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Anthropic activities can seriously affect the health of the organisms inhabiting them, and the
observation of any alteration in the reproduction of fish could be associated with the presence
of endocrine disruptors. In this manuscript we have collected information on the adverse
effects of pollutants (heavy metals, environmental steroids, and agrochemicals), present in
Chascomús lake, Argentina, either at environmentally relevant and pharmacological
concentrations on reproduction, embryonic development, and larval survival of pejerrey
fish Odontesthes bonariensis. During development, it has been reported that 17β-estradiol
(E2) feminized and reduced larval survival, while 17α-ethinyl-estradiol (EE2) not only feminized
but also affected both embryo and larval survival. In adult male fish, treatments with EE2 and E2
+ EE2 were able to increase mRNA abundance of gnrh3 and cyp19a1b and decreased those
of gonadotropin receptors (fshr and lhcgr). Heavy metals such as cadmium, chromium, and
copper negatively affected sperm quality, diminishing the motility. Also, a decrease in the
percentage of hatching rate and larval survival was also observed with the same metals,
highlighting zinc as the most detrimental metal. Furthermore, all these metals altered the
expression of hypothalamic and pituitary genes related to reproduction in male pejerrey
(gnrh1,2,3; cyp19a1b; fshb; lhb; fshr and, lhcgr). Moreover, in all cases pyknotic cells,
corresponding to the degeneration of the germ cells, were observed in the testes of
exposed fish. For agrochemicals, exposure of male pejerrey to environmental
concentrations of glyphosate did not cause alterations on the endocrine reproductive axis.
However, male pejerrey with gonadal abnormalities such as the presence of intersex (testis-
ova) gonads were found in other Pampa´s lakes with high concentrations of atrazine and
glyphosate associated with soybean and corn crops near their coasts. These types of studies
demonstrate that pejerrey, an endemic species with economic importance inhabiting the
Pampas shallow lakes, can be used as a sentinel species. It should be noted that increased
pollution of aquatic ecosystems and the effects on the reproduction of organisms can lead to a
decline in fish populations worldwide. Which, added to overfishing and other external factors
such as global warming, could cause an eventual extinction of an emblematic species.
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INTRODUCTION

The impact of human activities on aquatic ecosystems by
agrochemicals, pharmaceuticals, industrial-domestic, and/or
sewage discharges, can seriously affect the health of the
organisms inhabiting there. In this context, adverse effects can
be originated directly from contact with contaminated water or
indirectly through the diet (Kime et al., 1996). Aquatic vertebrates
can act as bioindicators or sentinel species due to the early
detections of contaminated waters (Sharma and Patiño, 2010).
Alterations in the gonads, gametes or detection of endocrine
disturbances can be seen as alarm signals indicating the degree of
deterioration of a water body (Rurangwa et al., 1998; Patiño et al.,
2012). As fish spend their entire life cycle in aquatic environments
and, their endocrine system is like the one of tetrapods; teleosts
have been used as models to study endocrine disruption (Tokarz
et al., 2013; Kar et al., 2021; Marlatt et al., 2022). So, in the frame
of an increasing pollution of aquatic ecosystems and the effect on
the reproduction fish populations are under potential risk
worldwide. This fact, added to overfishing and other external
factors such as global warming, could cause an eventual
extinction of fish species that represent an important natural
resource (Kime, 1995; Strüssmann et al., 2010; Patiño et al., 2012).

The definition of endocrine disrupting chemicals brings
together a complex and highly variable group of chemicals
having the ability to mimic, antagonize or modulate the action
of natural hormones, altering the normal functioning of the
endocrine system of an organism (World Health Organization,
2002). Among them, there are different contaminants present in
aquatic ecosystems such as xenoestrogens, polychlorinated
biphenyls (PCBs), pesticides and some heavy metals (Sumpter
and Johnson, 2005; Gore et al., 2015).

Environmental estrogens make up a group of compounds
acting as natural estrogens or inhibiting the biological response to
estrogens but not necessarily at high concentrations (Mills and
Chichester, 2005; Brown et al., 2008). A typical example is that of,
17α-ethinylestradiol (EE2), a synthetic estrogen used in the
formulation of contraceptive pills that is eliminated by the
urine, and reaches water bodies through sewage (Thorpe et al.,
2003).

Heavy metals are naturally found in aquatic environments, but
their concentrations can be increased due to human activities
such as mining, tannery, and mechanical metal industry.
Although, some of them play an important role in the growth,
development and reproduction, their presence in excess can be
toxic to wildlife and human beings. It is also important to note
that these elements can accumulate and transfer within
organisms and throughout food chain (Amundsen et al., 1997).

Within agrochemicals, atrazine and glyphosate are currently
the most widely used herbicides for agriculture (Benbrook, 2016).
Atrazine controls weed growth in crops such as corn, sugarcane,
sorghum, wheat, and various types of grass. It is applied to the soil
before or after weed germination, and it is absorbed by the roots
or leaves of weeds. It has a low absorption in the soil and high
solubility in water, so it is usual to find atrazine in aquatic
environments (Surana et al., 2022). This herbicide has been
shown to be persistent in freshwater, with a half-life of

between 8 and 350 days (Spano et al., 2004). On the other
hand, glyphosate is a broad-spectrum herbicide which is used
to control a wide range of weeds in soybean crops. After being
applied, part of this herbicide remains adsorbed to the soil
particles until its degradation by microorganisms. Another
part is mobilized by factors such as rain, wind, or irrigation,
increasing infiltration and surface runoff, reaching aquatic
ecosystems, and negatively affecting their biota. Previous
studies have shown that the half-life of glyphosate in soils and
surface waters ranges from 2 to 215 days and 2–91 days,
respectively, while aminomethylphosphonic acid (AMPA), a
degradation product of glyphosate, has a half-life in the soil
that varies from 60 to 240 days, and in water it is similar to that of
glyphosate (Battaglin et al., 2014).

It is already known, that environmental estrogens, heavy
metals and some agrochemicals can affect the reproductive
endocrine system of organisms, and consequently, the
synthesis, transport and/or metabolism of certain hormones of
the brain-pituitary-gonad axis even at very low concentrations
(Malik et al., 2010; Nawaz et al., 2010; Söffker and Tyler, 2012;
Windsor et al., 2018; Ingaramo et al., 2020). In addition, they can
interfere with the proliferation of germ cells and induce apoptosis
during gametogenesis (Sikka and Naz, 1999; Galus et al., 2013)
and produce intersexes (Tillitt et al., 2010; Papoulias et al., 2014;
Young et al., 2017). Because of these alterations, the survival of
embryos and larvae from affected adults may be reduced (Brown
et al., 2007, 2008; Galus et al., 2013).

Current knowledge in vertebrate development in general, and
endocrine disruption in particular, show that teleost fish
represent excellent models. In this group, the central nervous
system plays a fundamental role in the integration of external
environmental signals and internal hormonal signals that
regulate reproduction as a whole (Miranda et al., 2013;
Muñoz-Cueto et al., 2020). In addition, due to the high degree
of conservation of the endocrine system, implies that fish species
can be used as models and should be including to tetrapods and
humans.

Identification of Anthropogenic Pollutants in
Pampas Lakes
Shallow lakes are the dominant aquatic ecosystems of the Pampas
region (Argentina). Although they can occupy large areas, they
are generally shallow with average depth not exceeding 3 m
(Diovisalvi et al., 2015). The Pampas region constitutes one of
the largest ecoregions in the temperate portion of South America,
encompassing the Center-East of Argentina (33°-39°S, 57°-66°W)
and covers an area of approximately 500,000 km2. One of the
most relevant characteristics of the region is the alternation
between periods of drought or water deficit and periods of
excess water or flooding. These lakes are characterized by a
high degree of natural trophism, which is often increased by
different anthropic activities (Diovisalvi et al., 2015; Castro
Berman et al., 2018). The fact that they have little
depth,therefore, much contact between the sediment and the
water column, makes them environments where the recycling of
nutrients is rapid and productivity is high (Diovisalvi et al., 2015).
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Due to these characteristics, these lakes are very sensitive to
climatic variations, since any anthropic disturbance can alter their
physicochemical variables (Elisio et al., 2018).

Within these shallow lakes, Chascomús (35o35′28″ S,
58o01′29″ W; Figure 1) is the most studied (Diovisalvi et al.,
2015) and is part of the Las Encadenadas system together with
another 6 lakes (Vitel, Adela, Del Burro, Chis, Tablillas and
Barrancas) ending up into the Salado River that flows in the
Río de la Plata estuary. Chascomús lake is the largest in the system
(~3,000 ha) with a homonym city with approximately 40,000
inhabitants located on its east coast. The city has a sewage
treatment plant (with primary and secondary treatment)
whose effluents flow into the waters of the Girado stream,
which connects to the south with the Adela Lake and to the
north with the Chascomús lake. In this stream, the presence of
different environmental estrogens was detected, including E2
(369 ng/L) and EE2 (43 ng/L; Valdés et al., 2015). Recently, in
these same waters, the presence of androgens and progestogens
has also been identified at higher levels than those reported in
other bodies of water around the world (González et al., 2020).

There is other stream connected to the Chascomús lake, Los
Toldos stream. On its way, this stream, crosses an industrial area
that could be contaminating their waters with heavy metals
(Schenone et al., 2014). In a recent study, the presence of
Copper (Cu), Chromium (Cr) and Zinc (Zn) were detected,
both in water and sediments of Chascomús lake. The
maximum concentrations detected in the water corresponded
to values of 0.23 μg/L (Cd), 4.28 μg/L (Cr), 22.09 μg/L (Cu) and
210.76 μg/L for Zn., exceeding the recommended limit values for
the protection of the aquatic biota in Argentina (Gárriz et al.,
2019).

In Argentina, in the last decades, agriculture has had a very
important development, which led to the expansion of the
agricultural Frontier, increasing the use of agrochemicals,
particularly that of glyphosate and atrazine associated with
soybean and corn crops (Peruzzo et al., 2008; Aparicio et al.,
2017). Aquatic ecosystems are among the most impacted because

they are the final destination of substances that enter the
environment, affecting the fauna inhabiting there (Pérez et al.,
2021). There are few records of atrazine in Pampas lakes (Pérez
et al., 2021), however, recently in Cochicó and Guaminí lakes
belonging to the Encadenadas del Oeste (36°55″06″ S, 62°18′23″
W) the presence of this herbicide was measured in surface waters
with a maximum value of 259.4 and 278.9 ng/L, respectively. On
the other hand, a recent study by Castro Berman et al. (2018)
detected glyphosate and/or AMPA in surface waters from 21
pampasic lakes out of 52 sampled. Maximum mean values were
2.11 µg/L for glyphosate and 0.84 µg/L for AMPA. It is important
to mention that in this work this herbicide was not identified in
Chascomús lake.

Pejerrey Fish as a Sentinel Species
The pejerrey, Odontesthes bonariensis is one of the most
important freshwater fish species in Argentina endemic of the
water bodies of the Pampas region, being highly valued in sport
and commercial fishing (Somoza et al., 2008). It is a multiple
spawner presenting two reproductive periods in natural
environments; a main, during spring and a secondary one
during autumn depending on climatic variability (Elisio et al.,
2014, 2015; del Fresno et al., 2021a; del Fresno et al., 2021b). In
addition, this species presents a sexual determination strongly
dependent on water temperature (Strüssmann et al., 1997;
Yamamoto et al., 2014). It has been also possible to alter the
sex differentiation process through the exogenous administration
of natural and synthetic steroids (Karube et al., 2007; Hattori
et al., 2009; Pérez et al., 2012; González et al., 2015). Because this
fish inhabits shallow bodies of water, some of them associated
with urban areas and regions modified by human activities
(industries, sewage, agricultural and livestock activities), it is
exposed to different pollutants, and it has been considered as
a sensitive species, especially in early developmental stages
(Carriquiriborde and Ronco, 2008).

Due to these facts, the main aim of this review is to collect the
existing information about the effects of anthropogenic pollutants

FIGURE 1 | Satellite photography of Chascomús lake.
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on development and reproduction of an emblematic Argentine
fish and to discuss those results with that reported in other fish
species.

Effects on Development, Larval Survival,
and the Reproductive Endocrine Axis
Environmental Estrogens
In aquatic organisms exposed to estrogenic compounds, both
sexes are affected, however, males are peculiar because they
exhibit some clear and characteristic adverse effects. Among
them, we can highlight the induction of vitellogenin (normally
induced in females during vitellogenesis), increased aromatase
enzyme activity, altered reproductive behavior, development of
testis-ova and/or other gonadal alterations, germinal cell
apoptosis, and higher embryo mortality (Sumpter, 1995;
Velasco-Santamaría et al., 2010; Meijide et al., 2016; Young
et al., 2017, 2020; Martyniuk et al., 2020). Most studies on the
effects of environmental estrogens focus on the analysis of
endocrine disruption of reproduction but, few works analyze
the effects on sperm quality, which in the case of most fish is
exposed to contaminants present in the water at the time of
fertilization. It is important to note that spermatozoa are activated
in the water and any alteration on their motility will consequently
affect fecundity and even egg viability and survival. For example,
it has been shown that EE2 produces a decrease in sperm motility
in Oryzias latipes (Hashimoto et al., 2009) and Oncorhynchus
mykiss, together with an increase in sperm aneuploidy, causing in
both cases a decrease in embryonic survival (Brown et al., 2007;
2008). It is also known that the duration of sperm motility varies
between fish species, being the rapid depletion of intracellular
ATP reserves one of the reasons for this (Burness et al., 2004). It
has been demonstrated that sperm exposure to genistein (a
soybean phyto-estrogen) causes a decrease in ATP content and
sperm motility in Ictalurus punctatus and Sander vitreus (Green
and Kelly, 2008). In addition, adult males of Jenynsia
multidentata exposed to environmental concentrations of E2
(50, 100 and 250 ng/L) for a period of 28 days, showed no
alterations in sperm motility or viability (Guyón et al., 2012).
However, when specimens of the same species were exposed to
EE2 (10, 75 and 150 ng/L), a decrease in sperm viability and
motility was observed, but their speed was not affected (Roggio
et al., 2014). Results obtained in pejerrey males exposed to
environmentally relevant concentrations of estrogens showed
decreases in the percentage of sperm motility and fertilized
eggs in the case of activation with mixtures of E2 and EE2 but
not when sperm samples were exposed either to the same
concentrations of E2 or EE2 (Gárriz et al., 2015).

Estrogenic contaminants can also affect embryonic or larval
development, decreasing survival, as has been reported in O.
mykiis exposed to EE2 and O. latipes exposed to E2 (Koger et al.,
2000; Schultz et al., 2003). In addition, hatching rate may
decrease, as in the case of O. latipes embryos exposed to EE2
(Hashimoto et al., 2009). In the case of pejerrey, its sensitivity to
estrogens has been reported, since larvae fed with an artificial diet
with E2 added (20–50 mg/kg) produced 100% females
(Strüssmann et al., 1996). Also, when EE2 (0.1 and 1.0 mg/kg)

was added to the food, a feminization process was evidenced not
only at molecular levels but also at the morphology of the gonads
(Pérez et al., 2012). Recently, significant decreases in hatching
percentage were observed in embryos exposed to a mixture of E2
and EE2, but not when these estrogens were delivered separately.
However, survival of embryos and larvae decreased, even at
environmentally relevant concentrations (Gárriz et al., 2015).

Steroids feedback regulates the endocrine-reproductive axis
not only at the brain but also at pituitary level, and then the
exposure of fish to environmental estrogens, can generate adverse
effects on different endpoints of the reproductive endocrine axis.
A common effect is a decrease in the gonadosomatic index (GSI)
when fish are exposed to EE2 or E2 (Mills et al., 2014; Golshan
et al., 2015). However, in pejerrey, a decrease in this index was
only reported when specimens were exposed to mixtures of both
estrogens. In these fish, an increase in plasma levels of E2
(exogenous uptake) was also observed, while testosterone (T)
levels remained stable (Gárriz et al., 2017). These results were like
those reported in Carassius auratus (Golshan et al., 2015) and
Clarias gariepinus (Swapna and Senthilkumaran, 2009).
However, other studies have shown either a reduction in the
plasma levels of T and 11-KT in fish exposed to EE2 (Salierno and
Kane, 2009; Maltais and Roy, 2014), or an increase, as observed in
O. mykiis exposed to EE2 (10 ng/L) where an increase of 11-KT
levels was recorded (Schultz et al., 2003). It is well documented,
that the expression of the brain aromatase gene is strongly
regulated by the levels of E2 in the organism, since it has an
estrogen response element (ERE) in the promoter region of the
gene (Kazeto et al., 2004; Menuet et al., 2005). The regulation
exerted by E2 on brain aromatase expression was demonstrated
for Danio rerio even at very low concentrations of estrogenic
compounds (Menuet et al., 2005; Brion et al., 2012).
Xenoestrogens, natural or synthetic, can influence both
aromatase expression and enzymatic activity at the brain and
gonadal levels (Cheshenko et al., 2008), and because of this
sensitivity to estrogens, aromatases can be considered as good
biomarkers of exposure to these compounds (Cheshenko et al.,
2008;; Brion et al., 2012). The expression of the brain aromatase
variant cyp19a1b under estrogen exposure varies depending on
the stage of the life cycle to which the fish is exposed, species, sex,
and exposure time, but usually results in an increase of its
expression and activity (Petersen et al., 2013; Michiels et al.,
2019). However, the effects on the cyp19a1a gonadal variant in
males is not consistent; in some cases, it does not change (Kishida
et al., 2001; Guyón et al., 2012; Roggio et al., 2014), decrease
(Kazeto et al., 2004) or even increase (Pérez et al., 2012).

On the other hand, variations of Gnrh in response to estrogens
exposure are not as well documented as the effects on aromatase
genes. The expression of gnrh at the preoptic area and/or
hypothalamus varies according to the sexual stage or during
steroid-induced sexual reversal in different fish species (Swapna
et al., 2008; Prathibha et al., 2013; Senthilkumaran, 2015; Muñoz-
Cueto et al., 2020). In this sense, a drastic decrease in gnrhmRNA
levels of C. gariepinus injected with EE2 (1 µg/L; Swapna and
Senthilkumaran, 2009) was reported. While the administration of
E2 (5 μg/g) to Oreochromis niloticus males, generated an increase
in immunoreactive Gnrh neurons in the Preoptic-Hypothalamic
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region with no correlation with an increase of mRNA levels
(Parhar et al., 2000). Also, C. auratus treated with E2 showed a
decrease in gnrh3mRNA levels after 7 days of exposure (Golshan
et al., 2015). However, in pejerrey males exposed to EE2 showed a
clear increase in gnrh3 levels (Gárriz et al., 2017). On the other
hand, plasma Lh showed a decrease with no variations in the
expression of its receptor in C. auratus exposed to E2 for 30 days
(Golshan et al., 2015). However, meanwhile in pejerrey males
exposed to estrogens, no differences were found in the expression
levels of lhb and fshb; the expression of their receptors decreased
when the fish were exposed either to EE2 and a mix of E2 and EE2
(Gárriz et al., 2017). It should be noted that pyknotic cells were
detected in pejerrey testes exposed to estrogens, demonstrating
that the gonads are a direct target of the action of these pollutants
(Gárriz et al., 2017). It is known that the process of germ cell
degeneration can lead to sterility and had already been observed
in specimens subjected to high water temperatures (Ito et al.,
2008). Apparently, germ cells are the most sensitive to
temperature increases in testes and this observation is possibly
valid for estrogen exposure, since exposed pejerrey also showed a
shortening of the seminiferous lobes with a decrease of
spermatocytes. Similar alterations were also reported in
Pimephales promelas, C. gariepinus and Zoarces viviparus
exposed to EE2 (Leino et al., 2005; Swapna and
Senthilkumaran, 2009; Velasco-Santamaría et al., 2010).

Heavy Metals
Fish have been also used as bioindicators of heavy metal
contamination in different studies (Nawaz et al., 2010;
Chakraborty, 2021). Although, sublethal and lethal effects of
heavy metals have been reported, their mechanisms of action
are not fully understood. They generally cause osmotic
imbalances and alterations in the synthesis and activity of
different enzymes. In turn, most of these pollutants,
particularly Cd, have a great oxidizing power that alters the
release of Reactive oxygen species, ROS (Almeida et al., 2001;
Lushchak, 2016). Cadmium is found as a free cation and can
adhere to the gill surface to later enter the body through calcium
(Ca) channels (Verbost et al., 1989; Glynn et al., 1994) and
reduces Ca-ATPase activity (Wong and Wong, 2000), because
both have a very similar ionic size. Zinc also competes with Ca at
the level of branchial absorption, acting as an inhibitor of Ca
channels (Hogstrand andWood 1995). The action of both metals
can generate hypocalcemia and alter the cell membrane (Verbost
et al., 1989; De La Torre et al., 2000). On the other hand, Cr occurs
as an anion (CrO4−2; CrO−2) and is though that it can be absorbed
by sulfate or phosphate transporters into the body (Ottenwälder
et al., 1988). In the case of Cu, it interferes with sodium (Na) entry
into the body (Alsop and Wood, 2011), affecting Na/K-ATPase
activity and generating osmoregulation failures (Grosell et al.,
2004). Consequently, all heavy metals listed above can damage
the cell membranes of fish gametes (Rurangwa et al., 1998). In the
case of pejerrey, it was detected that sperm motility decreased in
the presence of environmentally relevant concentrations of Cd,
Cr in the activation solution, also affecting the fertility (Gárriz
and Miranda, 2020). Similar effects were reported in Rhamdia
quelen, where increasing concentrations of Cd in the water were

shown to reduce motility duration and in Cyprinus carpio with
Cd, Cu and Pb (Jezierska et al., 2009). In addition, it was observed
that the linear velocity (VSL) of spermatozoa of C. gariepinus,
Salmo trutta, Leuciscus cephalus, and Lota decreases in water with
Cd, Pb, Hg or Zn while the velocity of circular movements (VCL)
increases (Lahnsteiner et al., 2004). Also, heavy metals can also
interact in the micropyle of the oocyte preventing the entry of the
sperm (Ismail and Yusof, 2011) and affect mitochondrial function
by altering energy availability and consequently flagellum
movements (Rurangwa et al., 1998).

The toxicity of heavy metals on fish embryos has been
demonstrated in numerous works. For example, embryos
and larvae of Melanotaenia fluviatilis exposed to high
concentrations of Cd (3,300 µg/L) presented a high number
of malformations and a reduction in the hatching rate
(Williams and Holdway, 2000). In O. mykiss embryos
exposed to low concentrations of Cd (0.05–2.5 µg/L),
hatching is advanced, growth is reduced, and sex steroids
plasma levels are increased (Lizardo-Daudt and Kennedy,
2008). On the other hand, exposure to heavy metals can
lead to advance or delayed larval hatching in fish (Lizardo-
Daudt and Kennedy, 2008; Jezierska et al., 2009). Apparently,
Cd and Cu could alter the activity of chorion enzymes
(choriolysin) and affect the movements at the muscular
level necessary for hatching (Calta, 2001). In pejerrey, a
significant reduction in hatching rate and embryonic
survival were observed when exposed to Cd, Cr, Cu and Zn
at environmental concentrations (Gárriz and Miranda, 2020).
Fish larvae are also affected. For example, their survival was
reduced in C. carpio and Silurus soldatovi after exposure to Cd
(Witeska et al., 1995; Zhang et al., 2012). Pejerrey larvae
showed to be more resistant to environmental Cr, however,
their survival decreased significantly when exposed to Cu and
Zn. The case of Cd exposure was peculiar, since a
concentration 10 times higher than the environmental one
had less lethal effects than the environmental concentration
(Gárriz and Miranda, 2020). It is possible that some pollutants,
at determined concentrations, do not respond in a classic dose-
response manner, but rather can show alternative patterns
(Calabrese, 2001). It has been also reported that O.
mossambicus arvae exposed to Cu showed a reduced growth
rate (Chen et al., 2012).

In adult fish, most of the studies associated with heavy metals
effects are mainly related to analysis of bioaccumulation in
different tissues (Carriquiriborde and Ronco, 2008; Malik
et al., 2010; Nawaz et al., 2010; Avigliano et al., 2015) and to
oxidative stress (Jezierska et al., 2009; Arini et al., 2015; Eroglu
et al., 2015). Although, some heavy metals are known to have
endocrine disruption activity (Lizardo-Daudt and Kennedy,
2008; Luo et al., 2015), there are few studies of sublethal
effects on the endocrine-reproductive axis in fish. Cadmium
has been also related to the reduction of thyroid hormone
levels (Hontela et al., 1996) acting on iodine metabolism in
Clarias batrachus. (Gupta et al., 1997), and inhibiting estrogen
receptors activity in O. mykiss (Le Guével et al., 2000). This metal
can generate degenerative lesions at the pituitary level (Pundir
and Saxena 1992), consequently altering their physiology
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(Mukherjee et al., 1994; Hontela et al., 1996; Tilton et al., 2003).
Additionally, Cd can positively or negatively alter sex steroid
levels (Lizardo-Daudt and Kennedy, 2008). In adult O. latipes
exposed to Cd (0–10 µg/L) for 7 weeks, no alterations were
observed in the expression levels of vitellogenin or estrogen
receptors, while the levels of E2 and T decreased significantly
(Tilton et al., 2003). Otherwise, other study showed that T plasma
levels of fish exposed to Cd (50 or 100 µg/L) are not altered (Luo
et al., 2015). In pejerrey males exposed to metals different
alteration were identified in the reproductive endocrine axis
(Gárriz et al., 2019). None of the metals tested altered the
levels of T even at concentrations higher than those detected
in Chascomús lake. Otherwise, Cd increased the expression of
gnrh1,2 and 3 in the brain and of fshb in the pituitary, as well as
for Cu only in the latter case. The levels of cyp19a1b decreased
their expression levels in specimens exposed to Cu. In the case of
Cr, it only showed alterations at the gonadal level, decreasing the
levels of mRNA of the fshr, and in the case of Zn the levels of the
lhcgr. In testis, the presence of pyknotic cells and others
morphological alterations were observed after the exposition to
Cr, Cd, Cu and Zn. There is evidence that heavy metals can cause
damage in the gonads of fish exposed to Cd, where a decrease in
the number of spermatocytes and spermatids was observed with
respect to the rest of the types of germ cells (Luo et al., 2015). In
addition to this, adult males of Astyanax bimaculatus exposed to
Zn (3–20 mg/L) showed dilation and rupture of the walls of the
sperm cysts and the presence of nuclei in pyknosis (Santos et al.,
2015).

Agrochemicals: Glyphosate and Atrazine
As already mentioned, due to the increase in agricultural
production, the use of fertilizers and agrochemicals in the
world has drastically increased. Among the agrochemicals,
glyphosate and atrazine are the most used, and they are

specially associated with transgenic soybean and corn crops
(Cuhra et al., 2016). Contamination of water bodies by the use
of these substances is currently one of the most serious problems,
critical for the conservation of aquatic ecosystems (Aparicio et al.,
2017; Pérez et al., 2021). In general, fish have a low sensitivity to
glyphosate with LC50 values of from 130 mg/L in Ictalurus
punctatus (Folmar et al., 1979), to >1,000 mg/L in pejerrey
(López-Aca et al., 2014). However, much lower values have
been obtained with commercial formulations due to the
presence of surfactants. Values of LC50 obtained with
Roundup® exposure (the most used in the world) ranged
between 2.3 mg/L for Pimpehales promelas (Folmar et al.,
1979), 14.5 mg/L for I. punctatus (Abdelghani et al., 1997) and
10.42 mg/L with Vision® for O. mykiss (Morgan and Kiceniuk,
1992). In the case of juvenil pejerrey, exposure for 96 h to 4 mg/L
of Eskoba III Max® caused 25% of mortality (Pérez et al., 2011).
Exposure to Roundup® at concentrations below 1 mg/L has also
been shown to cause significant effects on metabolism and
enzyme activity in R. quelen and Leporinus obtusiden (Salbego
et al., 2010). On the other hand, in adult pejerrey, sublethal effects
have been reported after the exposition to commercial
formulations (Glyphosate II Atanor®), such as metabolic
changes associated with oxidative stress and severe damage to
the gill ultrastructure (Menéndez-Helman et al., 2015;Menéndez-
Helman et al., 2020). Other glyphosate-based herbicide, Roundup
Transorb®, was recently demonstrated to induce oxidative stress
and impact genes related to the enzymatic antioxidant system in
O. humensis (Martins et al., 2021).

However, there are very few works studying alterations
related to reproduction in fish by glyphosate. In female R.
quelen, a decrease in E2 plasma levels has been reported
exposed to this herbicide. In addition, although, number of
stripped out oocytes was similar in control and treated females,
the number of swim-up fry was reduced in females exposed to

TABLE 1 | Effects of environmental concentrations of different pollutants identified in Pampas lakes on development and reproduction of pejerrey O. bonariensis.

End points E2

(350 ng/L)
EE2

(45 ng/L)
E2 + EE2

(350 ng/L +
45 ng/L)

Cd
(0.25 μg/L)

Cr
(4 μg/L)

Cu
(22 μg/L)

Zn
(211 μg/L)

Glyphosate
(4 mg/L)

Atrazine

Sperm motility = = = ↓ ↓ = = ? ?
Sperm Velocity = = = = = = = ? ?
% Fecundation = = = = ↓ ↓ = ? ?
Embryo survival = = = ↓ ↓ ↓ ↓ ? ?
% Hatch = = = ↓ ↓ ↓ ↓ ? ?
Larval survival = ↓ ↓ ↓ = ↓ ↓ ↓ ?
GSI = = ↓ = = = = = ?
Testicle picnotic
cells

↑ ↑ ↑ ↑ ↑ ↑ ↑ = ?

Tesis-ova No No No Yes No No No ? Probably
Testosterone = = = = = = = ? ?
gnrh1 = = = ↑ = = = ? ?
gnrh2 = = = ↑ = = = ? ?
gnrh3 = ↑ = ↑ = = = ? ?
cyp19a1b = = ↓ = = ↓ = ? ?
fshb = = = ↓ ↓ = = ? ?
lhb = = = = = ↑ = ? ?
fshr = ↓ ↓ = ↑ = = ? ?
hcgr = ↓ = = = = ↓ ? ?
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Roundup® (Soso et al., 2007). In D. rerio it was found that both
glyphosate and Roundup® exerted reproductive toxicity
(reduced number of eggs, increased embryo mortality)
although only at high concentrations that are unlikely to
occur in the environment, and the mechanisms of toxicity
include disruption of the steroidogenic biosynthetic pathway
and oxidative stress (Uren-Webster et al., 2013). In the same
species, it was also observed that glyphosate can reduce
motility and the duration of sperm movement, with damage
to the cell membrane and DNA integrity (Moreira-Lopes et al.,
2014). Recently in O. latipes, both Roundup® and glyphosate
were shown to induce adverse developmental and reproductive
as well as epigenetic effects (Smith et al., 2019). At present
there are no studies on the effect of commercial formulations
of glyphosate on the reproductive axis of pejerrey O.
bonariesnis.

Studies on the toxic effects of atrazine in fish have indicated a
wide variability in responses, depending on dose and species, with
lethal concentrations ranging from 3 to 45 mg/L (Spano et al.,
2004). Specimens of both sexes of C. aurata exposed to 100 or
1,000 µg of this herbicide, showed a decrease in plasma androgens
levels as well as testicular alterations in males and a high degree of
gonadal atresia in females (Spano et al., 2004). In addition, in
couples of P. promelas exposed to atrazine (up to 50 µg/L) for 21
or 30 days, a significant reduction in egg production was
recorded, mainly associated with a reduced number of
spawning events at the highest concentrations. Gonadal
abnormalities were also observed in males (presence of
testicular oocytes) and females in which ovulation was reduced
through the alteration of oocyte final maturation. On the other
hand, no variations were determined on sex steroids levels or in
the activity of gonadal or brain aromatase in the exposed
specimens (Tillitt et al., 2010). Similar results were reported
for O latipes, where the effect of atrazine as a reproductive
endocrine disruptor was demonstrated, causing gonadal
alterations in both sexes (Papoulias et al., 2014). In the case of
pejerrey, acute lethal toxicity to atrazine showed an LC50 of 107.9
and 5.23 mg/L at 48 and 96 h of exposure, respectively (López-
Aca et al., 2014). Although, it has not been shown that atrazine
can produce intersexes in pejerrey, the presence of some
specimens with testis-ova has recently been reported in a
Pampas lake (Cochicó) with high concentrations of this
agrochemical in its surface waters. (del Fresno et al., 2021b).

CONCLUSION

In this study, information on the adverse effects of different
anthropogenic pollutants on fish reproduction has been reviewed.
We have particularly focused on contaminants detected in Pampas
lakes using the pejerrey O. bonariesnsis as a biological model,
including also unpublished data. It should be noted that adverse
effects have been found with environmental estrogens, heavy metals,
and with the most widely used agrochemicals in Argentina:
glyphosate and atrazine (Table 1), paying particular attention to
environmentally relevant concentrations with ecological relevance.
Since the concentrations of the different endocrine disruptors,
together with other emerging contaminants, such as
pharmaceuticals, continue to increase associated with human
activity, we consider it is extremely important to deepen this kind
of studies, working both experimentally and in the different impacted
water bodies. Although many pollutants have been studied
individually, it is also necessary to analyze the effects of mixtures
of compounds, which can induce additive or synergistic responses on
organisms, reflecting a more real scenario of an aquatic environment.
For this, it is essential to havemodel species sensitive to pollution that
are representatives of the environments to be studied. In this regard, it
should be noted that pejerrey O. bonariensis has turned out to be an
ideal biological model for this type of study. In relation to the
published information and the new data provided in this review,
it is possible to generate an alarm signal about the use of polluting
substances in the Pampas region and will serve to regulatory agencies
to preserve fish biodiversity of this region.

AUTHOR CONTRIBUTIONS

LM initiated and structured the manuscript, drew the figures, and
elaborated the first draft. GS participated in the final discussion
and wording.

FUNDING

This study was supported by grants to LAM (ANPCyT: PICT
2017-2506; PICT 2019-2943) and GMS (ANPCyT: PICT 2012-
2261; PICT 2015-2783 and OT/14/01, Programa de Cooperación
Científico-Tecnológica, MINCyT).

REFERENCES

Abdelghani, A. A., Tchounwou, P. B., Anderson, A. C., Sujono, H., Heyer, L. R., and
Monkiedje, A. (1997). Toxicity Evaluation of Single and Chemical Mixtures of
Roundup, Garlon-3A, 2,4-D, and Syndets Surfactant to Channel Catfish
(Ictalurus punctatus), Bluegill Sunfish (Lepomis Microchirus), and Crawfish
(Procambarus spp.). Environ. Toxicol. Water Qual. 12, 237–243. doi:10.1002/
(sici)1098-2256(1997)12:3<237::aid-tox6>3.0.co;2-9

Almeida, J. A., Diniz, Y. S., Marques, S. F., Faine, L. A., Ribas, B. O., Burneiko, R. C.,
et al. (2001). The Use of the Oxidative Stress Responses as Biomarkers in Nile
tilapia (Oreochromis niloticus) Exposed to In Vivo Cadmium Contamination.
Environ. Int. 27, 673–679. doi:10.1016/s0160-4120(01)00127-1

Alsop, D., andWood, C. M. (2011). Metal Uptake and Acute Toxicity in Zebrafish:
Common Mechanisms across Multiple Metals. Aquat. Toxicol. 105, 385–393.
doi:10.1016/j.aquatox.2011.07.010

Amundsen, P.-A., Staldvik, F. J., Lukin, A. A., Kashulin, N. A., Popova, O. A., and
Reshetnikov, Y. S. (1997). Heavy Metal Contamination in Freshwater Fish from
the Border Region between Norway and Russia. Sci. Total Environ. 201,
211–224. doi:10.1016/s0048-9697(97)84058-2

Anderson, B. S., Middaugh, D. P., Hunt, J. W., and Turpen, S. L. (1991). Copper
Toxicity to Sperm, Embryos and Larvae of Topsmelt Atherinops Affinis, with
Notes on Induced Spawning. Mar. Environ. Res. 31, 17–35. doi:10.1016/0141-
1136(91)90003-Q

Ankley, G. T., Jensen, K. M., Durhan, E. J., Makynen, E. A., Butterworth, B. C.,
Kahl, M. D., et al. (2005). Effects of Two Fungicides with Multiple Modes of

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9399867

Miranda and Somoza Anthropic Pollutants and Pejerrey Reproduction

https://doi.org/10.1002/(sici)1098-2256(1997)12:3<237::aid-tox6>3.0.co;2-9
https://doi.org/10.1002/(sici)1098-2256(1997)12:3<237::aid-tox6>3.0.co;2-9
https://doi.org/10.1016/s0160-4120(01)00127-1
https://doi.org/10.1016/j.aquatox.2011.07.010
https://doi.org/10.1016/s0048-9697(97)84058-2
https://doi.org/10.1016/0141-1136(91)90003-Q
https://doi.org/10.1016/0141-1136(91)90003-Q
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Action on Reproductive Endocrine Function in the Fathead Minnow
(Pimephales promelas). Toxicol. Sci. 86, 300–308. doi:10.1093/toxsci/kfi202

Aparicio, V. C., Costa, J. L., and Gonzalo Mayoral, E. S. (2017). Plaguicidas en el
ambiente. Buenos Aires: Ediciones INTA, p158.

Arini, A., Gourves, P. Y., Gonzalez, P., and Baudrimont, M. (2015). Metal
Detoxification and Gene Expression Regulation after a Cd and Zn
Contamination: An Experimental Study on Danio rerio. Chemosphere 128,
125–133. doi:10.1016/j.chemosphere.2015.01.022

Avigliano, E., Schenone, N. F., Volpedo, A. V., Goessler, W., and Fernández Cirelli,
A. (2015). Heavy Metals and Trace Elements in Muscle of Silverside
(Odontesthes Bonariensis) and Water from Different Environments
(Argentina): Aquatic Pollution and Consumption Effect Approach. Sci.
Total Environ. 506-507, 102–108. doi:10.1016/j.scitotenv.2014.10.119

Battaglin, W. A., Meyer, M. T., Kuivila, K. M., and Dietze, J. E. (2014). Glyphosate
and its Degradation Product AMPA Occur Frequently andWidely in U.S. Soils,
SurfaceWater, Groundwater, and Precipitation. J. Am.Water Resour. Assoc. 50,
275–290. doi:10.1111/jawr.12159

Benbrook, C. M. (2016). Trends in Glyphosate Herbicide Use in the United States
and Globally. Environ. Sci. Eur. 28, 3. doi:10.1186/s12302-016-0070-0

Brion, F., Le Page, Y., Piccini, B., Cardoso, O., Tong, S.-K., Chung, B.-c., et al.
(2012). Screening Estrogenic Activities of Chemicals or Mixtures In Vivo Using
Transgenic (Cyp19a1b-GFP) Zebrafish Embryos. PLoS One 7, e36069. doi:10.
1371/journal.pone.0036069

Brown, K. H., Schultz, I. R., Cloud, J. G., and Nagler, J. J. (2008). Aneuploid Sperm
Formation in Rainbow Trout Exposed to the Environmental Estrogen 17α-
Ethynylestradiol. Proc. Natl. Acad. Sci. U.S.A. 105, 19786–19791. doi:10.1073/
pnas.0808333105

Brown, K. H., Schultz, I. R., and Nagler, J. J. (2007). Reduced Embryonic Survival in
Rainbow Trout Resulting from Paternal Exposure to the Environmental
Estrogen 17α-Ethynylestradiol during Late Sexual Maturation. Reproduction
134, 659–666. doi:10.1530/REP-07-0169

Burness, G., Casselman, S. J., Schulte-Hostedde, A. I., Moyes, C. D., and
Montgomerie, R. (2004). Sperm Swimming Speed and Energetics Vary with
Sperm Competition Risk in Bluegill ( Lepomis macrochirus ). Behav. Ecol.
Sociobiol. 56, 65–70. doi:10.1007/s00265-003-0752-7

Calabrese, E. J. (2001). Estrogen and Related Compounds: Biphasic Dose
Responses. Crit. Rev. Toxicol. 31, 503–515. doi:10.1080/20014091111785

Calta, M. (2001). Effects of Aqueous Cadmium on Embryos and Larvae of Mirror
Carp. Indian J. An. Sci. 71, 885–888.

Carriquiriborde, P., andRonco,A. E. (2008).DistinctiveAccumulation Patterns of Cd(II),
Cu(II), and Cr(VI) in Tissue of the South American Teleost, Pejerrey (Odontesthes
Bonariensis). Aquat. Toxicol. 86, 313–322. doi:10.1016/j.aquatox.2007.11.011

Castro Berman, M., Marino, D. J. G., Quiroga, M. V., and Zagarese, H. (2018).
Occurrence and Levels of Glyphosate and AMPA in Shallow Lakes from the
Pampean and Patagonian Regions of Argentina. Chemosphere 200, 513–522.
doi:10.1016/j.chemosphere.2018.02.103

Chakraborty, S. B. (2021). Non-essential Heavy Metals as Endocrine Disruptors:
Evaluating Impact on Reproduction in Teleosts. Proc. Zool. Soc. 74, 417–431.
doi:10.1007/s12595-021-00399-x

Chapman, G. A. (1978). Toxicities of Cadmium, Copper, and Zinc to Four Juvenile
Stages of Chinook Salmon and Steelhead. Trans. Am. Fish. Soc. 107, 841–847.
doi:10.1577/1548-8659(1978)107<841:toccaz>2.0.co;2

Chen, W.-Y., Lin, C.-J., Ju, Y.-R., Tsai, J.-W., and Liao, C.-M. (2012). Coupled
Dynamics of Energy Budget and Population Growth of tilapia in Response to
Pulsed Waterborne Copper. Ecotoxicology 21, 2264–2275. doi:10.1007/s10646-
012-0983-3

Cheshenko, K., Pakdel, F., Segner, H., Kah, O., and EggenEggen, R. I. L. (2008).
Interference of Endocrine Disrupting Chemicals with Aromatase CYP19
Expression or Activity, and Consequences for Reproduction of Teleost Fish.
General Comp. Endocrinol. 155, 31–62. doi:10.1016/j.ygcen.2007.03.005

Cuhra, M., Bøhn, T., and Cuhra, P. (2016). Glyphosate: Too Much of a Good
Thing? Front. Environ. Sci. 4, 28. doi:10.3389/fenvs.2016.00028

De La Torre, F. R., Salibián, A., and Ferrari, L. (2000). Biomarkers Assessment in
Juvenile Cyprinus carpio Exposed to Waterborne Cadmium. Environ. Pollut.
109, 277–282. doi:10.1016/s0269-7491(99)00263-8

del Fresno, P. S., Colautti, D. C., Berasain, G. E., and Miranda, L. A. (2021b).
Comparative Analysis of Pejerrey Fish (Odontesthes Bonariensis) Gonadal
Development during Two Consecutive Spawning Seasons in Relation to Sex

Steroids and Temperature Variation in Cochicó Lake (Pampas Region,
Argentina). Turk. J. Fish. Aquat. Sci. 21, 347–355. doi:10.4194/1303-2712-
v21_7_04

Dietrich, D. R., and Krieger, H. O. (2009). Histological Analysis of Endocrine
Disruptive Effects in Small Laboratory Fish. Hoboken, NJ: John Wiley & Sons,
p344.

Diovisalvi, N., Bohn, V. Y., Piccolo, M. C., Perillo, G. M. E., Baigún, C., and
Zagarese, H. E. (2015). Shallow Lakes from the Central Plains of Argentina: an
Overview and Worldwide Comparative Analysis of Their Basic Limnological
Features. Hydrobiologia 752, 5–20. doi:10.1007/s10750-014-1946-x

Elisio, M., Chalde, T., and Miranda, L. A. (2014). Seasonal Changes and Endocrine
Regulation of Pejerrey (Odontesthes Bonariensis) Oogenesis in the Wild. Comp.
Biochem. Physiology Part A Mol. Integr. Physiology 175, 102–109. doi:10.1016/j.
cbpa.2014.05.020

Elisio, M., Chalde, T., and Miranda, L. A. (2015). Seasonal Changes and
Endocrine Regulation of Pejerrey (Odontesthes Bonariensis)
Spermatogenesis in the Wild. General Comp. Endocrinol. 221, 236–243.
doi:10.1016/j.ygcen.2015.01.011

Eroglu, A., Dogan, Z., Kanak, E. G., Atli, G., and Canli, M. (2015). Effects of Heavy
Metals (Cd, Cu, Cr, Pb, Zn) on Fish Glutathione Metabolism. Environ. Sci.
Pollut. Res. 22, 3229–3237. doi:10.1007/s11356-014-2972-y

Folmar, L. C., Sanders, H. O., and Julin, A. M. (1979). Toxicity of the Herbicide
Glyphosate and Several of its Formulations to Fish and Aquatic Invertebrates.
Arch. Environ. Contam. Toxicol. 8, 269–278. doi:10.1007/BF01056243

del Fresno, P. S., Colautti, D. C., Berasain, G. E., and Miranda, L. A. (2021a).
Gonadal Development in Pejerrey (Odontesthes Bonariensis) during Spawning
Season in Relation with Sex Steroids and Temperature Variation in Gómez Lake
(Pampas Region, Argentina). An. Acad. Bras. Ciênc. 93, 1–13. doi:10.1590/
0001-3765202120190795

Galus, M., Jeyaranjaan, J., Smith, E., Li, H., Metcalfe, C., and Wilson, J. Y. (2013).
Chronic Effects of Exposure to a Pharmaceutical Mixture and Municipal
Wastewater in Zebrafish. Aquat. Toxicol. 132-133, 212–222. doi:10.1016/j.
aquatox.2012.12.016

Gárriz, Á., Menéndez-Helman, R. J., and Miranda, L. A. (2015). Effects of Estradiol
and Ethinylestradiol on Sperm Quality, Fertilization, and Embryo-Larval
Survival of Pejerrey Fish (Odontesthes Bonariensis). Aquat. Toxicol. 167,
191–199. doi:10.1016/j.aquatox.2015.08.011

Gárriz, Á., and Miranda, L. A. (2020). Effects of Metals on Sperm Quality,
Fertilization and Hatching Rates, and Embryo and Larval Survival of
Pejerrey Fish (Odontesthes Bonariensis). Ecotoxicology 29, 1072–1082.
doi:10.1007/s10646-020-02245-w

Gárriz, Á., del Fresno, P. S., Carriquiriborde, P., and Miranda, L. A. (2019). Effects
of Heavy Metals Identified in Chascomús Shallow Lake on the Endocrine-
Reproductive axis of Pejerrey Fish (Odontesthes Bonariensis). General Comp.
Endocrinol. 273, 152–162. doi:10.1016/j.ygcen.2018.06.013

Gárriz, Á., del Fresno, P. S., and Miranda, L. A. (2017). Exposure to E2 and EE2
Environmental Concentrations Affect Different Components of the Brain-
Pituitary-Gonadal axis in Pejerrey Fish (Odontesthes Bonariensis). Ecotoxicol.
Environ. Saf. 144, 45–53. doi:10.1016/j.ecoenv.2017.06.002

Glynn, A. W., Norrgren, L., and Müssener, A. (1994). Differences in Uptake of
Inorganic Mercury and Cadmium in the Gills of the Zebrafish, Brachydanio
Rerio. Aquat. Toxicol. 30, 13–26. doi:10.1016/0166-445X(94)90003-5

Golshan, M., Hatef, A., Socha, M., Milla, S., Butts, I. A. E., Carnevali, O., et al.
(2015). Di-(2-ethylhexyl)-phthalate Disrupts Pituitary and Testicular
Hormonal Functions to Reduce Sperm Quality in Mature Goldfish. Aquat.
Toxicol. 163, 16–26. doi:10.1016/j.aquatox.2015.03.017

González, A., Fernandino, J. I., and Somoza, G. M. (2015). Effects of 5α-
Dihydrotestosterone on Expression of Genes Related to Steroidogenesis and
Spermatogenesis during the Sex Determination and Differentiation Periods of
the Pejerrey, Odontesthes Bonariensis. Comp. Biochem. Physiology Part A Mol.
Integr. Physiology 182, 1–7. doi:10.1016/j.cbpa.2014.12.003

González, A., Kroll, K. J., Silva-Sanchez, C., Carriquiriborde, P., Fernandino, J. I.,
Denslow, N. D., et al. (2020). Steroid Hormones and Estrogenic Activity in the
Wastewater Outfall and Receiving Waters of the Chascomús Chained Shallow
Lakes System (Argentina). Sci. Total Environ. 743, 140401. doi:10.1016/j.
scitotenv.2020.140401

Gore, A. C., Chappell, V. A., Fenton, S. E., Flaws, J. A., Nadal, A., Prins, G. S., et al.
(2015). EDC-2: The Endocrine Society’s Second Scientific Statement on

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9399868

Miranda and Somoza Anthropic Pollutants and Pejerrey Reproduction

https://doi.org/10.1093/toxsci/kfi202
https://doi.org/10.1016/j.chemosphere.2015.01.022
https://doi.org/10.1016/j.scitotenv.2014.10.119
https://doi.org/10.1111/jawr.12159
https://doi.org/10.1186/s12302-016-0070-0
https://doi.org/10.1371/journal.pone.0036069
https://doi.org/10.1371/journal.pone.0036069
https://doi.org/10.1073/pnas.0808333105
https://doi.org/10.1073/pnas.0808333105
https://doi.org/10.1530/REP-07-0169
https://doi.org/10.1007/s00265-003-0752-7
https://doi.org/10.1080/20014091111785
https://doi.org/10.1016/j.aquatox.2007.11.011
https://doi.org/10.1016/j.chemosphere.2018.02.103
https://doi.org/10.1007/s12595-021-00399-x
https://doi.org/10.1577/1548-8659(1978)107<841:toccaz>2.0.co;2
https://doi.org/10.1007/s10646-012-0983-3
https://doi.org/10.1007/s10646-012-0983-3
https://doi.org/10.1016/j.ygcen.2007.03.005
https://doi.org/10.3389/fenvs.2016.00028
https://doi.org/10.1016/s0269-7491(99)00263-8
https://doi.org/10.4194/1303-2712-v21_7_04
https://doi.org/10.4194/1303-2712-v21_7_04
https://doi.org/10.1007/s10750-014-1946-x
https://doi.org/10.1016/j.cbpa.2014.05.020
https://doi.org/10.1016/j.cbpa.2014.05.020
https://doi.org/10.1016/j.ygcen.2015.01.011
https://doi.org/10.1007/s11356-014-2972-y
https://doi.org/10.1007/BF01056243
https://doi.org/10.1590/0001-3765202120190795
https://doi.org/10.1590/0001-3765202120190795
https://doi.org/10.1016/j.aquatox.2012.12.016
https://doi.org/10.1016/j.aquatox.2012.12.016
https://doi.org/10.1016/j.aquatox.2015.08.011
https://doi.org/10.1007/s10646-020-02245-w
https://doi.org/10.1016/j.ygcen.2018.06.013
https://doi.org/10.1016/j.ecoenv.2017.06.002
https://doi.org/10.1016/0166-445X(94)90003-5
https://doi.org/10.1016/j.aquatox.2015.03.017
https://doi.org/10.1016/j.cbpa.2014.12.003
https://doi.org/10.1016/j.scitotenv.2020.140401
https://doi.org/10.1016/j.scitotenv.2020.140401
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Endocrine-Disrupting Chemicals. Endocr. Rev. 36, E1–E150. doi:10.1210/er.
2015-1010

Green, C. C., and Kelly, A. M. (2008). Effect of the Exogenous Soyabean Phyto-
Oestrogen Genistein on Sperm Quality, ATP Content and Fertilization Rates in
Channel catfishIctalurus punctatus(Rafinesque) and walleyeSander
vitreus(Mitchill). J. Fish. Biol. 72, 2485–2499. doi:10.1111/j.1095-8649.2008.
01855.x

Grosell, M., McDonald, M. D., Wood, C. M., and Walsh, P. J. (2004). Effects of
Prolonged Copper Exposure in the Marine Gulf Toadfish (Opsanus beta).
Aquat. Toxicol. 68, 249–262. doi:10.1016/j.aquatox.2004.03.006

Gue´vel, R. L., Petit, F. G., Goff, P. L., Me´tivier, R., Valotaire, Y., and Pakdel, F.
(2000). Inhibition of Rainbow Trout (Oncorhynchus mykiss) Estrogen Receptor
Activity by Cadmium1. Biol. Reprod. 63, 259–266. doi:10.1095/biolreprod63.
1.259

Gupta, P., Chaurasia, S. S., Kar, A., and Maiti, P. K. (1997). Influence of Cadmium
on Thyroid Hormone Concentrations and Lipid Peroxidation in a Fresh Water
Fish, Clarias batrachus. Fresenius Environ. Bull. 6, 355–358.

Guyón, N. F., Roggio, M. A., Amé, M. V., Hued, A. C., Valdés, M. E., Giojalas, L. C.,
et al. (2012). Impairments in Aromatase Expression, Reproductive Behavior,
and Sperm Quality of Male Fish Exposed to 17β-Estradiol. Environ. Toxicol.
Chem. 31, 935–940. doi:10.1002/etc.1790

Hashimoto, S., Watanabe, E., Ikeda, M., Terao, Y., Strüssmann, C. A., Inoue, M.,
et al. (2009). Effects of Ethinylestradiol on Medaka (Oryzias latipes) as
Measured by Sperm Motility and Fertilization Success. Arch. Environ.
Contam. Toxicol. 56, 253–259. doi:10.1007/s00244-008-9183-9

Hattori, R. S., Fernandino, J. I., Kishii, A., Kimura, H., Kinno, T., Oura, M., et al.
(2009). Cortisol-induced Masculinization: Does Thermal Stress Affect Gonadal
Fate in Pejerrey, a Teleost Fish with Temperature-dependent Sex
Determination? PLoS ONE 4, e6548. doi:10.1371/journal.pone.0006548

Hogstrand, C., and Wood, C. M. (1995). Mechanisms for Zinc Acclimation in
Freshwater Rainbow Trout. Mar. Environ. Res. 39, 131–135. doi:10.1016/0141-
1136(94)00040-V

Hontela, A., Daniel, C., and Ricard, A. C. (1996). Effects of Acute and Subacute
Exposures to Cadmium on the Interrenal and Thyroid Function in Rainbow
Trout, Oncorhynchus mykiss. Aquat. Toxicol. 35, 171–182. doi:10.1016/0166-
445X(96)00012-4

Ingaramo, P., Alarcón, R., Muñoz-de-Toro, M., and Luque, E. H. (2020). Are
Glyphosate and Glyphosate-Based Herbicides Endocrine Disruptors that Alter
Female Fertility? Mol. Cell. Endocrinol. 518, 110934. doi:10.1016/j.mce.2020.
110934

Ismail, A., and Yusof, S. (2011). Effect of Mercury and Cadmium on Early Life
Stages of Java Medaka (Oryzias javanicus): A Potential Tropical Test Fish.Mar.
Pollut. Bull. 63, 347–349. doi:10.1016/j.marpolbul.2011.02.014

Ito, L. S., Takahashi, C., Yamashita, M., and Strüssmann, C. A. (2008). Warm
Water Induces Apoptosis, Gonadal Degeneration, and Germ Cell Loss in
Subadult PejerreyOdontesthes bonariensis(Pisces, Atheriniformes).
Physiological Biochem. Zoology 81, 762–774. doi:10.1086/590219

Jezierska, B., Ługowska, K., andWiteska, M. (2009). The Effects of HeavyMetals on
Embryonic Development of Fish (A Review). Fish. Physiol. Biochem. 35,
625–640. doi:10.1007/s10695-008-9284-4

Kar, S., Sangem, P., Anusha, N., and Senthilkumaran, B. (2021). Endocrine
Disruptors in Teleosts: Evaluating Environmental Risks and Biomarkers.
Aquac. Fish. 6, 1–26. doi:10.1016/j.aaf.2020.07.013

Karube, M., Fernandino, J. I., Strobl-Mazzulla, P., Strüssmann, C. A., Yoshizaki, G.,
Somoza, G. M., et al. (2007). Characterization and Expression Profile of the
Ovarian Cytochrome P-450 Aromatase (cyp19A1) Gene during Thermolabile
Sex Determination in pejerrey,Odontesthes Bonariensis. J. Exp. Zool. 307A,
625–636. doi:10.1002/jez.416

Kazeto, Y., Place, A. R., and 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. doi:10.1016/j.aquatox.2004.04.008

Kime, D. E., Ebrahimi, M., Nysten, K., Roelants, I., Rurangwa, E., Moore, H. D. M.,
et al. (1996). Use of Computer Assisted Sperm Analysis (CASA) for Monitoring
the Effects of Pollution on Sperm Quality of Fish; Application to the Effects of
Heavy Metals. Aquat. Toxicol. 36, 223–237. doi:10.1016/S0166-445X(96)
00806-5

Kime, D. E. (1995). The Effects of Pollution on Reproduction in Fish. Rev. Fish.
Biol. Fish. 5, 52–95. doi:10.1007/BF01103366

Kishida, M., McLellan, M., Miranda, J. A., and Callard, G. V. (2001). Estrogen and
Xenoestrogens Upregulate the Brain Aromatase Isoform (P450aromB) and
Perturb Markers of Early Development in Zebrafish (Danio rerio). Comp.
Biochem. Physiology Part B Biochem. Mol. Biol. 129, 261–268. doi:10.1016/
S1096-4959(01)00319-0

Koger, C. S., Teh, S. J., and Hinton, D. E. (2000). Determining the Sensitive
Developmental Stages of Intersex Induction in Medaka (Oryzias latipes)
Exposed to 17β-Estradiol or Testosterone. Mar. Environ. Res. 50, 201–206.
doi:10.1016/s0141-1136(00)00068-4

Lahnsteiner, F., Mansour, N., Berger, B., and Patzner, R. A. (2004). The Effect of
Inorganic and Organic Pollutants on Sperm Motility of Some Freshwater
Teleosts. J. Fish Biol. 65, 1283–1297. doi:10.1111/j.0022-1112.2004.00528.x

Leino, R. L., Jensen, K. M., and Ankley, G. T. (2005). Gonadal Histology and
Characteristic Histopathology Associated with Endocrine Disruption in the
Adult Fathead Minnow (Pimephales promelas). Environ. Toxicol. Pharmacol.
19, 85–98. doi:10.1016/j.etap.2004.05.010

Lizardo-Daudt, H. M., and Kennedy, C. (2008). Effects of Cadmium Chloride on
the Development of Rainbow troutOncorhynchus Mykissearly Life Stages.
J. Fish. Biol. 73, 702–718. doi:10.1111/j.1095-8649.2008.01971.x

Lopes, F. M., Varela Junior, A. S., Jr, Corcini, C. D., da Silva, A. C., Guazzelli, V. G.,
Tavares, G., et al. (2014). Effect of Glyphosate on the SpermQuality of Zebrafish
Danio rerio. Aquat. Toxicol. 155, 322–326. doi:10.1016/j.aquatox.2014.07.006

López-Aca, V., González, P. V., Marino, D. M., and Carriquiriborde, P. (2014).
“Comparative Toxicity of Insecticides, Fungicides and Herbicides Widely Used
in the Pampas (Argentina) on the “Pejerrey” (Odontesthes Bonariensis),” in
SETAC North America 35th Annual Meeting. Society of Environmental
Toxicology and Chemistry (Vancouver, British Columbia, Canada.

Luo, Y., Shan, D., Zhong, H., Zhou, Y., Chen, W., Cao, J., et al. (2015). Subchronic
Effects of Cadmium on the Gonads, Expressions of Steroid Hormones and Sex-
Related Genes in tilapia Oreochromis niloticus. Ecotoxicology 24, 2213–2223.
doi:10.1007/s10646-015-1542-5

Lushchak, V. I. (2016). Contaminant-induced Oxidative Stress in Fish: a
Mechanistic Approach. Fish. Physiol. Biochem. 42, 711–747. doi:10.1007/
s10695-015-0171-5

Malik, N., Biswas, A. K., Qureshi, T. A., Borana, K., and Virha, R. (2010).
Bioaccumulation of Heavy Metals in Fish Tissues of a Freshwater Lake of
Bhopal. Environ. Monit. Assess. 160, 267–276. doi:10.1007/s10661-008-0693-8

Maltais, D., and Roy, R. L. (2014). Effects of Nonylphenol and Ethinylestradiol on
Copper Redhorse (Moxostoma Hubbsi), an Endangered Species. Ecotoxicol.
Environ. Saf. 108, 168–178. doi:10.1016/j.ecoenv.2014.07.004

Mance, G. (1987). Pollution Threat of Heavy Metals in Aquatic Environment.
London: Elsevier, 363.

Mariano, E., Carolina, V., and Miranda Leandro, A. (2018). Influences of ENSO and
PDOPhenomena on the Local Climate Variability CanDrive Extreme Temperature
and Depth Conditions in a Pampean Shallow Lake Affecting Fish Communities.
Environ. Biol. Fish. 101, 653–666. doi:10.1007/s10641-018-0726-2

Marlatt, V. L., Bayen, S., Castaneda-Cortès, D., Delbès, G., Grigorova, P., Langlois,
V. S., et al. (2022). Impacts of Endocrine Disrupting Chemicals on
Reproduction in Wildlife and Humans. Environ. Res. 208, 112584. doi:10.
1016/j.envres.2021.112584

Martins, A. W. S., Silveira, T. L. R., Remião, M. H., Domingues, W. B., Dellagostin,
E. N., Junior, A. S. V., et al. (2021). Acute Exposition to Roundup Transorb
Induces Systemic Oxidative Stress and Alterations in the Expression of Newly
Sequenced Genes in Silverside Fish (Odontesthes Humensis). Environ. Sci.
Pollut. Res. 28, 65127–65139. doi:10.1007/s11356-021-15239-w

Martyniuk, C. J., Feswick, A., Munkittrick, K. R., Dreier, D. A., and Denslow,
N. D. (2020). Twenty Years of Transcriptomics, 17alpha-Ethinylestradiol,
and Fish. General Comp. Endocrinol. 286, 113325. doi:10.1016/j.ygcen.
2019.113325

Meijide, F. J., Rey Vázquez, G., Piazza, Y. G., Babay, P. A., Itria, R. F., and Lo
Nostro, F. L. (2016). Effects of Waterborne Exposure to 17β-Estradiol and 4-
Tert-Octylphenol on Early Life Stages of the South American Cichlid Fish
Cichlasoma Dimerus. Ecotoxicol. Environ. Saf. 124, 82–90. doi:10.1016/j.
ecoenv.2015.10.004

Menéndez-Helman, R. J., Miranda, L. A., Dos Santos Afonso, M., and Salibián, A.
(2015). Subcellular Energy Balance of Odontesthes Bonariensis Exposed to a
Glyphosate-Based Herbicide. Ecotoxicol. Environ. Saf. 114, 157–163. doi:10.
1016/j.ecoenv.2015.01.014

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9399869

Miranda and Somoza Anthropic Pollutants and Pejerrey Reproduction

https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1111/j.1095-8649.2008.01855.x
https://doi.org/10.1111/j.1095-8649.2008.01855.x
https://doi.org/10.1016/j.aquatox.2004.03.006
https://doi.org/10.1095/biolreprod63.1.259
https://doi.org/10.1095/biolreprod63.1.259
https://doi.org/10.1002/etc.1790
https://doi.org/10.1007/s00244-008-9183-9
https://doi.org/10.1371/journal.pone.0006548
https://doi.org/10.1016/0141-1136(94)00040-V
https://doi.org/10.1016/0141-1136(94)00040-V
https://doi.org/10.1016/0166-445X(96)00012-4
https://doi.org/10.1016/0166-445X(96)00012-4
https://doi.org/10.1016/j.mce.2020.110934
https://doi.org/10.1016/j.mce.2020.110934
https://doi.org/10.1016/j.marpolbul.2011.02.014
https://doi.org/10.1086/590219
https://doi.org/10.1007/s10695-008-9284-4
https://doi.org/10.1016/j.aaf.2020.07.013
https://doi.org/10.1002/jez.416
https://doi.org/10.1016/j.aquatox.2004.04.008
https://doi.org/10.1016/S0166-445X(96)00806-5
https://doi.org/10.1016/S0166-445X(96)00806-5
https://doi.org/10.1007/BF01103366
https://doi.org/10.1016/S1096-4959(01)00319-0
https://doi.org/10.1016/S1096-4959(01)00319-0
https://doi.org/10.1016/s0141-1136(00)00068-4
https://doi.org/10.1111/j.0022-1112.2004.00528.x
https://doi.org/10.1016/j.etap.2004.05.010
https://doi.org/10.1111/j.1095-8649.2008.01971.x
https://doi.org/10.1016/j.aquatox.2014.07.006
https://doi.org/10.1007/s10646-015-1542-5
https://doi.org/10.1007/s10695-015-0171-5
https://doi.org/10.1007/s10695-015-0171-5
https://doi.org/10.1007/s10661-008-0693-8
https://doi.org/10.1016/j.ecoenv.2014.07.004
https://doi.org/10.1007/s10641-018-0726-2
https://doi.org/10.1016/j.envres.2021.112584
https://doi.org/10.1016/j.envres.2021.112584
https://doi.org/10.1007/s11356-021-15239-w
https://doi.org/10.1016/j.ygcen.2019.113325
https://doi.org/10.1016/j.ygcen.2019.113325
https://doi.org/10.1016/j.ecoenv.2015.10.004
https://doi.org/10.1016/j.ecoenv.2015.10.004
https://doi.org/10.1016/j.ecoenv.2015.01.014
https://doi.org/10.1016/j.ecoenv.2015.01.014
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Menéndez-Helman, R. J., Miranda, L. A., Salibián, A., and Dos Santos Afonso, M.
(2020). Effects on Ultrastructure, Composition and Specific Surface Area of the
Gills of Odontesthes Bonariensis under Subchronic Glyphosate-Based
Herbicide Exposure. Bull. Environ. Contam. Toxicol. 105, 835–840. doi:10.
1007/s00128-020-03031-4

Menuet, A., Pellegrini, E., Brion, F. o., Gueguen, M.-M., Anglade, I., Pakdel, F., et al.
(2005). Expression and Estrogen-dependent Regulation of the Zebrafish Brain
Aromatase Gene. J. Comp. Neurol. 485, 304–320. doi:10.1002/cne.20497

Michiels, E. D. G., Vergauwen, L., Lai, F. Y., Town, R. M., Covaci, A., van Nuijs, A.
L. N., et al. (2019). Advancing the Zebrafish Embryo Test for Endocrine
Disruptor Screening Using Micro-injection: Ethinyl Estradiol as a Case
Study. Environ. Toxicol. Chem. 38, 533–547. doi:10.1002/etc.4343

Mills, L. J., and Chichester, C. (2005). Review of Evidence: Are Endocrine-
Disrupting Chemicals in the Aquatic Environment Impacting Fish
Populations? Sci. Total Environ. 343, 1–34. doi:10.1016/j.scitotenv.2004.12.070

Mills, L. J., Gutjahr-Gobell, R. E., Zaroogian, G. E., Horowitz, D. B., and Laws, S. C.
(2014). Modulation of Aromatase Activity as a Mode of Action for Endocrine
Disrupting Chemicals in a Marine Fish. Aquat. Toxicol. 147, 140–150. doi:10.
1016/j.aquatox.2013.12.023

Miranda, L. A., Chalde, T., Elisio, M., and Strüssmann, C. A. (2013). Effects of
Global Warming on Fish Reproductive Endocrine axis, with Special Emphasis
in Pejerrey Odontesthes Bonariensis. General Comp. Endocrinol. 192, 45–54.
doi:10.1016/j.ygcen.2013.02.034

Montgomery, T. M., Brown, A. C., Gendelman, H. K., Ota, M., and Clotfelter, E. D.
(2012). Exposure to 17α-Ethinylestradiol Decreases Motility and ATP in Sperm
of Male Fighting fishBetta Splendens. Environ. Toxicol. 29, 243–252. doi:10.
1002/tox.21752

Morgan, M. J., and Kiceniuk, J. W. (1992). Response of Rainbow Trout to a Two
Month Exposure to Vision, a Glyphosate Herbicide. Bull. Environ. Contam.
Toxicol. 48, 772–780. doi:10.1007/BF00196001

Mukherjee, D., Kumar, V., and Chakraborti, P. (1994). Effect of Mercuric Chloride
and Cadmium Chloride on Gonadal Function and its Regulation in Sexually
Mature Common Carp Cyprinus carpio. Biomed. Environ. Sc. 7, 13–24.

Muñoz-Cueto, J. A., Zmora, N., Paullada-Salmerón, J. A., Marvel, M., Mañanos, E.,
and Zohar, Y. (2020). The Gonadotropin-Releasing Hormones: Lessons from
Fish. General Comp. Endocrinol. 291, 113422. doi:10.1016/j.ygcen.2020.113422

Nawaz, S., Nagra, S. A., Saleem, Y., and Priydarshi, A. (2010). Determination of
HeavyMetals in FreshWater Fish Species of the River Ravi, Pakistan Compared
to Farmed Fish Varieties. Environ. Monit. Assess. 167, 461–471. doi:10.1007/
s10661-009-1064-9

Nielsen, L., and Baatrup, E. (2006). Quantitative Studies on the Effects of
Environmental Estrogens on the Testis of the Guppy, Poecilia reticulata.
Aquat. Toxicol. 80, 140–148. doi:10.1016/j.aquatox.2006.08.004

Ottenwälder, H., Wiegand, H. J., and Bolt, H. M. (1988). Uptake of 51Cr(VI) by
Human Erythrocytes: Evidence for a Carrier-Mediated Transport Mechanism.
Sci. Total Environ. 71, 561–566. doi:10.1016/0048-9697(88)90237-9

Papoulias, D. M., Tillitt, D. E., Talykina, M. G., Whyte, J. J., and Richter, C. A.
(2014). Atrazine Reduces Reproduction in Japanese Medaka (Oryzias latipes).
Aquat. Toxicol. 154, 230–239. doi:10.1016/j.aquatox.2014.05.022

Parhar, I. S., Soga, T., and 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*. Oreochromis Niloticus. Endocrinol. 141, 1618–1626.
doi:10.1210/endo.141.5.7460

Patiño, R., Rosen, M. R., Orsak, E. L., Goodbred, S. L., May, T. W., Alvarez, D., et al.
(2012). Patterns of Metal Composition and Biological Condition and Their
Association in Male Common Carp across an Environmental Contaminant
Gradient in Lake Mead National Recreation Area, Nevada and Arizona, USA.
Sci. Total EnvironSci. Tot. Environ. 416, 215–224. doi:10.1016/j.scitotenv.2011.
11.082

Pérez, D. J., Iturburu, F. G., Calderon, G., Oyesqui, L. A. E., De Gerónimo, E., and
Aparicio, V. C. (2021). Ecological Risk Assessment of Current-Use Pesticides
and Biocides in Soils, Sediments and Surface Water of a Mixed Land-Use Basin
of the Pampas Region, Argentina. Chemosphere 263, 128061. doi:10.1016/j.
chemosphere.2020.128061

Pérez, G. L., Vera, M. S., and Miranda, L. A. (2011). “Effects of Herbicide
Glyphosate and Glyphosate-Based Formulations on Aquatic Ecosystems,” in

Herbicides and Environment. Editor A. Kortekamp (Rijeka, Croatia: InTech
Open Access Publisher), 16, 343–368.

Pérez, M. R., Fernandino, J. I., Carriquiriborde, P., and Somoza, G. M. (2012).
Feminization and Altered Gonadal Gene Expression Profile by Ethinylestradiol
Exposure to Pejerrey, Odontesthes Bonariensis, a South American Teleost Fish.
Environ. Toxicol. Chem. 31 (5), 941–946. doi:10.1002/etc.1789

Peruzzo, P. J., Porta, A. A., and Ronco, A. E. (2008). Levels of Glyphosate in Surface
Waters, Sediments and Soils Associated with Direct Sowing Soybean
Cultivation in North Pampasic Region of Argentina. Environ. Pollut. 156,
61–66. doi:10.1016/j.envpol.2008.01.015

Petersen, K., Fetter, E., Kah, O., Brion, F., Scholz, S., and Tollefsen, K. E. (2013).
Transgenic (Cyp19a1b-GFP) Zebrafish Embryos as a Tool for Assessing
Combined Effects of Oestrogenic Chemicals. Aquat. Toxicol. 138-139,
88–97. doi:10.1016/j.aquatox.2013.05.001

Prathibha, Y., Laldinsangi, C., and Senthilkumaran, B. (2013). “Perspective on the
Gonadotropin-Releasing Hormone Gonadotropins-Monoamines: Relevance to
Gonadal Differentiation and Maturation in Teleosts,” in Sexual Plasticity and
Gametogenesis in Fishes. Editor B. Senthilkumaran (USA: Nova Biomedical),
341–361.

Pundir, R., and Saxena, A. B. (1992). Chronic Toxic Exposure of Cadmium on the
Pituitary Gland of Fish Puntius ticto and Pattern of Recoupment. J. Environ.
Biol. 13, 69–74.

Roggio, M. A., Guyón, N. F., Hued, A. C., Amé, M. V., Valdés, M. E., Giojalas, L. C.,
et al. (2014). Effects of the Synthetic Estrogen 17α-Ethinylestradiol on
Aromatase Expression, Reproductive Behavior and Sperm Quality in the
Fish Jenynsia Multidentata. Bull. Environ. Contam. Toxicol. 92, 579–584.
doi:10.1007/s00128-013-1185-2

Rurangwa, E., Roelants, I., Huyskens, G., Ebrahimi, M., Kime, D. E., and Ollevier, F.
(1998). The Minimum Effective Spermatozoa : Egg Ratio for Artificial
Insemination and the Effects of Mercury on Sperm Motility and
Fertilization Ability in Clarias gariepinus. J. Fish Biol. 53, 402–413. doi:10.
1111/j.1095-8649.1998.tb00989.x

Salbego, J., Pretto, A., Gioda, C. R., de Menezes, C. C., Lazzari, R., Radünz Neto, J.,
et al. (2010). Herbicide Formulation with Glyphosate Affects Growth,
Acetylcholinesterase Activity, and Metabolic and Hematological Parameters
in Piava (Leporinus obtusidens). Arch. Environ. Contam. Toxicol. 58, 740–745.
doi:10.1007/s00244-009-9464-y

Salierno, J. D., and Kane, A. S. (2009). 17α-ETHINYLESTRADIOL ALTERS
REPRODUCTIVE BEHAVIORS, CIRCULATING HORMONES, AND
SEXUAL MORPHOLOGY IN MALE FATHEAD MINNOWS
(PIMEPHALES PROMELAS). Environ. Toxicol. Chem. 28, 953–961. doi:10.
1897/08-111.1

Santos, D. C. M. d., Cupertino, M. d. C., Matta, S. L. P. d., Oliveira, J. A. d., and
Santos, J. A. D. d. (2015). Histological Alterations in Liver and Testis of
Astyanax Aff. Bimaculatus Caused by Acute Exposition to Zinc. Rev. Ceres
62, 133–141. doi:10.1590/0034-737X201562020002

Schenone, N. F., Avigliano, E., Goessler, W., and Fernández Cirelli, A. (2014).
Toxic Metals, Trace and Major Elements Determined by ICPMS in Tissues of
Parapimelodus Valenciennis and Prochilodus lineatus from Chascomus Lake,
Argentina. Microchem. J. 112, 127–131. doi:10.1016/j.microc.2013.09.025

Schultz, I. R., Skillman, A., Nicolas, J.-M., Cyr, D. G., and Nagler, J. J. (2003).
SHORT-TERM EXPOSURE TO 17α-ETHYNYLESTRADIOL DECREASES
THE FERTILITY OF SEXUALLY MATURING MALE RAINBOW TROUT
(ONCORHYNCHUS MYKISS). Environ. Toxicol. Chem. 22, 1272–1280.
10.1897/1551-5028(2003)022<1272:steted>2.0.co;2. doi:10.1002/etc.
5620220613

Senthilkumaran, B. (2015). Pesticide- and Sex Steroid Analogue-Induced
Endocrine Disruption Differentially Targets Hypothalamo-Hypophyseal-
Gonadal System during Gametogenesis in Teleosts - A Review. General
Comp. Endocrinol. 219, 136–142. doi:10.1016/j.ygcen.2015.01.010

Sharma, B., and Patiño, R. (2010). Effects of Cadmium, Estradiol-17β and Their
Interaction on Gonadal Condition and Metamorphosis of Male and Female
African Clawed Frog, Xenopus laevis. Chemosphere 79, 499–505. doi:10.1016/j.
chemosphere.2010.02.044

Sikka, S. C., and Naz, R. K. (1999). “Endocrine Disruptors and Male Fertility,” in
Endocrine Disruptors: Effects on Male and Female Reproductive Systems. Editor
R. K. Naz (Boca Raton: CRC Press), 225–246.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 93998610

Miranda and Somoza Anthropic Pollutants and Pejerrey Reproduction

https://doi.org/10.1007/s00128-020-03031-4
https://doi.org/10.1007/s00128-020-03031-4
https://doi.org/10.1002/cne.20497
https://doi.org/10.1002/etc.4343
https://doi.org/10.1016/j.scitotenv.2004.12.070
https://doi.org/10.1016/j.aquatox.2013.12.023
https://doi.org/10.1016/j.aquatox.2013.12.023
https://doi.org/10.1016/j.ygcen.2013.02.034
https://doi.org/10.1002/tox.21752
https://doi.org/10.1002/tox.21752
https://doi.org/10.1007/BF00196001
https://doi.org/10.1016/j.ygcen.2020.113422
https://doi.org/10.1007/s10661-009-1064-9
https://doi.org/10.1007/s10661-009-1064-9
https://doi.org/10.1016/j.aquatox.2006.08.004
https://doi.org/10.1016/0048-9697(88)90237-9
https://doi.org/10.1016/j.aquatox.2014.05.022
https://doi.org/10.1210/endo.141.5.7460
https://doi.org/10.1016/j.scitotenv.2011.11.082
https://doi.org/10.1016/j.scitotenv.2011.11.082
https://doi.org/10.1016/j.chemosphere.2020.128061
https://doi.org/10.1016/j.chemosphere.2020.128061
https://doi.org/10.1002/etc.1789
https://doi.org/10.1016/j.envpol.2008.01.015
https://doi.org/10.1016/j.aquatox.2013.05.001
https://doi.org/10.1007/s00128-013-1185-2
https://doi.org/10.1111/j.1095-8649.1998.tb00989.x
https://doi.org/10.1111/j.1095-8649.1998.tb00989.x
https://doi.org/10.1007/s00244-009-9464-y
https://doi.org/10.1897/08-111.1
https://doi.org/10.1897/08-111.1
https://doi.org/10.1590/0034-737X201562020002
https://doi.org/10.1016/j.microc.2013.09.025
https://doi.org/10.1002/etc.5620220613
https://doi.org/10.1002/etc.5620220613
https://doi.org/10.1016/j.ygcen.2015.01.010
https://doi.org/10.1016/j.chemosphere.2010.02.044
https://doi.org/10.1016/j.chemosphere.2010.02.044
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smith, C.M., Vera,M.K.M., andBhandari, R. K. (2019). Developmental andEpigenetic
Effects of Roundup and Glyphosate Exposure on JapaneseMedaka (Oryzias latipes).
Aquat. Toxicol. 210, 215–226. doi:10.1016/j.aquatox.2019.03.005

Söffker, M., and Tyler, C. R. (2012). Endocrine Disrupting Chemicals and Sexual
Behaviors in Fish - a Critical Review on Effects and Possible Consequences. Crit.
Rev. Toxicol. 42, 653–668. doi:10.3109/10408444.2012.692114

Somoza, G. M., Miranda, L. A., Berasain, G. E., Colautti, D., Remes Lenicov, M.,
and Strüssmann, C. A. (2008). Historical Aspects, Current Status and Prospects
of Pejerrey Aquaculture in South America. Aquac. Res. 39, 784–793. doi:10.
1111/j.1365-2109.2008.01930.x

Soso, A. B., Barcellos, L. J. G., Ranzani-Paiva, M. J., Kreutz, L. C., Quevedo, R. M.,
Anziliero, D., et al. (2007). Chronic Exposure to Sub-lethal Concentration of a
Glyphosate-Based Herbicide Alters Hormone Profiles and Affects
Reproduction of Female Jundiá (Rhamdia quelen). Environ. Toxicol.
Pharmacol. 23, 308–313. doi:10.1016/j.etap.2006.11.008

Spanò, L., Tyler, C. R., Aerle, R. v., Devos, P., Mandiki, S. N. M., Silvestre, F., et al.
(2004). Effects of Atrazine on Sex Steroid Dynamics, Plasma Vitellogenin
Concentration and Gonad Development in Adult Goldfish (Carassius auratus).
Aquat. Toxicol. 66, 369–379. doi:10.1016/j.aquatox.2003.10.009

Strüssmann, C. A., Saito, T., Usui, H., Yamada, H., and Takashima, F. (1997).
Thermal Thresholds and Critical Period of Thermolabile Sex Determination in
Two Atherinid Fishes, Odontesthes Bonariensis and. Patagon. Hatcheri. J. Exp.
Biol. 278, 167–177. doi:10.1002/(sici)1097-010x(19970615)278:3<167::aid-
jez6>3.0.co;2-m

Strüssmann, C. A., Conover, D. O., Somoza, G. M., and Miranda, L. A. (2010).
Implications of Climate Change for the Reproductive Capacity and Survival of
New World Silversides (Family Atherinopsidae). J. Fish. Biol. 77, 1818–1834.
doi:10.1111/j.1095-8649.2010.02780.x

Strüssmann, C. A., Takashima, F., and Toda, K. (1996). Sex Differentiation and
Hormonal Feminization in Pejerrey Odontesthes Bonariensis. Aquaculture 139,
31–45. doi:10.1016/0044-8486(95)01161-7

Sumpter, J. P. (1995). Feminized Responses in Fish to Environmental Estrogens.
Toxicol. Lett. 82-83, 737–742. doi:10.1016/0378-4274(95)03517-6

Sumpter, J. P., and Johnson, A. C. (2005). Lessons from Endocrine Disruption and
Their Application to Other Issues Concerning Trace Organics in the Aquatic
Environment. Environ. Sci. Technol. 39, 4321–4332. doi:10.1021/es048504a

Surana, D., Gupta, J., Sharma, S., Kumar, S., and Ghosh, P. (2022). A Review on
Advances in Removal of Endocrine Disrupting Compounds from Aquatic
Matrices: Future Perspectives on Utilization of Agri-Waste Based Adsorbents.
Sci. Total Environ. 826, 154129. doi:10.1016/j.scitotenv.2022.154129

Swapna, I., and Senthilkumaran, B. (2009). Influence of Ethynylestradiol and
Methyltestosterone on the Hypothalamo-Hypophyseal-Gonadal axis of Adult
Air-Breathing Catfish, Clarias gariepinus. Aquat. Toxicol. 95, 222–229. doi:10.
1016/j.aquatox.2009.09.008

Swapna, I., Sudhakumari, C. C., Sakai, F., Sreenivasulu, G., Kobayashi, T., Kagawa,
H., et al. (2008). Seabream GnRH Immunoreactivity in Brain and Pituitary of
XX and XY Nile tilapia,Oreochromis Niloticusduring Early Development.
J. Exp. Zool. 309A, 419–426. doi:10.1002/jez.467

Thorpe, K. L., Cummings, R. I., Hutchinson, T. H., Scholze, M., Brighty, G.,
Sumpter, J. P., et al. (2003). Relative Potencies and Combination Effects of
Steroidal Estrogens in Fish. Environ. Sci. Technol. 37, 1142–1149. doi:10.1021/
es0201348

Tillitt, D. E., Papoulias, D. M., Whyte, J. J., and Richter, C. A. (2010). Atrazine
Reduces Reproduction in Fathead Minnow (Pimephales promelas). Aquat.
Toxicol. 99, 149–159. doi:10.1016/j.aquatox.2010.04.011

Tilton, S. C., Foran, C. M., and Benson, W. H. (2003). Effects of Cadmium on the
Reproductive axis of Japanese Medaka (Oryzias latipes). Comp. Biochem.
Physiology Part C Toxicol. Pharmacol. 136, 265–276. doi:10.1016/j.cca.2003.
09.009

Tokarz, J., Möller, G., Hrabě de Angelis, M., and Adamski, J. (2013). Zebrafish and
Steroids: What Do We Know and what Do We Need to Know? J. Steroid
Biochem. Mol. Biol. 137, 165–173. doi:10.1016/j.jsbmb.2013.01.003

UrenWebster, T. M., Laing, L. V., Florance, H., and Santos, E. M. (2014). Effects of
Glyphosate and its Formulation, Roundup, on Reproduction in Zebrafish
(Danio rerio). Environ. Sci. Technol. 48, 1271–1279. doi:10.1021/es404258h

Valdés, M. E., Marino, D. J., Wunderlin, D. A., Somoza, G. M., Ronco, A. E., and
Carriquiriborde, P. (2015). Screening Concentration of E1, E2 and EE2 in
Sewage Effluents and Surface Waters of the "Pampas" Region and the "Río de la
Plata" Estuary (Argentina). Bull. Environ. Contam. Toxicol. 94 (1), 29–33.
doi:10.1007/s00128-014-1417-0

Velasco-Santamaría, Y. M., Bjerregaard, P., and Korsgaard, B. (2010). Gonadal
Alterations inMale Eelpout (Zoarces viviparus) Exposed to Ethinylestradiol and
Trenbolone Separately or in Combination. Mar. Environ. Res. 69, S67–S69.
doi:10.1016/j.marenvres.2009.09.009

Verbost, P. M., Van Rooij, J., Flik, G., Lock, R. A. C., and Bonga, S. E. W. (1989).
The Movement of Cadmium through Freshwater Trout Branchial Epithelium
and its Interference with Calcium Transport. J. Exp. Biol. 145, 185–197. doi:10.
1242/jeb.145.1.185

Williams, N. D., and Holdway, D. A. (2000). The Effects of Pulse-Exposed
Cadmium and Zinc on Embryo Hatchability, Larval Development, and
Survival of Australian Crimson Spotted Rainbow Fish (Melanotaenia
fluviatilis). Environ. Toxicol. 15, 165–173. doi:10.1002/1522-7278(2000)15:
3<165::aid-tox3>3.0.co;2-q

Windsor, F. M., Ormerod, S. J., and Tyler, C. R. (2018). Endocrine Disruption in
Aquatic Systems: Up-Scaling Research to Address Ecological Consequences.
Biol. Rev. 93, 626–641. doi:10.1111/brv.12360

Witeska, M., Jezierska, B., and Chaber, J. (1995). The Influence of Cadmium on
Common Carp Embryos and Larvae. Aquaculture 129, 129–132. doi:10.1016/
0044-8486(94)00235-G

Wong, C., and Wong, M. H. (2000). Morphological and Biochemical Changes in
the Gills of Tilapia (Oreochromis mossambicus) to Ambient Cadmium
Exposure. Aquat. Toxicol. 48, 517–527. doi:10.1016/s0166-445x(99)00060-0

World Health Organization (2002). “International Programme on Chemical
Safety,” in Global Assessment on the State of the Science of Endocrine
Disruptors, VIII, 180. Available at: https://apps.who.int/iris/handle/10665/
67357.

Yamamoto, Y., Zhang, Y., Sarida, M., Hattori, R. S., and Strüssmann, C. A. (2014).
Coexistence of Genotypic and Temperature-dependent Sex Determination in
Pejerrey Odontesthes Bonariensis. PLoS ONE 9, e102574. doi:10.1371/journal.
pone.0102574

Young, B. J., Cristos, D. S., Crespo, D. C., Somoza, G. M., and Carriquiriborde, P.
(2020). Effects of 17α-Ethinylestradiol on Sex Ratio, Gonadal Histology and
Perianal Hyperpigmentation of Cnesterodon Decemmaculatus (Pisces,
Poeciliidae) during a Full-Lifecycle Exposure. Ecotoxicol. Environ. Saf. 205,
111176. doi:10.1016/j.ecoenv.2020.111176

Young, B. J., López, G. C., Cristos, D. S., Crespo, D. C., Somoza, G. M., and
Carriquiriborde, P. (2017). Intersex and Liver Alterations Induced by Long-
Term Sublethal Exposure to 17α-Ethinylestradiol in Adult Male Cnesterodon
Decemmaculatus (Pisces: Poeciliidae). Environ. Toxicol. Chem. 36, 1738–1745.
doi:10.1002/etc.3547

Zhang, H., Cao, H., Meng, Y., Jin, G., and Zhu, M. (2012). The Toxicity of Cadmium
(Cd2+) towards Embryos and Pro-larva of Soldatov’s Catfish (Silurus Soldatovi).
Ecotoxicol. Environ. Saf. 80, 258–265. doi:10.1016/j.ecoenv.2012.03.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Miranda and Somoza. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 93998611

Miranda and Somoza Anthropic Pollutants and Pejerrey Reproduction

https://doi.org/10.1016/j.aquatox.2019.03.005
https://doi.org/10.3109/10408444.2012.692114
https://doi.org/10.1111/j.1365-2109.2008.01930.x
https://doi.org/10.1111/j.1365-2109.2008.01930.x
https://doi.org/10.1016/j.etap.2006.11.008
https://doi.org/10.1016/j.aquatox.2003.10.009
https://doi.org/10.1002/(sici)1097-010x(19970615)278:3<167::aid-jez6>3.0.co;2-m
https://doi.org/10.1002/(sici)1097-010x(19970615)278:3<167::aid-jez6>3.0.co;2-m
https://doi.org/10.1111/j.1095-8649.2010.02780.x
https://doi.org/10.1016/0044-8486(95)01161-7
https://doi.org/10.1016/0378-4274(95)03517-6
https://doi.org/10.1021/es048504a
https://doi.org/10.1016/j.scitotenv.2022.154129
https://doi.org/10.1016/j.aquatox.2009.09.008
https://doi.org/10.1016/j.aquatox.2009.09.008
https://doi.org/10.1002/jez.467
https://doi.org/10.1021/es0201348
https://doi.org/10.1021/es0201348
https://doi.org/10.1016/j.aquatox.2010.04.011
https://doi.org/10.1016/j.cca.2003.09.009
https://doi.org/10.1016/j.cca.2003.09.009
https://doi.org/10.1016/j.jsbmb.2013.01.003
https://doi.org/10.1021/es404258h
https://doi.org/10.1007/s00128-014-1417-0
https://doi.org/10.1016/j.marenvres.2009.09.009
https://doi.org/10.1242/jeb.145.1.185
https://doi.org/10.1242/jeb.145.1.185
https://doi.org/10.1002/1522-7278(2000)15:3<165::aid-tox3>3.0.co;2-q
https://doi.org/10.1002/1522-7278(2000)15:3<165::aid-tox3>3.0.co;2-q
https://doi.org/10.1111/brv.12360
https://doi.org/10.1016/0044-8486(94)00235-G
https://doi.org/10.1016/0044-8486(94)00235-G
https://doi.org/10.1016/s0166-445x(99)00060-0
https://apps.who.int/iris/handle/10665/67357
https://apps.who.int/iris/handle/10665/67357
https://doi.org/10.1371/journal.pone.0102574
https://doi.org/10.1371/journal.pone.0102574
https://doi.org/10.1016/j.ecoenv.2020.111176
https://doi.org/10.1002/etc.3547
https://doi.org/10.1016/j.ecoenv.2012.03.013
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Effects of Anthropic Pollutants Identified in Pampas Lakes on the Development and Reproduction of Pejerrey Fish Odontesthes ...
	Introduction
	Identification of Anthropogenic Pollutants in Pampas Lakes
	Pejerrey Fish as a Sentinel Species
	Effects on Development, Larval Survival, and the Reproductive Endocrine Axis
	Environmental Estrogens
	Heavy Metals
	Agrochemicals: Glyphosate and Atrazine


	Conclusion
	Author Contributions
	Funding
	References


