also a decrease in the gonadosomatic index (GSI), morphological
changes in the gonads (Van den Belt et al., 2002; Versonnen and
Janssen, 2004), an increase in Vitellogenin (Vtg; Tyler et al., 1996) and
a rise of its expression in the liver of zebrafish (Danio rerio) males
(Henry et al., 2009). Even more, EE, was able to modify zebrafish sex
differentiation process producing sex reversal in males (Orn et al.,
2003). But a peculiar characteristic of this pollutant is that the effects
on adult fish could be reversible depending on timing, duration and
concentration of the exposure (Van den Belt et al., 2002; Maack and
Segner, 2004; Schéfers et al., 2007).

Looking for new and better estrogens biomarkers, Caspillo et al.
(2014) demonstrated that the exposures of adult zebrafish males to 0.5
or 25 ng/L of EE, for 14 days produced both, a significant down-reg-
ulation of male-predominant genes such as amh (anti-mullerian hor-
mone) and dmrtl (double sex and mab-3 related gene 1), and a sig-
nificant induction of vtg transcription in the liver, suggesting a
demasculinization process of the testis. In addition, fathead minnows
(Pimephales promelas) males exposed to relevant concentrations of E,
(32, 100 and 320 ng/L) during 14 days, showed a dose-dependent in-
duction of plasma Vtg and an inhibition of testis growth (Halm et al.,
2002).

Since the gonadal steroidogenesis pathway, the enzyme P450arom
plays an important role in the sexual differentiation and gonadal de-
velopment in all vertebrates, because it catalyzes the conversion of
testosterone (T) to E, during steroidogenesis (Simpson et al., 2002).
Two different aromatase isoforms exist in teleost fish: cypl9ala
(P450aromA) expressed in the gonads and cyp19alb (P450aromB) ex-
pressed in the brain (Kishida and Callard, 2001). It has been reported
that estrogens exposures cause an upregulation of cyp19alb gene (Halm
et al., 2002; Kishida and Callard, 2001; Kazeto et al., 2004) and an
increase of the aromatase activity in males of fathead minnow (Halm
et al., 2002), medaka (Oryzias latipes; Contractor et al., 2004), and
cunner (Tautogolabrus adspersus; Mills et al., 2014). Also, Jennynsia
multidentata adult males exposed to E, (75 and 150 ng/L) and EE, (50,
100 and 250 ng/L) showed an increase of cyp19alb gene expression
(Guyon et al., 2012; Roggio et al., 2014). All the data mentioned above
indicates that aromatase expression is a good estrogens exposure's
biomarker and a key gene that could be related to abnormalities in the
reproductive axis and in sex behavior (Guy6n et al., 2012).

Steroids plasmatic levels could vary in different ways under es-
trogen exposure. For example, elevated 11-ketosterone (11-KT) plasma
levels were reported in rainbow trout males (Oncorhynchus mykiss) ex-
posed to 10 ng/L of EE, but at the same time, a reduction of 11-KT
plasma levels was observed when these fish were exposed to higher EE,
concentration (100 ng/L; Schultz et al., 2003). Also, 11-KT levels in
estrogen treated goldfish (Carassius auratus) were reduced and, as ex-
pected, the E, levels were increased (Golshan et al., 2015).

There are only two works about the effects of estrogens in O. bo-
nariensis, in which larvae were fed with estrogens through the diet. One
of the studies demonstrated that E, administration (20 and 50 mg/kg)
produced 100% females (Striissmann et al., 1996), and the other one
reported that EE, administration led to a feminization process in the
pejerrey larvae during the first weeks after hatching, increasing the
expression of cyp19ala (Pérez et al., 2012). Furthermore, a recent study
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has demonstrated that E, and EE, environmental concentrations ne-
gatively affected sperm motility, fecundity, and embryo and larval
survival (Géarriz et al., 2015).

There are many studies that describe adverse effects of environ-
mental estrogens in different fish species. However, these works usually
focus more on the effects in a particular developmental stage, sex or
only one component of the reproductive system. Within this context,
the aim of the present study was to evaluate in-depth the effects of the
exposition of environmental concentrations of E, and EE, and their
mixture in the pejerrey endocrine-reproductive axis, analyzing the ex-
pression of several genes at brain, pituitary and gonadal levels.
Additionally, in order to find a possible damage in the testis, a detailed
gonadal histology analysis was performed.

2. Materials and methods
2.1. Fish exposure and sampling

Pejerrey mature males (Weight: 42.31 + 3.43 g; Standard Length:
16.21 + 0.36 cm) were selected from the stock of IIB-INTECH aqua-
culture facilities during the spawning season (spring) and kept in 60 L
glass aquariums containing 50 L of volume solution in a closed room at
air temperature (20 °C) and photoperiod (12 h light: 12 h dark). A static
exposure system was implemented with 6 fishes per aquarium (5 males
and 1 female to keep reproductive activity) and artificial aeration. For
this study it was used water with the estrogens environmental con-
centrations in the surface water of Girado stream as reported by Valdés
et al. (2015): 350 ng/L (1.28 nM) of E,, 45 ng/L (0.15 nM) of EE, and
the mixture of both estrogens at these same concentrations. First, a
100 mg/1 stock solution for each estrogen was diluted in ethanol. Both
stock solutions were diluted for a second time in ground water, 1/100
times for EE, and 1/10 times for E,, and from these stocks the doses for
each treatment were prepared. The quantity of ethanol added to the
aquariums was less than 0.07% of the total volume. Since there is a
previous study performed in the same fish species where there were no
differences between solvent and control groups (Garriz et al., 2015),
and also to avoid the unnecessary death of fish, the solvent control was
not performed in this experiment. The control group consisted only
with ground water (pH 7.97; Osmolarity 222.7 mOsm/L; Alkalinity
611.3 mg CaCOs/L; Hardness 202.7 mg CaCOs/L; Nitrites 100 pg/L;
Nitrates 19 mg/L). The time of exposure was 14 days and the estrogen
compounds were added every 48 h, taking into consideration their half-
life (24-48 h) reported for E, (Guyon et al., 2012; Meijide et al., 2016)
and for EE, (Hashimoto et al., 2008; Roggio et al., 2014). Before
pouring the estrogens compounds, the bottoms of the aquariums were
cleaned up to remove feces and remained food and then, the volume of
water was restored up to 50 litters. The physicochemical parameters
such as dissolved oxygen (DO), ammonia levels, pH and water tem-
perature were recorded every day. All the fish were fed once a day (1%
body weight) with commercial food 3 mm pellet (Protein: 42.9%; Li-
pids: 1.5%; Carbohydrates: 43.8% Phosphorus: 2.9%; Shullet, Bs. As.,
Argentina). Each estrogen treatment and control were tested by dupli-
cate.

All fish were euthanized with benzocaine (100 ppm) at the end of
the treatment (day 14), and sperm, blood and tissue samples were
collected. The brain, pituitary gland and testis from each pejerrey were
carefully collected and immediately flash-frozen in liquid nitrogen. The
brain was dissected into three sections: rostral (including the olfactory
bulbs and telencephalon), medium (from the optic tectum to the hy-
pothalamus) and the posterior section (containing the cerebellar body,
vagal lobe and medulla oblongata) that was discarded. All these sam-
ples were stored at —80 °C until the moment of analysis. The gonado-
somatic (GSI = gonad weight/body weight X 100) and hepatosomatic
index (HSI = liver weight/body weight X 100) were also assessed.
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2.2. Determination of sex steroids

Fish were anesthetized by immersion in a 100 ppm benzocaine, and
then blood samples (300-500 pL) were taken from the caudal peduncle
and collected in 1.5 mL tubes by heparinized syringes. They were then
centrifuged (3000g for 15 min at 4 °C) and the plasma was separated
and stored at —80° C. Prior to use, serum samples were extracted with
diethyl-ether and suspended in their initial volume of PBS buffer as it
was described in Elisio et al. (2012). E; and T plasma levels were
measured by an enzyme-linked immunosorbent assay (ELISA) based on
the principle of competitive binding, using commercial kits and fol-
lowing the manufacturer's protocols (DRG International Inc., Moun-
tainside, NJ, USA; E,: EIA-2693 and T: EIA-1559) previously validated
by Chalde et al. (2016). A standard curve was run for each ELISA plate.
The lower limits of detection were 288.99 pg/mL for T and 32.41 pg/
mL for E,. The optical density was read at 450 nm, for both T and E,.
The intra-assay coefficients of variance were < 10%.

2.3. Extraction of RNA, cDNA synthesis and gene expression measurements
by quantitative real-time gPCR

Total RNA was extracted from the brain, pituitary gland and testis
using Trizol (Invitrogen, CA, USA) following the manufacturer's in-
structions. Briefly, 50 mg of tissue were homogenized in 0.5 mL of
Trizol and chloroform (100 pL) were added. After mixing, samples were
centrifuged (12,000 x g for 15 min) and supernatants were transferred
into new tubes containing an equal volume of isopropanol. The mixture
was centrifuged (12,000g for 10 min) and the precipitated RNA pellet
was washed once using 0.5 mL of ethanol 75%. Total RNA concentra-
tion was estimated using a Sinergy H1 spectrophotometer (BioTek
Instruments Inc, Winooski, Vermont, USA) and its purity was verified
by A260 nm/A280 nm ratio. The RNA samples were treated with DNase
I (Invitrogen) and reverse transcribed using SuperScript II RNase H
(Invitrogen, except for pituitary gland samples where SuperScript III
was used because its greater efficiency) and oligo(dT) to obtain cDNA
samples. The cDNA template quality was checked before the RT-qPCR
analysis using B-actin as control. Gene-specific primers for RT-qPCR
analysis were designed to generate amplicons no longer than 155 bp
using the Primer Express software (Applied Biosystems, Foster City, CA,
USA; see Table 1). The PCR mix consisted of 2 L of diluted cDNA (ca.
100 ng), 1 pmol of each primer and 5 pL of FastStart Universal SYBR
Green Master (ROX, Roche Applied Science, Mannheim, Germany) in a
final volume of 10 pL. The reactions were performed in a StepOnePlus
Real-Time PCR System (Applied Biosystems, CA, USA). The efficiencies
of RT-qPCR ranged between 87% and 100%. Dissociation-curves ana-
lyses were run after each real-time experiment to ensure that there was
only one product. A reverse-transcriptase negative control was run for
each template and primer pair. The relative transcript levels of brain
GnRH variants (gnrh-I, gnrh-II and gnrh-III), brain aromatase (cyp19alb),
pituitary Gth-B subunits (fshb, lhb) and gonadal Gth receptors (fshr,
lhcgr) genes were determined in each individual using real-time RT-PCR
with the standard curve method following the procedure published by
Applied Biosystems (1997). The gene expression data were normalized
using two housekeeping genes: S-actin and elongation factor 1-a (EFla)
as reference. Because there were no significant differences between
them, the graphics only show S-actin results.

2.4. Histological analysis

For histological procedures a portion of each testicle was fixed in
10% neutral-buffered formalin, dehydrated, cleared and embedded in
Paraplast (Leica Biosystems Richmond Inc. USA). Each tissue block was
sectioned in 7 serial columns containing 7 sections of 6 um thick. There
was a 100 pm section space between each column so as to cover a re-
presentative testicle area. The samples were stained with hematoxylin
and eosin for observation under a light microscope. In one of the section
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Table 1
Oligonucleotid primers used for real time RT-PCR.

Primers (5'-3) Source sequence
gnrh-I (103):

Forward TGCACCTTGCCTGTTGTGG AY744689
Reverse GCGTCCATTTTCCCTGTCGGT

gnrh -1I (104):

Forward CTACTTGAGACCCCAGAGGCAGAA AY744687
Reverse AGCAGCGAAAGATGGAAAGCAGTC

gnrh -III (154):

Forward GAGGCAAGCAGCAGAGTTATGGTG AY744688
Reverse CTCCTCCTGTGCCCATCATCCT

cyp19alb (71):

Forward CCATCTTGATTACTCTGTTGTCTCGTT AY380061
Reverse CTTGATGCTGTTGAGGTTGCA

fshb (103):

Forward GGCTGCCACCTCGACTGTTAT AY319832
Reverse TGAAGCACAGTCCTTCACATATGG

Thb (96):

Forward CATCCAGTGGAAGCAACCATCT AY319833
Reverse CGTGCACACACTTTGGTACATGT

fshr (83):

Forward TGGCAAAACTAACGTACCCTTCA GQ258853
Reverse GTCGCCACAAAACAAGTTCCA

lhcgr (98):

Forward GCCATGCCAACACTGACTTCTATAG GQ258852
Reverse GGGTTTCTGTTGGCCACTTGT

b-actin (83):

Forward CTCTGGTCGTACCACTGGTATCG EF044319
Reverse GCAGAGCGTAGCCTTCATAGATG

of each 7 columns the total number of abnormal pyknotic nuclei was
counted following the criteria of Patino and Takashima (1995). In ad-
dition, the length of 5 spermatogenic lobules was measured in the same
sections, by micrographs taken with a light microscope Nikon Eclipse
E600, attached to a digital photomicrographic system (Nikon Digital
Sight DS-U2), and Image-Pro Plus software (Rockville, USA).

2.5. Statistical analysis

As no great differences were found in all the parameters analyzed
between males of duplicate aquariums for the statistics analysis, they
were grouped giving a n=10 for each estrogen treatment. Data is
presented as the mean + standard error of the mean (SEM). The dif-
ferences for all the parameters were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey's multiple comparison test. The
results were considered statistically significant at p < 0.05. Logarithmic
transformations were used for cyp19alb, lhcgr and fshr because the data
lacked the assumptions of the statistical test. Statistical analyses were
performed using GraphPad Prism 5.0 Software and SPSS Statistics 20.0
(IBM).

3. Results
3.1. Water quality, fish survival and body indexes (HSI and GSI)

Mean water temperature during the experiment was
22.14 = 0.11 °C. There were not significant differences between treat-
ments and between days of exposures in DO and pH measures, being the
total average 7.17 + 0.47 mg/L and 8.17 *+ 0.02, respectively. The le-
vels of ammonia were lower than 20 ppm, being bellow pejerrey tol-
erance limits (Gomez et al., 2007). Fish did not show signs of stress
during the experiment and only two fish died in the mix treatment. GSI
decreased in all the treatments compared with the control group, but it
was significantly different with the mix group (p < 0.05; Fig. 1A).
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Fig. 1. Gonadosomatic Index (GSI; A), Hepatosomatic Index (HSI; B), and plasma levels of T (C) and E, (D) measured in O. bonariensis fish exposed to E, (350 ng/L), EE, (45 ng/L) and the

mix of both estrogens (n=10; * differences between control and treatments p < 0.05).

There were not differences in HSI among the control and the estrogens
treatments (p < 0.05; Fig. 1B).

3.2. Sperm release and plasma sex steroids levels

It was not possible to obtain sperm samples from treated fish
meanwhile a low quantity of sperm was collected from the control fish.
For this reason, the quality of the sperm was not assessed. After 14 days
of exposure, there were not differences in T levels between treated fish
and the control group (Fig. 1C). However, E, levels were significantly
higher only in E, treated group compared with the control (Fig. 1D).

3.3. mRNA transcript levels of Brain-Pituitary-Gonadal axis genes

It was observed that gnrh-I and gnrh-III expression tended to increase
in the rostral brain section of treated fish. However, it was only sig-
nificantly different in gnrh-III expression between EE, treated fish and
the control group (Fig. 2). Otherwise, all the analyzed genes in the
medium brain section (gnrh-I, gnrh-II and cypl19alb) showed an ex-
pression increase in all the estrogenic treatments. Only the cyp19alb
expression was significantly higher in the mix group compared with the
control group (p < 0.05, Fig. 3).

At pituitary level, there were not clear differences for fshb and lhb
transcript levels between treated and control fish (Fig. 4A, B).

In the testis, fshr and lhcgr transcript levels decreased in all the
exposed fish compared to the control group. The differences were
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statistically significant between EE, and the mix group compared with
the control group for fshr (Fig. 4C); and between EE, treatment and the
mix group for lhcgr (Fig. 4D).

3.4. Gonadal histology

Severe testicular histological alterations were observed in all treated
fish compared to control fish. It was highly remarkable that exposed
fish presented testis with pyknotic nuclei (probably degenerating
spermatogonia), a shrinkage of the spermatic lobules, the loss of the
cyst structure with severe interstitial fibrosis, and containing markedly
fewer or even lacking spermatocytes and Leydig cells (Fig. 5). The
number of pyknotic nuclei was increased (Fig. 6A) in the mix treatment
compared with the control group, and the length of spermatic lobules
was significantly reduced in all the estrogen treatment compared with
the control group (Fig. 6B).

4. Discussion

The present study demonstrated that relevant environmental con-
centrations of E, and EE, had the ability to disrupt the Brain-Pituitary-
Gonadal axis of pejerrey fish, mainly at gonadal level.

Emphasizing the particulars effects on the endocrine-reproductive
axis, the results of the present study showed that environmental con-
centrations of E, and EE, altered the expression pattern of key genes
that control the whole axis, upregulating gnrh-III, cyp19alb, and down-
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Fig. 2. Gene transcript levels of gnrh-I (A) and gnrh-III (B) in the rostral region of the brain of O. bonariensis males exposed to E, (350 ng/L), EE, (45 ng/L) and the mix of both estrogens
(n= 10; * differences between control and treatments p < 0.05).

regulating fshr and lhcgr. Precisely, cyp19alb expression, is strongly levels increased after the exposure but they were significantly higher
regulated by E, through an estrogen-responsive element (ERE) localized only in the mix. Other experiments could be done in order to test
in the promoter of the gene, even at very low doses of estrogenic whether under a longer time of exposure to each estrogen separately
compounds (Kazeto et al., 2004; Menuet et al., 2005). This experiment major changes occur. The alteration of cyp19alb gene expression levels
also showed, that in all treated pejerrey the brain aromatase transcripts was associated with a fluctuation in the activity of this enzyme in the
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Fig. 3. Gene transcript levels of gnrh-I (A), gnrh-II (B) and cyplalb (C) in the medium brain region of O. bonariensis fish exposed to E, (350 ng/L), EE, (45 ng/L) and the mix of both
estrogens (n =10; * differences between control and treatments p < 0.05).
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Fig. 4. Gene transcript levels of fshb (A) and lhb (B) in the pituitary gland and fshr (C) and lhcgr (D) in the testis of O. bonariensis fish exposed to E, (350 ng/L), EE, (45 ng/L) and the mix

of both estrogens (n= 10; * differences between control and treatments p < 0.05).

brain and gonads (Cheshenko et al., 2008). The cyp19alb expression
changes after an estrogens exposition depending on the different stages
of fish development, sex, exposure times and fish species, although
normally the result is an upregulation (Guyon et al., 2012; Roggio et al.,
2014). However, it has been recently observed that cyp19alb mRNA
expression showed no clear response in zebrafish after discontinued
exposure to EE, (Baumann et al., 2014). Otherwise, the effects on go-
nadal aromatase expression (cypl9ala) are much more inconsistent
giving ambiguous conclusions (Scholz and Gutzeit, 2000; Cheshenko
et al., 2008; Pérez et al., 2012).

Although there are many estrogen exposures studies, only a few of
them focus on the analysis of gnrh expression disruption. In the present
study, gnrh-IIl expression increased in all the treatments, being only
statistically significant in EE, treated fish, reflecting a positive feedback
mechanism. However, in goldfish treated with 5 pug/L E, (Golshan et al.,
2015) and in Clarias garjepinus exposed to 1 ug/L of EE, (Swapna and
Senthilkumaran, 2009) a decrease in gnrh-III and in gnrh-I expression
was observed, respectively. Also, Parhar et al. (2000) have shown an
increase of POA-H GnRH neuronal number but no alteration in the
midbrain gnrh-II mRNA levels in Oreochromis niloticus sexually im-
mature males treated with 5 pug/g of E,. These contradictory results,
according to the authors may be due to the differences in fish re-
productive stages, the species, and experimental conditions.

There is practically no-data on the variations of Gths gene expres-
sion under estrogens exposure. Goldfish treated with E, showed that
circulatory LH levels decreased after 30 days of exposure (Golshan
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et al., 2015), but there is no information available about lhb and fshb
gene expression. The study carried out showed a high variation of both
Gths gene expression in treated fish but not with a clear pattern, per-
haps it should have required longer times of exposure to find significant
differences. However, the effect of estrogens was evident in both Gths
receptors showing a significant decrease of lhcgr and fshr transcript
levels in EE, and mix treatments, possibly due to a negative feedback
mechanism. Other explanation, could be the absence of Leydig cells
where gonadotropin receptors had been identified (Levavi-Sivan et al.,
2010). Similar results were reported in pejerrey after the exposure to
abnormal high temperatures, where a decrease of fshr expression jointly
with an alteration of gonads structure were demonstrated (Ito et al.,
2008; Elisio et al., 2012).

The reduction of the GSI and the fact that it was not possible to
obtain releasable sperm of the exposed fish may be related to the severe
histological damage observed in the testis of treated fish. Nevertheless,
only a significantly decline in the GSI was found in the fish group
treated with the mix of E, and EE, where high number of pyknotics
cells and a marked shortening of the spermatogenic lobules were ob-
served, possibly due, to a synergistic effect provoked by the action of
both estrogens at the same time. It was previously reported that a de-
crease in the GSI and a clear disorganization of the testis structure, with
the lack of germinal cells and severe interstitial fibrosis, is a common
adverse effect of estrogens exposures in different fish species (Jobling
et al.,, 1996; Weber et al., 2003; Swapna and Senthilkumaran, 2009;
Velasco-Santamaria et al., 2010, 2013; Oropesa et al., 2013). These
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outcomes were also associated with alterations in other aspects of fish
reproduction, such as a decrease in egg or milt production, or ab-
normalities in the testicular development (Bjerselius et al., 2001; Guyon
et al., 2012; Roggio et al., 2014; Golshan et al., 2015).

It is known that sexual steroids play a key role in the regulation of
the reproductive endocrine axis through feedback mechanism between
brain, pituitary and gonads (Zohar et al., 2010). In the current study, a
significant increase in E, plasmatic levels were only observed in the E,
treated fish, perhaps reflecting the incorporation of this steroid inside
the fish body. The T plasma levels were unchanged in the treated fish,
demonstrating the requirement of higher doses of estrogens or longer
time of exposition to see an alteration at this level. In this sense, it was
reported that E, exposure increased E, and decreased 11-KT plasma
levels in goldfish males (Golshan et al., 2015), meanwhile EE, exposure
decreased E, T and 11-KT levels in goldfish and in fathead minnows
males (Salierno and Kane, 2009). However, the deviation of sex steroids
levels might differ based on the concentration of the pollutant, time of
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Fig. 5. Testis micrographs of O. bonariensis fish. A)
Control, B) E, exposed fish (350 ng/L), C) EE, ex-
posed fish (45 ng/L), D) Mix estrogens treated fish.
Black arrows: Pyknotic cells; Black asterisks:
Interstitial fibrosis (Bar: 50 um).

exposure and the reproductive phase of the exposed fish.

In the current study the significant increase in cypl19alb ARNm
expression was observed in the mix treatment, added to a significant
reduce in the GSI and the length of the spermatic tubules, and also a
greater number of pyknotic cells. These results together could suggest a
synergetic effect of E; and EE, on the reproductive axis of pejerrey, as it
was demonstrated in other fish species such as zebrafish (Silva et al.,
2012; Chen et al., 2015).

All these findings highlighted the idea that the gonads represented
the main target of estrogens compounds in pejerrey fish. The presence
of spermatogonia degeneration and the absence of spermatocytes are
signs of a gonadal regression process that could lead to permanent
sterility, by a complete eradication of the germ cells involving apoptosis
(Ito et al., 2008). Apparently, spermatocytes and spermatids are the
most heat-sensitive cells in the mammalian testis (Chowdhury and
Steinberger, 1970) and the same could be happening for fish exposed to
estrogens.
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Fig. 6. Pyknotic nuclei (A) and spermatic lobules length (B) averages counted in 7 sections of O. bonariensis testis in the control group, exposed to E, (350 ng/L), EE, (45 ng/L) and the

mix of both estrogens (n=10; * differences between control and treatments p < 0.05).
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For many years, the reproductive organs have been considered to be
the main target of estrogenic endocrine disruptors compounds, causing
many types of alterations (Sumpter and Jobling, 2013; Caspillo et al.,
2014). But it should be taking in account that the effects might differ
based on the fish species, its reproductive phase and the analyzed
pollutant concentration. Even so, more research and experiments
should be needed to deeply understand how environmental estrogens or
endocrine disruptors in general affect the molecular and genetic me-
chanisms in fish reproductive system.

5. Conclusion

This study demonstrated that environmental concentrations of es-
trogens altered key genes of pejerrey endocrine-reproductive axis. At
brain level caused the upregulation of gnrh-IIl and cyp19alb but the
effects were more evident at gonadal level, causing down-regulation of
both gonadotropin receptors (fshr and lhcgr), the appearance of py-
knotic nuclei, the absence of spermatocytes and the shrinkage of the
germinal epithelium in the testis that consequentially could lead to
sterility. The presence of this kind of pollutants in the Pampa's water
bodies represent a real threat to wild fish species such as pejerrey, an
emblematic fish species of this region.

Acknowledgement

The authors thank Javier Herdmann, Renata Menendez-Hellman
and Oswaldo Tovar for their technical assistance during the experiment
and the English professor Monica Reggini for her help in the revision of
the English version of this manuscript. This study was supported by
grants to L.A.M. (ANPCyT: PICT 2012-1537, CONICET: PIP 1673/12).

References

Baumann, L., Knorr, S., Keiter, S., Rehberger, K., Volz, S., Schiller, V., Fenske, M.,
Holbech, H., Segner, H., Braunbeck, T., 2014. Reversibility of endocrine disruption in
zebrafish (Danio rerio) after discontinued exposure to the estrogen 17a-ethinyles-
tradiol. Toxicol. Appl. Pharm. 278, 230-237.

Bjerselius, R., Lundstedt-Enkel, K., Olsen, H., Mayer, 1., Dimberg, K., 2001. Male goldfish
reproductive behavior and physiology are severely affected by exogenous exposure to
17-estradiol. Aquat. Toxicol. 53, 139-152.

Brion, F., Tyler, C.R., Palazzi, X., Laillet, B., Porcher, J.M., Garric, J., Flammarion, P.,
2004. Impacts of 17f-estradiol, including environmentally relevant concentrations,
on reproduction after exposure during embryo-larval, juvenile and adult-life stages in
zebrafish (Danio rerio). Aquat. Toxicol. 68 (3), 193-217.

Caspillo, N.R., Volkova, K., Hallgren, S., Olsson, P.E., Porsch-Hallstrom, 1., 2014. Short-
term treatment of adult male zebrafish (Danio rerio) with 17a-ethinyl estradiol affects
the transcription of genes involved in development and male sex differentiation.
Comp. Biochem. Physiol. 164, 35-42.

Chalde, T., Garriz, A., Sanches, E.A., Miranda, L.A., 2016. Influence of pejerrey
Odontesthes bonariensis (Valenciennes, 1835) broodstock age on gamete quality, re-
productive performance and plasma sex steroid levels during the spawning season.
Aquacult. Res. 47, 969-982.

Chen, P., Li, S., Liu, L., Xu, N., 2015. Long-term effects of binary mixtures of 17a-ethinyl
estradiol and dibutyl phthalate in a partial life-cycle test with zebrafish (Danio rerio).
Environ. Toxicol. 9999, 1-9.

Cheshenko, K., Pakdel, F., Segner, H., Kah, O., Eggen, R.L.L., 2008. Review: Interference
of endocrine disrupting chemicals with aromatase CYP19 expression or activity, and
consequences for reproduction of teleost fish. Gen. Comp. Endocrinol. 155, 31-62.

Chowdhury, A.K., Steinberger, E., 1970. Early changes in the germinal epithelium of rat
testes following exposure to heat. J. Reprod. Fertil. 22, 205-212.

Colautti, D.C., Baigtin, C.R.M., Llompart, F., Maiztegui, T., Garcia De Souza, J.R.,
Solimano, P., Balboni, L., Berasain, G.E., 2015. Fish assemblage of a pampean shallow
lake, a story of instability. Hydrobiologia 752, 175-186.

Contractor, R.G., Foran, C.M., Li, S., Willett, K.L., 2004. Evidence of gender- and tissue-
specific promoter methylation and the potential for ethinylestradiol-induced changes
in Japanese medaka (Oryzias latipes) estrogen receptor and aromatase genes. J.
Toxicol. Environ. Health A 67, 1-22.

Desbrow, C., Routledge, E.J., Brighty, G.C., Sumpter, J.P., Waldock, M., 1998.
Identification of estrogenic chemicals in STW effluent. Chemical fractionation and in
vitro biological screening. Environ. Sci. Technol. 32, 1549-1558.

Diovisalvi, N., Berasain, G.E., Unrein, F., Colautti, D., Fermani, P., Llames, M.E.,
Torremorell, A.M., Lagomarsino, L., Pérez, G., Escaray, R., Bustingorry, J., Ferraro,
M., Zagarese, H.E., 2010. Chascomiis: structure and functioning of a turbid pampean
shallow lake. Ecol. Austral 20, 115-127.

Elisio, M., Chalde, T., Miranda, L.A., 2012. Effects of short periods of warm water

52

Ecotoxicology and Environmental Safety 144 (2017) 45-53

fluctuations on reproductive endocrine axis of the pejerrey (Odontesthes bonariensis)
spawning. Comp. Biochem. Physiol. (A) 163, 47-55.

Gaérriz, A., Menéndez-Helman, R.J., Miranda, L.A., 2015. Effects of estradiol and ethi-
nylestradiol on sperm quality, fertilization, and embryo-larval survival of pejerrey
fish (Odontesthes bonariensis). Aquat. Toxicol. 167, 191-199.

Golshan, M., Hatef, A., Socha, M., Milla, S., Butts, I.A.E., Carnevali, O., Rodina, M.,
Sokotowska-Mikotajczyk, M., Fontaine, P., Linhart, O., Hadi Alavi, S.M., 2015. Di-(2-
ethylhexyl)-phthalate disrupts pituitary and testicular hormonal functions to reduce
sperm quality in mature goldfish. Aquat. Toxicol. 163, 16-26.

Goémez, S.E., Menni, R.C., Gonzélez-Naya, J., Ramirez, L., 2007. The physicalchemical
habitat of the Buenos Aires pejerrey, Odontesthes bonariensis (Teleostei,
Atherinopsidae), with a proposal of a water quality index. Environ. Biol. Fish. 78,
161-171.

Guengerich, F.P., 1990. Metabolism of 17alpha-ethynylestradiol in humans. Life Sci. 47,
1981-1988.

Guy6n, N.F., Roggio, M.A., Amé, M.V., Hued, A.C., Valdés, M.E., Giojalas, L.C.,
Wunderlin, D.A., Bistoni, M.A., 2012. Impairments in aromatase expression, re-
productive behavior, and sperm quality of male fish exposed to 17p-estradiol. Env.
Toxicol. Chem. 31, 935-940.

Halm, S., Pounds, N., Maddix, S., Rand-Weaver, M., Sumpter, J., Hutchinson, T., Tyler, C.,
2002. Exposure to exogenous 17b-oestradiol disrupts P450aromB mRNA expression
in the brain and gonad of adult fathead minnows (Pimephales promelas). Aquat.
Toxicol. 60, 285-299.

Hashimoto, S., Watanabe, E., Ikeda, M., Terao, Y., Striissmann, C.A., Inoue, M., Hara, A.,
2008. Effects of ethinylestradiol on medaka (Oryzias latipes) as measured by sperm
motility and fertilization success. Arch. Environ. Contam. Tox. 56, 253-259.

Henry, T.B., McPherson, J.T., Rogers, E.D., Heah, T.P., Hawkins, S.A., Layton, A.C.,
Sayler, G.S., 2009. Changes in the relative expression pattern of multiple vitellogenin
genes in adult male and larval zebrafish exposed to exogenous estrogens. Comp.
Biochem. Physiol. (A) 154, 119-126.

Ito, L.S., Cornejo, A.M., Yamashita, M., Striissmann, C.A., 2008. Thermal Threshold and
Histological Process of Heat- Induced Sterility in Adult Pejerrey (Odontesthes bonar-
iensis): a Comparative Analysis of Laboratory and Wild Specimens. Physiol. Biochem.
Zool. 81 (6), 775-784.

Jobling, S., Sheahan, D., Osborne, J.A., Matthiessen, P., Sumpter, J.P., 1996. Inhibition of
testicular growth in rainbow trout (Oncorhynchus mykiss) exposed to estrogenic al-
kylphenolic chemicals. Environ. Toxicol. Chem. 15, 194-202.

Johns, S.M., Denslow, N.D., Kane, M.D., Watanabe, K.H., Orlando, E.F., Sepulveda, M.S.,
2011. Effects of Estrogens and Antiestrogens on Gene Expression of Fathead Minnow
(Pimephales promelas) Early Life Stages. Environ. Toxicol. 2, 195-206.

Kazeto, Y., Place, A.R., Trant, J.M., 2004. Effects of endocrine disrupting chemicals on the
expression of CYP19 genes in zebrafish (Danio rerio) juveniles. Aquat. Toxicol. 69,
25-34.

Kishida, M., Callard, G.V., 2001. Distinct cytochrome P450 aromatase isoforms in zeb-
rafish (Danio rerio) brain and ovary are differentially programmed and estrogen
regulated during early development. Endocrinology 142, 740-750.

Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B.,
Buxton, H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater
contaminants in U.S. Streams, 1999-2000: a national reconnaissance. Environ. Sci.
Technol. 36, 1202-1211.

Laurenson, J., Bloom, R., Page, S., Sadrieh, N., 2014. Ethinylestradiol and other human
pharmaceutical estrogens in the Aquat. environment: a review of recent risk assess-
ment data. AAPS J. 16, 299-310.

Levavi-Sivan, B., Bogerd, J., Manan6s, E.L., Gémez, A., Lareyre, J.J., 2010. Perspectives
on fish gonadotropins and their receptors. Gen. Comp. Endocrinol. 165, 412-437.

Maack, G., Segner, H., 2004. Life-stage-dependent sensitivity of zebrafish (Danio rerio) to
estrogen exposure. Comp. Biochem. Physiol. (C.) 139, 47-55.

Meijide, F.J., Rey Vézquez, G., Piazza, Y.G., Babay, P.A., Itria, R.F., Lo Nostro, F.L., 2016.
Effects of waterborne exposure to 17f3-estradiol and 4-tert-octylphenol on early life
stages of the South American cichlid fish Cichlasoma dimerus. Ecotox. Environ. Saf.
124, 82-90.

Menuet, A., Pellegrini, E., Brion, F., Gueguen, M.M., Anglade, 1., Pakdel, F., Kah, O., 2005.
Expression and estrogen-dependent regulation of the zebrafish brain aromatase gene.
J. Comp. Neurol. 485, 304-320.

Mills, L.J., Gutjahr-Gobell, R.E., Zaroogian, G.E., Horowitz, D.B., Laws, S.C., 2014.
Modulation of aromatase activity as a mode of action for endocrine disrupting che-
micals in a marine fish. Aquat. Toxicol. 147, 140-150.

Miranda, L.A., Chalde, T., Elisio, M., Striissmann, C.A., 2013. Effects of global warming on
fish reproductive endocrine axis with special emphasis in pejerrey Odontesthes bo-
nariensis. Gen. Comp. Endocrinol. 192, 45-54.

Orn, S., Holbech, H., Madsen, T.H., Norrgren, L., Petersen, G.I., 2003. Gonad develop-
ment and vitellogenin production in zebrafish (Danio rerio) exposed to ethenyles-
tradiol and methyltestosterone. Aquat. Toxicol. 65, 397-411.

Oropesa, A.L., Jimenez, B., Gil, M.C., Osswald, J., Fallola, C., Pula, H.J., Cuesta, J.M.,
Gomez, L., 2013. Histological alterations in the structure of the testis in Tench (Tinca
tinca) After exposure to 17 alpha-ethynylestradiol. Environ. Toxicol. 29 (10),
1182-1192.

Parhar, LS., Soga, T., Sakuma, Y., 2000. Thyroid hormone and estrogen regulate brain
region-specific messenger ribonucleic acids encoding three gonadotropin- releasing
hormone genes in sexually immature male fish, Oreochromis niloticus. Endocrinology
141, 1618-1626.

Patifio, R., Takashima, F., 1995. Gonads. In: Takashima, F., Hibiya, T. (Eds.), An Atlas of
Fish Histology, Normal and Pathological Features, 2nd ed. Kodansha, Tokyo, pp.
128-153.

Pérez, M.R., Fernandino, J.I., Carriquiriborde, P., Somoza, G.M., 2012. Feminization and
altered gonadal gene expression profile by ethinylestradiol exposure to pejerrey,


http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref1
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref1
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref1
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref1
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref2
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref2
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref2
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref3
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref3
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref3
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref3
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref4
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref4
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref4
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref4
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref5
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref5
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref5
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref5
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref6
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref6
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref6
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref7
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref7
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref7
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref8
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref8
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref9
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref9
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref9
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref10
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref10
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref10
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref10
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref11
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref11
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref11
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref12
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref12
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref12
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref12
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref13
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref13
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref13
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref14
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref14
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref14
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref15
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref15
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref15
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref15
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref16
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref16
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref16
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref16
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref17
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref17
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref18
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref18
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref18
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref18
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref19
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref19
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref19
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref19
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref20
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref20
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref20
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref21
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref21
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref21
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref21
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref22
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref22
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref22
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref22
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref23
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref23
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref23
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref24
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref24
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref24
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref25
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref25
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref25
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref26
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref26
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref26
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref27
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref27
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref27
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref27
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref28
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref28
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref28
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref29
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref29
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref30
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref30
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref31
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref31
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref31
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref31
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref32
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref32
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref32
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref33
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref33
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref33
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref34
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref34
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref34
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref35
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref35
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref35
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref36
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref36
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref36
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref36
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref37
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref37
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref37
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref37
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref38
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref38
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref38
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref39
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref39

A. Gdrriz et al.

Odontesthes bonariensis, a south- american teleost fish. Environ. Toxicol. Chem. 31 (5),
941-946.

Roggio, M.A., Guyé6n, N.F., Hued, A.C., Amé, M.V, Valdés, M.E., Giojalas, L.C.,
Wunderlin, D.A., Bistoni, M.A., 2014. Effects of the synthetic estrogen 17a-ethiny-
lestradiol on aromatase expression, reproductive behavior and sperm quality in the
fish Jenynsia multidentata. Bull. Environ. Contam. Toxicol. 92, 579-584.

Salierno, J.D., Kane, A.S., 2009. 17alpha-Ethinylestradiol alters reproductive behaviors,
circulating hormones, and sexual morphology in male fathead minnows (Pimephales
promelas). Environ. Toxicol. Chem. 28, 953-961.

Schifers, C., Teigeler, M., Wenzel, A., Maack, G., Fenske, M., Segner, H., 2007.
Concentration- and time-dependent effects of the synthetic estrogen, 17a- ethiny-
lestradiol, on reproductive capabilities of the zebrafish, Danio rerio. J. Toxicol.
Environ. Health Part (A) 70, 768-779.

Scholz, S., Gutzeit, H.O., 2000. 17-alpha-ethinylestradiol affects reproduction, sexual
differentiation and aromatase gene expression of the medaka (Oryzias latipes). Aquat.
Toxicol. 50, 363-373.

Silva, P., Rocha, M.J., Cruzeiro, C., Malhao, F., Reis, B., Urbatzka, R., Monteiro, R.A.F.,
Rocha, E., 2012. Testing the effects of ethinylestradiol and of an environmentally
relevant mixture of xenoestrogens as found in the Douro River (Portugal) on the
maturation of fish gonads - A stereological study using the zebrafish (Danio rerio) as
model. Aquat. Toxicol. 124-125, 1-10.

Simpson, E., Clyne, C., Rubin, G., Boon, W., Robertson, K., Britt, K., Speed, C., Jones, M.,
2002. Aromatase: a brief overview. Annu. Rev. Physiol. 64, 93-127.

Somoza, G.M., Miranda, L.A., Berasain, G.E., Colautti, D., Remes-Lenicov, M.,
Striissmann, C.A., 2008. Historical aspects, current status and prospects of pejerrey
aquaculture in South America. Aquac. Res. 39, 784-793.

Striissmann, C.A., Takashima, F., Toda, K., 1996. Sex differentiation and hormonal fem-
inization in pejerrey Odontesthes bonariensis. Aquaculture 139, 31-45.

53

Ecotoxicology and Environmental Safety 144 (2017) 45-53

Sumpter, J.P., Jobling, S., 2013. The occurrence, causes, and consequences of estrogens in
the aquatic environment. Environ. Toxicol. Chem. 32, 249-251.

Swapna, 1., Senthilkumaran, B., 2009. Influence of ethynylestradiol and methyltestos-
terone on the hypothalamo-hypophyseal-gonadal axis of adult air-breathing catfish,
Clarias gariepinus. Aquat. Toxicol. 95, 222-229.

Tyler, C., Van der Eerden, B., Jobling, S., Panter, G., Sumpter, J., 1996. Measurement of
vitellogenin, a biomarker for exposure to oestrogenic chemicals, in a wide variety of
cyprinid fish. J. Comp. Physiol. (B) 166, 418-426.

Valdés, M.E., Marino, D.J., Wunderlin, D.A., Somoza, G.M., Ronco, A.E., Carriquiriborde,
P., 2015. Screening Concentration of E1, E2 and EE2 in Sewage Effluents and Surface
Waters of the “Pampas” Region and the “Rio de la Plata” Estuary (Argentina). Bull.
Environ. Contam. Toxicol. 94 (1), 29-33.

Van den Belt, K., Wester, P.W., Van der Ven, L.T.M., Verheyen, R., Witters, H., 2002.
Effects of ethynylestradiol on the reproductive physiology in zebrafish (Danio rerio):
time dependency and reversibility. Environ. Toxicol. Chem. 21, 767-775.

Velasco-Santamaria, Y.M., Bjerregaard, P., Korsgaard, B., 2010. Gonadal alterations in
male eelpout (Zoarces viviparus) exposed to ethinylestradiol and trenbolone sepa-
rately or in combination. Mar. Environ. Res. 69, S67-S69.

Velasco-Santamaria, Y.M., Bjerregaard, P., Korsgaard, B., 2013. Evidence of small mod-
ulation of ethinylestradiol induced effects by concurrent exposure to trenbolone in
male eelpout Zoarces viviparous. Environ. Pollut. 178, 189-196.

Versonnen, B.J., Janssen, C.R., 2004. Xenoestrogenic effects of ethinylestradiol in zeb-
rafish (Danio rerio). Environ. Toxicol. 19, 198-206.

Weber, L.P., Hill Jr, R.L., Janz, D.M., 2003. Developmental estrogenic exposure in zeb-
rafish (Danio rerio): ii. Histological evaluation of gametogenesis and organ toxicity.
Aquat. Toxicol. 63, 431-446.

Zohar, Y., Munoz-Cueto, J.A., Elizur, A., Kah, O., 2010. Neuroendocrinology of re-
production in teleost fish. Gen. Comp. Endocrinol. 165, 438-455.


http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref39
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref39
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref40
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref40
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref40
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref40
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref41
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref41
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref41
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref42
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref42
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref42
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref42
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref43
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref43
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref43
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref44
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref44
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref44
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref44
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref44
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref45
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref45
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref46
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref46
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref46
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref47
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref47
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref48
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref48
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref49
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref49
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref49
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref50
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref50
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref50
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref51
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref51
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref51
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref51
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref52
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref52
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref52
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref53
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref53
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref53
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref54
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref54
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref54
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref55
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref55
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref56
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref56
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref56
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref57
http://refhub.elsevier.com/S0147-6513(17)30328-7/sbref57

	Exposure to E2 and EE2 environmental concentrations affect different components of the Brain-Pituitary-Gonadal axis in pejerrey fish (Odontesthes bonariensis)
	Introduction
	Materials and methods
	Fish exposure and sampling
	Determination of sex steroids
	Extraction of RNA, cDNA synthesis and gene expression measurements by quantitative real-time qPCR
	Histological analysis
	Statistical analysis

	Results
	Water quality, fish survival and body indexes (HSI and GSI)
	Sperm release and plasma sex steroids levels
	mRNA transcript levels of Brain-Pituitary-Gonadal axis genes
	Gonadal histology

	Discussion
	Conclusion
	Acknowledgement
	References




