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Keywords Abstract

Zebrafish, In the present study, we detected changes in immune
Endocrine disrupter, parameters, antioxidant enzymes, and reproductive gene
17-a-ethinylestradiol, expression in adult female zebrafish (Danio rerio) exposed to

Genes expression different concentrations of 17-ethinylestradiol (EE2). A total of

300 healthy adult females were divided into 15 aquaria, which
were allocated to five treatments with three replicates. The
zebrafish were exposed to varying concentrations of EE2
including 0.5 (T0.5), 5 (TS5), 50 (T50), and 500 (T500) ng L,
along with an unexposed control group (ultrapure water, TO) for
Article info 21 days. After 21 days, lysozyme activity, total
. immunoglobulin, superoxide dismutase, malondialdehyde
iiﬁ;}iﬁi ﬁr;‘rl;rlyzégis (MDA), alkaline phosphatase (ALP), alanine aminotransferase,
Published: July 2025 aspartate aminotransferase (AST) and reproductive gene
expression were evaluated. The results showed that exposure to
EE2 caused a significant decrease in lysozyme activity, and total
immunoglobulin levels, but had no significant effect (p>0.05)
on the SOD activity. The MDA level was significantly higher in
= the high-dose hormone treatments than in the control group
Copyright: © 2023 by the authors. (»<0.05). Different EE2 concentrations had a significant impact
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Attribution  (CC ~ BY)  license significantly increased (p < 0.05) in the females. In contrast, the
g%t}f)/i:/ (/)S)reatwecommo“s'org/ license expression of the hsd3b gene significantly decreased (p>0.05).
o Significant decreases (p<0.05) were also observed in the
expression of /hcgr and fshr genes in the female zebrafish. In
conclusion, our results demonstrate that different concentrations
of EE2 can disrupt steroidogenesis by interfering with the
expression of genes related to sex steroid levels in the female

broodstock of zebrafish.
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Introduction

Endocrine-disrupting chemicals (EDCs)
are among the important environmental
pollutants that interfere with the synthesis,
release, metabolism, and function of
endocrine hormones; thereby affecting
homeostasis (regulation and equilibrium),
growth and development, behavior, and
reproduction of living organisms (Huang et
al.,2015; Carnevali et al., 2018). EDCs can
interfere with the endocrine system of
wildlife and humans by altering the
metabolism of hormones or directly
binding to hormone receptors as mimics of
their natural ligands (Wang et al., 2011;
Aris et al., 2014). Reported adverse effects
of EDCs include population decline, an
increasing incidence of cancer, inhibition of
reproductive function, and developing
disruption of the immune and nervous
systems (Jin et al., 2010). Over the last
decade, there has been growing evidence
that EDCs could be active even at low
exposure concentrations compromising the
reproductive and immune systems in fish
(Kernen et al., 2022; Razekenari et al.,
2024).

Among EDCs, estrogen is the main
cause of estrogenic activity, and the
prototype  of  estrogenic  endocrine
disrupting compounds (EEDCs) is the
synthetic estrogen ethinyl estradiol (EE2),
which is a component of contraceptive pills
reaching the aquatic environment mainly
through sewage treatment plant effluents
(Rehberger et al., 2020). In aquatic
environments, EE2 is ubiquitous and
present in concentrations varying from "not
detected" to 50 ng/L. It has become a
widespread problem in aquatic
environments because of its high resistance

to the degradation process, absorbability of
organic matter, accumulation in sediments,
and bioaccumulation in living organisms
(De Wit et al., 2010; Aris et al., 2014). The
destructive effect of EE2 on the endocrine
system of living organisms through effects
on altering sex determination, delaying
sexual maturity, and reducing secondary
sexual traits, even at low concentrations,
was reported in various studies (Liu ef al.,
2012; Aris et al., 2014).

EE2 has key applications in aquaculture,
primarily related to the management of fish
populations and the enhancement of
production efficiency. EE2 is used to
produce monosex populations (Piferrer,
2001; Razmi et al., 2011; Juarez et al.,
2017). The application of EE2 in higher
concentrations could achieve successful
feminization of the YY-genotype, which
has been reported to be more difficult in
comparison with the process of feminizing
normal progeny (Juarez et al., 2017). While
there are significant benefits to using EE2
in aquaculture, it's essential to consider
potential environmental and regulatory
concerns. The use of synthetic hormones
can lead to ecological issues if they enter
natural water bodies, affecting wild fish
populations and aquatic ecosystems.
Therefore, responsible practices and
regulations are crucial to minimize risks
associated with EE2 use in aquaculture.
Previous studies often focus on low
concentrations of EE2, which may not
accurately reflect the real-world scenarios
where aquatic organisms are exposed to
higher concentrations. Our study examines
various exposure levels to assess their
biological effects on gene expression and
reproductive health in female zebrafish,
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which is wvital for understanding
environmental risks and the ecological
impact of EE2. The research aims to
provide insights into these mechanisms by
exploring how EE2 impacts the immune,
antioxidant capacity, and gene expression
of reproduction. Zebrafish is considered an
ideal model for endocrine system function
research. Therefore, this study evaluated
the effects of different EE2 levels on the
immune and reproduction systems.

Materials and methods

Fish rearing and experimental design

For this experiment, a four-month-old
female zebrafish, Danio rerio (Tuebingen
strain) with an average weight 0.34+0.01 g
was obtained from the Rouyan Institute
(Tehran, Iran) and transferred to the
laboratory of Kharazmi University (Karaj,
Iran). The stock, comprising 1000
zebrafish, was subjected to acclimation and
health monitoring for a duration of two
weeks prior to the commencement of the
experimentation. The fish were fed with a
commercial diet (Biomar, 38.4% crude
protein, 15.3% crude fat, 93.1% dry matter,
and 11% ash) twice a day during the
adaptation period. The fish were adapted at
ambient temperature (25+0.5 °C) for two
weeks with 14-h light and 10-h dark cycles
and fed thrice a day ad libitum with a
commercial diet. After two weeks, a total
number of 300 healthy adult females were
chosen and divided into 15 aquaria (a
density of 20 fish per aquarium). The
aquaria were allocated to five treatments
with three replicates. The zebrafish were
exposed to different EE2 (>98% purity,
Sigma) nominal concentrations including
0.5(T0.5),5(T5),50(T50), and 500 (T500)

ng L or the unexposed control (ultrapure
water, TO) for 21 days. First, four
concentrations were prepared using ethanol
and stored in a dark place at 4°C. The fish
were exposed to EE2 using the static
exposure method and artificial aeration
(Garriz et al., 2017). The EE2 compound
was added every 48 h based on the EE2
half-life (24-48 h) (Hashimoto et al., 2009;
Roggio et al., 2014). Then, the EE2
concentration was re-determined by re-
drawing water from the storage tank and
added to the aquariums. The effects of
chronic exposure of zebrafish with EE2
were investigated for 21 days. Water
quality factors were monitored
periodically, the pH was 7.4+0.04.

Sampling

After 21 days of exposure to EE2, all fish
of each replication were anesthetized by
using 0.02% MS-222 (Liu ef al., 2010) and
placed on ice. To examine genes related to
reproduction the whole brain and gonad (10
females per tank) were removed and
immediately stored in liquid nitrogen. The
samples were transferred to the laboratory
to extract RNA, and cDNA was synthesized
to evaluate the expression of reproduction-
related genes. Nine fish were immersed in a
25 mM Tris-Hydrochloric acid (Tris-HCI)
solution at pH 7.2 to assess immunological
and antioxidant factors (Sheikhzadeh et al.
2017).

Immune and antioxidant measurement

Lysozyme activity was determined based
on the method outlined by Ellis (1990). A
suspension of Micrococcus luteus bacteria
in phosphate-citrate buffer (75 pL) was
mixed with the samples (25 pL), and
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absorbance was continuously measured at
450 nm for a duration of 5 min. The total
immunoglobulin (total Ig) levels in whole-
body homogenates were quantified
following the procedure described by
Siwicki and Anderson (1993). Lipid
peroxidation in the fish samples was
quantified by measuring malondialdehyde
(MDA) levels, following Kei's (1978)
method. A 20% trichloroacetic acid
solution (1.25 mL) was mixed with fish
homogenate (0.25 mL) and centrifuged at
2000 xg for 10 min. The precipitate was
treated with 1.25 mL of 0.05 M sulfuric
acid and 1 mL of 0.2% thiobarbituric acid,
then boiled for 30 min. After adding 2 mL

of n-butanol and centrifuging again at 2000
g for 10 min, absorbance was measured at
532 nm. Superoxide dismutase (SOD)
activity was evaluated using the method
described by Nishikimi et al. (1972).
Alkaline phosphatase (ALP), alanine
aminotransferase (ALT), and aspartate
aminotransferase (AST) were measured by
using commercial kits (ParsAzmon, Iran).

Gene expression

Commercial kits were used for isolating
total RNA and synthesizing complementary
DNA (cDNA). The target genes are
reported in Table 1.

Table 1: The list of primers and their nucleotide sequences used in this study for amplifying genes.

Gene Primer Length (pb) NCBI Reference
g2 R SATCAGCCCCATGACCAACAG > o NMLISII4
g3 R. 3 TCAGCAGGAATAGACAGCAC ¥ 0 NMLLs2EET2
oo PIQICCICACICCICIACT 20 oy oo
g R: 3 TOCTCTGTGOTGCGGTCAGT ¥ 0 NMLOOITIAS
s5hp R 3§ CCATTGTCCAGCATAGTCCT 3 o NM20%624
T L e S S SR
fshr R: 5 CCATTGTCCAGCATAGTCCT 3 o NM20s624
pw TOMGMTAGMAICGECCIS 0 s,
wip ROGICGCTOMaCY B wann

The relative transcript levels of brain GnRH
variants (Gnrh2, Gnrh3, Gnrhr2, Gnrhr3),
pituitary Gth-f subunits (fshb, [hb) and
gonadal Gth receptors (fshr, lhcgr) were
determined in each individual using real-
time RT-PCR. They were subjected to real-
time PCR analysis, with the housekeeping
gene GAPDH as a reference. The
amplification of genes through PCR was

undertaken, and the quantification of RNA
levels was determined employing the 2-2A¢T
method as described by Livak and
Schmittgen (2001).

Statistical analysis

This experiment was conducted with a
completely randomized design with three
replicates for all factors. The normality and
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homogeneity of variance of the data were
verified through the Kolmogorov-Smirnov
test and Levene's test. The obtained data
were analyzed statistically by the one-way
analysis of variance (ANOVA) using SPSS
25 software. Tukey’s post-hoc test was
used to compare the means at the 95%
probability level.

Results

After 21 days, exposure to EE2 caused a
significant decrease (p<0.05) in lysozyme
activity and total immunoglobulin levels,
but had no significant effect (p>0.05) on
SOD activity levels (Table 2). MDA levels
were significantly higher in the high-dose
hormone treatments than in the control
group (p<0.05).

Table 2: Immune and antioxidant factors in zebrafish fish exposed to different concentrations of EE2.
Different letters indicate significant differences among treatments.

TO T0.5 T5 T50 T500

Lysozyme 1895+0.17¢ 18.83+0.18° 18.02+041" 1657+0.15* 15.01 +0.23°
(u/mg protein tissue)
Total Immunoglobulin 0.90+0.07° 0.65+0.02° 046+0.03* 043+0.01* 0.40=+0.03
(mg/g tissue)
Superoxide dismutase 248+0.11° 2.72+0.15* 297+0.16° 225+0.18 2.87+0.28°
(u/mg protein)
Malondialdehyde 203+0.15° 322+0.13° 3454010 440+0.12° 5.57+0.18¢
(nmol/mg protein tissue)

Different EE2 concentrations had a control (p<0.05). There was no significant

significant impact on ALP (Fig. 1A) and
ALT (Fig 2B) activities and they increased
in fish exposed to EE2 compared to the

A

+ H

ALP ufl

AST uf!

impact on AST activities (Fig 1C) between
treatments (p>0.05).

ALT W/

TS50 T500

Figure 1: Liver enzyme activities in zebrafish fish exposed to different concentrations of EE2. Different
letters indicate significant differences among treatments.



1006 Al-Mohammad et al., Impact of 17-a-Ethinylestradiol on immune function and reproductive gene ...

After exposure to different concentrations females. A significant (p<0.05) decrease
of EE2, the expression levels of gnrh2 (Fig. was observed in /hcgr (Fig 3C), fshr (Fig.
1A), gnrh3 (Fig. 2B), gnrhr2 (Fig. 2C), 3D), and HSD3p (Fig 3E) genes in female
gnrhr3 (Fig. 2D), [hp (Fig. 2A), fshp (Fig. zebrafish.

3B) increased significantly (p<0.05) in
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Figure 2: Gene expression of gnrh2 (A), gmrh3 (B), gnrhr2 (C), and gnrh3 (D) in zebrafish fish exposed to
different concentrations of EE2. Different letters indicate significant differences among
treatments.
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Figure 3: Gene expression of /hf (Fig. 1A), fshf (Fig. 2B), lhcgr (Fig 2C) and fshr (Fig 2D) in zebrafish fish
exposed to different concentrations of EE2. Different letters indicate significant differences
among treatments.

Discussion of zebrafish, predominantly at the gonadal
The current investigation exhibited that level.

different concentrations of EE2 possess the Fish subjected to toxic environments can
capability to weaken the body's immune undergo various pathological changes,
system and disrupt the reproduction system including liver damage (Toledo et al.,

2016). In this study, fish exposed to EE2
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showed a notable reduction in lysozyme
and total Ig, along with a significant rise in
MDA levels compared to the control group.
Lysozyme is a crucial defense molecule in
the innate immune system of fish, playing a
vital role in protecting against infections
from exogenous pathogens, including both
Gram-positive and Gram-negative bacteria.
As such, it serves as a key and conventional
indicator of innate immunity and immune
toxicity in fish. Thilagam et al. (2009)
reported that plasma lysozyme activity
decreased in sea bass (Centropristis striata)
exposed to 0.2 and 2 ng L' EE2 over 30
days. A similar decline was noted in
zebrafish larvae exposed to 0.1, 1, and 10
ng L' EE2 (Jin et al., 2010), as well as in
rainbow trout (O. mykiss) exposed to 1 ng
L' of EE2. MDA is a byproduct of lipid
peroxidation that reflects the extent of lipid
peroxidation; elevated  levels of

malondialdehyde  indicate  increased
cellular toxicity, exacerbating cell and
tissue damage. In this study, MDA levels
significantly increased with higher EE2
exposure. Liu et al. (2015) reported that
exposure to environmental toxins led to
elevated hepatic malondialdehyde levels,
which can cause tissue damage through
lipid peroxidation. In this study, the MDA
of fish exposed to EE2 was higher than that
of the control fish, indicating that EE2
exposure can lead to ROS generation and
malondialdehyde accumulation in the liver
of Zebrafish.

This study found that exposure to EE2
led to significant increases in ALP and
ALT. These enzymes are crucial for protein
and amino acid metabolism, and they can
be released into the plasma when tissue

damage or dysfunction occurs. As a result,

they are commonly used as indicators for
diagnosing tissue damage in the liver,
muscles, and gills (Atli et al., 2015). Zhao
et al. (2016) reported an increase in ALT
and AST activity when exposed to
deoxynivalenol.

Endocrine disruption studies at the
molecular level provide an accurate
apprehension of the effects of this disruptor
and make it possible to compare the
performance of different EDCs (Sridevi et
al., 2015). GnRHs and gonadotropins are
important regulators of sex steroids and
conversely these latter demonstrate both
inhibitory and stimulatory feedback
influences at the levels of the pituitary and
hypothalamus to regulate the production
and secretion of GnRH and Gths (Zohar ef
al., 2010). Since GnRHs act as
neuromodulators and regulate reproductive
behaviors and any change in the balance of
GnRHs and GnRHRs can disrupt sex
hormones balance in fish. Although
numerous studies have been conducted on
exposure to estrogen, only a limited number
of them have focused on the disruption of
Gnrhs or Gnrhrs expression analysis. In the
present investigation, the expression of
gnrhs and gnrhrs genes was found to
increase in all treatments, indicating the
presence of a positive feedback mechanism.
However, a decrease in gnrh3 expression
was observed in goldfish (Carassius
auratus) treated with 5 ug/L E2 (Golshan et
al., 2015), and a decrease in gnrhl
expression was observed in African catfish,
Clarias garjepinus exposed to 1 pg/L of
EE2 (Swapna and Senthilkumaran, 2009).
Furthermore, Parhar et al. (2000) reported
an increase in the number of POA-H GnRH
neurons but no change in the levels of
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midbrain gnrh2 mRNA in sexually
immature males of Nile tilapia,
Oreochromis niloticus treated with 5 ug/g
of E2. The expression pattern of gnrh gene
and gonadotropins in response to EE2
differed significantly from other teleost
exposed to estrogen disruptors. These
contradictory findings, as stated by the
authors, may be attributed to variations in
fish reproductive stages, species, and
experimental conditions in particular the
doses used which are much lower in the
present study.

However, there is a lack of information
regarding the expression of the /b and fshb
genes. The conducted study exhibited
substantial variability in the expression of
both gths genes in the treated fish. A longer
duration of exposure may have been
necessary  to  identify  significant
differences. Nevertheless, the influence of
estrogens was clearly evident in both Gths
receptors, as there was a significant
decrease in the transcript levels of /hcgr and
fshr genes in the presence of EE2 in fish
females. This decrease could potentially be
attributed to a negative feedback
mechanism.  Similar outcomes were
observed in Pejerrey fish (Odontesthes
bonariensis) following exposure to E2 and
EE2 (Garriz et al., 2017). The positive or
negative feedback control of steroid
hormones on pituitary fshf and /hf genes is
mainly dependent on reproductive stages in
teleost species.

In the present study, different levels of
EE2 led to changes in the gene expression
of steroidogenic enzymes in male and
female zebrafish. The hsd3b is a key
enzyme that catalyzes the synthesis of the
potent steroid hormones (progesterone, 17-

hydroxyprogesterone, androstenedione,
and testosterone) from their hormonally
active precursors (pregnenolone, 17-
hydroxyprogesterone, 17-
hydroxyprogesterone, and 17-
hydroxyprogesterone) (Liu et al., 2012).
The expression level of hsd3b gene
decreased in females by the influence of
different EE2 doses. Similar results were
reported in adult rare minnow (Gobiocypris
rarus) exposed to a dose of 25 ng/L (Liu et
al., 2012). These results correspond to
those reported in female G. rarus exposed
to 25 ng/L of EE2 for 28 days (Zha et al.,
2007). However, Filby et al. (2007)
reported that the use of 10 ng/L of EE2 for
21 days in fathead minnow (Pimephales
promelas) females could stimulate cypl9a
and cyplla gene expression. These
discrepant results may be attributed to
many  factors, including  species,
developmental stages, EE2 concentration,
and the exposure period. Inhibition of
steroid enzymes by estrogenic compounds
in male fish may occur due to the negative
feedback of EE2 on FSH, which does not
seem to be the case in the present study.
Another pathway is the direct effect of EE2
on the testis of zebrafish, and the effect of
E2 on testicular steroidogenic enzymes is
independent of FSH stimulation (Liu ef al.,
2012).

The present results demonstrated that
exposure to EE2 significantly weakens the
immune abd antioxidant responses as well
as disrupts reproductive gene expression in
zebrafish. EE2 is used in aquaculture to
produce monosex populations (Piferrer,
2001; Razmi et al., 2011; Juarez et al.,
2017). Hence, EE2 can be found frequently
in aquatic environments due to its presence
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in  wastewater effluents, can disrupt
immune capability and increase oxidative
stress, thereby increasing susceptibility to
diseases and decreasing survival rates in
fish populations. Moreover, the
reproductive disorders due to disrupted
gene expression raise concerns about the
sustainability of breeding programs, which
could lead to diminished genetic diversity
and reduced reproductive success in farmed
species. It is necessary to manage the use of
endocrine disruptors in fish culture and
aquatic systems and the importance of
developing strategies to mitigate these
risks, ensuring the health of aquatic
ecosystems and the viability of the
aquaculture sector. For future evaluation,
the effects of EE2 on other commercially
important fish species could be investigated
to assess their vulnerability to similar
disruptions. Several studies have shown
that some feed additives can modulate the
immunotoxin of endocrine disrupters (Kaya
and Kaptaner, 2016; Abdo-Al-Ela et al.,
2017). Therefore, future studies could
investigate the effects of dietary
supplements on mitigating the negative
impacts of EE2 in fish.
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