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List of symbols and abbreviations

> greater than
< less than
11-KT 11-ketotestosterone

3β-hsd 3-β-hydroxysteroid dehydrogenase

17β-hsd 17-β-hydroxysteroid dehydrogenase

20β-hsd 20-β-hydroxysteroid dehydrogenase
acox1 acyl-CoA oxidase 1
AMH anti-Mullerian hormone
AR androgen receptor

AR α androgen receptor α subunit
ANOVA one-way analysis of variance
ATP adenosine triphosphate

̊C centigrade
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cGnRH chicken gonadotropin-releasing hormone, GnRH type 2
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CYP11B1 cytochrome p45011β-hydroxylase
CYP17 cytochrome P450 17alpha-hydroxylase/17,20-lyase
CYP19 aromatase or cytochrome p450
CYP19a1b brain p450 aromatase
C

t
threshold cycle

d day
dazl deleted in azoospermia-like
DEHP di-(2-ethylhexyl)-phthalate
DHP 17α, 20β-dihydroxy-4-pregnen-3-one
dNTP deoxyribonucleotide
E

2
estradiol

EDCs endocrine disrupting chemicals
ECs environmental contaminants
ehhadh enoyl-CoA, hydratase/3-hydroxyacyl CoA dehyrogenase
ER estrogen receptor
ER-α estrogen receptor α subunit
ER-β estrogen receptor β subunit
ER-γ estrogen receptor γ subunit
eSRS22 eel spermatogenesis related substance 22
FLU fl utamide
FSH follicle-stimulating hormone
FSH-β follicle-stimulating hormone β subunit
FSHR follicle-stimulating hormone receptor
g gram
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GnRH gonadotropin-releasing hormone
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GSI gonadosomatic index
GTH gonadotropin
h hour
hrb HIV-1 Rev binding protein
HDL high density lipoproteins
HPT hypothalamic-pituitary-testis
HSI hepatosomatic index
IGF-1 insulin-like growth factor 1
l liter
LDL low density lipoproteins
LH luteinizing hormone

LH-β luteinizing hormone β subunit
LHR luteinizing hormone receptor
M1 2-{[(3,5-dichlorophenyl)-carbamoyl]oxy}-2-methyl-3-butenoic acid
M2 3’,5’-dichloro-2-hydroxy-2-methylbut-3-enanilide
mg milligram
mM millimoles/liter
min minute
M-MLV Moloney Murine Leukemia virus reverse transcriptase
mRNA messenger ribonucleic acid
nm nonometer
oligo dT short sequence of deoxythymine
PCR polymerase chain reaction
ppar peroxisome proliferator-activated receptor
qRT-PCR quantitative real time polymerase chain reaction
RNA ribonucleic acid
RNAse ribonuclease
s second
sGnRH salmon gonadotropin-releasing hormone, GnRH type 3
spnr spermatid perinuclear RNA-binding protein
SEM standard error of the mean
StAR steroidogenic acute regulatory protein
T testosterone
U units
Vtg vitellogenin
VZ vinclozolin
α alpha

β beta

γ gamma

μg microgram

μl microliter
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1. Introduction

Global rates of environment-related reproductive disorders have been increasing over 
the past 40–50 years. Th e incidence of low semen quality and testicular germ cell cancer 
show signifi cant increases in industrialized countries, refl ected in an increase in the number 
of infertile couples (Phillips and Tanphaichitr, 2008; Lund et al., 2009; Toppari et al., 2010). 
Public concern regarding environment-related reproductive disorders was initially kindled by 
observations of reduced fertility, birth defects, and sexual development disorders in wildlife 
(EFSA Scientifi c Committee, 2013). For over 10 years, the European Union, the European 
Food Safety Authority, the World Health Organization, and other organizations comprising 
working groups of experts in endocrinology, risk assessment, and toxicology have conducted 
research to study environmental contaminants associated fertility in humans and wildlife 
(http://ec.europa.eu/health/healthy_environments/policy/index_en.htm). Th ese studies 
have revealed approximately 800 natural and man-made chemicals known or suspected to 
interfere with the reproductive system (Bergman et al., 2013). However, only a fraction of 
these chemicals have been investigated with tests capable of identifying fertility eff ects in 
an intact organism. To reduce the risk of environment-related infertility in males, it is critical 
to evaluate the association of exposure to environmental contaminants with reproductive 
hormones, as key regulators for fertility. To this end, an interdisciplinary approach is needed 
to identify environmental contaminants that reduce male fertility.

Th e aquatic ecosystem is at greatest risk from pollutants, since most chemicals will 
eventually reach rivers, lakes, and oceans as the fi nal repository (Kime, 1998). Similar to 
humans, frequent evidences shows trends in male reproductive health in fi sh from wildlife. 
Since biology of the reproductive system is highly conserved in vertebrates, studies of fi sh as 
model organisms provide substantial information to establish a detailed risk assessment and 
to establish novel or more sensitive fertility endpoints for environment-related reproductive 
disorders. Evidence of adverse trends in male fertility in laboratory study appears to mirror male 
reproductive disorders in wildlife. It has been documented that environmental contaminants 
including steroid hormones, heavy metals, plasticizers, pesticides, herbicides, fungicides 
and pharmaceuticals alter reproductive endocrine system and cause infertility (Gregory et 
al., 2008; Ankley et al., 2009; Scholz and Klüver, 2009; Dang et al., 2011; Leet et al., 2011; 
Mennigen et al., 2011; Page et al., 2011; Waye and Trudeau, 2011; Scholz et al., 2013; León-
Olea et al., 2014). However mechanisms through which environmental contaminants disrupt 
reproductive system might diff er among contaminants, be species specifi c and poorly 
understood. 

2. An introduction to male reproductive system in fi sh

It is essential to review the reproductive biology of fi sh before delving into environment 
associated reproductive disorders. Th is will provide the basic information to better understand 
the multiplicity of sites through which environmental contaminants may disrupt male fertility.

2.1. Neuroendocrine and endocrine regulation of spermatogenesis and steroidogenesis

Neuroendocrine and endocrine hormones regulate spermatogenesis in fi sh. It is known 
that negative and positive feedback of sex steroids control also neuroendocrine functions of 
hypothalamus and pituitary (see reviews by Nagahama, 1994; Young et al., 2005; Vizziano et 
al., 2008; Watanabe and Onitake, 2008; Kah, 2009; Van der Kraak, 2009; Yaron and Levavi-
Sivan, 2006). 
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Th e Kiss/Gpr54 system integrate environmental cues (e.g. temperature and light) and 
internal signal to pass information to hypothalamus to release gonadotropin-releasing 
hormone (GnRH) which stimulates production and secretion of gonadotropins from pituitary 
via a receptor-mediated mechanism (Khakoo et al., 1994; Melamed et al., 1996; Illing et al., 
1999; Madigou et al., 2000, 2002; Zohar et al., 2010). Th e gonadotropins, follicle stimulating 
hormone (FSH) and luteinizing hormone (LH) (Suzuki et al., 1988a, 1988b, Itoh et al., 1988), 
stimulate sex steroid production in pathway of steroidogenesis via receptor-mediated pathways. 
Steroidogenesis is similar across fi sh species, involves a series of steroidogenic enzymes 
and takes place in the Leydig cells (Young et al., 2005) (Figure 1). Briefl y, a steroidogenic 
acute regulatory protein (StAR) delivers cholesterol to the inner mitochondrial membrane. 
Cytochrome P450 side-chain cleavage (P450scc) located at the inner mitochondrial membrane 
synthesizes pregnenolone from cholesterol. Th e P450scc function is rate-limited by cholesterol 
availability (Stocco, 2001). Th en, cytochrome P450 17-hydroxylase/C

17-20
lyase catalyses the 

hydroxylation of pregnenolone to produce 17α-hydroxypregnenolone. Subsequent removal 
of the two-carbon C

20-21
 acetic acid residues from 17α-hydroxypregnenolone by C

17-20
lyase 

leads to production of dehydroepiandrosterone or androstenedione. Pregnene-androstene- 
and estrene-derivatives can all be further modifi ed into other steroids by 3β, 17β, and 
20β-hydroxysteroid dehydrogenase (3β-hsd, 17β-hsd, and 20β-hsd) (Miller, 1988, 2005). For 
synthesis of 11-Ketotestosterone (11-KT), cytochrome P450 11β-hydroxylase and 11β-hsd 
catalyze testosterone to 11-KT which is known as a main androgen in fi sh (Nagahama, 1994). 
Synthesis of 17β-estradiol (E

2
) is mediated by cytochrome P450 aromatase which has two 

isoforms; isoform a and b expressed in the testis and brain, respectively (Callard et al., 2001; 
Kishida et al., 2001). Both 11-KT and E

2
 are critical for spermatogenesis.

Figure 1. Generalized overview of testicular steroidogenesis in Leydig cells in fi sh.
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In spermatogenesis, the FSH stimulates spermatogonial proliferation (mitosis) (Loir, 1999). 
Th is process is mediated by release of E

2
 from Leydig cells to stimulate the spermatogonial 

renewal factor (eSRS34) from the Sertoli cells through a receptor (Miura and Miura, 2001). 
To induce spermatogonial proliferation, FSH stimulates 11-KT secretion from Leydig cells, 
which stimulates Sertoli cells to produce Activin B and Insulin-like growth factor 1 (Igf-1) 
(Miura et al., 1995, 1997; Nader et al., 1999). 11-KT is required for spermatogenesis induction, 
whereas Igf-1 is necessary for its continuation (Miura and Miura, 2003). Activin B induces 
spermatogonial mitosis, but is unable to induce meiosis because of anti-Mullerian hormone 
(Amh), which prevents spermatogonial proliferation (Miura et al., 2002). Spermatogonial 
meiotic division to produce spermatids is induced by 17α, 20β-dihydroxy-4-pregnen-3-one 
(DHP) secreted from germ cells and spermatids under regulation of 11-KT (Figure 2) (Miura 
et al., 2006). Spermatozoa released to testicular lobules are immotile with no potential 
fertilizing ability (Miura et al., 1992). At spawning, spermatozoa maturation is regulated by 
LH which induces production of progestins (DHP in most fi sh species) in spermatozoa by 
activation of ‘eel spermatogenesis related substances 22’ (eSRS22) which is homologous to 
carbonic anhydrase type II (CA II) leading to increase in the seminal plasma pH and elevation in 
cAMP content of spermatozoa (Ueda et al., 1984; Th omas and Trant, 1989; Miura et al., 1992). 

Figure 2. Neuroendocrine and endocrine regulation of spermatogenesis and sperm maturation in fi sh 

during testis development (A) and fi nal maturation of spermatozoa (B). 
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2.2. Male fertility indicators in fi sh

Successful fertilization depends on synchronization of release of spermatozoa from males 
and ova from females (Kudo, 1991; Coward et al., 2002; Kinsey et al., 2007). Spermatozoa must 
penetrate the egg through the micropyle to fertilize it during the short motile phase. Besides, 
it has been shown that fertilization success positively correlates with sperm production per 
ejaculate which is usually measured by counting, and expressed as number of spermatozoa 
per ml or total number of spermatozoa (Suquet et al., 1992; Rurangwa et al., 1998; Tvedt 
et al., 2001; Rideout et al., 2004; Kaspar et al., 2007). Fish spermatozoa are immotile in the 
seminal plasma and the sperm duct. Motility is triggered upon discharge into the aquatic 
environment. In most freshwater fi sh, the key factor preventing spermatozoon motility in 
the reproductive organ is osmolality and a hypo-osmotic signal is necessary for initiation of 
sperm motility (Alavi and Cosson, 2006; Morisawa, 2008). Fish spermatozoon motility and 
velocity decrease rapidly after initiation of motility (Alavi and Cosson, 2005; Cosson, 2010). 
Short duration and rapid decrease of spermatozoon motility and velocity are associated with 
considerable, but not complete, depletion of ATP (Ingermann, 2008). Spermatozoon motility 
and velocity are crucial determinants of male fertility in fi sh. Several studies have shown that 
there are positive correlations between spermatozoa motility/velocity and fertilization rate 
(Alavi et al., 2008). 

Overall, all reproductive hormones directly or indirectly control testis development and 
sperm maturation in fi sh. Any interfere with neuroendocrines or/and endocrines regulator of 
reproduction may lead to male infertility. Environmental contaminants which are distributed 
widely in aquatic environment have potential to disrupt reproductive pathway and lead to 
male infertility. 

3. Model organism

Goldfi sh (Carassius auratus) are known as a suitable model organism for the 
neuroendocrine signaling and regulation of reproduction in vertebrates. Th ey are easy to 
sustain in the laboratory and available commercially. Furthermore, hormonal profi les and 
neuroendocrine regulatory mechanisms of goldfi sh reproductive cycle is well characterized. 
(Popesku et al., 2008). It is easy to collect the blood and the sub parts of brain in goldfi sh 
are big enough to recognize in dissection with naked eye. Besides, reproductive endocrine 
system has been extensively studied in goldfi sh and almost biochemical and molecular tools 
for the investigation of neuroendocrine and endocrine are available (Chang et al., 2009, 2012; 
Habibi and Huggard, 1998; Trudeau, 1997). Additionally, goldfi sh is a multiple spawner and 
its reproductive physiology is very sensitive to water quality as previous studies showed that 
sperm quality factors, reproductive hormones and general/specifi c metabolites disrupted 
following 10–20 days of exposure to very low doses of environmental contaminants (Jordan 
et al., 2011; Hatef et al., 2012). 

4. Environmental contaminants

For several decades, classifi cations of environmental contaminats (ECs) have been done 
by chemical structure and their sources. Kime (1998) classifi ed ECs into three large groups 
including heavy metals, pesticides and industrial pollutants. Denslow and Sepulveda (2008) 
classifi ed persistent organic pollutants, pharmaceutics and sewage effl  uents and paper mill 
effl  uents into self-standing groups. Main problem in classifi cation based on ECs structure and 
source has arisen with rapid increase of numbers of identifi ed ECs. At present, over 80,000 
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chemicals are known or suspected to be capable of interfering with hormone synthesis, 
conversion and action (Bergman et al., 2012). Next generation of classifi cations has considered 
mechanisms by which ECs act on endocrine reproductive system. Estrogenic, androgenic and 
anti-androgenic eff ects of ECs have been largely demonstrated by identifi cation ECs actions 
to mimic the eff ects of endogenous sex steroid hormones or to alter hormone homeostasis 
(Gregory et al., 2008). Recent advanced state-of-the-art models using molecular and genetic 
approaches classify ECs based on receptor-mediated or receptor-independent pathways. Th e 
receptor-mediated pathway has further classifi ed into ECs with a genomic mode of action or 
non-genomic mode of actions (Diamanti-Kandarakis et al., 2009). Genomic modes of action of 
ECs are mediated by ECs binding to intracellular nuclear steroid receptors resulting in changes 
in their transcriptional activity. In non-genomic pathway, ECs interfere with the eff ects of sex 
steroids that act through membrane receptor, resulting in the activation of ion channels or 
intracellular signal transduction. 

5. Selected environmental contaminants in the present study

5.1. Vinclozolin
 
Vinclozolin (VZ) ([3-(3,5-dichlorophenyl)-5-methyl-5-vinyloxazolidine 2,4-dione] trade 

names: Ronilan, Curalan, Vorlan, Touche) (Figure 3) is a common dicarboximide fungicide 
widely used for control of diseases caused mainly by Botrytis cineera and Sclerotinia 
species in fruits and vegetables (Pothuluri et al., 2000), as well as commonly used in the 
wine industry (Kelce et al., 1994). Vinclozolin itself is not persistent, its two metabolites, M1 
(3-[[[3,5-dichlorophenyl]-carbamoyl]oxy]-2-methyl-3-butenoic acid) and M2 (3’,5’-dichloro-2-
hydroxy-2-methylbut-3-enanilide), display half-lives of more than 180 days and are likely to be 
highly mobile in the water phase. 

People may be exposed to residues of VZ via drinking water or food. In surface waters, VZ 
has been detected at concentrations of 0.1–2.4 μg/L (Readman et al., 1997; El-Shahat et al., 
2003). It has been listed under the European Union priority list of ECs (European Commission, 
2001) and in the United States Environmental Protection Agency’s fi nal Contaminant Candidate 
List 3 for products that should be assessed for contamination levels in drinking water (U.S. 
EPA, 2009). So the amount of VZ has been used signifi cant decrease over the past decades. 

In mammals, it has been reported that VZ causes disruption in sexual diff erentiation, 
testicular development and sex steroid biosynthesis leading to abnormal sperm (Gray et al., 
1994, 1999; Kubota et al., 2003; Veeramachaneni et al., 2006; Loutchanwoot et al., 2008; 
Elzeinova et al., 2008; Eustache et al., 2009; Auger et al., 2010). Surprisingly, reproductive 
impairments caused by VZ could be transgenerationally transmitted by an epigenetic 
mechanism (Anway et al., 2005). 

Th e adverse eff ects of VZ on reproductive endocrine performance in fi sh are largely unknown 
and its mode of action has not been understood and is somewhat contradictory (Table 1). 
Almost studies have shown no eff ects of VZ on GSI as well as no incidence of intersex (Makynen 
et al., 2000; Kinnberg and Toft, 2003; Kiparissis et al., 2003). Makynen et al. (2000) were the 
fi rst who examined VZ potency to interfere with androgen production in fi sh. Th ey observed 
no change in T and 11-KT levels following exposure of fathead minnow to 200 and 700 
μg/L for 21 d, respectively, which consistent with further experiments of the same research 
group (Martinovic et al., 2008). Despite of the lack of signifi cant change in androgen level, 
same authors reported an increase in mRNA testicular ar and luteinizing hormone receptor 
(lhr) and 11 β-hsd, while mRNA of the gene encoding lh remained unchanged (Villeneuve et 
al., 2007; Martinovic et al., 2008). In fathead minnow, Villeneuve et al. (2007) reported a 
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dose-dependent increase in the pituitary fshβ mRNA, which was signifi cantly diff erent from 
the control in fathead minnow, exposed to 700 μg/L VZ, however lh mRNA levels showed a 
trend toward decrease at 100-700 μg/L VZ. Th ese observations consistent with VZ eff ects on 
androgen production in fathead minnow in which 11-KT is not signifi cantly increased following 
an in vivo exposure (Villeneuve et al., 2007; Martinovic et al., 2008). 

Makynen et al. (2000) reported an increase in E
2
 level in fathead minnow exposed to 700 

VZ μg/L. However, other studies do not show any estrogenic activity of VZ because of no 
changes in E

2
 levels in fi sh exposed to VZ which are associated with no change in mRNA level 

of estrogenic biomarkers (Villeneuve et al., 2007; Martinovic et al., 2008). Taken together, 
these studies show that VZ potency to interfere with androgen production is uncertain 
and its estrogenic activity is unclear. In mammals, it has shown that VZ acts as an anti-
androgen through androgen receptor pathway; however anti-androgenic activity of VZ on fi sh 
reproduction is poorly studied. 

In the present study, we examined initially VZ-related brain-pituitary-testis dysfunctions 
leading to changes in E

2
/11-KT balance in goldfi sh following acute and chronic exposures 

to VZ. We measured total cholesterol and high and low density lipoproteins (HDL and LDL) 
to clarify if disruption in 11-KT biosynthesis corresponds to substrate availability. For better 
understanding of VZ action, mRNA of genes encoding salmon gonadotropin releasing hormone 
(gnrh3), luteinising hormone receptor (lhr), follicle-stimulating hormone receptor (fshr), and 
selected genes encoding enzymes in the steroidogenesis pathway were investigated in the 
brain and testis. We have also studied changes of mRNA of the gene encoding ar in the brain 
and testis. 

In another study, we established a combination protocol to better understand the eff ects of 
VZ on reproductive endocrine system where adult male goldfi sh were exposed to VZ, fl utamide 
(Flu), testosterone (T) and their combinations for 10 d. Considering anti-androgenic activity 
of Flu and androgenic activity of T, this study provides new information to better understand 
whether VZ acts as an anti-androgen to disrupt fi sh reproduction. Neuroendocrine regulators 
of reproduction such as kiss-1, kiss-2, gpr54, gnrh3, and ar mRNA levels in the mid-brain and 
testicular lhr were studied. 

Figure 3. Chemical structure of Vinclozolin.
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5.2. Di-(2-ethylhexyl)-phthalate

Di-(2-ethylhexil) phthalate (DEHP) (Figure 4) is among the most used plasticizers in the 
plastic industries used as plasticizer in non-PVC materials, including natural and synthetic 
rubber, chlorinated rubber, polyvinyl butyral, nitrocellulose and ethyl cellulose. It has 
been detected in construction sector, packaging, transportation, wiring, medical devices, 
pharmaceuticals, paints, cosmetics and personal care products (Magdouli et al., 2013). 

Th e Environmental Protection Agency has established a DEHP safety concentration limit in 
drinking water to be 6 μg/L (Clark et al., 2003). Th e environmental concentration is normally 
between 2 and 3 μg/L and has been also measured up to 98–219 μg/L in “hotspots” (Fromme 
et al., 2002). Horn et al. (2004) measured 180, 62, and 4.6 μg/L in the St. Lawrence River 
water, Landfi ll leachate located inside the boundaries of the city of Montreal and tap water 
from Montreal water distribution system, respectively. Th e concentrations of DEHP reported 
2.38 μg/L in the Southeast Queensland, Australia, 8.5–12.1 μg/L in USA, 41 μg/L in Canada, 
6.85-122 μg/L in European countries (Magdouli et al., 2013). 

It has shown that DEHP is capable of disturbing the reproductive success by interfering 
steroid hormones action as well as sperm production in mammal (Akingbemi et al., 2004; 
Latini et al., 2004; Andrade et al., 2006; Foster, 2006; Lee et al., 2009), while there is a 
signifi cant lack of information about its eff ects on the reproductive performance of fi sh. It has 
been observed that DEHP decreases fertilization rate when male zebrafi sh are injected with 
5000 mg/kg b.w. DEHP for 10 d (Uren-Webster et al., 2010) or exposed to 0.2–20 μg/L DEHP 
for 21 days (Corradetti et al., 2013). Male fertility also decreases in marine medaka exposed 
to 100 and 500 μg/L DEHP from hatching to maturity stage (Ye et al., 2014). However, it 
is still unknown whether DEHP-reduced male fertility is corresponding to DEHP eff ects on 
sperm quality factors, which are key determinants for male fertility in fi sh (Billard et al., 1995). 
Th ibaut and Porte (2004) reported that DEHP inhibits 5 α-dihydrotestosterone syntheses 
in fi sh in vitro; a potent androgen that binds to androgen receptor (AR). However, in vivo 
studies show no change in T levels in mature fathead minnow (Crago and Klaper, 2012) and 
zebrafi sh (Uren-Webster et al., 2010) exposed to DEHP associated with no changes in star 
mRNA levels that encodes the steroidogenic acute regulatory protein to control the transfer 
of cholesterol into the steroidogenesis (Stocco, 2001). Ye et al. (2014) also observed no 
changes in T levels in marine medaka exposed to DEHP, but star mRNA levels were increased. 
In contrast, Wang et al. (2013) observed the increase in T levels in rare minnow exposed to 
DEHP. Overall, inhibitory eff ects of DEHP on androgen production are largely unknown in fi sh 
and none of the former studies have investigated 11-KT levels, which is the major androgen in 
spermatogenesis (Miura and Miura, 2003) (Table 2). In mammals, in prepubertal and in utero 
DEHP exposure decreases T levels at 10–750 mg/kg/d in male rats which was associated with 
changes in circulatory luteinizing hormone (LH) levels and star mRNA levels (Parks et al., 2000; 
Akingbemi et al., 2001, 2004; Ge et al., 2007; Howdeshell et al., 2007; Culty et al., 2008; Lee 
et al., 2009; Hannas et al., 2012). Similar to mammals (Akingbemi et al., 2004; Andrade et al., 
2006), it has shown that DEHP also stimulates vitellogenin (Vtg) production or vtg mRNA in 
zebrafi sh (Uren-Webster et al., 2010), rare minnow (Wang et al., 2013) and marine medaka 
(Ye et al., 2014), associated with increases in 17 β-estradiol (E

2
) and mRNA levels of genes 

encoding estrogen receptor subtypes (er). In contrast, Crago and Klaper (2012) reported 
decreases in E

2
 levels and no change in mRNA levels of er subtypes and liver vtg mRNA in 

fathead minnow exposed to DEHP. Th us, DEHP estrogenic activity is still unclear and may diff er 
among fi sh species.

In the present study, adult male goldfi sh were exposed to the range of DEHP doses from 
environmental relevant concentration to hotspot concentrations (1, 10, and 100  μg/L 
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DEHP) for a period of 30 days to study its eff ects on sperm quality factors and reproductive 
hormones. star mRNA levels were analysed to understand whether changes in sex steroid 
levels correspond to transfer of cholesterol into the steroidogenesis. To understand DEHP 
eff ects on neuroendocrine regulation of testicular hormonal functions, we analysed mRNA 
levels of lhr, salmon gonadotropin releasing hormone (gnrh3), and kisspeptin (kiss1) and its 
receptor (gpr54). Finally, estrogenic activity of DEHP was compared with E

2
 treated goldfi sh by 

analyses of Vtg expression and the liver vtg mRNA levels as well as the mRNA levels of genes 
encoding brain P450 aromatase (cyp19a1b) and liver erα.

Figure 4. Chemical structure of Di-(2-ethylhexyl)-phthalate. 
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6. Aims of the present thesis

Th e main aim of present thesis were to study VZ and DEHP eff ects on neuroendocrines and 
endocrine regulation of reproduction in mature male goldfi sh following an acute and chronic 
exposure, in vivo. In particular, the following specifi c objectives were considered: 

(a) Eff ects of VZ and DEHP on hypothalamus – pituitary – testis functions.
(b) Estrogenic activity of VZ and DEHP.
(c) Th e modes of action of VZ and DEHP through receptor pathway.

Th e present thesis provides new information to understand mechanisms by which VZ and 
DEHP disrupt neuroendocrine and endocrine regulation of reproduction in goldfi sh following 
an acute and chronic exposure.
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a  b  s  t  r  a c  t

The  fungicide  vinclozolin  (VZ)  is in use  globally  and  known  to disrupt  reproductive  function  in  male.  The

present  study  tested  the  hypothesis  that  VZ  disrupts  testicular  function  in  goldfish  (Carassius  auratus)  by

affecting  brain–pituitary–testis  axis.  Goldfish  were  exposed  to  100,  400  and  800  �g/L  VZ and  5  �g/L  17�-

estradiol  (E2)  for  comparison.  In  VZ  treated  goldfish,  11-ketotesteosterone  (11-KT)  secretion  was  changed

depending  on  dose  and  duration  period  of  treatment.  Following  7 days  of  exposure,  11-KT  was  decreased

in goldfish  exposed  to  800  �g/L  VZ,  while  it  was  increased  in  goldfish  exposed  to  100  �g/L  VZ  after  30 days

of exposure.  Circulating  E2 level  was  unchanged  in  VZ  treated  goldfish,  however  the  E2/11-KT  ratio  was

increased  in  a concentration-related  manner.  In  E2 treated  goldfish,  circulatory  11-KT  and  E2 levels  were

decreased  and  increased,  respectively,  which  resulted  in  an  increase  in  the  E2/11-KT  ratio.  Exposure  to

VZ at  100  �g/L  caused  a significant  increase  in  the  circulatory  luteinizing  hormone  (LH)  after  30  days.  In

E2 treated  fish  circulatory  LH  was  decreased,  significantly.  Transcripts  of  genes  encoding  gonadotropin-

releasing  hormone  and  androgen  receptor  in  the  brain,  and  those  of  genes  encoding  LH and  follicle-

stimulating  hormone  receptors,  StAR,  CYP17,  and  3�-HSD  in  the  testis  changed  in  VZ-treated  goldfish

depending  on  concentration  and  period  of treatment.  mRNA  of genes  encoding  vitellogenin  and  estrogen

receptor  in the  liver  and  cytochrome  P450  aromatase  in  the  brain  were  increased  in  E2-treated  goldfish.

The  results  suggest  that  VZ-induced  changes  in 11-KT  were  due  to  disruption  in  brain–pituitary–testis

axis  and  provide  integrated  characterization  of VZ-related  reproductive  disorders  in male  fish.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

A  large number of natural and synthetic compounds are known
to be endocrine disrupting chemicals (EDCs) and interfere with
metabolism and hormone synthesis and action resulting in adverse
developmental and reproductive effects (Bergman et al., 2013;
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Jordan et al., 2012). In terms of reproductive disorders in males,
EDCs have been linked to a decrease in semen quality (20–40% of
young men  in Europe) and an increase in global rates of testicular
cancers (Andersson et al., 2008; Bergman et al., 2013). One of the
findings is that EDCs with anti-androgenic properties (such as phar-
maceuticals or pesticides) may  alter androgen biosynthesis and
subsequently cause severe impairment in male fertility (Andersen
et al., 2002; Kojima et al., 2004; Hatef et al., 2013). In addition,
anti-androgenic EDCs may  affect secondary sexual characteristics
in male amphibian and fish. However, EDC-related reproductive
behavior alternations are not necessarily associated with male
infertility (Bayley et al., 2003; Hoffmann and Kloas, 2010). There

http://dx.doi.org/10.1016/j.aquatox.2014.06.004

0166-445X/© 2014 Elsevier B.V. All rights reserved.
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are gaps in our understanding of the mechanisms by which EDCs
with  anti-androgenic ability cause reproductive disorders in verte-
brates. This is in part due to limited information available on the role
of  androgen receptors (AR) in androgen-mediated testicular devel-
opment and functions (Borg, 1994; Luccio-Camelo and Prins, 2011).

Vinclozolin (VZ) is a dicarboximide fungicide widely used for
control of diseases in grapes, fruits, and vegetables (Pothuluri et al.,
2000). It has been listed under the European Union priority list of
EDCs (European Commission, 2001) and in the United States Envi-
ronmental Protection Agency’s final Contaminant Candidate List
3  for products that should be assessed for contamination levels in
drinking water (U.S. EPA, 2009). People may  be exposed to residues
of  VZ through food or drinking water. In surface waters, VZ has been
detected at concentrations of 0.1–2.4 �g/L (Readman et al., 1997;
El-Shahat et al., 2003).

It  has been reported that VZ causes disruption in sexual dif-
ferentiation, testicular development and sex steroid biosynthesis
leading to abnormal sperm in mammals (Gray et al., 1994, 1999;
Kubota et al., 2003; Veeramachaneni et al., 2006; Loutchanwoot
et  al., 2008; Eustache et al., 2009; Auger et al., 2010), amphibians
(Kloas, 2002; Hoffmann and Kloas, 2010) and fish (Baatrup and
Junge, 2001; Bayley et al., 2003; Kiparissis et al., 2003; Hatef et al.,
2012). Surprisingly, reproductive impairments caused by VZ could
be  transgenerationally transmitted by an epigenetic mechanism
(Anway et al., 2005). The present study aimed at providing more
integrated characterization of VZ effects on neuroendocrine and
endocrine regulation of reproduction in fish as a model organism.

Previous studies showed no change in circulating testosterone
(T) or 11-ketotestosterone (11-KT) levels following exposure of fat-
head minnow to VZ, in vivo (Makynen et al., 2000; Martinović et al.,
2008). Despite of the lack of change in androgen level in the blood
plasma, the same authors reported an increase in mRNAs of genes
which encode AR, luteinizing hormone receptor (LHr) and 11�-
HSD (an enzyme which converts T to 11-KT), while mRNA of the
gene encoding LH remained unchanged (Villeneuve et al., 2007;
Martinović  et al., 2008). In contrast, we have recently observed a
concentration-dependent 11-KT biosynthesis in goldfish exposed
to  VZ (Hatef et al., 2012). In the present study, our main objec-
tive  was to examine VZ-related brain–pituitary–testis dysfunctions
leading to changes in 11-KT biosynthesis. We have studied 11-KT
and E2/11-KT balance (a key factor for normal testicular develop-
ment, Quignot et al., 2012) in goldfish following acute and chronic
exposures to VZ. We  measured total cholesterol and high and
low density lipoproteins (HDL and LDL) to clarify if disruption in
11-KT biosynthesis corresponds to substrate availability. For bet-
ter  understanding of VZ action, mRNAs of genes encoding salmon
gonadotropin releasing hormone (GnRH3), LHr, follicle-stimulating
hormone receptor (FSHr), and selected genes encoding enzymes in
the steroidogenesis pathway were investigated in the brain and
testis. We have also studied changes of mRNA of the gene encoding
AR in the brain and testis. It has been demonstrated that VZ acts
through an androgen receptor (AR) antagonist mode of action in
mammals (Kelce et al., 1994; Wong et al., 1995), but VZ binding
affinity to AR is uncertain in fish (Makynen et al., 2000). Overall,
the  present study provides new information to understand mecha-
nisms by which VZ disrupts brain–pituitary–testis functions in fish
reproduction following an acute and chronic exposure.

2.  Materials and methods

2.1. Exposure to vinclozolin: experimental design and sampling

In  this study, we used samples of mature male goldfish (2–3
years old), which were exposed to VZ. Results on the effects of VZ
on  sperm quality and sex steroid following 30 days exposure have
been already published (see Hatef et al., 2012). Briefly, goldfish

were exposed to 100, 400, and 800 �g/L VZ (nominal concen-
trations), one estrogenic compound (E2, 5 �g/L) and one solvent
control (acetone). All groups were held under same conditions: the
aquaria (each 80 L), temperatures (18–22 ◦C, at the beginning and
end of experiment, respectively) and photoperiod (12 h light/12 h
dark). Dissolved oxygen level and pH of water were 6.0 ± 0.5 mg/L
and  7.5 ± 0.3, respectively. The fish were fed once a day (3% body
weight) with commercial food (ZZN Vodnany, Czech Republic). Ten
aquaria were used (2 per each group) and 3 individuals were sam-
pled  from each aquarium (n = 6 per each group). Every 48 h, total
volume of water was renewed. Before sampling, individuals were
anaesthetized in a 2-phenoxyethanol solution (0.3 ml/L). Samples
of  blood (about 1 mL from each specimen) were taken from the
caudal vein and collected at day 7, 15 or 30 of exposure using a hep-
arinized syringe. Plasma was  collected following centrifugation at
5000 rpm for 10 min  at 4 ◦C and stored at −80 ◦C until use. Samples
of testis, liver and brain were collected at day 7 and 30 following
exposure and were immediately frozen in liquid nitrogen and kept
in  an RNAse free tube at −80 ◦C until use. There were no between-
group differences in fish weight and length (Hatef et al., 2012). All
animals were handled according to §17 odst. 1 zakona No. 246/119
Sb,  Ministry of Agriculture, approved by Central Ethics Committee
of  the Ministry of Health of the Czech Republic.

2.2. Sex steroid measurements

Actual concentrations of 11-KT and E2 and the E2/11-KT ratio
were assessed in blood plasma following 7, 15 and 30 days expo-
sure according to Hatef et al. (2012). Blood plasma was  diluted in
a  specific buffer provided by the Cayman EIA kit (Cayman, Michi-
gan, USA) or by the Diasource EIA kit (Diasource, Nivelles, Belgium)
for 11-KT and E2 assays, respectively. Fifty �L of each control,
11-KT or E2 standard and blood plasma were dispensed in sepa-
rate wells. Antibody against 11-KT or E2 and tracer (each 50 �L)
were added into each well and incubated for 2 h at room tem-
perature (RT). Following washing, adding the substrate solution
(200 �L) and incubation of plates for 30–90 min  at RT, the reaction
was the stopped by adding 100 �L of H2SO4. The optical den-
sity  was read for 11-KT and E2 at 405 and 450 nm,  respectively,
with a microtiter plate reader. For E2, sensitivity was 5 pg/mL,
and intra-assay and inter-assay coefficients of variation were 4%
and 6%, respectively, for a plasma concentration in the range of
100–250 pg/mL. For 11-KT, sensitivity was 1.3 pg/mL and intra-
assay and inter-assay coefficients of variation were, respectively,
8% and 9% for a plasma concentration of 6 pg/mL. Sex steroids
were measured twice for each sample and mean of values was
used.

2.3. Luteinizing hormone (LH) assay

Circulating LH level was assayed in the blood plasma by an
ELISA method, previously established for LH assay in common carp
(Kah et al., 1989). To validate the assay, serial dilutions of blood
plasma were made together with a common carp standard. All
were found to be parallel with the sensitivity of the assay in the
range 0.6–100 ng ml−1 and the intra- and inter-assay coefficients
of  variance were 5% and 9%, respectively.

2.4.  Cholesterol measurements

Cholesterol (CHOD-PAP) reagent was  used for the determi-
nation of total cholesterol, HDL and LDL in the blood plasma
using an enzymatic colorimetric method following the man-
ufacturer’s instructions (NS Biotec, Dunn Labortechnik GmbH,
Asbach, Germany). Following the preparation of samples, the inten-
sity of the color produced at 500–550 nm (total cholesterol) is
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directly proportional to cholesterol concentration, HDL or LDL
concentrations were determined by measuring the absorbance at
530–570 nm.

2.5. RNA extraction and complementary DNA synthesis (cDNA)

Total RNA was extracted using a PureLink RNA Mini Kit (Cat.
No. 12183018A, 12183025) and removing DNA via on-column
PureLink DNase treatment (Cat. No. 12185-010) following the man-
ufacturer’s instructions (Invitrogen). Total RNA concentration was
estimated from absorbance at 260 nm (A260 nm,  NanoDrop, USA)
and its quality was verified by A260 nm/A280 nm ratios between
1.8 and 2 and A230 nm/A260 nm ratios greater than 2. cDNA
was synthesized from 2 �g total RNA of each sample using a
high capacity cDNA reverse transcription kit with RNase Inhibitor
(Applied Biosystems, Cat. No. 4374966) following the manufac-
turer’s instructions. Briefly, 2 �g total RNA of each sample was
added to nuclease free water to reach 10 �L. Then, 2 �L of 10× RT
buffer, 0.8 �L of 25× dNTP Mix  (100 mM),  2 �L of 10× RT Random
Primers, 1 �L of multiscribe reverse transcriptase, 1 �L of RNase
inhibitor and 3.2 �L of nuclease free water were added. The reac-
tion mixture was then incubated at 25 ◦C for 10 min  and at 37 ◦C for
120 min  using an iQ cycler. By heating at 85 ◦C for 5 min, the reac-
tion was deactivated. A negative control was run for each sample.
Each 20 �L reaction was  diluted three-fold in nuclease-free water
and used as a template for quantitative real-time polymerase chain
reaction (qRT-PCR) assay.

2.6. Quantitative real-time polymerase chain reaction (qRT-PCR)

The iCycler iQ Real-time PCR Detection System (Bio-Rad Labora-
tories) was used for evaluating gene expression (in this article, the
phrase gene expression is taken to be synonymous to gene tran-
scription, but it is acknowledged that gene expression can also be
regulated, e.g., by translation and protein stability) level with the
following condition per reaction: 1 mL  diluted cDNA, 0.26 mM each
primer, 12.5 mL  SYBR Green PCR Master Mix  (Qiagen Mississauga,
Canada), and ultrapure distilled water (Invitrogen) to a total volume
of 25 mL.  Specific primers designed for each gene and housekeep-
ing genes are shown in Table 1. The PCR was run in the following
cycling conditions: initial denaturation at 95 ◦C for 30 s, followed
by 40 cycles of 5 s at 95 ◦C, appropriate annealing temperatures for
31 s. The specificity of the amplified product in the qRT-PCR assay
was determined by analyzing the melting curve to discriminate the
target amplicon from the primer dimer or other nonspecific prod-
ucts. A single melt curve was observed for each primer set in all

qRT-PCR reactions. Each individual sample was  run in triplicate,
and the mean threshold cycles (as determined by the linear por-
tion of the fluorescence absorbance curve) were used for the final
calculation. The mRNA levels were normalized to those of GAPDH
or �-actin mRNA using the standard 2−��Ct method.

2.7. Statistical analyses

Homogeneity of variance and normal distribution of data were
tested using the Levene’s test and Kolmogorov–Smirnov’s test. As
needed, data were transformed to meet assumptions of normality
and homoscedasticity. In this study, we examined the effects of VZ
at each exposure time (acute or chronic), independently. Therefore,
a single ANOVA following the Tukey–Kramer test was  performed
to understand the effects of VZ on each parameter in an acute and a
chronic exposure. Alpha = 0.05 was  set to indicate significant differ-
ences at each sampling time. In this context data from VZ-treated
groups were compared with the solvent control and between VZ-
treated groups. Similarly, the E2-treated group was compared with
the solvent control and with VZ-treated groups. All data are pre-
sented as mean ± standard error of mean (SEM).

3. Results

3.1. Sex steroid concentrations

At day 7, 11-KT level was  decreased in goldfish exposed to
800 �g/L VZ compared to control (p < 0.05, Fig. 1). There was  no dif-
ference in 11-KT level at day 15 following exposure to VZ (Fig. 1).
At day 30 following exposure, a biphasic change in 11-KT was
observed. The circulating level of 11-KT was increased at the low-
est VZ concentration (100 �g/l), but it was  decreased in goldfish
exposed to 800 �g/L VZ (p < 0.05, Fig. 1). In the positive control
group, exposure to E2 decreased 11-KT concentration following 7,
15 or 30 days compared to control (p < 0.05, Fig. 1).

No difference in plasma E2 level was  observed in goldfish
exposed to VZ (Fig. 1). As expected, exposure to E2 led to increase
in circulating E2 level in goldfish at all time points tested (p < 0.05,
Fig. 1).

In goldfish exposed to VZ, the E2/11-KT ratio was  increased in
a concentration-dependent manner increasing significantly above
control at 800 �g/L VZ at 7 days of exposure (p < 0.05, Fig. 1), but
remained unchanged after 15 days of exposure (Fig. 1). After 30 days
of exposure, however, 100 �g/L VZ decreased the E2/11-KT ratio
which was increased in goldfish exposed to 800 �g/L VZ (p < 0.05,
Fig. 1).

Table 1

Primer sequences and annealing temperature applied for studying alternations in mRNA of selected genes using qRT-PCR in the present study.

Genes Forward primer Reverse primer Annealing temperature (◦C)

GnRH3 TGGTCCAGCTCCTAATGCTA AACACTTCTCTTTCCACCCG 57

LHr CCTCTGCATCGGTGTGTATC TAGACAGATAGTTCGCCGCC 60

FSHr CGTCCACAATCCTACCTTCG TGAGAAACGGTGATTAGCGG 58

AR GATGAAAGGTCCAGAGGAGG ACTGTGAGTGGAACGTCAGG 57

StAR ATGGCTGGCAAACTGAGATCGAGA TCCATGTTATCCACCAGCTCCTCA 58

3ˇ-HSD GAAGAGCGTGTAAAGGAGCA ACGTTTTCTTGGATGCAGGT 58

CYP17 GCACAAGGTGGATTACAGCG GAAGATGTCCCCCACAGTCA 58

CYP19a1a TTGTGCGGGTTTGGATCAATGGTG TTCCGATACACTGCAGACCCAGTT 58

CYP19a1b AGGCGAGCGGGATGTAGAGT CGTCCGATGTTCAGGATGAGG 58

Vtg GAAGTGCGCATGGTGGCTTGTATT AGCTGCCATATCAGGAGCAGTGAT 55

ER˛ GAGGAAGAGTAGCAGCACTG GGCTGTGTTTCTGTCGTGAG 55

GAPDH TGATGCTGGTGCCCTGTATGTAGT TGTCCTGGTTGACTCCCATCACAA 57

ˇ-actin GTTTTGCTGGAGATGATGCC TTCTGTCCCATGCCAACCAT 58

Genes encoding salmon gonadotropin releasing hormone (GnRH3), luteinizing hormone receptor (LHr), follicle-stimulating hormone receptor (FSHr), androgen receptor (AR),

steroidogenic acute regulatory protein (StAR), 3-�-hydroxysteroid dehydrogenase/�-5-4 isomerase (3ˇ-HSD), cytochrome P450 17 (CYP17), testicular aromatase (CYP19a1a),

brain aromatase (CYP19a1b), vitellogenin (Vtg), estrogen receptor subunit � (ER˛). The gene encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was  used as house

keeping gene in the liver and testis. The gene encoding �-actin was used for mRNA analysis of genes in the brain.
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Fig. 1. 11-ketotestosterone (11-KT), 17�-estradiol (E2), and E2/11-KT ratio in the blood plasma of male goldfish exposed to vinclozolin (nominal concentrations 100, 400 or

800 �g/L VZ) and to 17�-estradiol (E2), in vivo. Mature goldfish were exposed to VZ or E2 and blood samples were collected for analysis of 11-KT, E2 and E2/11-KT ratio at

7,  15 and 30 days of exposure. Data is expressed as mean ± SEM (n = 6). Values with different superscripts are significantly different (p < 0.05, ANOVA with Tukey’s post hoc

test).

Fig. 2. Circulating luteinizing hormone (LH) level and correlation between LH and 11-ketotestosterone (11-KT) concentrations in the blood plasma of male goldfish exposed

to  vinclozolin (nominal concentrations 100, 400 or 800 �g/L VZ) and to 17�-estradiol (E2), in vivo. Mature goldfish were exposed to VZ or E2 and blood samples were collected

for  analysis of LH following 7, 15 and 30 days of exposure. For LH, data is expressed as mean ± SEM (n = 6) and values with different superscripts are significantly different

(p  < 0.05, ANOVA with Tukey’s post hoc test). For studying correlation between LH and 11-KT, means of LH and 11-KT levels from each group were applied.
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Fig.  3. mRNA  of the  gene  encoding  brain  salmon  gonadotropin-releasing  hormone  (GnRH3) mRNA  and  correlation  between  brain  GnRH3  mRNA  and  blood  plasma  11-

ketotestosterone  (11-KT)  concentrations  in male  goldfish  exposed  to vinclozolin  (nominal  concentration  100,  400  or 800  �g/L  VZ)  and  to 17�-estradiol  (E2), in vivo. Mature

goldfish  were  exposed  to VZ or E2 and  samples  of brain  were  collected  for  studying  alternations  in GnRH3  mRNA  using  a quantitative  real-time  PCR  following  7 and  30 days  of

exposure.  Data  were  normalized  to the  internal  control  and  is expressed  as mean  ± SEM  (n = 6).  Values  with  different  superscripts  are  significantly  different  (p < 0.05,  ANOVA

with Tukey’s  post  hoc  test).  For  studying  correlation  between  LH and  11-KT,  means  of LH and  11-KT  levels  from  each  group  were  applied.

3.2. Luteinizing hormone (LH) and mRNA of the gene encoding
salmon gonadotropin-releasing hormone (GnRH3)

Following 7 and 15 days of exposure, circulating LH level was
unchanged in goldfish exposed to VZ compared to control (Fig. 2).
A significant increase in circulating LH was observed in goldfish
exposed to 100 �g/L VZ for 30 days (p < 0.05, Fig. 2); higher concen-
trations were without effect. In the positive control group exposed
to E2, circulating LH was decreased after 7, 15 or 30 days compared
to control (p < 0.05, Fig. 2). When the mean values of circulating
LH and 11-KT for each group were considered for regression anal-
ysis, positive correlations were observed between them following
15 and 30 days of exposure (Fig. 2). It is worth to pointing out that
circulating LH level in the control group was higher at day 15 of the
experiment compared to those of days 7 and 30, suggesting that
goldfish were at the spermiation stage.

As in E2 treated goldfish, exposure of goldfish to all VZ con-
centrations decreased GnRH3 mRNA level in the brain after 7 days
compared to the control (p < 0.05, Fig. 3). Exposure to 100 �g/L VZ
for 30 days significantly increased the brain GnRH3 mRNA level
(p < 0.05) without exerting the effect at higher VZ concentrations
(400–800 �g/L) (Fig. 3). Nor did exposure to E2 have any effect on
GnRH3 mRNA level at 30 days following exposure (p < 0.05, Fig. 3).
11-KT biosynthesis was  associated with GnRH3 and LH synthe-
sis and secretion in VZ-treated goldfish. When the mean values
of GnRH3 and 11-KT for each group were considered for regres-
sion analysis, positive correlations were observed between them
following 7 and 30 days of exposure (Fig. 3).

3.3. mRNAs of genes encoding receptors of luteinizing hormone
(LHr) and follicle-stimulating hormone (FSHr)

At 7 days following exposure, LHr mRNA was increased in the
testis of goldfish exposed to 400 and 800 �g/L VZ compared to the
control (p < 0.05, Fig. 4A). A significant increase in testicular FSHr

Fig.  4. mRNAs  of genes  encoding  luteinizing  hormone  receptor  (LHr) and  follicle-

stimulating  hormone  receptor  (FSHr) in the  testis  of male  goldfish  exposed  to

vinclozolin  (nominal  concentrations  100,  400  or 800  �g/L  VZ)  and  to 17�-estradiol

(E2), in vivo. Mature  goldfish  were  exposed  to VZ or E2 and  samples  of testis  were

collected  for  studying  alternations  in LHr  mRNA  (A)  and  FSHr  mRNA  (B)  using  quan-

titative  real-time  PCR.  Data  were  normalized  to the  internal  control  and  is expressed

as mean  ± SEM  (n = 6).  Values  with  different  superscripts  are  significantly  different

(p < 0.05,  ANOVA  with  Tukey’s  post  hoc  test).
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Table  2

Plasma  cholesterol,  low-density  lipoprotein  and  high-density  lipoprotein  levels  (mg/dL)  in male  goldfish  (Carassius  auratus) exposed  to vinclozolin  (VZ,  100,  400  and  800  �g/L)

for  one  month.  Samples  of blood  plasma  were  collected  at day  7, 15 and  30 following  exposure.  Data  are  expressed  as mean  ± SEM  (n = 6).  For  each  parameter,  there  are  no

treatment  differences  at the  same  sampling  time  (p > 0.05).

Parameter  Groups  Period  of exposure

7 days 15 days  30 days

Cholesterol  Ctrl  90.98  ± 19.84  94.75  ± 7.62  93.95  ± 10.09

VZ100  115.48  ± 8.35  119.85  ± 11.75  120.92  ± 7.03

VZ400  102.58  ± 12.66  90.10  ± 10.38  124.97  ± 19.11

VZ800  101.57  ± 15.43  79.25  ± 17.31  88.48  ± 15.95

Low  density  lipoproteins  Ctrl  25.77  ± 7.29  26.28  ± 2.11  31.98  ± 3.38

VZ100  34.03  ± 4.97  34.15  ± 3.61  40.15  ± 2.80

VZ400  27.18  ± 2.19 26.53  ± 3.64 43.25  ± 7.49

VZ800  27.50  ± 5.23 24.70  ± 6.37  29.98  ± 6.64

High  density  lipoproteins  Ctrl  33.12  ± 5.00  35.00  ± 0.64  34.10  ± 4.65

VZ100  45.52  ± 3.27  37.25  ± 3.56  41.25  ± 3.82

VZ400  42.65  ± 4.79  34.10  ± 3.10  42.67  ± 6.33

VZ800  36.47  ± 5.14  24.48  ± 5.87  25.28  ± 6.80

Regulatory  gene  encoding  enzymes  to produce  androstenedione.

mRNA was also observed in goldfish exposed to 400 �g/L VZ for 7
days (p < 0.05, Fig. 4B). Exposure to E2 was without effect on LHr
and FSHr mRNA in the testis (Fig. 4A and B). Following 30 days, LHr
and FSHr mRNA levels remained unchanged in the testis of goldfish
exposed to VZ or to E2 (Fig. 4A and B).

3.4. Total cholesterol, high and low density lipoproteins (HDL and
LDL)

Total cholesterol, HDL and LDL levels remained unchanged in
goldfish following exposure to 100, 400 or 800 �g/L VZ (Table 2).
The results show that 11-KT biosynthesis in goldfish exposed to VZ
could not be related to precursor availability in sex steroid biosyn-
thesis. These parameters were not measured in the E2-treated
group, because blood samples were not available. However, a pre-
vious study shows no changes in total cholesterol, HDL and LDL
levels in E2 treated goldfish (Sharpe et al., 2007).

3.5. Selected steroidogenic enzyme genes in steroidogenesis
pathway

Exposure to 100 and 400 �g/L VZ increased StAR mRNA level in
the goldfish testis following 7 days of exposure (p < 0.05), while VZ
at 800 �g/L was without effect (Fig. 5). After 30 days, VZ increased
StAR mRNA level at 100 �g/L (p < 0.05), but was without effect
at higher doses (Fig. 5). In E2-treated goldfish, StAR mRNA was
decreased following 7 days (p < 0.05) and remained unchanged after
30 days of exposure (Fig. 5).

The testicular mRNA level of the gene encoding cytochrome
P450 17 (CYP17) increased following exposure of goldfish to
400 �g/L VZ for 7 days and to 100 and 400 �g/L for 30 days com-
pared to the control (p < 0.05, Fig. 5). Exposure to E2 was without
effect on CYP17 mRNA in the testis.

We also measured mRNA of the gene encoding 3-�-
hydroxysteroid dehydrogenase/�-5-4 isomerase (3ˇ-HSD) mRNA

Fig.  5. mRNAs  of genes  encoding  steroidogenic  acute  regulatory  protein  (StAR), cytochrome  P450  17A1  (CYP17) and  3-�-hydroxysteroid  dehydrogenase/�-5-4  isomerase

(3ˇ-HSD)  mRNA  in the  testis  of male  goldfish  exposed  to vinclozolin  (nominal  concentration  100,  400  or 800  �g/L  VZ)  and  to 17�-estradiol  (E2), in vivo. Mature  goldfish  were

exposed  to VZ or E2 and  samples  of testis  were  collected  for  studying  alternations  in mRNA  of genes  following  7 and  30 days  of exposure  using  quantitative  real-time  PCR.

Data  were  normalized  to the  internal  control  and  are  expressed  as mean  ± SEM  (n = 6).  Values  with  different  superscripts  are  significantly  different  (p < 0.05,  ANOVA  with

Tukey’s  post  hoc  test).
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Fig. 6. Alternations in the mRNA of the genes encoding cytochrome P450 aromatase (CYP19a1a) in the testis, CYP19a1b in the brain and vitellogenin (Vtg) and estrogen receptor

subunit  � (ER˛) in the liver of male goldfish exposed to vinclozolin (nominal concentration 100, 400 or 800 �g/L VZ) and to 17�-estradiol (E2), in vivo. Mature goldfish were

exposed  to VZ or E2 and samples of brain, testis or liver were collected for studying alternations in mRNA of the genes using quantitative real-time PCR following 7 and 30

days  of exposure. Data were normalized to the internal control and are expressed as mean ± SEM (n = 6). Values with different superscripts are significantly different (p < 0.05,

ANOVA  with Tukey’s post hoc test).

level in the goldfish testis. Exposure to VZ significantly increased
3ˇ-HSD mRNA level after 7 (100, 400 and 800 �g/L) and 30 (100
and  400 �g/L) days of exposure (Fig. 5). Exposure to E2 was  without
effect on 3ˇ-HSD mRNA in the testis.

3.6.  mRNAs of the genes encoding vitellogenin (Vtg), cytochrome
P450 aromatase (CYP19a1a and CYP19a1b), and estrogen
receptor subunit  ̨ (ER˛)

There were no differences in brain CYP19a1b mRNA, testicu-
lar CYP19a1a mRNA and liver Vtg mRNA or ER  ̨ mRNA of goldfish
exposed to any VZ concentration for either 7 or 30 days com-
pared to the control (p > 0.05, Fig. 6). Exposure to E2 increased brain
CYP19a1b mRNA, liver Vtg and ER  ̨ mRNA levels after 7 or 30 days
(p  < 0.05), while testicular CYP19a1a mRNA remained unchanged

compared to the control (Fig. 6). These results demonstrate that VZ
did  not have E2-like activity.

3.7. mRNA of the gene encoding androgen receptor (AR) in the
brain  and testis

Exposure of goldfish to VZ (100, 400, 800 �g/L) or E2 reduced
AR mRNA level in the brain after 7 days compared to the control
(p  < 0.05, Fig. 7). After 30 days, AR mRNA level was increased in the
brain of goldfish exposed to 100 �g/L VZ, while other VZ concen-
trations and E2 were without effect (p > 0.05, Fig. 7).

In  the testis, exposure to 400 �g/L VZ significantly increased AR
mRNA level after 7 days of exposure (p < 0.05) and other treatments
were without effect (Fig. 7). After 30 days, VZ was  without effect on
AR  mRNA in the testis (p > 0.05, Fig. 7). Exposure to E2 was without
effect on testicular AR mRNA level (p > 0.05, Fig. 7).
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Fig. 7. mRNA of the gene encoding androgen receptor (AR) in the brain and testis of

male goldfish exposed to vinclozolin (nominal concentration 100, 400 or 800 �g/L

VZ) and to 17�-estradiol (E2), in vivo. Mature goldfish were exposed to VZ or E2 and

samples of brain and testis were collected for studying alternations in AR mRNA

using quantitative real-time PCR following 7 and 30 days of exposure. Data were

normalized to the internal control and are expressed as mean ± SEM (n = 6). Values

with different superscripts are significantly different (p < 0.05, ANOVA with Tukey’s

post hoc test).

4. Discussion

We previously observed that VZ decreases sperm quality in
goldfish following a chronic exposure (30 days) at 800 �g/L, which
was associated with a decrease in 11-KT level (Hatef et al., 2012).
These suggest that VZ-induced endocrine changes may  result in
diminished sperm quality, a key determinant for male fertility in
fish (Alavi et al., 2008; Hatef et al., 2013). For better understanding
of VZ-related testicular dysfunctions, the present study was car-
ried out to investigate the effects of VZ on steroid biosynthesis by
analysing changes in GnRH3,  LHr, FSHr and AR mRNA levels as well
as studying the expression of a selected number of genes encoding
enzymes in steroidogenic pathway. The results demonstrate that
VZ-related reproductive disorders depend on the concentration
and period of exposure (Fig. 8).

In  the present study, we observed a biphasic effect of VZ
on  11-KT production. A chronic exposure (30 days) to 100 �g/L
VZ increased 11-KT production; while at the highest concen-
tration studied (800 �g/L) it was decreased compared to the
control. Responses to acute exposure (7 days) differed ranging from
inhibition of 11-KT production at 800 �g/L to no effect at lower con-
centrations (100 and 400 �g/L). In mammals, VZ-induced increase
in T production has been reported in male rats (Kubota et al.,
2003; Loutchanwoot et al., 2008; Quignot et al., 2012), while in
fish VZ causes no change in 11-KT production in fathead minnows
exposed for 21 days (Makynen et al., 2000; Martinović  et al., 2008).
It should be noted that a similar range of concentrations of VZ were
tested on fathead minnows (100–700 �g/L). In E2 treated fish, the
11-KT level decreased following either acute or chronic exposure

indicating that E2 impairs androgen synthesis in fish (Yamaguchi
et  al., 2006; Sharpe et al., 2007). The results reveal similarity
between E2 and a high VZ concentration in inhibiting 11-KT
production. In contrast, VZ induced 11-KT production at low con-
centration.

This is the first study that provides information on the effect of
VZ  on circulating LH levels in fish, which is the primary regulator of
androgen biosynthesis in the testis (Nagahama, 1994). Following a
chronic exposure for 30 days, LH level increased in goldfish exposed
to  100 �g/L VZ, which is consistent with the observed increase in
11-KT level. This indicates that 11-KT elevation in goldfish exposed
to  100 �g/L VZ was  likely caused by increased production of LH
from pituitary, suggesting VZ-induced disruption of the negative
feedback of androgen to control LH release (Van der Kraak, 2009).
Similarly, VZ-induced androgen production mediated by LH has
also been observed in male rats (O’Connor et al., 2002; Kubota
et al., 2003; Loutchanwoot et al., 2008). An earlier study on fathead
minnows demonstrated no changes in LH mRNA level following
exposure to VZ (Villeneuve et al., 2007). This is possible since LH
mRNA levels may  not always correspond with LH protein level
as has been demonstrated previously in goldfish (Huggard-Nelson
et al., 2002; Klausen et al., 2005; Moussavi et al., 2012, 2013).
In  E2 treated goldfish, decrease of both circulating LH and 11-KT
indicates E2-related inhibition of 11-KT production mediated by
LH release from the pituitary. Another contributing factor could
be increase in plasma E2 level, since there is evidences that E2

regulates LH production through both positive and negative feed-
back directly or mediated by GnRH function (Huggard-Nelson et al.,
2002; Van der Kraak, 2009).

In the present study, we also investigated upstream neuroen-
docrine regulator for LH production (Nagahama, 1994). Results
showed that GnRH3 mRNA was  decreased in goldfish exposed to
VZ after 7 days exposure, which is consistent with the observed
decrease in 11-KT levels. The significant increase in GnRH3 mRNA
level following 30 days exposure is also consistent with the
observed increase in 11-KT level in the same period following
VZ exposure. This is first study that provides information on VZ-
induced disruption in brain GnRH3 expression and links this effect
to pituitary LH production, which inhibits 11-KT biosynthesis.
Interestingly, GnRH3 mRNA in E2 treated goldfish was unchanged
following 30 days exposure, suggesting that inhibition of LH release
might be mediated indirectly by E2 and other neurohormones such
as dopamine (Sokolowska et al., 1985; Trudeau et al., 1993).

We  analyzed mRNA levels of selected steroidogenic enzyme
genes to investigate whether VZ-induced neuroendocrine disrup-
tion may be associated with 11-KT biosynthesis in the testis. The
StAR (a regulatory gene for cholesterol transfer within the mito-
chondria, Stocco, 2001) mRNA increased in goldfish exposed to
100–400 �g/L and 100 �g/L VZ following 7 and 30 days exposure,
respectively. CYP17 (a regulatory gene encoding enzymes to pro-
duce androstenedione) mRNA also increased in goldfish exposed
to 100 �g/L VZ following 7 days and to 100–400 �g/L VZ fol-
lowing 30 days exposure. In addition, 3ˇ-HSD (a gene encoding
the enzyme to convert pregnenolone to progesterone or to pro-
duce androstenedione from dehydroepiandrosterone) mRNA also
increased in goldfish following 7 and 30 days exposure to VZ. The
observed increases in StAR, CYP17 and 3ˇ-HSD mRNAs following
chronic exposure to 100 �g/L VZ were correlated with an increase
in  GnRH3 mRNA, and circulating LH level, suggesting that VZ action
is  exerted at multiple levels and effects substrate availability for 11-
KT biosynthesis. These results confirm a previous study in which
the increase in 11-KT levels was  associated with the increase in
the mRNA of the gene encoding cytochrome P450 side chain cleav-
age (P450scc). The gene product catalyzes conversion of cholesterol
to  pregnenolone within the mitochondria (Kubota et al., 2003).
What is interesting is that mRNA elevation in almost all of these
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Fig. 8. A model representing neuroendocrine and endocrine disorders in goldfish leading to diminished sperm quality following an acute and chronic exposure. A chronic

exposure to lower concentration (100 �g/L) of vinclozolin (VZ) increased 11-KT level due to an increase in GnRH3 mRNA and circulating LH level associated with an increase

in  mRNA of genes encoding steroidogenic enzymes in the testis and AR in the brain. An acute exposure of goldfish to 100 �g/L VZ showed a trend toward decrease in 11-KT

associated with a decrease in GnRH3 and AR mRNA. However, mRNAs of genes encoding steroidogenic enzymes was increased. At higher concentration (800 �g/L), 11-KT

level  was decreased following an acute and chronic exposure, while circulating LH level and mRNAs of genes encoding steroidogenic enzymes remained unchanged. Decrease

in  11-KT was associated with decrease in GnRH3 mRNA and brain AR mRNA following an acute exposure.

genes happened earlier than VZ effects on 11-KT level observed
at 30 days following exposure. This suggests that VZ may  affect
testis function directly and more quickly than the additional dis-
ruption caused to neuroendocrine function. It may  be important
to investigate changes in mRNA of genes encoding steroidogenic
enzymes within 1–2 days following exposure to VZ for better
understanding of its effects on 11-KT biosynthesis following an
acute exposure. In this regard, it has been shown that ketoconazole
(an anti-androgenic EDCs) displays time-course effects to disrupt
steroidogenesis resulting in alternations in circulating steroid lev-
els in fish (Ankley et al., 2012). In E2-treated fish, mRNAs of
steroidogenic enzyme genes decreased following both acute and
chronic exposure, suggesting that the decrease in 11-KT was also
due to disruption in testicular function (Sharpe et al., 2007).

In the present study, we investigated the E2/11-KT ratio to
indirectly evaluate aromatase activity, which is a key factor in tes-
ticular development (Mandich et al., 2007; Quignot et al., 2012).
E2 levels in goldfish exposed to VZ remained unchanged, while the
E2/11-KT ratio decreased and increased in goldfish exposed to 100
and 800 �g/L VZ following 30 days of exposure, respectively. The
observed changes in the E2/11-KT are likely to be due to 11-KT
level rather than changes in aromatase activity, since CYP19a1a and
CYP19a1b mRNA were not affected. This is consistent with the lack
of change observed in Vtg and ER  ̨ mRNA in the liver of goldfish
exposed to VZ as shown in previous studies on fathead min-
nows and rats (Martinović  et al., 2008; Loutchanwoot et al., 2008).

However some studies indicated up-regulation of cytochrome P450
genes following exposure of male fathead minnow to an anti-
androgen (ketoconazole) which was associated with decrease in
circulating androgen level in blood plasma (Villeneuve et al., 2007;
Ankley et al., 2012). In contrast, a decrease in the E2/T ratio in male
rats exposed to VZ have shown to be related to both decreases and
increases in E2 and T levels associated with increases in testicular
aromatase activity and ER˛  mRNA (Quignot et al., 2012). Therefore,
there may  be other contributing factors for VZ-related alternations
in the E2/11-KT level as there is evidence that CYP19a1b regu-
lates estrogenic potency of E2 to induce Vtg production in the liver
through ER subtypes (Ishibashi et al., 2001; Kishida et al., 2001;
Marlatt et al., 2008; Nelson and Habibi, 2010).

Fish AR localized in both brain (hypothalamus and pituitary) and
testis shows high affinity for 11-KT (Olsson et al., 2005; Hossain
et al., 2008) and may  be involved in regulation of LH release by
androgens (Kah, 2009). The observed decrease in AR mRNA in the
brain of goldfish exposed to VZ may  be due to 11-KT reduction,
since it was  shown previously that changes in AR mRNA corre-
late with the levels of sex steroids (Burmeister et al., 2007; Liu
et al., 2009). At day 30, AR mRNA in the brain was increased in
goldfish exposed to 100 �g/L VZ, which is consistent with the
observed increase in plasma 11-KT level. Anti-androgenic activ-
ity of VZ has shown to be mediated by competitive binding to AR
in mammals (Kelce et al., 1994; Wong et al., 1995; Andersen et al.,
2002). In fish, VZ shows no competitive binding affinity to the brain
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cytosolic extracts AR compared to T (Makynen et al., 2000). How-
ever, testicular AR mRNA increased in fathead minnows following
exposure to VZ (Martinović  et al., 2008, present study). In contrast,
the present study showed decrease in the brain AR mRNA follow-
ing 7 days of exposure to 100–800 �g/L, which was increased in
goldfish exposed to 100 �g/L at day 30 of exposure. These results
suggest that the brain AR might mediate VZ-related disruption in
11-KT biosynthesis. Since 11-KT is major androgen in fish (Olsson
et  al., 2005; Hossain et al., 2008; Kah, 2009), further studies should
consider competitive binding affinity of VZ to AR compared to 11-
KT  (and may  be T as precursor of 11-KT) following an acute and
chronic exposure for better understanding of VZ mode of action to
disrupt fish reproduction.

In conclusion, the present study provides novel information on
the mechanism of VZ-related disruption of testicular function in
goldfish. In agreement with our previous study, the findings pro-
vide evidence that VZ interferes with both neuroendocrine and
endocrine functions to impair male fertility. The adverse effects
of VZ depend on the concentration and duration of exposure
(Fig. 8) and are mediated through effects on the hormones of the
brain–pituitary–testicular axis. The outcome is changes spermato-
genesis and testicular development. The present findings provide a
framework for a better understanding of the endocrine disruptive
effects of VZ in goldfish and other vertebrate species.
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ABSTRACT

Vinclozolin (VZ) is a pesticide that acts as an anti-androgen to impair reproduction in 
mammals. However, VZ eff ects on fi sh reproduction are largely unknown. We have established 
a combination exposure protocol using VZ (30 and 100 μg/L), anti-androgen fl utamide (Flu, 
300 μg/L) and androgen testosterone (T, 1 μg/L) to study adverse eff ects of VZ reproductive 
endocrine system in adult goldfi sh. Kisspeptin (kiss-1 and kiss-2) and its receptor (gpr54), 
salmon gonadotropin releasing hormone (gnrh3) and androgen receptor (ar) mRNA levels in 
the mid-brain and testicular luteinizing hormone receptor (lhr) were studied and compared 
with control following 10 d of exposure. kiss-1 mRNA level was increased in goldfi sh exposed 
to 100 μg/L VZ and Flu, while kiss-2 mRNA was increased following exposure to Flu and 
combinations of 30 μg/L VZ with Flu, 100 μg/L VZ with T, and Flu with T. gpr54 mRNA was 
increased in goldfi sh exposed to Flu and combination of 30 μg/L VZ with Flu and 100 μg/L VZ 
with T. gnrh3 level was increased in goldfi sh exposed to 100 μg/L VZ, Flu and combinations of 
30 μg/L VZ with Flu, 100 μg/L VZ with T, and Flu with T. Th e brain ar mRNA level was increased 
in goldfi sh exposed to Flu and combinations of 30 μg/L VZ with Flu, 100 μg/L VZ with T, and 
Flu with T. Testicular lhr mRNA level was observed in goldfi sh exposed to Flu and combination 
of 30 μg/L VZ with Flu. Th ese results suggest that VZ and Flu are capable of interfering with 
kiss-1/gpr54 and gnrh3 functions to control pituitary and testicular hormonal function in 
goldfi sh. Since previous studies show that the eff ects of VZ to stimulate 11-KT production in 
fi sh similar to Flu eff ects, this study suggests that the brain ar mediates VZ-related disruption 
in 11-KT biosynthesis in goldfi sh.

Keywords: androgen receptor; fl utamide; kisspeptin; luteinizing hormone receptor; salmon 
gonadotropin-releasing hormone; testosterone

Introduction

In our environment, there are a large number of natural and synthetic compounds known or 
suspected to mimic or interfere with reproductive endocrine system (Bergman et al., 2012). 
Th ere are suffi  cient evidences supporting the hypothesis that endocrine disrupting chemicals 
(EDCs) contributes to male reproductive disorders in fi sh (Jobling et al., 2002; Aravindakshan 
et al., 2004; Jeff ries et al., 2008; Marchand et al., 2008; Jordan et al., 2012). Compared to 
estrogenic EDCs, there is a signifi cant knowledge gaps underlying association between male 
infertility and exposure to EDCs that interfere with androgen signaling (Villeneuve et al., 2007; 
Martinovic et al., 2008; Hatef et al., 2012a,b; Golshan et al., 2014). 
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Vinclozolin (VZ) is a dicarboximide fungicide widely used for control of diseases in fruits and 
vegetables (Pothuluri et al., 2000). In both mammals and fi sh, VZ impairs male reproduction 
through stimulation of androgen production in the testis which leads to 17β-estradiol (E

2
)/

testosterone (T) or 11-ketotestosterone (11-KT) imbalance (Gray et al., 1999; Kubota et al., 
2003; Loutchanwoot et al., 2008; Martinovic et al., 2008; Eustache et al., 2009; Quignot et al., 
2012; Hatef et al., 2012b; Golshan et al., 2014). 

At spawning, pituitary luteinizing hormone (LH) controls testicular hormonal function 
to release mature spermatozoa in fi sh (see reviews by Kah 2009; Van der Kraak 2009). 
Gonadotropin-releasing hormone (GnRH) and the feedback eff ects of steroid hormones 
control LH release from pituitary. Th us, EDCs can interfere with reproduction by their direct 
eff ects on hypothalamus-pituitary-testis (HPT) hormonal functions or by their indirect eff ects 
through alternations in feedback eff ects of sex steroids. We have recently reported a signifi cant 
increase in 11-KT level in VZ-treated goldfi sh which lead to decrease in sperm quality (Hatef 
et al., 2012; Golshan et al., 2014). Current data suggest that VZ aff ects hormonal functions 
of HPT to alter androgen production in fi sh (Villeneuve et al., 2007; Martinovic et al., 2008; 
Golshan et al., 2014) similar to those in mammals (Kubota et al., 2003; Loutchanwoot et 
al., 2008; Quignot et al., 2012). Our results also suggest that VZ alters the brain androgen 
receptor (ar) mRNA levels. However, in contrast to mammals (Kelce et al., 1994; Wong et al., 
1995), VZ binding affi  nity to the brain AR has not been seen in fi sh (Sperry and Th omas 1999; 
Makynen et al., 2000). Overall, the eff ects of VZ to stimulate testicular androgen production 
are largely unknown in fi sh. 

Kisspeptin-1 (Kiss-1) is a neuroendocrine peptide that regulates reproduction in vertebrates 
(see review by Pinilla et al., 2012). At least two isoforms of kiss-1 (kiss-1 and kiss-2) have been 
identifi ed in fi sh (see reviews by Akazome et al., 2010; Gopurappilly et al., 2013) including 
goldfi sh (Li et al., 2009; Yang et al., 2010). It has shown that kiss-1 controls GnRH and LH 
release from hypothalamus and pituitary, respectively, through activation of its receptor 
(gpr54) in goldfi sh (Li et al., 2009; Yang et al., 2010; Chang et al., 2012). In mice and rats, sex 
steroids aff ects on Kiss-1 mRNA levels during adulthood and KISS-1 alters mRNA levels of sex 
steroid receptors (Smith et al., 2005; Adachi et al., 2007; Kauff man et al., 2007; Homma et al., 
2009; Clarkson et al., 2012). It has been observed that mixture of estrogenic EDCs, estradiol 
benzoate or bisphenol A decrease or increase Kiss-1 and Gpr54 mRNA levels in rats, mice, 
ewes (Bellingham et al., 2009; Navarro et al., 2009; Panzica et al., 2009). Th ese suggest that 
EDCs may disrupt reproductive endocrine system in mammals through KISS-1/GPR54 system. 
However, the eff ects of EDCs on Kiss-1/Gpr54 system have not been investigated in fi sh.

In the present study, we established a combination protocol to better understand the 
eff ects of VZ on reproductive endocrine system in goldfi sh (Carassius auratus). Adult male 
goldfi sh were exposed to VZ, fl utamide (Flu), testosterone (T) and their combinations for 
10 d and alternations in kiss-1, kiss-2, gpr54, gnrh3, and ar mRNA levels in the mid-brain 
and testicular lhr were studied. Th is study shows diff erences among VZ, Flu and T to alter 
reproductive endocrine system in goldfi sh. Considering anti-androgenic activity of Flu and 
androgenic activity of T, this study provides new information to better understand whether 
VZ acts as an anti-androgen to disrupt fi sh reproduction. 

Materials and methods

Goldfi sh and treatments: experimental design and sampling
Adult male goldfi sh (mean body mass of 32 g and total length 13 cm) at stage before 

spermiation were exposed to vinclozolin (30 and 100 μg/L VZ), fl utamide as anti-androgen 
(300  μg/L Flu) and testosterone as androgen (1  μg/L T) for a period of 10 d. Groups of 
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goldfi sh were also exposed to mixtures of these compounds including combination of 30 or 
100 μg/L VZ with Flu, combination of 30 or 100 μg/L VZ with T, and combination of Flu with T. 
Th e aforementioned doses were selected based on previously published protocols (Iwamatsu 
et al., 2006; Filby et al., 2007; Hatef et al., 2012b; Golshan et al., 2014). All chemicals were 
dissolved in acetone, therefore one group of goldfi sh was exposed to acetone as solvent 
control. Flu was fi rstly dissolved in acetone under aeration at room temperature for about 1 
h. After evaporation of the acetone, dechlorinated water was added to the glass vessel and 
the mixture was left to stir at room temperature for 24 h to ensure solubilisation of Flu before 
use. All experimental groups were kept under same conditions: the aquaria (each 40 L), 
temperatures (21 °C) and photoperiod (14 h light/10 h dark). Th e aquaria water was renewed 
every day. Th e fi sh were fed once a day with commercial food. Samples of mid-brain and testis 
were collected in an RNAse free tube, frozen immediately in liquid nitrogen and kept at -80˚C 
until use. Previous studies have shown expression of gnrh3, ar, kiss-1, kiss-2 and gpr54 in 
the mid-brain (see reviews by Kah, 2009; Akazome et al., 2010; Gopurappilly et al., 2013). 
Th ere were no diff erences in fi sh weight and length among treatments (p > 0.05, data are 
not shown). Th is study was carried out in strict accordance with the recommendations in the 
guide for the care, protection and use of laboratory animals of the Canadian Council approved 
by the ethics committee of the university animal care committees. All surgery was performed 
under 2-phenoxyethanol anesthesia, and all eff orts were made to minimize suff ering.

RNA extraction, cDNA synthesis and quantitative real-time PCR 
Total RNA was extracted from each tissue sample using TriZol Reagent (Invitrogen, Cat. 

No. 15596-018) following the manufacturer’s instructions. Total RNA concentration was 
estimated from absorbance at 260 nm (A260 nm, Nanodrop, USA) and RNA quality was 
verifi ed by A260 nm/A280 nm ratios between 1.8 and 2 and A230 nm/A260 nm ratios >2. 
cDNA was synthesized from 4 μg of total RNA of each sample using Moloney Murine Leukemia 
Virus Reverse Transcriptase (M-MLV) (Invitrogen, Cat No. 28025-013) and oligo (dT)

18
 primer 

(Promega, Madison, WI, USA) following the manufacturer’s instructions. Two μL oligo (dT)
18

 
primer (500 μg/mL) was added to each samples and the reaction mixture was heated to 
70 °C for 10 min, and then quickly chilled to 4 °C. After cooling, 4 μL of 5× fi rst-strand buff er, 
2 μL DTT (100 mM), 0.4 μL dNTP (100 mM) (Cat. No. dNTP-01, UBI Life Science, Canada) and 
0.7 μL M-MLV (200 U/μL) and nuclease free water were added to a total volume of 18 μL. 
Th e reaction mixture was then incubated at 25°C for 10 min and at 37 °C for 50 min using 
iQ cycler. Th e reaction was deactivated by heating at 70°C for 15 min. A negative control was 
run for each sample. Each 18 μL reaction was diluted 3-fold in nuclease free water and used 
for quantitative real time PCR assay. iCycler iQ Real-time PCR Detection System (Bio-Rad Lab. 
Inc.) was used for studying mRNA levels with the following condition per reaction: 1 μL of 
diluted cDNA, 0.26 μL of forward and reverse primers, 12.5 μL SYBR Green PCR Master Mix 
(Qiagen Mississauga, Canada) and ultrapure distilled water (Invitrogen) to a total volume of 
25 μL. Table 1 shows the sequences of specifi c primers used in this study. PCR was run in the 
following cycling conditions: initial denaturation at 95 °C for 30 s, followed by 40 cycles of 5 s 
at 95 °C, appropriate annealing temperatures for 31 s. Th e specifi city of the amplifi ed product 
in the quantitative PCR assay was determined by analyzing the melting curve to discriminate 
target amplicon from primer dimer or other non-specifi c products. A single melt curve was 
observed for each primer set in all quantitative PCR reactions. No amplifi cation product was 
also observed in non-template controls as well as no primer-dimer formations. Each sample 
was run in triplicate and the mean threshold cycles (determined by the linear portion of the 
fl uorescence absorbance curve) were used for the fi nal calculation. Th e mRNA levels were 
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normalized to the mRNA level of β-actin or glyceraldehyde-3- phosphate dehydrogenase 
(GAPDH) using the standard 2-Ct method. 

Statistical analyses
Homogeneity of variance and normal distribution of data were tested using Levene ’s 

test and Kolmogorov–Smirnov ’s test, respectively. As needed, data were transformed to 
meet assumptions of normality and homoscedasticity. Duncan post hoc test was used in 
conjunction with an ANOVA to fi nd which means are signifi cantly diff erent from one another 
at each sampling time (alpha = 0.05). All data are presented as mean ± standard error of mean 
(SEM).

Table 1. Primer sequences and annealing temperature applied for studying alternations in mRNA 

transcript of selected genes using qRT-PCR in the present study. 

Genes Forward Primer Reverse Primer
Annealing 

temperature 
(˚C)

kiss-1 CAGATCCTCAGCGAAACACA GCAAGCATGTTCTGCTCTCT 56

kiss-2 GCAGTTGATGTTGAGGGGAA ATGCAACCGAGGCCATGAAA 56

gpr54 TTTGGGGACTTCATGTGTCG ATCTGTGGTGTTCGATGACG 56

gnrh3 TGGTCCAGCTCCTAATGCTA AACACTTCTCTTTCCACCCG 57

lhr CCTCTGCATCGGTGTGTATC TAGACAGATAGTTCGCCGCC 60

ar GATGAAAGGTCCAGAGGAGG ACTGTGAGTGGAACGTCAGG 57

gapdh TGATGCTGGTGCCCTGTATGTAGT TGTCCTGGTTGACTCCCATCACAA 57

β-actin GTTTTGCTGGAGATGATGCC TTCTGTCCCATGCCAACCAT 57

Kisspeptins (kiss1 and kiss2), kisspeptin receptor (gpr54), Salmon gonadotropin-releasing hormone 
(gnrh3), Luteinizing hormone receptor (lhr), Androgen receptor (ar). Glyceraldehyde 3-phosphate 
dehydrogenase (gapdh) was used as house keeping gene for testicular ar and lhr. β-actin was used for 
mRNA analysis of genes in the brain (kiss1, kiss2, gpr54, gnrh3 and ar).

Results

Th e mid-brain gnrh3, kiss-1, kiss-2, gpr54, and ar mRNA levels
Compared to control, kiss-1 mRNA level was increased in goldfi sh exposed to 100  μg/L 

VZ and Flu (P < 0.05; Fig. 1A). However, kiss-1 mRNA level remained unchanged in goldfi sh 
exposed to 30 μg/L VZ, T and combination of 30 or 100 μg/L VZ with T, combination of Flu with 
T, and combination of 30 μg/L VZ with Flu (P > 0.05). Compared to control, kiss-2 mRNA level 
was increased in goldfi sh exposed to Flu, combination of 30 μg/L VZ with Flu, combination 
of 100 μg/L VZ with T, and combination of Flu with T (P < 0.05; Fig. 1B). kiss-2 mRNA level 
remained unchanged in goldfi sh exposed to 30 or 100 μg/L VZ, T and combination of 30 μg/L 
VZ with T compared to control (P > 0.05). gpr54 mRNA level was increased in goldfi sh exposed 
to Flu, combination of 30 μg/L VZ with Flu and combination of 100 μg/L VZ with T (P < 0.05; 
Fig. 1C). Compared to control, gpr54 mRNA remained unchanged in goldfi sh exposed to 30 or 
100 μg/L VZ, T, combination of 30 μg/L VZ with T, and combination of Flu with T (P > 0.05). 
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Fig. 1. Alterations in kisspeptins (kiss-1, A; kiss-2, B) and their receptor (gpr54, C) mRNA levels in 

the mid-brain of goldfi sh (Carassius auratus) exposed to vinclozolin (VZ), anti-androgen fl utamide (Flu), 

androgen testosterone (T) and their combinations for a period of 10 d. Adult male goldfi sh were exposed 

to 30 or 100 μg/L VZ (VZ30 and VZ100, respectively), 300 μg/L Flu (Flu), 1 μg/L T (T), combination of 

30 μg/L VZ with 300 μg/L Flu (VZ30+Flu), combination of 30 or 100 μg/L VZ with 1 μg/L T (VZ30+T and 

VZ100+T), and combination of 300 μg/L Flu with 1 μg/L T (Flu+T). Data were normalized to the internal 

control and is expressed as mean ± SEM (n = 6). Values with diff erent superscripts are signifi cantly 

diff erent (P < 0.05, ANOVA with Duncan post hoc test).

A

B

C
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gnrh3 mRNA level was increased in goldfi sh exposed to 100 μg/L VZ, Flu and combinations 
of 30 μg/L VZ with Flu, combination of 100 μg/L VZ with T, and combination of Flu with T 
compared to control (P < 0.05; Fig. 2). gnrh3 mRNA level remained unchanged in goldfi sh 
exposed to 30 μg/L VZ, T and combination of 30 μg/L VZ with T, compared to control (P > 0.05). 

Fig. 2. Alterations in Salmon gonadotropin-releasing hormone (gnrh3) mRNA levels in the mid-brain 

of goldfi sh (Carassius auratus) exposed to vinclozolin (VZ), anti-androgen fl utamide (Flu), androgen 

testosterone (T) and their combinations for a period of 10 d. Adult male goldfi sh were exposed to 30 or 

100 μg/L VZ (VZ30 and VZ100, respectively), 300 μg/L Flu (Flu), 1 μg/L T (T), combination of 30 μg/L VZ 

with 300 μg/L Flu (VZ30+Flu), combination of 30 or 100 μg/L VZ with 1 μg/L T (VZ30+T and VZ100+T, 

respectively) and combination of 300 μg/L Flu with 1 μg/L T (Flu+T). Data were normalized to the internal 

control and is expressed as mean ± SEM (n = 6). Values with diff erent superscripts are signifi cantly 

diff erent (P < 0.05, ANOVA with Duncan post hoc test).

Compared to control, ar mRNA level was increased in goldfi sh exposed to Flu, combination 
of 30 μg/L VZ with Flu, combination of 100 μg/L VZ with T, and combination of Flu with T 
(P < 0.05; Fig. 3). However, ar mRNA level did not diff er in goldfi sh exposed to 30 or 100 μg/L 
VZ, T and combination of 30 μg/L VZ with T (P > 0.05). 
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Fig. 3. Alterations in the mid-brain androgen receptor (ar) mRNA levels in goldfi sh (Carassius 

auratus) exposed to vinclozolin (VZ), anti-androgen fl utamide (Flu), androgen testosterone (T) and their 

combinations for a period of 10 d. Adult male goldfi sh were exposed to 30 or 100 μg/L VZ (VZ30 and 

VZ100, respectively), 300 μg/L Flu (Flu), 1 μg/L T (T), combination of 30 μg/L VZ with 300 μg/L Flu 

(VZ30+Flu), combination of 30 or 100 μg/L VZ with 1 μg/L T (VZ30+T and VZ100+T, respectively), and 

combination of 300 μg/L Flu with 1 μg/L T (Flu+T). Data were normalized to the internal control and is 

expressed as mean ± SEM (n = 6). Values with diff erent superscripts are signifi cantly diff erent (P < 0.05, 

ANOVA with Duncan post hoc test).

Testicular lhr mRNA levels
Signifi cant increase in testicular lhr mRNA level was observed in goldfi sh exposed to Flu and 

combination of 30 μg/L VZ with Flu, compared to that of control (P < 0.05; Fig. 4). However, 
testicular lhr mRNA level remained unchanged in goldfi sh exposed to 30 or 100 μg/L VZ, T, 
and combinations of VZ or Flu with T (P > 0.05).
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Fig. 4. Alterations in testicular luteinizing hormone receptor (lhr) mRNA levels goldfi sh (Carassius 

auratus) exposed to vinclozolin (VZ), anti-androgen fl utamide (Flu), androgen testosterone (T) and their 

combinations for a period of 10 d. Adult male goldfi sh were exposed to 30 or 100 μg/L VZ (VZ30 and 

VZ100, respectively), 300 μg/L Flu (Flu), 1 μg/L T (T), combination of 30 μg/L VZ with 300 μg/L Flu 

(VZ30+Flu), combination of 30 or 100 μg/L VZ with 1 μg/L T (VZ30+T and VZ100+T, respectively) and 

combination of 300 μg/L Flu with 1 μg/L T (Flu+T). Data were normalized to the internal control and is 

expressed as mean ± SEM (n = 6). Values with diff erent superscripts are signifi cantly diff erent (P < 0.05, 

ANOVA with Duncan post hoc test).

Discussion

We have recently observed that VZ stimulates 11-KT production associated with an increase 
in circulating LH level which results in diminished sperm quality in male goldfi sh (Hatef et al., 
2012, Golshan et al., 2014). Th e present study provides new information about the potential 
eff ects of VZ on upstream neuroendocrine regulators of pituitary and testicular hormonal 
functions. To better understand the eff ects of VZ on reproductive endocrine system, we have 
established a combination protocol in which goldfi sh were exposed to VZ, Flu, T and their 
combinations. In this study, androgen T and anti-androgen Flu were applied at concentrations 
that do not exhibit aromatizable activity (Hagino et al., 2001; Iwamatsu et al., 2006). 

Th e brain ar mRNA level increased in goldfi sh exposed to Flu. Th is is due to the facts that 
Flu stimulates androgen production in fi sh (Rajakumar et al., 2012) similar to mammals 
(O’Connor et al., 2002; Ohsako et al., 2003; Vo et al., 2009; Place et al., 2011) and ar gene 
expression positively correlates with circulating androgen levels (Burmeister et al., 2007). It 
is worth to note that both T and 11-KT show high affi  nity to bind to AR in fi sh (Sperry and 
Th omas 1999; Todo et al., 1999; Hossain et al., 2008). In contrast to T exposed goldfi sh, the 
brain ar mRNA level increased in goldfi sh exposed to combination of 100 μg/L VZ or Flu with 
T compared to control. Th ese interesting results suggest that VZ, similar to Flu, interferes with 
negative feedback of T through the brain ar. However the brain ar mRNA level did not change 
in goldfi sh exposed to 30 or 100 μg/L VZ. Th is might be due to time-dependent eff ects of VZ 
to stimulate androgen production in goldfi sh (Golshan et al., 2014). Increased ar mRNA level 
in the brain of goldfi sh exposed to combination of 30 μg/L VZ with Flu suggest that both VZ 
and Flu acts in similar way. However, VZ competitive binding affi  nity to the brain AR has been 
only observed in mammals (Wong et al., 1995). In fi sh, studies have shown binding affi  nity of 
metabolites of VZ (M1 and M2) to AR (Sperry and Th omas 1999; Makynen et al., 2000). We 
also observed that testicular ar mRNA remained unchanged following exposure of goldfi sh to 



- 52 -

Chapter 2

VZ, Flu, T and their combinations (data are not shown), which consistent with our previous 
study (Golshan et al., 2014). Th is study suggests that the brain AR is major target for the 
eff ects of VZ and Flu on HPT hormonal functions. 

gnrh3 mRNA level increased in the brain of goldfi sh exposed to 100 μg/L VZ and Flu which 
consistent with previous studies in fi sh (Rajakumar et al., 2012; Golshan et al., 2014) and rats 
(Ohsako et al., 2003). Similarly, gnrh3 mRNA level increased in goldfi sh exposed to combination 
of 30 μg/L VZ with Flu. Th ese data suggest that VZ, similar to Flu, acts on hypothalamus to 
stimulate LH production and release from pituitary leading to induce androgen production. 
It is worth to note that gnrh3 mRNA level and circulating LH and 11-KT levels positively 
correlate in fi sh (Khakoo et al., 1994; Klausen et al., 2002; Golshan et al., 2014). gnrh3 mRNA 
level remained unchanged in T treated goldfi sh, but it was increased in goldfi sh exposed to 
combination of either 100 μg/L VZ or Flu with T. Th ese results suggest that VZ and Flu are 
capable of interfering with T feedback mechanism at the level of hypothalamus (see review 
by Habibi and Huggard 1998).

In this study, the brain kiss-1, kiss-2 and gpr54 mRNA levels increased in Flu treated goldfi sh. 
However, VZ increased kiss-1 mRNA level without eff ects on kiss-2 and gpr54 mRNA levels. 
Increased kiss-1, kiss-2 or gpr54 mRNA levels were associated with increase in gnrh3 mRNA 
level and consistent with circulating LH level in Flu or VZ treated goldfi sh (Rajakumar et al., 
2012; Golshan et al., 2014). Considering increases in kiss-2 and gpr54 mRNA levels in goldfi sh 
exposed to combination of 30  μg/L VZ with Flu, these results suggest that VZ, similar to 
Flu, acts on Kiss-1/Gpr54 system to interfere with HPT hormonal functions. It is possible 
because Kiss-1 and AR are co-localized in the mid-brain of goldfi sh (Gelinas and Callard, 1997; 
Li et al., 2009; Yang et al., 2010). However, we observed that changes in kiss-1, kiss-2, gpr54 
mRNA levels diff er between Flu and VZ treated goldfi sh suggesting that Flu and VZ have 
diff erent eff ects via ligand or receptor. In contrast to Flu and VZ, kiss-1, kiss-2 and gpr54 mRNA 
levels remained unchanged in T treated goldfi sh associated with no change in gnrh3 and lhr 
mRNA level. However combination of Flu with T and 100 μg/L VZ with T increased kiss-2 or 
gpr54 mRNA levels. Th ese suggest that negative feedback of T on hypothalamus and pituitary 
hormonal functions is not mediated through kiss-1,2/gpr54 system in goldfi sh. 

In this study, testicular lhr mRNA level increased in Flu treated goldfi sh, but it was unchanged 
in goldfi sh exposed to 30 or 100 μg/L VZ. However, previous studies have shown increase 
in testicular lhr mRNA level in fathead minnow exposed to 100 μg/L VZ (Villeneuve et al., 
2007) and in goldfi sh exposed to 400 μg/L VZ following 21 and 7 d of exposure (Golshan et 
al., 2014). Th is might be due to the dose- and time-dependent eff ect of VZ to stimulate LH 
release from pituitary and thus aff ect testicular lhr mRNA level. 

In conclusion, the mid-brain kiss-1 and gnrh3 mRNA levels were increased in goldfi sh exposed 
to 100 μg/L VZ. In Flu treated goldfi sh, the mid-brain kiss-1, kiss-2, gpr54, gnrh3, and ar mRNA 
levels were increased associated with an increase in testicular lhr mRNA level. In contrast, all 
of these parameters remained unchanged in T treated goldfi sh. Th ese results suggest that 
VZ and Flu are capable of interfering with kiss-1 and gnrh3 functions to control pituitary 
and testicular hormonal function in goldfi sh. Combination exposure resulted in increase in 
the brain kiss-2, gnrh3 and ar when either 100  μg/L VZ or Flu was combined with T. Th e 
mid-brain gpr54 mRNA level was increased in the brain of goldfi sh exposed to combination 
of VZ with T. Th ese suggest that VZ, very similar to Flu, acts as anti-androgen to impair fi sh 
reproduction. Results of the present study and those of Hatef et al. (2012) and Golshan et 
al. (2014) suggest that VZ acts on kiss-1 to stimulate gnrh3 in the hypothalamus which in 
turn increases LH production and release from pituitary. Th ese changes result in induction 
of 11-KT production associated with an increase in mRNA of genes encoding enzymes in 
steroidogenesis. Th e brain ar mediates VZ-related disruption in 11-KT biosynthesis in goldfi sh.



- 53 -

Reproductive endocrine system in goldfi sh exposed to vinclozolin, in vivo

Confl ict of interest

Th e authors have declared that no competing and confl ict of interests exist.

Acknowledgments

Th is study was supported by the Grant Agency of the Czech Republic P503/12/1834 (to 
SMHA), Natural Sciences and Engineering Research Council of Canada grants (to HRH) and 
Ministry of Education, Youth and Sports of the Czech Republic – projects “CENAKVA“ (No. 
CZ.1.05/2.1.00/01.0024), “CENAKVA II“ (No. LO1205 under the NPU I program).   MG is 
grateful to the Grant Agency of the University of South Bohemia (114/2013/Z). We appreciate 
Dr. Michael D. Kahl (U.S. EPA) for his protocol to use fl utamide.

REFERENCES

Adachi, S., Yamada, S., Takatsu, Y., Matsui, H., Kinoshita, M., Takase, K., Sugiura, H., Ohtaki, T., 
Matsumoto, H., Uenoyama, Y., Tsukamura, H., Inoue, K., Maeda, K., 2007. Involvement of 
anteroventral periventricular metastin/kisspeptin neurons in estrogen positive feedback 
action on luteinizing hormone release in female rats. J Reprod Dev 53, 367–378.

Akazome, Y., Kanda, S., Okubo, K., Oka, Y., 2010. Functional and evolutionary insights into 
vertebrate kisspeptin systems from studies of fi sh brain. J Fish Biol 76, 161–182. 

Aravindakshan, J., Paquet, V., Gregory, M., Dufresne, J., Fournier, M., Marcogliese, D.J., Cyr, D.J., 
2004. Consequences of xenoestrogen exposure on male reproductive function in Spottail 
Shiners (Notropis hudsonius). Toxicol Sci 78, 156–65.

Bellingham, M., Fowler, P.A., Amezaga, M.R., Rhind, S.M., Cotinot, C., Mandon-Pepin, B., Sharpe, 
R.M., Evans, N.P., 2009. Exposure to a complex cocktail of environmental endocrine-
disrupting compounds disturbs the kisspeptin/GPR54 system in ovine hypothalamus and 
pituitary gland. Environ Health Perspect 117, 1556–1562. 

Bergman, Å., Heindel, J.J., Jobling, S., Kidd, K.A., Zoeller, R.T., 2013. Th e state-of-the-science of 
endocrine disrupting chemicals. WHO and UNEP Report 2012, Geneva, Available at www.
who.int/ceh/publications/endocrine/en/index.html

Burmeister, S.S., Kailasanath, V., Fernald, R.D., 2007. Social dominance regulates androgen and 
estrogen receptor gene expression. Horm Behav 51, 164–170.

Chang, J.P., Mar, A., Wlasichuk, M., Wong, A.O.L., 2012. Kisspeptin-1 directly stimulates LH 
and GH secretion from goldfi sh pituitary cells in a Ca2+-dependent manner. Gen Comp 
Endocrinol 179, 38–46.

Clarkson, J., Shamas, S., Mallinson, S., Herbison, A.E., 2012. Gonadal steroid induction of 
kisspeptin peptide expression in the rostral periventricular area of the third ventricle 
during postnatal development in the male mouse. J Neuroendocrinology 24, 907–915.

Eustache, F., Mondon, F., Canivenc-Lavier, M.C., Lesaff re, C., Fulla, Y., Berges, R., Cravedi, J.P., 
Vaiman, D., Auger, J., 2009. Chronic dietary exposure to a low- dose mixture of genistein 
and vinclozolin modifi es the reproductive axis, testis transcriptome and fertility. Environ 
Health Perspect 117, 1272–1279.

Filby, A.L., Th orpe, K.L., Maack, G., Tyler, C.R., 2007. Gene expression profi les revealing the 
mechanisms of anti-androgen- and estrogen-induced feminization in fi sh. Aquat Toxicol 
81, 219–231.



- 54 -

Chapter 2

Gelinas, D., Callard, G.V., 1997. Immunolocalization of aromatase- and androgen receptor-
positive neurons in the goldfi sh brain. Gen Comp Endocrinol 106, 155–168.

Golshan, M., Hatef, A., Zare, A., Socha, M., Milla, S., Gosiewski, G., Fontaine, P., Sokolowska-
Mikolajczyk, M., Habibi, H.R., Alavi, S.M.H., 2014. Alternations in neuroendocrine and 
endocrine regulation of reproduction in male goldfi sh (Carassius auratus) following an 
acute and chronic exposure to vinclozolin, in vivo. Aquat Toxicol 155, 73–83.

Gopurappilly, R., Ogawa, S., Parhar, I.S., 2013. Functional signifi cance of GnRH and kisspeptin, 
and their cognate receptors in teleost reproduction. Front Endocrinol 4, 24. 

Gray, L.E.Jr., Ostby, J., Monosson, E., Kelce, W.R., 1999. Environmental antiandrogens: low 
doses of the fungicide vinclozolin alter sexual diff erentiation of the male rat. Toxicol 
Indust Health 15, 48–64.

Habibi, H.R., Huggard, D.L., 1998. Testosterone regulation of gonadotropin production in 
goldfi sh. Comp Biochem Physiol 119 C, 339–344.

Hagino, S., Kagoshima, M., Asida, S., 2001. Eff ects of ethinylestradiol, diethylstilbestrol, 
4-t-pentylphenol, 17β-estradiol, methyltestosterone and fl utamide on sex-reversal in S-rR 
strain Medaka (Oryzias latipes). Environ Sci 8, 75–87.

Hatef, A., Alavi, S.M.H., Abdulfatah, A., Fontaine, P., Rodina, M., Linhart, O., 2012a. Adverse 
eff ects of Bisphenol A on reproductive physiology in male goldfi sh at environmentally 
relevant concentrations. Ecotoxicol Environ Saf 76, 56–62. 

Hatef, A., Alavi, S.M.H., Milla, S., Křišťan, J., Golshan, M., Fontaine, P., Linhart, O. 2012b. Anti-
androgen vinclozolin impairs sperm quality and steroidogenesis in goldfi sh. Aquat Toxicol 
122–123, 181–187.

Homma, T., Sakakibara, M., Yamada, S., Kinoshita, M., Iwata, K., Tomikawa, J., Kanazawa, T., 
Matsui, H., Takatsu, Y., Ohtaki, T., Matsumoto, H., Uenoyama, Y., Maeda, K., Tsukamura, 
H., 2009. Signifi cance of neonatal testicular sex steroids to defeminize anteroventral 
periventricular kisspeptin neurons and the GnRH/LH surge system in male rats. Biol 
Reprod 81, 1216–1225.

Hossain, M.S., Larsson, A., Scherbak, N., Olsson, P.E., Orban, L., 2008. Zebrafi sh androgen 
receptor: Isolation, molecular, and biochemical characterization. Biol Reprod 78, 361–369.

Iwamatsu, T,. Kobayashi, H., Sagegami, R., Shuo, T., 2006. Testosterone content of developing 
eggs and sex reversal in the medaka (Oryzias latipes). Gen Comp Endocrinol 145, 67–74.

Jeff ries, K.M., Nelson, E.R., Jackson, L.J., Habibi, H.R., 2008. Basin-wide impacts of compounds 
with estrogen-like activity on longnose dace (Rhinichthys cataractae) in two Prairie 
Rivers of Alberta, Canada. Environ Toxicol Chem 27, 2042–2052.

Jobling, S., Beresford, N., Nolan, M., Rodgers-Gray, T., Brighty, G.C., Sumpter, J.P., Tyler, C.R., 
2002. Altered sexual maturation and gamete production in wild roach (Rutilus rutilus) 
living in rivers that receive treated sewage effl  uents. Biol Reprod 66, 272–281.

Jordan, J., Zare, A., Jackson, L.J., Habibi, H.R., Welijem, A.M., 2012. Environmental contaminant 
mixtures at ambient concentrations invoke a metabolic stress response in goldfi sh not 
predicted from exposure to individual compounds alone. J Proteome Res 11, 1133–1143.

Kauff man, A.S., Gottsch, M.L., Roa, J., Byquist, A.C., Crown, A., Clifton, D.K., Hoff man, G.E., 
Steiner, R.A., Tena-Sempere, M., 2007. Sexual diff erentiation of Kiss1 gene expression in 
the brain of the rat. Endocrinology 148, 1774–1783.

Kah, O., 2009. Endocrine targets of the hypothalamus and pituitary. In: Fish Neuroendocrinology: 
Volume 28 (Bernier NJ, Van Der Kraak G, Farrell AP, Brauner CJ, Eds.). Elsevier, Inc. 
Amsterdam, Th e Netherlands, pp. 75–112.



- 55 -

Reproductive endocrine system in goldfi sh exposed to vinclozolin, in vivo

Kelce, W.R., Monosson, E., Gamcsik, M.P., Laws, S.C., Gray, L.E., 1994. Environmental hormone 
disruptors: evidence that vinclozolin developmental toxicity is mediated by antiandrogenic 
metabolites. Toxicol Appl Pharmacol 126, 276–285.

Khakoo, Z., Bhatia, Z., Gedamu, L., Habibi, H.R., 1994. Functional specifi city for salmon 
gonadotropin-releasing hormone (GnRH) and chicken GnRH-II coupled to the 
gonadotropin release and subunit messenger ribonucleic acid level in the goldfi sh 
pituitary. Endocrinology 134, 838–847.

Klausen, C., Chang, J.P., Habibi, H.R., 2002. Time- and dose-related eff ects of gonadotropin-
releasing hormone on growth hormone and gonadotropin subunit gene expression in the 
goldfi sh pituitary. Can J Physiol Pharmacol 80, 915–924.

Kubota, K., Ohsako, S., Kurosawa, S., Takeda, K., Qing, W., Sakaue, M., Kawakami, T., Ishimura, 
R., Tohyama, C., 2003. Eff ects of vinclozolin administration on sperm production and 
testosterone biosynthetic pathway in adult male rat. J Reprod Dev 49, 403–412.

Li, S., Zhang, Y., Liu, Y., Huang, X., Huang, W., Lu, D., Zhu, P., Shi, Y., Cheng, C.H.K., Liu, X., Lin, H., 
2009. Structural and functional multiplicity of the kisspeptin/GPR54 system in goldfi sh 
(Carassius auratus). J Endocrinol 201, 407–418.

Loutchanwoot, P., Wuttke, W., Jarry, H., 2008. Eff ects of a 5-day treatment with vinclozolin on 
the hypothalamo-pituitary-gonadal axis in male rats. Toxicology 243, 105–115.

Makynen, E., Kahl, M., Jensen, K., Tietge, J., Wells, K., Van Der Kraak, G., Ankley, G., 2000. 
Eff ects of the mammalian antiandrogen vinclozolin on development and reproduction of 
the fathead minnow (Pimephales promelas). Aquat Toxicol 48, 461–475.

Marchand, M.J., Pieterse, G.M., Barnhoorn, I.E.J., 2008). Preliminary results on sperm motility 
and testicular histology of two feral fi sh species, Oreochromis mossambicus and Clarias 
gariepinus, from a currently DDT-sprayed area, South Africa. J Appl Ichthyol 24, 423–429. 

Martinovic, D., Blake, L.S., Durhan, E.J., Greene, K.J., Kahl, M.D., Jensen, K.M., Makynen, E.A., 
Villeneuve, D.L., Ankley, G.T., 2008. Reproductive toxicity of vinclozolin in the fathead 
minnow: Confi rming an anti-androgenic mode of action. Environ Toxicol Chem 27, 478–
488.

Navarro, V.M., Sanchez-Garrido, M.A., Castellano, J.M., Roa, J., Garcia-Galiano, D., Pineda, R., 
Aguilar, E., Pinilla, L., Tena-Sempere, M., 2009. Persistent impairment of hypothalamic 
KiSS-1 system after exposures to estrogenic compounds at critical periods of brain sex 
diff erentiation. Endocrinology 150, 2359–2367.

O‘Connor, J.C., Frame, S.R., Ladics, G.S., 2002. Evaluation of a 15-day screening assay using 
intact male rats for identifying antiandrogens. Toxicol Sci 69, 92–108. 

Ohsako, S., Kubota, K., Kurosawa, S., Takeda, K., Qing, W., Ishimura, R., Tohyama, C., 2003. 
Alterations of gene expression in adult male rat testis and pituitary shortly after subacute 
administration of the antiandrogen fl utamide. J Reprod Dev 49, 275–290.

Panzica, G.C., Mura, E., Miceli, D., Martini, M.A., Gotti, S., Viglietti-Panzica, C., 2009. Eff ects 
of xenoestrogens on the diff erentiation of behaviorally relevant neural circuits in higher 
vertebrates. Ann N Y Acad Sci 1163, 271–278.

Pinilla, L., Aguilar, E., Dieguez, C., Millar, R.P., Tena-Sempere, M., 2012. Kisspeptins and 
reproduction: physiological roles and regulatory mechanisms. Physiol Rev 92, 1235–1316.

Place, N.J., Coscia, E.M., Dahl, N.J., Drea, C.M., Holekamp, K.E., Roser, J.F., Sisk, C.L., Weldele, 
M.L., Glickman, S.E., 2011. Th e anti-androgen combination, fl utamide plus fi nasteride, 
paradoxically suppressed LH and androgen concentrations in pregnant spotted hyenas, 
but not in males. Gen Comp Endocrinol 170, 455–459.



- 56 -

Chapter 2

Pothuluri, J.V., Freeman, J.P., Heinze, T.M., Beger, M.D., Cernigalia, C.E., 2000. Biotransformation 
of vinclozolin by fungus Cunnighamella elegans. J Agricult Food Chem 48, 6138–6148. 

Quignot, N., Arnaud, M., Robidel, F., Lecomte, A., Tournier, M., Cren-Olivé, C., Barouki, R., 
Lemazurier, E., 2012. Characterization of endocrine-disrupting chemicals based on 
hormonal balance disruption in male and female adult rats. Reprod Toxicol 33, 339–352.

Rajakumar, A., Singh, R., Chakrabarty, S., Murugananthkumar, R., Laldinsangi, C., Prathibha, Y., 
Sudhakumari, C.C., Dutta-Gupta, A., Senthilkumaran, B., 2012. Endosulfan and fl utamide 
impair testicular development in the juvenile Asian catfi sh, Clarias batrachus. Aquat 
Toxicol 110–111, 123–132.

Sperry, T.S., Th omas, P., 1999. Identifi cation of two nuclear androgen receptors in kelp bass 
(Paralabrax clathratus) and their binding affi  nities for xenobiotics: Comparison with 
Atlantic croaker (Micropogonias undulatus) androgen receptors. Biol Reprod 61, 1152–
1161.

Smith, J.T., Dungan, H.M., Stoll, E.A., Gottsch, M.L., Braun, R.E., Eacker, S.M., Clifton, D.K., 
Steiner, R.A., 2005. Diff erential regulation of KiSS-1 mRNA expression by sex steroids in 
the brain of the male mouse. Endocrinology 146, 2976–2984.

Todo, T., Ikeuchi, T., Kobayashi, T., Nagahama, Y., 1999. Fish androgen receptor: cDNA cloning, 
steroid activation of transcription in transfected mammalian cells, and tissue mRNA levels. 
Biochem Biophy Res Comm 254, 378–383.

Van der Kraak, G., 2009. Th e GnRH System and the neuroendocrine regulation of reproduction. 
In: Fish Neuroendocrinology: Volume 28 (Bernier, N.J., Van Der Kraak, G., Farrell, A.P., 
Brauner, C.J., Eds.), Elsevier, Inc. Amsterdam, the Netherlands, pp. 115–149.

Villeneuve, D.L., Blake, L.S., Brodin, J.D., Greene, K.J., Knoebl, I., Miracle, A.L., Martinovic, D., 
Ankley, G.T., 2007. Transcription of key genes regulating gonadal steroidogenesis in control 
and ketoconazole-or vinclozolin-exposed fathead minnows. Toxicol Sci 98, 395–407.

Vo, T.T.B., Jung, E.M., Dang, V.H., Jung, K., Baek, J., Choi, K.C., Jeung, E.B., 2009. Diff erential 
eff ects of fl utamide and di-(2-ethylhexyl) phthalate on male reproductive organs in a rat 
model. J Reprod Dev 55, 400–411.

Wong, C., Kelce, W., Sar, M., Wilson, E., 1995. Androgen receptor antagonist versus agonist 
activities of the fungicide vinclozolin relative to hydroxyfl utamide. J Biol Chem 270, 
19998–20003.

Yang, B., Jiang, Q., Chan, T., Ko, W.K.W., Wong, A.O.L., 2010. Goldfi sh kisspeptin: molecular 
cloning, tissue distribution of transcript expression, and stimulatory eff ects on prolactin, 
growth hormone and luteinizing hormone secretion and gene expression via direct 
actions a the pituitary level. Gen Comp Endocrinol 165, 60–71.



- 57 -

CHAPTER 3

REPRODUCTIVE ENDOCRINE SYSTEM IN GOLDFISH EXPOSED TO DI-(2-ETHYLHEXYL)-
PHTHALATE, IN VIVO

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

It was allowed by publisher on 28th April, 2015 to include the paper in this Ph.D. thesis.



Chapter 3



- 59 -

Reproductive endocrine system in goldfi sh exposed 
to di-(2-ethylhexyl)-phthalate, in vivo

Aquatic Toxicology 163 (2015) 16–26

Contents lists available at ScienceDirect

Aquatic  Toxicology

j o ur na l ho me  pag e: www.elsev ier .com/ locate /aquatox

Di-(2-ethylhexyl)-phthalate  disrupts  pituitary  and  testicular
hormonal  functions  to  reduce  sperm  quality  in  mature  goldfish

Mahdi  Golshana,1, Azadeh  Hatefb,a,1, Magdalena  Sochac,  Sylvain  Millad, Ian  A.E.  Buttse,
Oliana  Carnevali f, Marek  Rodinaa,  Mirosława  Sokołowska-Mikołajczykc,
Pascal  Fontained, Otomar  Linharta,  Sayyed  Mohammad  Hadi  Alavig,a,∗

a Research Institute of Fish Culture and Hydrobiology, South Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses, Faculty of

Fisheries and Protection of Waters, University of South Bohemia, Vodňany, Czech Republic
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Di-(2-ethylhexyl)  phthalate  (DEHP)  interferes  with  male  reproductive  endocrine  system  in  mammals,

however  its effects  on  fish  reproduction  are  largely  unknown.  We  evaluated  sperm  quality  and  investi-

gated  reproductive  endocrine  system  in mature  goldfish  (Carassius  auratus)  exposed  to nominal  1, 10,  and

100 �g/L  DEHP.  To  examine  DEHP  estrogenic  activity,  one  group  of  goldfish  was  exposed  to  17�-estradiol

(5 �g/L  E2) for  comparison.  Following  30  d  of exposure,  sperm  production  was  decreased  and  suppressed

in DEHP  and  E2 treated  goldfish,  respectively.  Sperm  motility  and  velocity  were  decreased  in  goldfish

exposed  to  100  and  10  �g/L  DEHP  at  15  s post-sperm  activation,  respectively.  Compared  to control,  11-

ketotestosterone  (11-KT)  levels  were  decreased  at  10  and  1  �g/L  DEHP  at  day  15  and  30,  respectively.

In E2 treated  goldfish,  11-KT  levels  were  decreased  compared  to  control  during  the  period  of  exposure.

E2 levels  were  increased  in  goldfish  exposed  to  E2,  but  remained  unchanged  in  DEHP  treated  goldfish

during  the  period  of  exposure.  StAR  mRNA  levels  encoding  regulator  of  cholesterol  transfer  to  steroido-

genesis  were  decreased  in  DEHP  and  E2 treated  goldfish  following  15  and  30  d  of exposure,  respectively.

Luteinizing  hormone  (LH)  levels  were  decreased  in DEHP  and  E2 treated  goldfish  following  15  and  30  d

of exposure,  respectively.  In  DEHP  treated  goldfish,  gnrh3,  kiss1  and  its receptor  (gpr54)  mRNA  levels  did

not change  during  the  experimental  period.  In  E2 treated  goldfish,  gnrh3  mRNA  levels  were  decreased  at

day 7,  but  kiss1  and  gpr54  mRNA  levels  were  increased  at  day  30  of  exposure.  The  mRNA  levels  of  genes

encoding  testicular  LH  and  androgen  receptors  remained  unchanged  in  DEHP  and  E2 treated  goldfish.

In contrast  to  E2 treated  goldfish,  vitellogenin  production  was  not  induced  in  DEHP  treated  goldfish  and

mRNA levels  of genes  with  products  mediating  estrogenic  effects  remained  unchanged  or  decreased.

In conclusion,  DEHP  interferes  with  testis  and  pituitary  hormonal  functions  to  reduce  sperm  quality  in

goldfish  and  does  not  exhibit  estrogenic  activity.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Di-(2-ethylhexyl) phthalate (DEHP) is a plasticizer not chemi-
cally bound to polymer matrices and can therefore leak out into

∗ Corresponding author. Tel.: +420 22438 2934.

E-mail addresses: alavi@af.czu.cz, smhalavi1@gmail.com (S.M.H. Alavi).
1 Both authors equally contributed to this work.

the surrounding environment. It is used as a non-PVC material in
the plastic industries and has been detected in the construction
sectors, packaging products, medical devices, pharmaceuticals, cos-
metics and personal care products (European Communities, 2008;
Kastner et al., 2012; Magdouli et al., 2013). The U.S. Environmental
Protection Agency and the World Health Organization have estab-
lished a DEHP safety concentration limit in drinking water to be 6
and 8 �g/L, respectively (World Health Organization, 1996; Clark
et al., 2003). DEHP is measured below 1 and 10 �g/L in drinking

http://dx.doi.org/10.1016/j.aquatox.2015.03.017

0166-445X/© 2015 Elsevier B.V. All rights reserved.



- 60 -

Chapter 3

M. Golshan et al. / Aquatic Toxicology 163 (2015) 16–26 17

water and surface water, respectively, and up to 98–219 �g/L in
polluted area (Fromme  et al., 2002; Yuwatini et al., 2006; Khan and
Jung, 2008).

It has been observed that DEHP decreases fertilization rate when
male zebrafish are injected with 5000 mg/kg b.w. DEHP for 10 d
(Uren-Webster et al., 2010) or exposed to 0.2–20 �g/L DEHP for
21 d (Corradetti et al., 2013). Male fertility also decreases in marine
medaka exposed to 100 and 500 �g/L DEHP from hatching to matu-
rity stage (Ye et al., 2014). However, it is still unknown whether
DEHP-reduced male fertility is corresponding to DEHP effects on
sperm production, motility and velocity, which are key determi-
nants for male fertility in fish (Billard et al., 1995; Alavi and Cosson,
2006; Linhart et al., 2008). In mammals, DEHP-reduced male fertil-
ity is associated with decrease in sperm production (Andrade et al.,
2006a; Foster, 2006; Lee et al., 2009).

Thibaut and Porte (2004) reported that DEHP inhibits 5�-
dihydrotestosterone synthesis in fish in vitro; a potent androgen
that binds to androgen receptor (ar). However, in vivo studies show
no change in testosterone (T) levels in mature fathead minnow
(Crago and Klaper, 2012) and zebrafish (Uren-Webster et al., 2010)
exposed to DEHP associated with no changes in StAR mRNA levels
that encodes the steroidogenic acute regulatory protein to control
the transfer of cholesterol into the steroidogenesis (Stocco, 2001).
Ye et al. (2014) also observed no changes in T levels in marine
medaka exposed to DEHP, but StAR mRNA levels were increased.
In contrast, Wang et al. (2013) observed the increase in T levels in
rare minnow exposed to DEHP. Overall, inhibitory effects of DEHP
on androgen production are largely unknown in fish and none of
the former studies have investigated 11-ketotestosterone (11-KT)
levels, which is the major androgen in spermatogenesis (Miura and
Miura, 2003). In mammals, in prepubertal and in utero DEHP expo-
sure decreases T levels at 10–750 mg/kg/d in male rats which was
associated with changes in circulatory luteinizing hormone (LH)
levels and StAR mRNA levels (Parks et al., 2000; Akingbemi et al.,
2001, 2004; Ge et al., 2007; Howdeshell et al., 2007; Culty et al.,
2008; Lee et al., 2009; Hannas et al., 2012).

Similar to mammals (Akingbemi et al., 2004; Andrade et al.,
2006b), it has shown that DEHP also stimulates vitellogenin (Vtg)
production or vtg mRNA in zebrafish (Uren-Webster et al., 2010),
rare minnow (Wang et al., 2013) and marine medaka (Ye et al.,
2014), associated with increases in 17�-estradiol (E2) and mRNA
levels of genes encoding estrogen receptor subtypes (er). In con-
trast, Crago and Klaper (2012) reported decreases in E2 levels and
no change in mRNA levels of er subtypes and liver vtg mRNA in fat-
head minnow exposed to DEHP. Thus, DEHP estrogenic activity is
still unclear and may  differ among fish species.

In this study, mature male goldfish (Carassius auratus) were
exposed to 1, 10, and 100 �g/L DEHP for a period of 30 d to study
its effects on male fertility endpoints, sex steroid levels and neu-
roendocrine regulation of testicular hormonal functions. To study
the effects of DEHP on male fertility endpoints, sperm production,
motility and velocity were assessed following 30 d of exposure.
11-KT and E2 levels were measured through the period of expo-
sure to study whether DEHP alters testicular hormonal functions.
StAR mRNA levels were analysed to understand whether changes
in sex steroid levels correspond to transfer of cholesterol into the
steroidogenesis (provided that a change in mRNA reflects a change
in protein level). To understand DEHP effects on neuroendocrine
regulation of testicular hormonal functions (Trudeau, 1997; Van
der Kraak, 2009; Gopurappilly et al., 2013), we  analysed circula-
tory LH levels and mRNA levels of genes encoding its receptor (lhr),
salmon gonadotropin releasing hormone (gnrh3), and kisspeptin
(kiss1) and its receptor (gpr54). Finally, estrogenic activity of DEHP
was compared with E2 treated goldfish by analyses of vtg expres-
sion and the liver vtg mRNA levels as well as the mRNA levels of
genes encoding brain P450 aromatase (cyp19a1b)  and liver er˛.

2. Material and methods

2.1. Fish exposure and sampling

Mature male goldfish (2–3 year-old) were checked for their
health and acclimatized for 14 d before exposure. Goldfish are
synchronous spawners that produce groups of gametes several
times throughout the spawning season. Final gamete matura-
tion in goldfish highly depends on temperature. However, they
could not spawn in captivity as submerged aquatic plants cover-
ing the bottom are required (Landau, 1992). Groups of goldfish
were kept in 80 L aquaria without submerged aquatic plants under
12 h light/12 h dark photoperiod. Water temperature was 18 ◦C
and 22 ◦C in the beginning and end of experiment, respectively.
Dissolved oxygen and pH of the water were 6.0 ± 0.5 mg/L and
7.5 ± 0.3, respectively. The goldfish were fed once a day (3% body
weight, b.w.) with commercial food (ZZN Vodnany, Czech Repub-
lic). This study was  carried out in strict accordance with the
recommendations in the Guide for the Care, Protection and Use
of Laboratory Animals of the Ministry of Health of the Czech repub-
lic. The protocol was approved by the Central Ethics Committee
of the Ministry of Agriculture of the Czech Republic (§17, arti-
cle 1 of the low 246/1992 Sb). All surgery was performed using
2-phenoxyethanol (0.3 mL/L) anesthesia to minimize suffering.

The goldfish were exposed to DEHP at nominal concentra-
tions of 1, 10 and 100 �g/L. One group of goldfish was exposed
to the acetone (solvent control) and one group was kept in water
(control). To account for exposure to the solvent, final acetone
concentrations were constant among all treatment groups. The
DEHP estrogenic activity was compared with a group of gold-
fish exposed to E2 (nominal concentration 5 �g/L). Ten aquaria
were used (2 per each group) and 3 individuals were sampled
from each aquarium (n = 6 per each group). None of the exam-
ined parameters differed between the solvent control and control
(data not shown). Thus, we have compared results of DEHP treated
groups with those of the solvent control. The total length and body
mass of goldfish were similar among the control, DEHP treated
and E2 treated groups (Table S1, Supporting information). Because
DEHP degenerates over time (Staples et al., 1997), 80% of the
water in each aquarium was renewed every 48 h and the solution
was changed once per week. After recording body mass (±0.1 g)
and total length (±1 mm),  sperm, blood and tissue samples were
collected according to Hatef et al. (2012). Each goldfish was  sac-
rificed, carefully dissected and collected samples of brain, testis
and liver were frozen in a liquid nitrogen. The gonadosomatic
index (GSI = gonad weight/b.w. × 100) and hepatosomatic index
(HSI = liver weight/b.w. × 100) were recorded. Blood samples were
centrifuged (5000 rpm for 10 min  at 4 ◦C) and collected plasma was
stored together with tissues samples at −80 ◦C.

2.2. Sperm collection and quality

The sperm was  collected by a gentle abdominal massage from
the anterior portion of the testis towards the genital papilla and
collected with plastic syringes. Sperm mass was  measured per indi-
vidual using a balance (±0.0001 g) and its value per kg b.w. was
calculated. To evaluate sperm motility and velocity, sperm was
directly activated at ratio 1:1000–2000 in a saline activation solu-
tion (NaCl 50 mM,  KCl 5 mM,  Tris 20 mM,  pH 8.5) containing bovine
serum albumin (0.1% w/v) to prevent sperm from sticking onto
the glass slides. Sperm motility was recorded using a CCD video
camera (SONY DXC-970MD, Japan) mounted on a dark-field micro-
scope (Olympus BX50, Japan) equipped with stroboscopic lamp.
Sperm motility and velocity were analyzed based on the succes-
sive positions of sperm heads at various time points post-sperm
activation (15, 30, 45 and 60 s) (for details see Hatef et al., 2010).
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A DVD-recorder (SONY DVO-1000 MD,  Japan) and a micro image
analyzer (Olympus Micro Image 4.0.1. for Windows) were used to
capture video frames for evaluating sperm motility (%) and curvi-
linear velocity (�m/s). Sperm velocity shows data of only motile
sperm (∼50–60 sperm per each record). For each individual, sperm
motility was recorded two times and mean of the values were used
in statistical analyses.

2.3. Determination of sex steroids

Blood plasma was diluted in a buffer provided by the Cayman EIA
kit (Cayman, Michigan, USA) or by the Diasource EIA kit (Diasource,
Nivelles, Belgium) for 11-KT and E2 assays, respectively. Fifty micro
liter of each control, 11-KT or E2 standard and blood plasma were
dispensed in separate wells. Antibody against 11-KT or E2 and tracer
(each 50 �L) were added into each well and incubated for 2 h at
room temperature (RT). Following washing, adding the substrate
solution (200 �L) and incubation of plates for 30–120 min  at RT,
the reaction was  stopped by adding 100 �L of H2SO4. The optical
density was read for 11-KT and E2 at 405 and 450 nm, respectively.
For E2, sensitivity was 5 pg/mL, and intra-assay and inter-assay
coefficients of variation were 4% and 6%, respectively, for a plasma
concentration in the range of 100–250 pg/mL. For 11-KT, sensitivity
was 1.3 pg/mL and intra-assay and inter-assay coefficients of vari-
ation were, respectively, 8% and 9% for a plasma concentration of
6 pg/mL. Sex steroids were measured twice for each sample and
mean values were used in statistical analyses.

2.4. Luteinizing hormone (LH) assay

Circulating LH levels were assessed by an ELISA method, previ-
ously established for LH assay in common carp (Kah et al., 1989).
To validate the assay, serial dilutions of blood plasma were made
together with a common carp standard. All were found to be par-
allel with the sensitivity of the assay in the range of 0.6–100 ng/mL
and the intra- and inter-assay coefficients of variance at 5% and 9%,
respectively.

2.5. Vitellogenin determination

Determination of Vtg induction was assessed using the West-
ern blotting techniques. The blood plasma proteins were separated
with SDS-PAGE and transferred to PVDF membrane according to
Carnevali et al. (2010). The membrane was then incubated in
blocking solution with rabbit anti-sea bream vitellogenin poly-
clonal antibody (Biosense Laboratories AS, Bergen, Norway) and
the antibody reaction was visualized with chemiluminescent
reagent.

2.6. Extraction of RNA, cDNA synthesis and quantitative real-time
PCR

For each individual, total RNA was extracted from the liver,
testis and brain using Trizol (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. Briefly, 40 mg  of tissue were
homogenized in 1 mL  of Trizol and chloroform (200 �L) was added.
After mixing, samples were centrifuged (12,000 × g for 15 min) and
supernatants were transferred into new tubes containing an equal
volume of isopropanol. The mixture was centrifuged (12,000 × g
for 10 min) and the precipitated RNA pellet was washed once using
1 mL  of ethanol 75%. Total RNA concentration was estimated using a
NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies,
Wilmington, USA) and its purity was verified by A260 nm/A280 nm
and A230 nm/A260 nm ratios. An iScript cDNA Synthesis Kit was
used to synthesize cDNA (Bio-Rad Lab). One �g RNA was  mixed
with 5× iScript reaction mix  (4 �L), iScript reverse transcriptase

(1 �L) and nuclease-free water (14 �L). The reaction mixture was
incubated at 25 ◦C for 5 min  and at 42 ◦C for 30 min  and then deac-
tivated by heating at 85 ◦C for 5 min. A negative control was run for
each sample. The cDNA was  used for qRT-PCR using an iQ5 iCycler
thermal cycler (Bio-Rad Lab Inc., Milano, Italy) with SYBR Green.
The reactions (10-fold diluted cDNA 1 �L, 2× iQ SYBR Green super-
mix containing SYBR Green as a fluorescent intercalating agent
5 �L, forward and reverse primers each 0.3 �L and RNase-free dis-
tilled water 3.4 �L) were set on a 96-well plate. Table 1 shows
the primer sequences used for each gene. Primer efficiencies on
serial dilutions of cDNA were all between 90% and 100%. The ther-
mal  profile for all reactions was 3 min  at 95 ◦C and 45 cycles of
30 s at 95 ◦C, 60 ◦C and 72 ◦C. Fluorescence monitoring occurred
at the end of each cycle. For each sample, qRT-PCR was run in
triplicate to ensure consistency and the mean threshold cycles
were used for the final calculation. No amplification product was
observed in non-template controls and no primer-dimer forma-
tions were observed in the control templates. Relative expression
levels were determined by normalizing to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or ˇ-actin as the housekeeping
gene (Livak and Schmittgen, 2001).

Fig. 1. Sperm production and motility kinetics in male goldfish exposed to di-

(2-ethylhexyl)-phthalate (DEHP), in vivo. Mature male goldfish were exposed to

nominal 1, 10 or 100 �g/L DEHP or 17�-estradiol (5 �g/L E2) and sperm samples

were collected following 30 d of exposure. No sperm was collected from E2 treated

goldfish, thus data were not shown. Sperm production was expressed as sperm mass

per kg b.w. (A). Sperm motility (B) and velocity (C) were measured after activation

in NaCl 50 mM,  KCl 5 mM,  Tris 20 mM,  pH 8.5. Data are expressed as mean ± SEM

(n = 6). Values with different superscripts are significantly different (p < 0.05, ANOVA

with Tukey’s post hoc test).
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Table 1

Primer sequences and amplification (annealing) programs used for measurements of selected genes using qRT-PCR.

Genes Forward primer Reverse primer Annealing temperature (◦C)

lhr CCTCTGCATCGGTGTGTATC TAGACAGATAGTTCGCCGCC 60

ar GATGAAAGGTCCAGAGGAGG ACTGTGAGTGGAACGTCAGG 55

StAR ATGGCTGGCAAACTGAGATCGAGA TCCATGTTATCCACCAGCTCCTCA 57

cyp19a1a TTGTGCGGGTTTGGATCAATGGTG TTCCGATACACTGCAGACCCAGTT 55

cyp19a1b AGGCGAGCGGGATGTAGAGT CGTCCGATGTTCAGGATGAGG 58

vtg GAAGTGCGCATGGTGGCTTGTATT AGCTGCCATATCAGGAGCAGTGAT 55

er˛ GAGGAAGAGTAGCAGCACTG GGCTGTGTTTCTGTCGTGAG 55

gnrh3 TGGTCCAGCTCCTAATGCTA AACACTTCTCTTTCCACCCG 57

kiss1 CAGATCCTCAGCGAAACACA GCAAGCATGTTCTGCTCTCT 56

gpr54 TTTGGGGACTTCATGTGTCG ATCTGTGGTGTTCGATGACG 56

gapdh TGATGCTGGTGCCCTGTATGTAGT TGTCCTGGTTGACTCCCATCACAA 57

ˇ-actin GTTTTGCTGGAGATGATGCC TTCTGTCCCATGCCAACCAT 58

2.7. Statistical analysis

Data were tested for normality (Kolmogorov–Smirnov test)
and homogeneity of variance (Levene’s test). As needed, data
were log10-transformed to meet assumptions of normality, and
homoscedasticity. For understanding DEHP effects following acute
and chronic exposure, we performed one-way ANOVA on each
parameter followed by a Tukey’s post hoc test at each sampling
time separately. Alpha was set at 0.05. All data are presented as
mean ± standard error of mean (S.E.M.).

3. Results

3.1. Effects of DEHP on GSI and HSI

No mortality was observed in any treatment during the exper-
imental period. GSI in DEHP treated goldfish was similar to that of
control, however it was  decreased in E2 treated goldfish following
15 and 30 d of exposure (p < 0.05; Table S1). There was no differ-
ence in HSI among the control, DEHP treated and E2 treated goldfish
(p > 0.05; Table S1).

3.2. Effects of DEHP on sperm production, motility and velocity

We could not collect sperm from one individual exposed to 1 and
10 �g/L DEHP, two individuals exposed to 100 �g/L DEHP, and all

six individuals exposed to E2. Sperm mass and its value per kg b.w.
were decreased in goldfish exposed to 1–100 �g/L DEHP (p < 0.05;
Figs. 1A and S1). Sperm motility was  decreased in goldfish exposed
to 100 �g/L DEHP evaluated at 15, 30 and 45 s post-sperm activa-
tion (p < 0.05, Figs. 1B and S1). At 60 s post-sperm activation, sperm
motility was decreased in goldfish exposed to 1–100 �g/L DEHP
(p < 0.05; Fig. 1B). Sperm velocity was decreased at 10 and 100 �g/L
DEHP evaluated at 15 and 30 s post-sperm activation, respectively
(p < 0.05), and remained unchanged evaluated at 45 and 60 s post-
sperm activation (p > 0.05; Figs. 1C and S1).

3.3. Effects of DEHP on 11-KT and E2 levels

The effects of DEHP on steroidogenesis were evaluated by anal-
ysis of 11-KT and E2 levels (Fig. 2). Following 7 d of exposure, there
were no differences in 11-KT levels between DEHP treated gold-
fish and the control (p > 0.05). However, 11-KT levels were lower
in E2 treated goldfish compared to those of control and 100 �g/L
DEHP (p < 0.05). At day 15, 11-KT levels were decreased in gold-
fish exposed to 10 and 100 �g/L compared to the control (p < 0.05).
At the same time, 11-KT levels in E2 treated goldfish were lower
than those of the control and DEHP treated goldfish (p < 0.05). Com-
pared to the control, 11-KT levels were decreased in DEHP treated
goldfish with the lowest levels observed at 1 �g/L DEHP following
30 d of exposure (p < 0.05). In goldfish exposed to E2, 11-KT levels
were lower than that of the control and 10 �g/L DEHP following

Fig. 2. Sex steroid levels in male goldfish exposed to di-(2-ethylhexyl)-phthalate (DEHP) and 17�-estradiol (E2), in vivo. 11-ketotestosterone (11-KT) and E2 were analyzed

in the blood plasma samples of mature male goldfish exposed to nominal 1, 10 or 100 �g/L DEHP and to 5 �g/L E2 following 7, 15 and 30 d of exposure. Data are expressed

as mean ± SEM (n = 6). Values with different superscripts are significantly different (p < 0.05, ANOVA with Tukey’s post hoc test).
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Fig.  3. Luteinizing  hormone  (LH)  levels  in male  goldfish  exposed  to di-(2-

ethylhexyl)-phthalate  (DEHP)  and  17�-estradiol  (E2), in vivo. Circulatory  LH levels

were  measured  in mature  male  goldfish  exposed  to nominal  1, 10 or 100  �g/L  DEHP

and  to 5 �g/L  E2 following  7 (A),  15 (B)  and  30 (C)  d of exposure.  Data  are  expressed  as

mean  ± SEM  (n = 6) and  values  with  different  superscripts  are  significantly  different

(p  < 0.05,  ANOVA  with  Tukey’s  post  hoc  test).

30 d of exposure (p < 0.05). There were no difference in E2 levels
between control and DEHP treated goldfish during the period of
exposure (p > 0.05). As expected in E2 treated goldfish, E2 levels
were increased compared to the control and DEHP treated goldfish
at all time points during exposure (p < 0.05). There were no dif-
ferences in E2/11-KT ratio between the control and DEHP treated
goldfish (p > 0.05; Fig. S2). However, it was higher in E2 treated gold-
fish compared to those of the control and DEHP treated goldfish
during the period of exposure (p < 0.05; Fig. S2).

3.4. Effects of DEHP on circulatory LH levels

At day 7 of exposure, circulatory LH levels remained unchanged
in DEHP treated goldfish (p > 0.05; Fig. 3A). Circulatory LH levels
were decreased in DEHP treated goldfish compared to the control
following 15 d of exposure (p < 0.05; Fig. 3B). In E2 treated gold-
fish, circulatory LH levels were not different from those of the
control and DEHP treated goldfish following 7 and 15 d of expo-
sure (p > 0.05; Fig. 3A and B). At day 30, circulatory LH levels were
decreased in goldfish exposed to 1 and 100 �g/L DEHP and to E2

compared to control (p < 0.05; Fig. 3C).

Fig.  4. Brain  salmon  gonadotropin-releasing  hormone  (gnrh3) mRNA  levels  in male

goldfish  exposed  to di-(2-ethylhexyl)-phthalate  (DEHP)  and  17�-estradiol  (E2), in

vivo.  The  brain  samples  were  collected  from  mature  male  goldfish  exposed  to nom-

inal  1, 10 or 100  �g/L  DEHP  and  to 5 �g/L  E2 following  7 (A),  15 (B)  and  30 (C)  d of

exposure  to study  alternations  in gnrh3  mRNA  levels  using  a quantitative  real-time

PCR.  Data  were  normalized  to the  internal  control  and  are  expressed  as mean  ± SEM

(n  = 6).  Values  with  different  superscripts  are  significantly  different  (p < 0.05,  ANOVA

with  Tukey’s  post  hoc  test).

3.5. Effects of DEHP on the brain gnrh3, kiss1 and gpr54 mRNA
levels

The mRNA levels of gnrh3,  kiss1 and gpr54 did not change in
DEHP treated goldfish during the period of exposure (p > 0.05;
Figs. 4 and 5). In E2 treated goldfish, gnrh3 mRNA levels were
decreased at day 7 (p < 0.05; Fig. 4), but kiss1 and gpr54 mRNA levels
increased at day 30 of exposure compared to the control (p < 0.05;
Fig. 5).

3.6. Effects of DEHP on mRNA of genes encoding androgen and LH
receptors

Testicular lhr and ar mRNA levels showed no differences among
the control and DEHP and E2 treated goldfish during the period of
exposure (p > 0.05; Fig. 6). The brain ar mRNA levels also remained
unchanged in DEHP treated goldfish during the period of expo-
sure (p > 0.05; Fig. 6). In E2 treated goldfish, the brain ar mRNA
levels were decreased following 7 d of exposure (p < 0.05), while
it remained unchanged following 15 and 30 d of exposure (p > 0.05;
Fig. 6).
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Fig. 5. mRNA levels of genes encoding brain kisspeptin (kiss1) and its receptor (gpr54) in male goldfish exposed to di-(2-ethylhexyl)-phthalate (DEHP) and 17�-estradiol

(E2), in vivo. The brain samples were collected from mature male goldfish exposed to nominal 1, 10 or 100 �g/L DEHP and to 5 �g/L E2 following 7, 15 and 30 d of exposure to

study  alternations in kiss1 and gpr54 mRNA levels using a quantitative real-time PCR. Data were normalized to the internal control and are expressed as mean ± SEM (n = 6).

Values  with different superscripts are significantly different (p < 0.05, ANOVA with Tukey’s post hoc test).

3.7. Effects of DEHP on StAR mRNA encoding steroidogenic acute
regulatory protein

Testicular StAR mRNA in DEHP and E2 treated goldfish remained
unchanged following 7 d of exposure (p > 0.05; Fig. 7). Following
15 d of exposure, testicular StAR mRNA of DEHP treated goldfish
showed no differences compared to control, while it was  decreased
in E2 treated goldfish (p < 0.05). In both DEHP and E2 treated gold-
fish, testicular StAR mRNA levels were decreased compared to the
control following 30 d of exposure (p < 0.05).

3.8. Effects of DEHP on genes with products mediating estrogenic
effects

Estrogenic activity was compared between DEHP and E2 treated
goldfish by studying vtg expression using a rabbit anti-sea bream
vitellogenin polyclonal antibody cross-reacting with Vtg from
cyprinids as well as evaluating vtg and er˛  mRNA levels in the liver
and the brain cyp19a1 mRNA levels (Fig. 8). Similar to control, west-
ern blotting showed no Vtg band in DEHP treated goldfish, while it
was highly expressed in E2 treated goldfish (Fig. 8A). At day 7 and
15, cyp19a1b, er˛,  and vtg mRNA levels remained unchanged in
DEHP treated goldfish compared to the control (p > 0.05; Figs. 8B
and S4). At day 30, cyp19a1b and er  ̨ mRNA levels were decreased
in goldfish exposed to 1 �g/L DEHP (p < 0.05), however vtg mRNA
levels were unchanged in DEHP treated goldfish (p > 0.05; Figs. 8B
and S3). In E2 treated goldfish, cyp19a1b,  er˛  and vtg mRNA levels
were increased compared to the control and DEHP treated gold-

fish at all time points tested (p < 0.05; Figs. 8B and S3). Testicular
cyp19a1a and er˛  mRNA levels remained unchanged in both DEHP
and E2 treated goldfish (p > 0.05, data are not shown).

4. Discussion

The present study shows DEHP-reduced sperm quality in gold-
fish and illustrates DEHP effects on neuroendocrine and endocrine
hormonal functions. The results indicate that DEHP has potency
to decrease sperm production, motility and velocity in goldfish at
environmentally relevant concentrations. To best of our knowl-
edge, this is first study suggesting that DEHP-reduced sperm quality
leading to decrease in male fertility might be due to inhibition
of androgen production in fish. DEHP affects testicular hormonal
functions by inhibiting LH production from pituitary functions or
by disruption of cholesterol transfer to steroidogenesis pathway.
However, DEHP does not affect the GnRH and Kiss-1/Gpr54 system.

Sperm production was decreased in DEHP treated goldfish,
which is consistent with earlier studies on mammals (Lee et al.,
2009; Vo et al., 2009; Pocar et al., 2012). However, GSI in DEHP
treated goldfish was not different from that of the control, while it
was significantly decreased in E2 treated goldfish. This may suggest
that testicular development was  suppressed in E2 treated goldfish
(Maclatchy et al., 1997; Lahnsteiner et al., 2006 Lahnsteiner et al.,
2006), but not in DEHP treated goldfish. The observed decrease in
sperm production might be due to DEHP interfering with sper-
matogenesis (Uren-Webster et al., 2010; Corradetti et al., 2013).
For the first time, we  observed that DEHP reduces sperm motility
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Fig. 6. mRNA levels of genes encoding luteinizing hormone receptor (lhr) and androgen receptor (ar)  in the brain or testis of male goldfish exposed to di-(2-ethylhexyl)-

phthalate (DEHP) and 17�-estradiol (E2), in vivo. The brain and testis samples were collected from mature goldfish exposed to nominal 1, 10 or 100 �g/L DEHP and to 5 �g/L

E2 following 7, 15 and 30 d of exposure to study alternations in lhr and ar mRNA levels using a quantitative real-time PCR. Data were normalized to the internal control and

are expressed as mean ± SEM (n = 6). Values with different superscripts are significantly different (p < 0.05, ANOVA with Tukey’s post hoc test).

and velocity. This suggests that sperm maturation and the acqui-
sition of sperm motility potential were disrupted in DEHP treated
goldfish (Miura et al., 1992; Alavi et al., 2012b). Interestingly, the
effects of DEHP on sperm motility and velocity were different. Soon
after sperm motility initiation (15 s), sperm motility and velocity
were decreased in goldfish exposed to DEHP. However, only sperm
motility showed significant decreases in DEHP treated goldfish at
45 and 60 s post activation. These results suggest that DEHP mainly
disrupts hormonal regulation of sperm maturation prerequisite to
sperm motility potential, while sperm velocity depends on sperm
intracellular pH, Ca2+, and energy sources as well as molecular func-
tions of proteins in the motility apparatus of the spermatozoa, the
axoneme (Alavi et al., 2012a; Hatef et al., 2013).

To better understand DEHP-reduced sperm production, we
measured 11-KT levels, which regulates fish spermatogenesis
(Miura and Miura, 2003). 11-KT levels were decreased in DEHP
treated goldfish following 15 and 30 d of exposure which is
consistent with studies on mammals in which in utero or in pre-
pubertal DEHP exposure decreased T levels in adults and male
offspring (Parks et al., 2000; Akingbemi et al., 2001; Ge et al., 2007;
Howdeshell et al., 2007; Culty et al., 2008; Lee et al., 2009; Hannas
et al., 2012). This study suggests that DEHP is capable of inhibiting
11-KT production in fish following a chronic exposure; because 11-
KT levels remained unchanged in DEHP treated goldfish following
an acute (7 d) of exposure. Interestingly, 11-KT levels were lower
in goldfish exposed to 1 �g/L DEHP compared to those of 10 and
100 �g/L at 30 d of exposure. Based on these finding, we infer that
DEHP-induced inhibition of androgen production acts stronger at
lower concentrations. It is worth to note that low dose effects of
DEHP on reproductive endocrine system and male infertility have
been previously suggested (Corradetti et al., 2013; Wang et al.,
2013; Ye et al., 2014). In contrast to our results, previous studies
have shown no changes (Crago and Klaper, 2012; Ye et al., 2014)

or increases in T levels (Wang et al., 2013) in DEHP treated fish.
These contradictory results of DEHP effects on androgen produc-
tion in fish might be related to the different DEHP concentrations
employed, duration of exposure, as well as the developmental
stage in which the fish were exposed to DEHP. It is also worth
noting that studying 11-KT levels is critical in fish since T acts
as a substrate for E2 and 11-KT synthesis (Young et al., 2005).
In E2 treated goldfish, 11-KT levels were decreased, confirming
E2-inhibited androgen production in fish (MacLatchy et al., 1997;
Yamaguchi et al., 2006; Sharpe et al., 2007). Overall, these results
suggest that DEHP-reduced sperm production is due to inhibition
of 11-KT production in goldfish.

We observed that decreases 11-KT levels in DEHP treated gold-
fish following 15 d and 30 d of exposure were associated with
decreases in circulatory LH levels. Our observation is consistent
with studies on mammals, in which DEHP-inhibited LH release
from the pituitary results in a decrease in T levels (Akingbemi et al.,
2001; Culty et al., 2008). These findings suggest that DEHP acts
on pituitary to inhibit testicular 11-KT production. In E2 treated
goldfish, LH production was  inhibited following a chronic expo-
sure associated with a decrease in 11-KT levels. Pituitary LH also
regulates sperm maturation in fish (Miura and Miura, 2003; Alavi
et al., 2012b). Observed decreases in sperm motility and veloc-
ity in DEHP treated goldfish following 30 d of exposure are also
associated with a decrease in circulatory LH level. This suggests
that DEHP-reduced sperm motility and velocity are due to inhibi-
tion of LH production and release from pituitary resulting in sperm
maturation disruption.

No changes in kiss1, gpr54 and gnrh3 mRNA levels of goldfish
exposed to DEHP observed in this study suggest that disruption of
pituitary and testis hormonal functions is not mediated through
DEHP effects on upstream neuroendocrine regulators. This is due
to the fact that kisspeptin, through its receptor (gpr54),  stimulates
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Fig.  7. mRNA  levels  of the  gene  encoding  steroidogenic  acute  regulatory  protein  (StAR) in the  testis of male  goldfish  exposed  to di-(2-ethylhexyl)-phthalate  (DEHP)  and  to

17�-estradiol  (E2), in vivo. The  testis samples  were  collected  from mature  male  goldfish  exposed  to nominal  1, 10 or 100  �g/L  DEHP  and  to 5 �g/L  E2 following  7 (A),  15 (B)

and 30 (C)  d of exposure  to study  alternations  in StAR  mRNA  levels  using  a quantitative  real-time PCR.  Data  were  normalized  to the  internal  control  and  are  expressed  as

mean ± SEM  (n = 6).  Values  with different  superscripts  are  significantly  different  (p < 0.05,  ANOVA  with Tukey’s  post  hoc  test).

GnRH  and  LH from hypothalamus  and  pituitary respectively  (Li
et al., 2009;  Yang  et al., 2010). In contrast, E2 differentially acts  on
upstream  neuroendocrine  regulators  of the  pituitary and  testicular
functions.  Following  an acute  exposure  (7 d),  gnrh3  mRNA  levels
were decreased  in E2 treated  goldfish  suggesting  (if the  mRNA
expression  correlates  with protein  activity)  that  the  hypothalamus
is involved  in inhibition of androgen  production  in E2 treated  gold-
fish. Following  15 and  30 d of exposure,  inhibition of LH production
and release  from pituitary in E2 treated  goldfish  leads  to decrease  in
androgen  production.  In E2 treated  goldfish,  kiss1 and  gpr54  mRNAs
were increased  following  30 d of exposure,  suggesting  E2 regulatory
functions  on the  Kiss-1/GPR54  system,  which  has  been  shown  in
mammals  (Smith et al., 2005;  Clarkson  et al., 2012). Overall,  DEHP-
reduced  LH and  androgen  productions  are  not  mediated  through
upstream  neuroendocrine  regulators.

Testicular  StAR  mRNA  levels  were  decreased  in DEHP  treated
goldfish  following  30 d of exposure  which  is consistent  with the
former  studies  on male  rats (Howdeshell  et al., 2007;  Hannas  et al.,
2012). These  suggest  that  DEHP-inhibited  androgen  production
might  be due  to the  transfer  of precursor  to the  steroidogenesis.
In contrast,  Ye et al.  (2014)  observed  an increase  in testicular  StAR
mRNA levels  in marine  medaka  exposed  to DEHP  from hatching
to the  maturity stage,  which  does  not  conform  with unchanged  T
levels.  But  in DEHP  treated  adult  fathead  minnow,  testicular  StAR
mRNA levels  and  T levels  remained  unchanged  (Crago  and  Klaper
et al., 2012).  The  differences  among  these  studies  might  be due  to
species-specific,  and  time-  and  dose-dependent  effects  of DEHP  on

StAR  function in steroidogenesis.  However,  E2 acts  on testicular  StAR
mRNA levels  which  may  affect  sex  steroid  production  via  changes
in the  transfer  of cholesterol  to steroidogenesis  pathway.

Our results show  that  neither  lhr,  er  ̨ nor  ar changed  in DEHP
treated  goldfish  during  the  period  of exposure,  which  is consis-
tent with earlier  studies  on fish  (Uren-Webster  et al., 2010;  Crago
and Klaper,  2012) and  mammals  (Ge et al., 2007). These  data  sug-
gest that  DEHP-impaired  reproduction  is not  mediated  through
hormonal  receptors.  In contrast, E2 acts  through  receptor  medi-
ated pathways  to affect neuroendocrine  and  endocrine  regulation
of reproduction  (Burmeister  et al., 2007;  Marlatt  et al., 2008;  Liu
et al., 2009;  Nelson  and  Habibi,  2010).

In this study,  we  also  examined  aromatase  activity of DEHP
seen in fish  (Wang  et al., 2013;  Ye et al., 2014) and  mammals
(Akingbemi  et al., 2004;  Andrade  et al., 2006b) and  compared  with
a group  of goldfish  exposed  to E2. E2 and  the  E2/11-KT  ratio in
blood  plasma  increased  in E2 treated  goldfish  associated  with an
increase  in cyp19a1b  mRNA,  a gene  encoding  estrogen-responsive
elements  that  converts  androgens  into estrogens  in fish  (Callard
et al., 2001;  Kishida  et al., 2001). Vtg  induction  is associated  with
increases  in vtg  and  er˛  mRNA  levels  in E2 treated  goldfish  (Marlatt
et al., 2008;  Nelson  and  Habibi,  2010). In contrast, this study  shows
that all  of these  parameters  remained  unchanged  or decreased
in DEHP  treated  goldfish  similar  to fathead  minnow  (Crago  and
Klaper,  2012). In contrast, DEHP  increased  E2 levels and  the  mRNA
levels  of genes  encoding  brain,  liver  or testicular  vtg  and  er sub-
types  in mature  rare minnow  at 39.4  �g/L  (Wang  et al., 2013), in
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Fig. 8. Di-(2-ethylhexyl)-phthalate (DEHP) does not  exhibit estrogenic activity. Expression of vitellogenin (vtg, A) and alternations in the mRNAs  of the  genes encoding brain

cytochrome  P450 aromatase (cyp19a1b, B) and the  liver vitellogenin (vtg, B) of mature male goldfish were studied following exposure to nominal 1, 10 or 100 �g/L DEHP  and

to  17�-estradiol (5 �g/L, E2), in vivo. For western blotting, induction of Vtg was  shown in mature male goldfish exposed to E2 following 30 d of exposure (A). The  brain and

liver  samples were collected from mature male goldfish exposed to DEHP  or E2 to study alternations in cyp19a1b and vtg mRNA  using a quantitative real-time PCR following

7,  15, and 30 d of exposure. Data were normalized to the internal control and are expressed as mean ± SEM (n = 6). Values with different superscripts are significantly different

(p  < 0.05, ANOVA  with Tukey’s post hoc test).

Fig. 9. A model representing neuroendocrine and  endocrine disorders in goldfish exposed to di-(2-ethylhexyl)-phthalate (DEHP) that lead to diminished sperm quality.

Following  a chronic exposure (15–30 d), 11-KT levels were reduced in goldfish exposed to 1, 10 or 100  �g/L DEHP.  At the  same time, circulatory LH levels were decreased

in  DEHP  treated goldfish. In addition, StAR mRNA  levels were decreased in DEHP  treated goldfish following 30 d of exposure. However, DEHP  was  without effects on gnrh3,

kiss1,  kiss2 and  gpr54 mRNA  levels. Overall, DEHP acts on pituitary and testicular hormonal functions to reduce sperm production, motility and velocity in goldfish.
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marine medaka at 100 and 500 �g/L (Ye et al., 2014) or zebrafish at
5000 mg/kg b.w. (Uren-Webster et al., 2010). However, E2/11-KT
ratio and cyp19a1b mRNA decreased in both marine medaka and
rare minnow. These studies suggest that DEHP estrogenic activity
may  differ among species. However, it does not exhibit estrogenic
activity in zebrafish, fathead minnow, marine medaka and gold-
fish at the environmentally relevant concentrations in the polluted
areas (below 100 �g/L).

In conclusion, the present study provides novel information on
DEHP-related reproductive disorders in goldfish (Fig. 9). DEHP is
capable of reducing sperm production, motility and velocity in
goldfish following 30 d of exposure. Significant decreases in 11-
KT and LH levels were observed following 15–30 d of exposure.
These results suggest that DEHP-reduced sperm quality is due to
DEHP effects of testicular and pituitary hormonal functions. How-
ever, DEHP does not affect GnRH and Kiss-1/Gpr54 systems to alter
pituitary and testicular hormonal functions. In addition, DEHP does
not exhibit estrogenic activity and does not act through sex steroid
receptor.
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GENERAL DISCUSSION

Th e present thesis shows that VZ and DEHP eff ects on male fertility in fi sh is due to disruption 
of pituitary and testicular hormonal functions associated with alternations in transcripts mRNA 
levels of genes encoding enzymes in steroidogenesis. For the fi rst time, we have studied the 
eff ects of ECs on Kiss/Gpr54 system, which plays key role in regulation of hypothalamus 
and pituitary hormonal functions. We established a combination exposure protocol in which 
goldfi sh were exposed to experiment endogenous sex steroids as positive/negative controls 
to better understand VZ and DEHP eff ects on reproductive endocrine system in fi sh. 

4.1. Sperm production, motility and velocity were aff ected by vinclozolin 
and di-(2 ethylhexyl)-phthalate 

Since male fertility is highly depend on sperm quality, therefore evaluation of sperm 
motility kinetics is a suitable biomarker to better understand the impacts of environmental 
contaminants on male fertility (McAllister and Kime, 2003; Lahnsteiner et al., 2006). We 
observed that sperm production was decreased in goldfi sh exposed to DEHP (Golshan et 
al., 2015) and VZ (Hatef et al., 2012). However, GSI was not diff ered in DEHP and VZ-treated 
goldfi sh and was signifi cantly decreased in E

2
-treated goldfi sh compared to control. Th is may 

suggest that testicular development was suppressed in E
2
-treated goldfi sh (Maclatchy et 

al., 1997; Lahnsteiner et al., 2006), but not in DEHP and VZ-treated goldfi sh. Th e observed 
decrease in sperm production in goldfi sh exposed to VZ and DEHP might be due to disruption 
in spermatozoa production during spermatogenesis (Uren-Webster et al., 2010; Corradetti et 
al., 2013).

Th is is fi rst report showing that sperm motility and velocity were decreased in goldfi sh 
exposed to DEHP (Golshan et al., 2015) and VZ (Hatef et al., 2012). Th ese results provide 
valuable reason for observed decrease in fertility of fathead minnow exposed to VZ (Martinovic 
et al., 2008), zebrafi sh and marine medaka exposed to DEHP (Uren-Webster et al., 2010; 
Corradetti et al., 2013; Ye et al., 2014). We could not collect sperm from E

2
-treated goldfi sh; 

however it has shown that sperm motility and velocity were decreased in salmonids exposed 
to E

2
 for 35-50 days (Lahnsteiner et al., 2006). Th ese suggest that sperm maturation and the 

acquisition of sperm motility potential were disrupted in VZ and DEHP-treated goldfi sh. Th e 
eff ects of VZ and DEHP on sperm motility and velocity were dose-dependent and could be 
related to the multifunctional potencies of VZ and DEHP to interfere with hormonal regulation 
of sperm maturation or with intracellular signal transductions required for the acquisition 
of sperm motility potential (Miura et al., 1992; Alavi et al., 2012a,b). In this study, we did 
not study sperm energetic and metabolism; however it is also possible that VZ, DEHP or 
E

2
-reduced sperm motility and velocity which could be related to sperm ATP content and 

metabolism of energy (Hatef et al., 2011, 2013). 

4.2. Testicular hormonal functions were aff ected by vinclozolin and di-(2-ethylhexyl)-
phthalate 

To better understand VZ and DEHP-reduced sperm quality, 17β-estradiol and 11-KT levels 
which regulate initiation and maintenance of spermatogenesis (Miura and Miura, 2003) were 
measured. Th e eff ects of VZ and DEHP on androgen production were diff erent. In VZ -treated 
goldfi sh, a biphasic eff ect on 11-KT production was observed. Following a chronic exposure 
to low dose of VZ (100 μg/L), 11-KT levels were increased, while it was decreased in goldfi sh 
exposed to high concentration (800 μg/L) following both acute and chronic exposure. In 
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mammals, VZ-induced increase in T production has been reported in male rats (Kubota et al., 
2003; Loutchanwoot et al., 2008; Quignot et al., 2012), while in fi sh VZ caused no change in 
11-KT production in fathead minnow exposed for 21 days (Makynen et al., 2000; Martinovic 
et al., 2008). 17β-estradiol levels remained unchanged in goldfi sh exposed to VZ, however 
E

2
/11-KT ratio were increased and decreased in goldfi sh exposed to high (800 μg/L) and low 

(100 μg/L) dose of VZ.  Th ese results suggest that VZ at low dose is capable of altering 11-
KT production in goldfi sh depending on duration of exposure which resulting in imbalance 
E

2
/11-KT ratio.
In contrast to VZ, 11-KT levels were decreased in DEHP-treated goldfi sh following 15 and 30 

d of exposure which is consistent with studies on mammals in which in utero or in prepubertal 
DEHP exposure decreased T levels in adults and male off spring (Parks et al., 2000; Akingbemi 
et al., 2001; Ge et al., 2007; Howdeshell et al., 2007; Culty et al., 2008; Lee et al., 2009; 
Hannas et al., 2012). Th is study suggests that DEHP is capable of inhibiting 11-KT production 
in fi sh following a chronic exposure. In contrast to our results, previous studies have shown no 
changes (Crago and Klaper, 2012; Ye et al., 2014) or increases in T levels (Wang et al., 2013) 
in DEHP-treated fi sh. We observed no changes in E

2
 levels in goldfi sh exposed to DEHP which 

consistent with previous study on fathead minnow (Crago and Klaper, 2012).
In E

2
-treated fi sh, the 11-KT level decreased following either acute or chronic exposure 

indicating that E
2
 impairs androgen synthesis in fi sh (Yamaguchi et al., 2006; Sharpe et al., 

2007), while estradiol increased sharply following acute and chronic exposure.
Taken together, our results show that decrease in sperm production in fi sh exposed to VZ 

and DEHP might be related to disruption of E
2
/11-KT balance and androgen production which 

are critical for spermatogenesis and sperm production.

4.3. Neuroendocrine hormonal functions were aff ected by vinclozolin 
and di-(2-ethylhexyl)-phthalate 

At maturity stage, the pituitary LH is the primary regulator of androgen biosynthesis in the 
testis (Nagahama, 1994). We observed that LH levels were increased in goldfi sh exposed to low 
dose of VZ (100 μg/L) following a chronic exposure which is consistent with increase in 11-KT 
levels at the same period of exposure. Th is indicates that stimulation of 11-KT production in 
goldfi sh exposed to VZ is mediated by alteration in pituitary hormonal function and suggests 
that the negative feedback of androgen to control LH release from pituitary was disrupted 
(Van der Kraak, 2009). Similarly, VZ-induced androgen production mediated by LH has also 
been observed in male rats (O’Connor et al., 2002; Kubota et al., 2003; Loutchanwoot et al., 
2008). In fathead minnow demonstrated no changes in lh mRNA level following exposure to 
VZ (Villeneuve et al., 2007). 

In DEHP-treated goldfi sh, LH levels were decreased which was in consistence with decrease 
in 11-KT levels. Similar results were observed in mammals where DEHP-inhibited LH release 
from the pituitary results in a decrease in T levels (Akingbemi et al., 2001; Culty et al., 2008). 
Th ese fi ndings suggest that DEHP acts on pituitary to inhibit testicular 11-KT production. 

Overall, in both DEHP and VZ-treated goldfi sh, alternations in androgen production were 
associated with disruption of pituitary secretion of LH. Since LH regulates sperm maturation 
and acquisition of the sperm potential for motility in fi sh through stimulating testicular 
hormone (Miura and Miura, 2003; Alavi et al., 2012b), these results suggest that VZ and 
DEHP-decreased sperm motility and velocity in goldfi sh might be due to disruption pituitary 
LH. 
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In this study, we investigated upstream neuroendocrine regulators of LH in fi sh exposed 
to ECs. Results showed that gnrh3 mRNA levels were decreased and increased in goldfi sh 
exposed to VZ following an acute and chronic exposure, respectively which were consistent 
with 11-KT levels (Golshan et al., 2014). In addition, kiss1 and gpr54 mRNA levels were 
increased in goldfi sh exposed to VZ similar to that of fl utamide treated goldfi sh (Golshan et 
al., unpublished data). In contrast, no changes in kiss1, gpr54 and gnrh3 mRNA levels were 
observed in DEHP-treated goldfi sh. As GnRH and Kiss-1/Gpr54 system regulate pituitary and 
testicular hormonal functions (Van der Kraak, 2009), these results suggest that VZ and DEHP 
diff erentially act on upstream neuroendocrine regulators of pituitary and testicular hormonal 
functions to impair spermatogenesis and sperm quality in goldfi sh. In contrast to DEHP, VZ 
is capable of interfering with Kiss-1/Gpr54 system and hypothalamus hormonal function to 
aff ect spermatogenesis and sperm maturation. In E

2
-treated goldfi sh, gnrh3 mRNA levels 

were decreased following an acute exposure suggesting that the hypothalamus is involved 
in inhibition of androgen production. Also, in E

2
-treated goldfi sh, kiss1 and gpr54 mRNA were 

increased after chronic exposure, suggesting E
2
 regulatory functions on the Kiss-1/Gpr54 

system, which has been shown in mammals (Smith et al., 2005; Clarkson et al., 2012).
Taken together, VZ-stimulated and DEHP-inhibited 11-KT production is mediated by their 

eff ects on pituitary hormonal functions. However it is only VZ that shows capability to 
interfere with hypothalamus hormonal function through alternations in Kiss-1/Gpr54 system.

4.4. Eff ects of vinclozolin and di-(2-ethylhexyl)-phthalate on steroidogenesis 

Since DEHP and VZ are capable of interfering with 11-KT production, we studied substrate 
availability for sex steroid biosynthesis and alternations in mRNA levels of selected genes 
that encode enzymes in steroidogenesis pathway (Golshan et al., 2014, 2015). Th e results 
show that total cholesterol, HDL and LDL remained unchanged in VZ-tretaed goldfi sh. Th is 
suggests that alternation in 11-KT biosynthesis in goldfi sh exposed to VZ could not be related 
to precursor availability (Sharpe et al., 2007). However, star, cyp450, 3βhsd and cyp17 mRNA 
levels were increased in goldfi sh exposed to VZ. In contrast, in fi sh exposed to DEHP, testicular 
star mRNA levels were decreased following chronic exposure. Th ese results are consistent 
with increase and decrease in 11-KT levels in VZ and DEHP-treated goldfi sh suggesting 
that VZ and DEHP-induced testicular hormonal function might be due to disruption of the 
transfer of precursor to the steroidogenesis or disruption of genes that encodes enzymes in 
steroidogenesis pathway. In E

2
-treated fi sh, mRNA of steroidogenic enzyme genes decreased 

following both acute and chronic exposure, indicating that the decrease in 11-KT was also due 
to disruption in testicular function (Sharpe et al., 2007).

4.5. Eff ects of vinclozolin and di-(2-ethylhexyl)-phthalate through androgen receptor 

As 11-KT production was altered in goldfi sh exposed to VZ and DEHP, we studied ar mRNA 
levels in the brain and testis to understand whether their eff ects are mediated through a 
receptor mediated pathway. Th e brain ar mRNA levels were decreased in goldfi sh exposed to 
low dose VZ (100 μg/L) following an acute exposure, while it was increased following a chronic 
exposure. Th ese alternations were associated consistent with changes in plasma 11-KT levels 
following an acute and chronic exposure, suggesting that VZ interfere with negative feedback 
of androgen at low dose to stimulate 11-KT production in the testis. It is worth noting that it 
has been suggested changing in ar mRNA correlate with the levels of sex steroids (Burmeister 
et al., 2007; Liu et al., 2009). However, ar mRNA levels remained unchanged in the testis of 
goldfi sh exposed to VZ. Th ese results suggest that the brain AR might mediate VZ-related 



- 76 -

Chapter 4

disruption in 11-KT biosynthesis. In DEHP-treated goldfi sh, the brain and testicular ar mRNA 
levels remained unchanged, which is consistent with earlier studies in fi sh (Uren-Webster et 
al., 2010; Crago and Klaper, 2012) and mammals (Ge et al., 2007). Th ese results suggest that 
DEHP-impaired reproduction is not mediated through hormonal receptors. 

4.6. Estrogenic activity of vinclozolin and di-(2-ethylhexyl)-phthalate

We examined aromatase activity of DEHP, VZ and compared with a group of goldfi sh 
exposed to endogenous estrogen hormone (E

2
). In E

2
-treated goldfi sh, E

2
 levels and E

2
/11-

KT ratio were increased associated with increases in cyp19a1b, vtg and er subtype mRNA 
levels. Th ese results clearly showed E

2
-treated goldfi sh induced estrogenic activity. Almost 

these parameters remained unchanged or decreased in VZ and DEHP-treated goldfi sh which 
consistent with previous studies (Martinovic et al., 2008; Crago and Klaper, 2012). Th ere are 
some studies that suggest estrogenic activity of DEHP in rare minnow (Wang et al., 2013), 
marine medaka (Ye et al., 2014). However, E

2
/11-KT ratio and cyp19a1b mRNA are decreased 

in these species and these alterations do not consist with observed increase in E
2
 levels 

and the mRNA levels of genes encoding brain, liver or testicular vtg and er sub-types. Th ese 
studies suggest that DEHP estrogenic activity may diff er among species. Th e present studies 
suggest that VZ and DEHP eff ects on reproductive endocrine system are not mediated through 
stimulation of estrogenic activity in goldfi sh.

4.7. Conclusion and remarks

In conclusion, the present study provides novel information on the mechanisms through 
which VZ and DEHP disrupt neuroendocrine and endocrine hormonal functions that lead 
to diminsihed sperm quality (Figure 1). Both VZ and DEHP have potency to interfere with 
reproductive pathway and thus impair male fertility. Interestingly, VZ and DEHP eff ected 
diff erentially on testicular androgen production. At low dose (<100 μg/L), VZ and DEHP stimulate 
and inhibit 11-KT production, respectively. Th eir eff ects on testicular hormonal function 
highly depend on the concentration and duration of exposure and mediated by alternation in 
pituitary hormonal functions. A combination protocol suggest an anti-androgenic activity of 
VZ similar to that of fl utamide through the brain AR. However, observed inhibition of 11-KT 
in DEHP-treated goldfi sh may also suggest DEHP ani-androgenic activity (Luccio-Camelo and 
Prins, 2011), but it needs further investigation in a combination experiments using pure anti-
androgen and androgen. In contrast to E

2
, neither VZ nor DEHP exhibit estrogenic activity. Th e 

outcome of alternations in hypothalmous-pituitary-testis hormonal functions are to decrease 
sperm qualtiy and aff ect male fertility. 

In aquatic environment, there are mixtures of environmental contaminants that may exhibit 
pharmacodynamic interactions. Th ese interactions can be antagonistic or synergistic, which 
may cause as increase in toxicity of a particular chemical which is known as a cocktail eff ect. 
For example, co-exposure of ethinylestradiol and ketoconazole increased mRNA transcript of 
VTG nine times more than ethinylestradiol alone (Hasselberg, et al., 2008).

In this study, we observed that VZ and DEHP aff ected testicular functions. However the 
mechanisms through which they ineterfer with hormonal regulation of sperm maturation and 
sperm motility signaling are largely unknown. Future studies should investigate progestin-
dependent sperm maturation, sperm energetics and metabolism and the eff ects of these 
chemicals on molecular function of sperm motility apparatus and sperm axoneme (Th omas 
et al., 1997; Peknicova et al., 2002; Tubbs et al., 2009; Tan et al., 2014; Cosson, 2010; Alavi et 
al., 2012a; Hatef et al., 2013).
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ENGLISH SUMMARY

Environmental contaminants and endocrine associated male infertility in fi sh

Mahdi Golshan

Th ere are a large number of natural and synthetic environmental contaminants (ECs) known 
or suspected to mimic or interfere with male reproductive endocrine functions. Our current 
knowledge is largely addressed to ECs that induce oestrogen-induced feminization. However, 
there are several ECs that cause alternations in androgen production similar to oestrogenic 
ECs, but they do not induce vitellogenin-induced feminization. Th e mechanisms of action of 
these chemicals are still unclear due to the fact that androgen receptor (AR) functions in 
androgen-mediated male reproductive physiology are largely unknown. 

In the present study, we examined the eff ects of vinclozolin (VZ) (100, 400 and 800 μg/L) and 
di-(2-ethylhexyl)-phthalate (DEHP) (1, 10 and 100 μg/L) on male reproductive performance 
in goldfi sh following 30 days of exposure. Since both VZ and DEHP act as agonists and/or 
antagonists of hormonal receptors, estrogen receptor subtypes (er) and androgen receptor 
(ar) mRNA levels were studied. For studying their oestrogenic activity, one group of goldfi sh 
were exposed to 17β-estradiol (E

2
). 

In DEHP-treated goldfi sh, sperm production, motility and velocity were decreased at 1, 100 
and 10 μg/L, respectively. Our previous study has shown that sperm production, motility and 
velocity were decreased in goldfi sh exposed to 800 μg/L VZ. Th ese suggest that DEHP and VZ 
are capable of interfering with spermatogenesis and sperm maturation. In E

2
 treated goldfi sh, 

none of the males produced sperm, indicating E
2
-suppressed spermatogenesis.

Similar to E
2
-treated goldfi sh, 11-KT levels were decreased in goldfi sh exposed to ≥10 

and ≥1 μg/L DEHP at day 15 and 30, respectively. In VZ-treated goldfi sh, 11-KT levels were 
decreased in goldfi sh exposed to 800 μg/L VZ following 7 d, but increased in goldfi sh exposed 
to 100 μg/L VZ following 30 d of exposure. E

2
 levels remained unchanged and increased in 

DEHP and E
2
-treated goldfi sh, respectively. 

In VZ treated goldfi sh, LH levels were increased at 100 μg/L. In contrast, LH levels were 
decreased in DEHP and E

2
-treated goldfi sh following 15 d of exposure. Th ere were also 

positive relationships between LH and 11-KT levels suggesting that inhibition or stimulation of 
androgen production were mediated by DEHP or VZ-induced alternations in pituitary function. 

In VZ-treated goldfi sh, gnrh3 mRNA levels were decreased following 7 d of exposure and 
increased at low dose following 30 d of exposure. kiss1 or kiss2 mRNA levels were also 
increased in VZ-treated goldfi sh, while gpr54 mRNA remained unchanged. In DEHP-treated 
goldfi sh, gnrh3, kiss1 and its receptor (gpr54) mRNA levels did not change during the period 
of exposure. In E

2
-treated goldfi sh, gnrh3 mRNA levels were decreased at day 7, but kiss1 

and gpr54 mRNA levels were increased at day 30 of exposure. Th ese results suggest that, in 
contrast to DEHP, VZ eff ects on pituitary and testicular functions are mediated by disruption 
of hypothalamus function and upstream neuroendocrine regulators. 

Th e brain ar and testicular lhr mRNA levels were changed in VZ and E
2
-treated goldfi sh 

depending on dose and period of treatment, however they remained unchanged in DEHP-
treated goldfi sh. Th ese diff erences suggest that DEHP may act through an independent 
hormonal receptor pathway, while VZ acts through a receptor pathway. 

vtg, er and cyp19a1b remained unchanged in DEHP and VZ-treated goldfi sh but increased in 
E2-treated goldfi sh. Th ese indicate that neither VZ nor DEHP acts as oestrogenic compound 
to impair male fertility. 
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In conclusion, DEHP and VZ-reduced sperm quality in goldfi sh due to stimulation and 
inhibition of 11-KT production which were mediated by alternations in pituitary function 
to produce LH or by disruption of the transfer of cholesterol to steroidogenesis. Upstream 
neuroendocrine regulators (gnrh3 and kiss-1/gpr54) were disrupted in VZ-treated goldfi sh. 
Taken together, VZ and DEHP diff erentially act on brain and testis to impair fertility endpoints. 
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CZECH SUMMARY

Znečištění životního prostředí a endokrinně podmíněná neplodnost samců ryb

Mahdi Golshan

V životním prostředí se vyskytuje velké množství přírodních a syntetických kontaminantů 
(ECs), u kterých je známo nebo existuje podezření, že napodobují nebo interferují 
s  endokrinními funkcemi u samčí reprodukce. Naše dosavadní poznatky ukazují, že právě 
tyto kontaminanty mohou způsobit estrogeny podmíněnou feminizaci. Nicméně existuje 
několik ECs, které podobně jako estrogenní ECs způsobují změny v produkci androgenů, 
ale nezpůsobují vitelogeninem podmíněnou feminizaci. Mechanizmy působení těchto látek 
jsou stále nejasné, vzhledem k tomu, že jsou do značné míry neznámé funkce androgenního 
receptoru (AR) ve fyziologii androgenně-zprostředkované samčí reprodukce.

V této studii jsme zkoumali účinky vinklozolinu (VZ) (100, 400 a 800 μg/L) a di-(2-ethylhexyl)
ftalátu (DEHP) (1, 10 a 100 μg/L) na reprodukci samců karasů po dobu 30 dnů. Vzhledem 
k tomu, že VZ i DEHP působí jako agonisté a/nebo antagonisté hormonálních receptorů, byly 
studovány subtypy estrogenů (er) a hladiny mRNA androgenních receptorů (ar). Kvůli studiu 
estrogenní aktivity byla jedna skupina ryb vystavena působení 17β-estradiolu (E

2
).

U ryb vystavených DEHP (1, 10 a 100 μg/L) došlo ke snížení produkce spermií, pohyblivosti 
a rychlosti. Naše předchozí studie ukázaly, že produkce spermií, pohyblivost a rychlost se u 
ryb snižují při expozici VZ o koncentraci 800 μg/L. To naznačuje, že DEHP a VZ jsou schopny 
zasahovat do spermatogeneze a dozrávání spermií. Žádný ze samců vystavených účinku E

2
 

neprodukoval spermie, což ukazuje na potlačenou spermatogenezi.
Podobně jako u ryb exponovaných E

2
, také u ryb vystavených koncentracím DEHP ≥10 a 

≥1 μg/L bylo pozorováno snížení hladiny 11-KT, a to konkrétně v 15. a 30. dnu testování. U ryb 
exponovaných VZ bylo zaznamenáno snížení hladiny 11-KT, a to u ryb vystavených koncentraci 
800 μg/L VZ po dobu 7 dní, naproti tomu jsme zaznamenali její zvýšení u ryb vystavených 
koncentraci 100 μg/ VZ po dobu 30 dnů. Hladiny E

2
 zůstaly nezměněny u ryb vystavených 

DEHP a zvýšení došlo u skupiny, kde byl použit E
2
.

Hladiny LH se zvýšily u ryb vystavených koncentraci VZ 100 μg/L. Na rozdíl od ryb vystavených 
účinkům DEHP a E

2
, kde byly hladiny LH po 15 dnech expozice sníženy. Zde byla také zjištěna 

souvislost mezi hladinami LH a 11-KT, což vypovídá, že inhibice nebo stimulace produkce 
androgenu byla způsobena změnami ve funkci hypofýzy vyvolanými právě působením DEHP 
nebo VZ.

U ryb vystavených VZ se snižovaly hladiny gnrh3 mRNA po dobu 7denní expozice a zvyšovaly 
se při nízkých dávkách během 30denní expozice. kiss1 nebo kiss2 mRNA hladiny také vzrostly, 
zatímco gpr54 mRNA zůstala nezměněna. U ryb vystavených působení DEHP se hladiny gnrh3, 
kiss1 a jeho receptoru (gpr54) mRNA během doby expozice nezměnily. U ryb exponovaných 
E

2
 byly hladiny gnrh3 mRNA sníženy 7. den působení, ale hladiny kiss1 a gpr54 mRNA byly 

zvýšeny v 30. den expozice. Tyto výsledky ukazují, že na rozdíl od DEHP, VZ narušuje funkce 
hypotalamu a zpětnovazebné mechanizmy v neuroendokrinní regulaci, což ovlivňuje činnost 
hypofýzy a testikulární funkce.

Hladiny mRNA ar v mozku a lhr v testes byly ovlivněny v závislosti na dávce a době působení 
VZ a E

2
, ale zůstaly nezměněny u ryb vystavených DEHP. Tyto rozdíly vypovídají o tom, že 

DEHP může působit přes nezávislou hormonální receptorovou cestu, zatímco VZ působí přes 
receptorovou cestu.
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Vtg, er a cyp19a1b zůstaly beze změny u ryb vystavených DEHP a VZ, ale vzrostly u ryb 
vystavených účinkům E

2
. Ani VZ, ani DEHP tedy nepůsobí jako estrogenní kontaminanty 

narušující samčí plodnost.
Výsledkem naší práce bylo zjištění, že v důsledku stimulace nebo inhibice produkce 11-KT 

prostřednictvím VZ a DEHP se snižuje kvalita spermií ryb. K tomuto dochází z důvodu narušení 
funkce hypofýzy produkovat LH nebo narušením přenosu cholesterolu pro steroidogenezi. U 
ryb vystavených VZ byly přerušeny zpětněvazebné mechanizmy neuroendokrinních regulátorů 
(gnrh3 a kiss-1/gpr54). Společné působení VZ a DEHP ovlivňuje funkce mozku a testes a má 
negativní dopad na samčí plodnost.



- 86 -

Chapter 4

ACKNOWLEDGEMENTS

I would like to express my heartfelt gratitude to Dr. Hadi Alavi and Prof. Otomar Linhart for 
their supervision, guidance, and support throughout my doctoral degree. Th ey have given me 
many opportunities to advance my knowledge and learn new skills, which I will be forever 
grateful for.

My thanks go in particular to Dr. Azadeh Hatef, who kindly thought me molecular techniques 
and supported me at diffi  cult times.

I am also extremely grateful for all the faculty members I have had the pleasure to meet and 
interact with during my doctoral degree and very especially: Martin Pšenička, Taiju Saito, Azin 
Mohagheghi, Marek Rodina, Tomáš Policar, Zuzana Linhartová and Christoph Steinbach. Th eir 
support, friendship and kindness will not be forgotten. Th ey have enabled me to become a 
better scientist, teacher, and friend. I will never forget the great laughs we shared.

Furthermore, I would like to give my thanks to Mrs. Eva Prášková and Mrs. Marie Pečená for 
technical support and friendly help during my study. Děkuji Vám.

In advance, I would like to thank my thesis offi  cial referees: Prof. Andrzej Ciereszko and 
Assoc. Prof. Jana Pěknicová for their detailed review, constructive criticism, and excellent 
advice to revise the present work for obtaining Ph.D. degree. My deepest regards to scientifi c 
committee members for their time, interest, and helpful comments.

I would also like to extend immense gratitude for Prof. Hamid. R. Habibi, who hosted me 
during my studies. His input on my research, giving me the opportunity to conduct experiments 
in his lab, as well as his valuable advice helped me throughout my studies. My time at the 
University of Calgary was a wonderful learning experience. 

I would like to express my deepest gratitude to my mother who always prays for me and 
support me all the time. Her support provided me with the integrity and drive that has 
enabled me to get to this point. I am also immensely grateful for my brother and my sister, 
Alireza and Mahboobeh, who have provided me with more support than I could have ever 
imagined. I would also like to thank my cute niece and bashful nephew, Arnika and Ryan for 
being a wonderful presence in my life, and always giving me something to laugh about. Th e 
support given to me by my family is immeasurable and I am forever grateful to them for their 
help and unconditional love.

I gratefully acknowledge the funding sources that made my Ph.D. work possible. I was 
funded by:

1. GAJU 067/2013/Z – Modulations in neuroendocrine regulation of steroidogenesis in male 
goldfi sh exposed to anti-androgen vinclozolin. (2013, responsible leader Mahdi Golshan, 
M.Sc.).

2. P503/13/34049P – Th e toxicoproteomic: the potential for identifi cation of new biomarkers 
in male fertility (2013–2015, responsible leader Azadeh Hatef, Ph.D.)



- 87 -

Acknowledgements

3. P503/12/1834 – Identifi cation of epigenetic biomarkers of male germ cell disorders linked 
to adverse environmental factors (2012–2015, Institute of Biotechnology AS CR, leader for 
USB FFPW Sayyed Mohammad Hadi Alavi, Ph.D., and Martin Pšenička, Ph.D.).

4. Ministry of Education, Youth and Sports of the Czech Republic – projects “CENAKVA“ (No. 
CZ.1.05/2.1.00/01.0024), “CENAKVA II“ (No. LO1205 under the NPU I program) (responsible 
leader Prof. Otomar Linhart).



- 88 -

Chapter 4

LIST OF PUBLICATIONS

Peer-reviewed journals with IF

Golshan, M., Habibi, H.R., Alavi, S.M.H., 2015. Alterations in transcripts of neuroendocrine 
reproductive genes in goldfi sh exposed to anti-androgens, testosterone and their 
combinations. Manuscript. 

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

Golshan, M., Hatef, A., Zare, A., Socha, M., Milla, S., Gosiewski, G., Fontaine, P., Sokolowska-
Mikolajczyk, M., Habibi, H.R., Alavi, S.M.H., 2014. Alternations in neuroendocrine and endocrine 
regulation of reproduction in male goldfi sh (Carassius auratus) following an acute and chronic 
exposure to Vinclozolin, in vivo. Aquat. Toxicol. 155, 73–83.

Hatef, A., Alavi, S.M.H., Golshan, M., Linhart, O., 2013. Toxicity of environmental contaminants 
to fi sh spermatozoa function in vitro-A review. Aquat. Toxicol. 140–141: 134–144. 

Hatef, A., Alavi, S.M.H., Milla, S., Křišťan, J., Golshan, M., Fontaine, P., Linhart, O., 2012. Anti-
androgen vinclozolin impairs sperm quality and steroidogenesis in goldfi sh. Aquat. Toxicol. 
122–123, 181–187. 

Abstracts and conference proceedings

Golshan, M., Hatef, A., Fontaine, P., Habibi, H.R., Alavi, S.M.H., 2014. Recent fi ndings 
illustrating anti-androgenic activity of Vinclozolin that cause impairment in male fertility 
in goldfi sh. In: 10th International Symposium on Reproductive Physiology of Fish. Olhao, 
Portugal. May 25–30. (oral presentation)

Golshan, M., Hatef, A., Fontaine, P., Habibi, H.R., Alavi, S.M.H., 2013. How does Vinclozolin 
modulate reproductive genes in male goldfi sh? In: Diversifi cation in Inland Finfi sh Aquaculture 
II (DIFA II). Vodňany, Czech Republic. September 24–26. (oral presentation)

Golshan, M., Hatef, A., Fontaine, P., Habibi, H.R., Alavi, S.M.H., 2013. Reproductive 
neuroendocrine disruption in male goldfi sh exposed to Vinclozolin. Annual meeting of the 
Society for the Study of Reproduction (SSR). Montreal, Canada. July 21–27. 

Golshan, M., Hatef, A., Alavi, S.M.H., Milla, S., Kristan, J., Fontaine, P., Policar, T., Linhart, O., 
2012. Vinclozolin decrease androgen and sperm quality in goldfi sh. In: AQUA2012 – Global 
Aquaculture – Securing Our Future. Prague, Czech Republic, September 1–5.

Golshan, M., Hatef, A., Alavi, S.M.H., Milla, S., Křišťan, J., Fontaine, P., Linhart, O., 2012. Anti-
androgen vinclozolin impairs sperm quality and steroidogenesis in goldfi sh. In: SETAC CEE 3rd 

Annual Meeting, Krakow. Poland. September 16–19. 



- 89 -

List of publications

Golshan, M., Hatef, A., Linhartová, Z., Alavi, S.M.H., 2012. Th e Eff ects of Methylmercury, 
Estradiol and Methyltestosteron on Embryonic Development in Fish. In: Fish and amphibian 
embryos as alternative models in toxicology and teratology, Aunaly-sous-Bios. Paris, France. 
October 11–12.



- 90 -

Chapter 4

TRAINING AND SUPERVISION PLAN DURING STUDY

Name Mahdi Golshan

Research 
departments

2011–2013 – Laboratory of Intensive Culture
2013–2015 – Laboratory of Germ Cells 

Supervisor Prof. Otomar Linhart

Period October 2011 until September 2015

Ph.D. courses Year

Basics of scientifi c communication 2012

Pond aquaculture 2012

Applied hydrobiology 2013

Ichthyology and systematics of fi sh 2013

English language (B2 – FCE certifi cate & Academic IELTS “6”) 2015

Scientifi c seminars Year

Seminar days of RIFCH and FFPW 2011
2012
2013
2014

International conferences Year

AQUA 2012 – Global Aquaculture – Securing Our Future. September 1–5, Prague, 
Czech republic (Poster presentation).

SETAC CEE 3rd Annual Meeting, September 16–19, Krakow, Poland (Poster 
presentation).

Fish and amphibian embryos as alternative models in toxicology and teratology, 
Aunaly-sous-Bios. October 11–12, Paris, France (Poster presentation).

Annual meeting of the Society for the Study of Reproduction (SSR). July 21–27, 
Montreal, Canada (Poster presentation). 

Diversifi cation in Inland Finfi sh Aquaculture II (DIFA II). September 24–26, Vodňany, 
Czech Republic (Oral presentation).
 
10th International Symposium on Reproductive Physiology of Fish. May 25–30, Olhao, 
Portugal (Oral presentation).

2012

2012

2012

2013

2013

2014

Foreign stays during Ph.D. study at RIFCH and FFPW Year

Prof. Hamid. R Habibi, Th e University of Calgary, Alberta, Canada (1.5 month, qRT-PCR)

Prof. Hamid. R Habibi, Th e University of Calgary, Alberta, Canada (4 months, Digital-
PCR)

2012

2013
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Curriculum vitae

CURRICULUM VITAE

PERSONAL INFORMATION

Surname Golshan
First name Mahdi
Title  Master
Date of birth 21st August, 1985, Mashhad, Iran
Nationality Iranian

PRESENT POSITION 

Ph.D. student at the University of South Bohemia in České Budějovice (USB), Faculty of 
Fisheries and Protection of Waters (FFPW, www.frov.jcu.cz), Laboratory of Germ Cells, Vodňany, 
Czech Republic

EDUCATION

Ph.D. student 
(2011 – present): Faculty of Fisheries and Protection of Waters, University of South 

Bohemia in České Budějovice, Vodňany, Czech Republic
Ph.D. title: “Environmental contaminants and endocrine associated male infertility in fi sh”

M.Sc. (2008–2011): Faculty of Natural Resources, the University of Tehran, Karaj, Iran

B.Sc. (2003–2008): Faculty of Fisheries and Environmental Science, Gorgan University of 
Agricultural Sciences and Natural Resources, Gorgan, Iran

RESPONSIBLE LEADER OF PROJECTS

Grant Agency of the University of South Bohemia 067/2013/Z 
Modulations in neuroendocrine regulation of steroidogenesis in male goldfi sh exposed to 
anti-androgen vinclozolin. (leader Mahdi Golshan)

AWARDS

2010 – Honour student, Department of Fisheries and Environmental Sciences, the University 
of Tehran.
2013 – Elsevier Distinguished Article – Th e most downloaded article 
Hatef, A., Alavi, S.M.H., Golshan, M., Linhart, O., 2013. Toxicity of environmental contaminants 
to fi sh spermatozoa functions in vitro – A review. Aquat. Toxicol. 140–141, 134–144.

FOREIGN STAYS DURING PH.D. STUDY AT FFPW AND RIFCH

2012 – the University of Calgary, Alberta, Canada, Lab of Prof. Hamid. R Habibi. qRT-PCR 
(1.5 month).
2013 – the University of Calgary, Alberta, Canada, Lab of Prof. Hamid. R Habibi. Digital PCR 
(4 months).
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Chapter 4

PH.D. COURSES

Basics of scientifi c communication
Pond aquaculture
Applied hydrobiology
Ichthyology and systematics of fi sh
English language (B2 – FCE certifi cate & Academic IELTS “6”)


