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3. Gonadotropin Releasing Hormone:Gonadotropin:Sex Steroid 
Signaling Pathway 

3.1 Hypothalamus-Pituitary-Gonad (HPG) Axis 

3.1.1 Structure 

1. In vertebrates, reproduction is primarily controlled by the HPG axis and, the structure of this 

endocrine pathway is highly conserved in jawed vertebrates (gnathostoma). The hypothalamic 

neuroendocrine system regulates synthesis and release of the gonadotropins, follicle-stimulating-hormone 

(FSH) and LH, from the pituitary, which in turn stimulate gonadal development, in particular via the 

induction of sex steroid synthesis. Sex steroids feedback to the hypothalamus and the pituitary, thereby 

regulating gonadotropin synthesis and release (Kanda et al., 2011; Thackray et al., 2010). In addition, 

non-steroidal feedback regulation of gonadotropins by FSH-stimulated gonadal inhibins contributes to the 

synchronization of the HPG axis at all stages of the life cycle (de Kretser et al., 2002; Thackray et al., 

2010). In lower vertebrates such as fish, the activin/inhibin system plays a role in paracrine regulation of 

gonadal function,  and also an autocrine/paracrine activin system in the fish pituitary has been 

demonstrated. Furthermore, endocrine feedback of gonad-derived activin/inhibin on gonadotropins has 

been suggested. However, the involvement of inhibins in the regulation of pituitary gonadotropins as true 

endocrine hormones of gonadal origin, which circulate in the blood stream, has yet to be demonstrated in 

fish. 

2. Among the hypothalamic neuropeptides and neurotransmitters, gonadotropin-releasing hormones 

(GnRH) are the key factors stimulating gonadotropin release from the pituitary. GnRHs are decapeptides 

that act via G-protein coupled receptors (gonadotropin-releasing hormone receptors, GnRH-R). To date, 

several molecular forms of GnRH and GnRH-R have been identified in vertebrates. In most species, two 

forms (three in some fish) of GnRH are present, one that is hypophysiotropic, stimulating gonadotropin 

release from the pituitary, and one that plays a neuromodulatory role in the central nervous system (CNS). 

The hypothalamus forms an interface between the CNS and the endocrine system, integrating internal 

(nutrition, metabolism), and external factors (e.g., temperature, photoperiod, pheromones). Thus, the 

hypothalamus is triggered by several factors of the CNS and peripheral hormones to maintain 

physiological homeostasis by regulating pituitary release of tropic hormones, which control the activities 

of peripheral endocrine glands. Neurotransmitters modulating the activity of GnRH neurons comprise for 

example glutamate, γ-aminobutric acid, noradrenaline, or dopamine. It is important to note here that in 

some fish species, dopamine exerts a potent negative effect on GnRH-stimulated gonadotropin release 

(Dufour et al., 2010; Popesku et al., 2008). In the context of GnRH regulation, the recent discovery of the 

Kiss system revolutionized our understanding of the neuroendocrine regulation of reproduction. In 

mammals, the Kiss system is thought to integrate environmental cues and nutrition to the reproductive 

axis, and studies in fish and amphibians similarly indicate a key role of KiSS peptides and KiSS peptide 

receptors (G-protein coupled receptor 54) for gonadotropin secretion and thus reproduction in lower 

vertebrates (Akazome et al., 2010). 

3. The pituitary gonadotropins are heterodimeric glycoprotein-hormones consisting of a non-

covalently linked common glycoprotein-hormone α-subunit (GSUα; also shared with thyroid-stimulating 

hormone) and a specific β-subunit (FSHβ or LHβ) conferring their biological activity. Once released into 

the blood stream, the gonadotropins exert their biological activity via G-protein coupled receptors. Except 

for agnathans (lampreys and hagfishes), which possess only one glycoprotein-hormone (Sower et al., 

2009), the existence of two gonadotropins (FSH and LH) and their corresponding receptors (FSH-R and 

LH-R) is well documented in all vertebrates , and both gonadotropins play differential roles in 

reproduction. In female mammals, FSH action is most important for cyclic recruitment of follicles during 
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the follicular phase, whereas the LH surge leads to ovulation and the luteal phase. In males, LH regulates 

androgen-synthesis in Leydig cells, whereas FSH controls Sertoli cell activity; hence, promoting 

spermatogenesis in conjunction with androgens. In lower vertebrates, particularly in fish, FSH is 

generally considered to be the more important gonadotropin, stimulating ovarian development and 

testicular spermatogenesis during early gametogenesis; whereas, LH is predominantly involved in final 

gamete maturation leading to ovulation or spermiation . 

4. Gonadotropins stimulate gonadal growth and development via the synthesis of sex steroids (i.e., 

estrogens, androgens, and gestagens) and local growth factors. Generally in mammals, gametogenesis is 

regulated by FSH, and steroidogenesis is induced by LH. Estrogen production by the ovary involves LH-

stimulated testosterone (T) synthesis in theca cells and subsequent FSH-mediated aromatization to 17β-

E2 in granulosa cells. In the testis, T synthesis in Leydig cells is stimulated by LH, whereas FSH controls 

Sertoli cell function. In fish, the situation is more complicated because of some degree of cross-activation 

of the FSH-R by LH and the potent steroidogenic activity of both gonadotropins (Levavi-Sivan et al., 

2010). The strong steroidogenic activity of FSH in male fish corresponds to the observation that testicular 

Leydig cells express both the FSH-R and the LH-R, whereas Sertoli cells express only FSH-R. However, 

species-specific variations from this general pattern have been observed. For example, in zebrafish (Danio 

rerio), FSH-R and LH-R are expressed in Leydig cells as well as in Sertoli cells . 

5. The three classes of sex steroids, estrogens, androgens, and gestagens are primarily produced by 

the gonads or other reproductive tissues such as the placenta. Steroidogenesis in the gonads involves the 

synthesis of pregnenolone from cholesterol and the subsequent conversion to progesterone and 

successively to C19 androgens, which can be further aromatized by P450 aromatase (CYP19) to 

estrogens. In all vertebrates, E2 is the most common estrogen. On the other hand, some differences exist 

regarding the presence and role of androgens and gestagens between tetrapods and fish. In tetrapods, T 

and dihydrotestosterone (DHT) are the principal androgens, whereas in fish, 11-ketotestosterone (11-KT) 

is considered as the most abundant and potent androgen. P4 is the most important gestagen in mammals 

and also in amphibians; however in fish, P4 plasma levels are usually low and other gestagens are 

predominant. These are, in particular, 17,20β-dihydroxypregn-4-en-3-one (17,20β-P) and, in some 

species, 17,20β,21-trihydroxypregn-4-en-3-one (17,20β-S) (Kime, 1993; Scott et al., 2010). 

6. The action of sex steroids is classically mediated by nuclear receptors, which act as ligand-

dependent transcription factors within the cell nucleus (Aranda and Pascual, 2001). In mammals, two 

nuclear estrogen receptors (ERα and ERβ), one androgen receptor (AR), and two forms of progesterone 

receptors (PR-A and PR-B, which are encoded on the same gene locus) have been identified (Ellmann et 

al., 2009). Nuclear ER, AR, and PR also have been characterized in amphibians, reptiles, and birds (Katsu 

et al., 2008; Katsu et al., 2010). In most fish, one ERα and two ERβ forms are described (e.g., in 

zebrafish; (Menuet et al., 2004). Furthermore, two AR are found in some fish, such as perciformes, 

whereas only one AR is found in cyriniformes, including the zebrafish, (Ogino et al., 2009). Two nuclear 

PR have been described in the African clawed frog Xenopus laevis and in Japanese eel, whereas in 

zebrafish, only one PR is present (Chen et al., 2010). The distinct types of nuclear sex steroid receptors 

display differential tissue-specific expression patterns and show peculiarities regarding specificity 

towards ligands and target gene regulation. 

7. Besides the genomic action of sex steroids, the importance of rapid, non-genomic signaling 

initiated at the cell-membrane is increasingly recognized. Receptors involved in rapid estrogen signaling 

include the membrane-localized forms of ERα and ERβ, and possibly G-protein-coupled receptor 30 

(GPR30). Rapid gestagen signaling has been attributed to membrane G-protein-coupled gestagen 

receptors mPRα, mPRβ, and mPRγ and membrane-localized forms of nuclear PR (Thomas et al., 2009). 

Furthermore, rapid non-genomic action of androgens is well documented (Thomas et al., 2006), and a 

membrane G-protein-coupled androgen receptor has been characterized pharmacologically in fish ovaries. 
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3.1.2. Function 

8. The primary function of the HPG axis is to facilitate the production of germ cells and to 

coordinate reproductive events in relation to body condition and environment. In addition to its function 

in adult animals, the HPG axis regulates the differentiation of the sex-specific phenotype during early 

development. In this context, sex steroids play a pivotal role. In females, E2 is crucially important for 

reproductive processes, such as differentiation and maintenance of primary sexual characteristics and 

behavior, proliferation of the endometrium, and for cyclicity of female reproductive events. In oviparous 

females, E2 is best known for its role in stimulating the hepatic synthesis of vitellogenin (VTG) a yolk 

protein precursor (Lubzens et al., 2010). In males, androgens play a pivotal role in the development of the 

reproductive system and phenotypic sex and are crucial for testicular spermatogenesis/spermiogenesis, as 

well as for the expression of male sexual behavior (Akingbemi, 2005; Schulz et al., 2010; Wang et al., 

2009). Although estrogens and androgens are generally considered as female or male hormones due to 

their sex-specific plasma profiles, ER and AR are expressed in many tissues in both sexes, and androgens 

are converted to estrogens by tissue-specifically expressed aromatase in males and in females. In males, 

estrogens are considered as indispensable hormones for spermatogenesis, and local aromatization of T 

into E2 is pivotal for the development of male-specific brain structures (McCarthy, 2008). In females, AR 

knockout revealed that androgens are important for proper ovarian function and mammary development. 

In female fish, androgens stimulate previtellogenic oocyte growth and seem to be involved in lipid uptake 

into oocytes during vitellogenesis (Endo et al., 2010; Kortner et al., 2009). 

9. In conjunction with estrogens and androgens, gestagens, the third class of gonadal sex steroids, 

are indispensable reproductive hormones in all vertebrates. In female mammals, P4 is primarily produced 

in the corpus luteum, and the placenta and its key role in the uterus and mammary gland for initiation and 

maintenance of pregnancy is well established (Clarke and Sutherland, 1990). Female PR knockout mice 

display a variety of reproductive dysfunctions, including impaired ovarian and uterine function, impaired 

mammary gland development and absence of sexual behavior (Conneely et al., 2003). In female fish and 

amphibians, gestagens, in particular P4 and 17α,20β-DHP, respectively, are crucially important for final 

oocyte maturation (Nagahama and Yamashita, 2008). In male fish, gestagens induce spermiation (Scott et 

al., 2010) and have been shown to facilitate sperm motility via mPRα in all vertebrates, including humans 

(Thomas et al., 2009). 

10. Besides their importance for reproduction, sex steroids are pleiotropic hormones modulating 

many physiological functions, such as metabolism (Mauvais-Jarvis, 2011), the immune system (Gilliver, 

2010; Tait et al., 2008), the cardiovascular system (Vitale et al., 2010), and skeletal homeostasis (Balash, 

2003). 

3.2 (Anti)estrogenic Modes of Action: Disruption of estrogen signaling 

11. The impacts of EDCs depend on the species; sex; the timing/duration as well as route and dosage 

of exposure; and the mechanism(s) of action involved. In general, mechanisms of disruption include 

perturbation of hormone synthesis, transport, and metabolism. Most attention, however, has been paid to 

receptor mediated mechanisms, i.e. mimicking, blocking, or modulation of the interaction of sex steroids 

with their nuclear receptors. (Anti)estrogenic EDCs are considered in this review as chemicals that 

interact with estrogen signaling regardless whether they directly block/activate ERs, or decrease/increase 

circulating or local estrogen levels. Likewise, the terms (anti)androgenic and (anti)gestagenic are used 

analogously in the respective sections (see Sections 3.3 and 3.4). 
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3.2.1 Consequences of Disruption 

3.2.1.1 Reproduction 

12. In lower vertebrates, such as fish and amphibians, most studies on endocrine disruption are 

related to perturbations of male reproductive physiology due to exposure to estrogenic EDCs, resulting in 

feminization phenomena such as intersex gonads or shifts in sex ratio (Kloas et al., 2009b; Scholz and 

Kluver, 2009). Examples include the occurrence of testicular oocytes and/or an ovarian cavity, as well as 

unusually high plasma levels of VTG in male roach (Rutilus rutilus) from rivers in the United Kingdom 

(Jobling et al., 1998). There are also numerous reports with amphibians on the occurrence of intersex and 

gonadal dysgenesis in the wild (McCoy et al., 2008). Many observations in the field were corroborated by 

laboratory studies demonstrating the potency of estrogenic EDC to disrupt normal male sex 

differentiation and reproduction in fish and amphibians (Kloas, 2002; Scholz and Kluver, 2009). 

13. Although research on disruption of estrogen signaling appears focused on effects in males, EDC 

can also interfere with female reproductive function. In fish, there are numerous reports on disruption of 

female reproductive endpoints in wildlife. Observations include delayed sexual maturity, reduced 

gonadosomatic indices, increased ovarian atresia, altered levels of sex steroids, and many more (Scholz 

and Kluver, 2009; Vos et al., 2000). The chemicals and mechanisms of action underlying these effects are 

often not known, but many findings in the field are corroborated by laboratory studies. Overt estrogen 

exposure in females can induce ovarian regression via feedback mechanisms exerted on the pituitary 

gonadotropins (Urbatzka et al., 2006; Vigano et al., 2010). Furthermore, depending on the timing of 

exposure, antiestrogens (e.g., aromatase inhibitors) have been reported to either lead to female-to-male 

sex reversal, or to impair female reproduction by reduction of circulating or local estrogen levels 

(Cheshenko et al., 2008; Scholz and Kluver, 2009). Interestingly, recent studies indicate that in females, 

biomarkers, such as VTG and levels of T and E2, have a good potential to predict fecundity and might be 

extrapolated to the population level (Ankley et al., 2008; Bosker et al., 2010). 

14. In humans, much concern regarding EDCs is based upon effects of estrogen exposure on the 

developing male reproductive system. It was suggested that the increase of reproductive disorders such as 

cryptorchidism and hypospadias, accompanied by decreasing sperm counts, share a common etiology 

(termed testicular dysgenesis syndrome; TDS) and might be a result of exposure to estrogenic EDC 

during fetal development (Sharpe, 2003). In fact, experimental studies demonstrated that the male 

mammalian reproductive system is very sensitive to estrogens during fetal development (Delbes et al., 

2006). However, the connection between environmental estrogens and TDS remains controversial, and 

several other environmental factors, including antiandrogenic EDCs, may contribute to declining sperm 

quality and TDS in industrialized countries (Sharpe, 2003). 

15. Males appear to be more sensitive to estrogenic EDCs; nevertheless, overt estrogen signaling can 

also cause adverse effects in females. One of the best-documented examples of endocrine disruption in 

humans is the case of diethylstilbestrol (DES), which was used in the 1940–1970s during pregnancy for 

preventing miscarriages. In utero exposure to DES was subsequently linked to rare cases of vaginal 

cancer and abnormalities of the reproductive tract in women, and to numerous adverse effects on the 

reproductive system in prenatally exposed men (Newbold, 2004). As a consequence, DES was intensely 

studied as a model EDC for the effects of developmental exposure to estrogens (Newbold, 2004). 

16. Besides direct effects on the developing reproductive system, there is concern about pre- and 

perinatal EDC exposure, which might result in altered brain sexual differentiation or neuroendocrine 

reproductive disruption (Dickerson and Gore, 2007). Importantly, recent studies in rodents and ruminants 

showed that estrogenic EDCs modulated the differentiation of the Kiss system with subsequent effects on 

GnRH and gonadotropin secretion (Tena-Sempere, 2010). 
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3.2.1.2 Metabolism and Growth 

17. Several estrogenic EDCs have been reported to impact metabolic pathways and growth. In fish, it 

was reported that ethinylestradiol (EE2) increased growth of yellow perch (Perca flavescens) 

accompanied by a higher expression of a variety of genes involved in lipid metabolism and growth, 

including hepatic insulin-like growth factor 1 (IGF-1) (Goetz et al., 2009). In tilapia (Oreochromis 

niloticus) on the other hand, EE2 at environmentally relevant concentrations led to reduction of the 

growth rate, accompanied by decreased IGF-1 and increased VTG expression in the liver (Shved et al., 

2008). The reason for these species’ specific differences in growth response towards estrogens is not 

known, but it is interesting to note that naturally, yellow perch displays sexual growth dimorphism, with 

females being bigger than males, whereas in tilapia, the opposite is the case. 

18. In mammals, recent research has focused on potential associations between EDCs and metabolic 

syndrome. Several studies have demonstrated that exposure to environmentally relevant concentrations of 

EDCs during critical periods of differentiation resulted in obesity (Newbold et al., 2009). In humans, BPA 

exposure in adults has been associated with higher risk of type 2 diabetes (Lang et al., 2008) and the 

impact of BPA on insulin synthesis by pancreatic β-cells is equipotent to that of E2 (Alonso-Magdalena et 

al., 2008; Alonso-Magdalena et al., 2011a). 

3.2.1.3 Immune System 

19. It is well known that sex steroids influence the immune system, and there is good evidence for the 

involvement of sex steroids in the etiology of several inflammatory pathological conditions (Gilliver, 

2010). Not surprisingly, EDCs have the potential to modulate immune function, and the mechanisms 

responsible for these effects have received attention in lower vertebrates (Casanova-Nakayama et al., 

2011; Milla et al., 2011; Pietsch et al., 2009) and in mammals (Inadera, 2006). 

3.2.2 Precedent Chemicals 

3.2.2.1 Bisphenol A (BPA) 

20. BPA is used primarily for manufacturing polycarbonate plastics and epoxy resins and as an 

additive for plastics (Oehlmann et al., 2009b). The annual production volume of BPA is around 2.5 

million tons (Oehlmann et al., 2009a), and BPA is ubiquitous in the environment (Kang et al., 2007; 

Klecka et al., 2009), as well as in human tissue and fluids (Bushnik et al., 2010; Calafat et al., 2008; 

Vandenberg et al., 2007). Based on in vitro binding and transactivation studies, BPA is usually considered 

as a weak estrogen, displaying affinities for nuclear ER being several orders of magnitude lower than that 

of E2 (Oehlmann et al., 2009b). Furthermore, BPA displays antiandrogenicity and antagonistic activity at 

nuclear thyroid hormone receptors. However, recent studies demonstrated pathways other than binding to 

classical nuclear ERs, through which BPA can induce cellular responses at very low concentrations 

(Wetherill et al., 2007). For example, BPA is equally potent as E2 in activating cellular signal-

transduction via membrane ER, namely the membrane-bound form of ERα and GPR30 (Vandenberg et 

al., 2007). Some of these responses have been shown to be non-monotonic with regard to dose, and this 

contributes to the controversies around the human health impact of BPA. BPA also binds with high 

affinity to the orphan estrogen-related receptor γ (ERRγ) (Okada et al., 2008), which is highly expressed, 

particularly in the developing brain. 

21. Studies in lower vertebrates have concentrated on classic estrogenic endpoints and have 

demonstrated feminizing effects of BPA, such as induction of VTG synthesis in male fish (Oehlmann et 

al., 2009b). Although these effects were mostly observed at concentrations not reported in the aquatic 

environment, in some studies, BPA has been shown to feminize sex ratios in amphibians (Levy et al., 

2004) or to disrupt plasma sex steroid levels and to induce changes in gonadal development and gamete 
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quality in fish at environmentally relevant concentrations (Lahnsteiner et al., 2005; Mandich et al., 2007; 

Sohoni et al., 2001). 

22. Concerns about the health implication of BPA in humans is based particularly on so called 

organizational effects during exposure at early developmental stages, which can result in irreversible 

reprogramming of the adult phenotype. In mammals, the prenatal and neonatal period represent the most 

vulnerable window of exposure (Delbes et al., 2006). Studies in rodents reported that exposure to low-

doses of BPA during these critical time windows resulted in changes in physiology or organ structure in 

adults. These effects include altered time of puberty, altered estrous cycles, changes in prostate and the 

mammary gland, and altered brain sexual dimorphisms (Vandenberg et al., 2007). Furthermore, fetal and 

lactational exposure to BPA has been shown to alter body weight, body composition, and glucose 

homeostasis in rats. In particular due to rapid signaling via pancreatic ERα, BPA is discussed as a risk 

factor for type II diabetes in humans (Alonso-Magdalena et al., 2011b). 

3.2.2.2 Phthalate Esters 

23. Phthalates comprise a family of high production volume chemicals, which are used in a variety of 

consumer products, most frequently as plasticizers in PVC or as additives (Oehlmann et al., 2009b). 

Because of their widespread use and the fact that phthalates can leach out of products, they are frequently 

reported in the environment (Fromme et al., 2002) and in human tissues and fluids ((Guo et al., 2011; Ye 

et al., 2009). In vitro studies show that certain phthalate esters display weak estrogenic (Harris et al., 

1997) or antiandrogenic (Sohoni et al., 2001; Takeuchi et al., 2005) nuclear receptor-mediated activities. 

Weak estrogenicity has been confirmed in fish, where phthalate exposure induced VTG synthesis in 

males and resulted in a low incidence of intersex (Oehlmann et al., 2009b). 

24. In mammals, the ability of phthalates to affect the developing reproductive system in males via 

antiandrogenic modes of action (see Section 3.3) has been evaluated. In contrast, studies on effects 

mediated by disruption of estrogen signaling and resulting reproductive effects in females are rather 

sparse. Exposure in adult female rats to high doses of di-(2-ethylhexyl) phthalate (DEHP) has been 

reported to result in delayed estrus cycles, reduced plasma E2 levels, and absence of ovulation, whereas in 

utero exposure to DEHP resulted in delayed puberty in female litters (Martino-Andrade and Chahoud, 

2010). Furthermore, Moral et al. (Moral et al., 2011) reported that in utero exposure delayed puberty and 

induced changes in mammary gland morphology of female litters. The mechanisms underlying the 

reproductive effects of phthalates might involve several pathways, including binding to ER, as mentioned 

above. Interestingly, in vitro studies demonstrated that mono-(2-ethylhexyl) phthalate is able to suppress 

aromatase mRNA and protein levels in granulosa cells, possibly involving PPAR (Lovekamp-Swan and 

Davis, 2002). 

3.2.2.3 Polychlorinated Biphenyls (PCBs) 

25. PCBs were used in industry as, among others, hydraulic lubricants, dielectric fluids for 

transformers and capacitors, organic diluents, and sealants (Erickson and Kaley, 2011). PCBs entered the 

environment via discharge or accidental release. Although their production was banned, due to their 

persistence and ability to accumulate in the food chain, PCBs are found worldwide in the environment 

and in human and animal tissues (Letcher et al., 2010; Schettgen et al., 2011). Exposure to PCBs has been 

associated with a variety of effects, including reproductive, developmental, immunologic, and 

neurological impairment and carcinogenicity. In general, PCBs are toxicologically differentiated into 

dioxin-like and non-dioxin-like congeners. Dioxin-like PCBs affect physiology via the AhR, whereas 

non-dioxin-like PCBs have been shown to exert biological effects via pathways not involving the AhR. 

Depending on the specific congeners, these PCBs are reported to act as estrogens, antiandrogens, or to 

change steroid and thyroid hormone levels through mechanisms such as displacing the natural hormones 

from their plasma binding globulins or via the modulation of hormone metabolism in the liver (Kato et 
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al., 2010; Wang et al., 2008). Of special interest is the neurotoxicity of PCBs, which is considered to 

involve changes in transport mechanisms of neurotransmitters or intracellular pathways, as well as 

changes in estrogen and thyroid hormone homeostasis and signal transduction (Dickerson and Gore, 

2007; Fonnum and Mariussen, 2009). 

3.2.3 Screening and Testing Assays 

3.2.3.1 ER Transactivation Assays 

26. Currently several in vitro cell-based transactivation assays for the detection of estrogen agonist 

and antagonist activities are available (Leusch et al., 2010). Comparison between these assays 

demonstrated strengths and weaknesses regarding their sensitivity, inter-laboratory comparability, and 

potential matrix effects (Leusch et al., 2010). Usually these assays are based on mammalian cell lines 

transfected with the human ERα; for example, the hER -HeLa-9903 cell line used in the OECD test 

guideline TG 455. However, ERα and ERβ can display different affinities towards ligands and activate 

different subsets of target genes (Escande et al., 2006; Shanle and Xu, 2011; Swedenborg et al., 2010). 

Recently, Escande et al. (Escande et al., 2006) validated a reporter gene assay based on HeLa cells stably 

transfected with human ERβ and demonstrated ER subtype specificity towards a variety of ligands. 

3.2.3.2 Cell-Based Microarrays 

27. EDC that interact with nuclear receptors, such as ERs, induce changes in gene expression of 

estrogen target tissues. Gene expression profiling offers great potential for identifying cellular pathways 

affected by chemical exposure. Furthermore, the specific expression profile (fingerprint) induced by a 

chemical of concern can be compared to that of an established reference chemical (e.g., E2), allowing 

conclusions on the potential mode of action. Microarrays can be applied to estrogen-sensitive cell lines 

commonly used for screening of estrogenicity of chemicals. Recently, Tersaka et al. (Terasaka et al., 

2004) developed a custom array (EstrArray) containing estrogen-dependent genes, characterized the 

sensitivity and gene expression pattern in MCF-7 human breast cancer cells and analyzed the compound 

specific expression profiles induced by different EDC (e.g., phyto-oestrogens, phthalates) (Parveen et al., 

2008; Terasaka et al., 2004). 

3.2.3.3 Non-genomic Estrogen Signaling 

28. Non-genomic signaling pathways of estrogens involve receptors, including the membrane-

localized forms of ERα and ERβ, and possibly GPR30 (Wendler et al., 2010). Membrane-associated 

estrogen receptors can be characterized by simple binding studies of tritiated E2 to cell-membrane 

isolations of lower vertebrates, such as amphibians (Kloas, 2002) and even of some invertebrates 

(Oehlmann et al., 2005), or also by characterization of the rapid intracellular signaling pathways mediated 

by membrane receptor interference involving activation of protein kinases, including ERK1/2 

phosphorylation (Alonso-Magdalena et al., 2008). ER endent mechanisms exist that 

trigger estrogenic actions via membrane binding, but screening methods generally involve membrane 

binding studies (Kloas, 2002) and determination of the intracellular signaling pathways by various 

methods (Nadal et al., 2009). 

29. Changes in bioavailability of estrogens transported via blood circulation can be assessed by 

simple plasma binding studies to determine which EDCs displace labeled E2 bound in plasma specifically 

to sex steroid binding protein and to albumin in lower vertebrates, such as fish (Kloas et al., 2000) and 

amphibians (Kloas, 2002) and in mammals (Hodgert, 2000). 
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3.2.3.4 Disruption of Brain and Gonad Differentiation 

30. It is well known that sex steroids, in particular estrogens, play a pivotal role for brain 

differentiation during early development and that disruption of these processes can result in persistent 

changes leading to altered timing of puberty or behavioral changes (Dickerson and Gore, 2007). Recently, 

studies in zebrafish demonstrated that exposure to very low concentrations of EE2 or nonylphenol during 

early development resulted in disruption of forebrain GnRH neurons and aromatase expression (Vosges et 

al., 2010; Vosges et al., 2011). 

31. Furthermore, it has been shown that the amphibian model X. laevis is also very sensitive to 

aquatic exposure to EDCs with respect to sexual differentiation and gametogenesis even in adults that 

possess a high plasticity of gonads within a 4 week exposure to EDCs (Cevasco et al., 2008; Urbatzka et 

al., 2006). The most sensitive parameter investigated was clearly histopathology of gonads demonstrating 

that EE2 exposure at 10
-8

 M adversely affects in males lobular structure of testis and causes even 

development of testicular oocytes, whereas the antiestrogen tamoxifen at 10
-8

 M affects female gonads by 

inducing atretic follicles and spermatogenic cysts (Cevasco et al., 2008).  In principle, tests could also 

incorporate further endpoints related to sexual differentiation of the brain. For example, gene expression 

analysis by qPCR or even visualizing changes in the development of GnRH neurons by 

immunohistochemistry as demonstrated in zebrafish (Vosges et al., 2010; Vosges et al., 2011). However, 

the standardization and validation of molecular or immunohistochemical methods remain a major 

challenge.  Such in vivo assays may prove to be diagnosic of estrogenic effects of chemicals involving 

multiple signaling pathways (e.g., ER, ER, GPR30). 

3.2.4 Challenges and Limitations 

32. Gene expression analyses have a great potential regarding identification of mechanisms of action 

to identify potential biomarkers, and to compare responses between animal and human tissues toward 

endocrine disruption (Lettieri, 2006). In vitro systems offer good reproducibility because effects are 

measured using the same cellular background. Furthermore, due to the lower biological complexity of in 

vitro systems compared to the situation in vivo, data interpretation is more straightforward. This holds 

especially true when studies concentrate on receptor-mediated pathways and involve a subset of candidate 

genes. In this context, focused arrays containing a limited number of genes as realized in the above 

described EstArray might be an appropriate extension, applicable to existing in vitro systems utilizing 

MCF-7 cells or the hER-HeLa-9903 cell line (TG 455). However, inter-laboratory collaborations are 

necessary for standardization and validation. Microarrays also have the potential to evaluate estrogenic 

responses involving multiple pathways (e.g., ER, ER, GPR30), assuming that cell lines equipped with 

thee signalling capabilities and appropriate positive control chemicals are identified. 

33. Current OECD test guidelines for screening and testing of endocrine activities of chemicals 

contain several mammalian and non-mammalian in vivo assays. Given the great concern about effects of 

EDC on sexual development during sensitive time windows, the need to extend established test systems 

seems mandatory. Examples include the fish sexual development test (an extension of the early life stage 

toxicity test [TG 210]) in which exposure is initiated with fertilized eggs and covers sexual 

differentiation. For amphibians, an assay also has been suggested that would involve exposure of X. laevis 

or X. tropicalis tadpoles during the sensitive stage of sexual differentiation until 75 days post fertilization 

(Kloas et al., 2009a; Kloas et al., 2009b; Lutz et al., 2008). In principle, such a “sexual differentiation and 

metamorphosis assay with Xenopus” (SEXDAMAX) would be an extension of the already validated 

amphibian metamorphosis assay (AMA) (TG 231) and would cover potential impacts, not only 

concerning sexual differentiation but also for thyroid system disruption. Additionally, genetic sex markers 

have recently been discovered for both X. laevis and X. tropicalis (Olmstead et al., 2010; Yoshimoto et 

al., 2008). Together, this provides an excellent test system to unambiguously demonstrate shifts in the 

phenotypic sex ratio due to EDC exposure utilizing an amphibian model species. 
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34. In order to prioritize potential upcoming methods to assess (anti)estrogenic EDCs, we have to 

emphasize that estrogenic EDCs have been studied for over two decades. Therefore, the existing in vitro 

and in vivo testing methods to determine estrogenic endocrine disruption mediated via nuclear ER 

interferences are quite well established in mammals, as in lower vertebrates; thus, the development of 

methods should focus on further modes of action affecting estrogenic, signaling such as membrane-

associated effects, synthesis or metabolism of estrogens, and antiestrogenic modes of action. The huge 

knowledge about estrogen exposure and effects in mammals should emphasize the interest of research 

towards ecotoxicological impacts of (anti)estrogens to non-target organisms affected by environmental 

pollution. Especially fish and amphibians are well established models to characterize estrogenic EDCs. 

However, the complexity of potential endocrine interferences by (anti)estrogenic EDCs cannot become 

fully covered yet by a combined battery of in vitro methods. Thus there is still a need to utilize in vivo 

assays to provide a holistic assessment of (anti)estrogenic impacts. The gold standard here are full-life-

cycle or multigenerational studies. The use of transgenic reporter animals having ERs expressing green 

fluorescent protein are a useful tool for in vivo testing of oestrogenic EDCs, but cannot cover membrane-

associated action of estrogenic compounds and might fail sensitivity for antiestrogenic ones. Thus, 

priority should be given to evaluate approaches of non-invasive behavioral short-term tests in fish and 

amphibians, where all modes of (anti)estrogenic actions might be reflected, especially concerning 

reproductive behavior of adults. Another existing simple method to determine estrogenic, as well as 

antioestrogenic effects of EDCs, is to determine changes in gonad histopathology of adults after moderate 

exposure time to EDC. Model species, that are reproductively active throughout the year and have high 

gonadal susceptibility to EDCs, warrant consideration.  Such species include X. laevis, zebrafish, fathead 

minnow, medaka, and stickleback.  These species all are promising candidates for test standardization and 

evaluation. 

3.3 (Anti)androgenic Mode of Action: Disruption of Androgen Signaling 

3.3.1 Consequences of Disruption 

3.3.1.1 Reproduction 

35. Ecotoxicological studies on endocrine disruption have focused largely on feminization responses 

due to estrogen exposure in fish and amphibians (see Section 3.2). However, antiandrogens can lead to 

related phenotypes. Several laboratory studies with fish provided evidence that antiandrogens can 

suppress the expression of male secondary sexual characteristics, or impair spermatogenesis and reduce 

sperm numbers (Ankley et al., 2004; Bayley et al., 2003; Panter et al., 2004). Furthermore, the induction 

of intersex has been reported in male fish, as well as in amphibians exposed to model antiandrogens 

(Duarte-Guterman et al., 2009; Kang et al., 2006; Kiparissis, 2003; Kloas, 2002; Langlois et al., 2011), 

suggesting that a shift toward a higher estrogen/androgen ratio may underlie these phenomena. 

Antiandrogens are also able to suppress the production of the androgen-dependent protein spiggin in male 

three-spined sticklebacks, which is used as glue for nest building (Katsiadaki et al., 2005).  

36. Compared to fish, a rather limited number of studies investigated the effects of (anti)androgens in 

amphibians. Androgen exposure during sexual differentiation of tadpoles leads to masculinization of sex 

ratio in X. laevis, whereas antiandrogens induce feminization (Kloas, 2002). In adult X. laevis, the 

androgen methyldihydrotestosterone induced testicular tissue in the ovary of females, demonstrating the 

high plasticity of gonads even after sexual differentiation is accomplished (Cevasco et al., 2008). 

Although antiandrogens and estrogens can lead to gonadal feminization, both modes of action are not 

equivalent, though are often difficult to distinguish, as illustrated by the inconsistency of antiandrogens to 

induce the oestrogenic biomarker VTG in male fish (Panter et al., 2004). Furthermore, it has been 

demonstrated that estrogens and antiandrogens induce distinct and differential changes in gene expression 
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patterns in fathead minnow and zebrafish (Filby et al., 2007; Martinovic-Weigelt et al., 2011), as well as 

in amphibians (Duarte-Guterman et al., 2009; Langlois et al., 2011).  

37. Although many chemicals present in the aquatic environment are known to act as antiandrogens 

(Toppari, 2008), their relevance for wildlife is largely unknown. The issue of antiandrogenic EDCs 

appears underrepresented in the ecotoxicological literature when compared to the huge amount of data 

related to estrogenic modes of action. Interestingly, a recent modelling approach (Jobling et al., 2009) 

provided evidence that feminization/demasculinization of male fish in British rivers is, in part, due to 

exposure to antiandrogens possibly acting in parallel with estrogenic compounds. In humans, exposure to 

antiandrogens acting in concert with environmental estrogens is suggested as one factor associated with 

the increase of TDS in men (Hotchkiss et al., 2008a; Hotchkiss et al., 2008b). 

38. In addition to feminization responses, masculinization also has been reported in wildlife 

vertebrates as a result of overt androgen signaling. The best-documented example is the induction of male 

secondary sexual characteristics, namely the development of a male-like gonopodium in female 

mosquitofish (Gambusia affinis holbrooki) in the vicinity of a pulp mill in Florida (Howell et al., 1980). 

Since the development of a gonopodium is androgen-dependent, it has been suggested that the observed 

masculinization was due to exposure to androgenic EDC. In fact, it was demonstrated later on by using 

binding and AR transactivation assays that the pulp mill effluents exhibited androgenic activity. Another 

example of an environmental androgen inducing masculinization responses is the growth promoter 

trenbolone acetate and its metabolite 17β-trenbolone, which is found in feedlot effluents (Wilson et al., 

2002). 

3.3.1.2 Growth 

39. Sex steroids, in particular T and its derivates, are anabolic hormones that are known to induce 

muscle growth in mammals, as well as in fish (McBride et al., 1982). Accordingly, interference of EDC 

with androgen signaling can have effects on metabolism and growth in exposed organism. For example, 

increased growth was reported for fish exposed to the growth promoter trenbolone or DHT, as well as 

with methyldihydrotestosterone (Margiotta-Casaluci and Sumpter, 2011; McBride et al., 1982). 

3.3.2 Precedent Chemicals 

3.3.2.1 Di-(2-ethylhexyl)phthalate (DEHP) 

40. DEHP is one of the most common phthalate esters used as a plasticizer in a variety of consumer 

products. DEHP acts as a weak estrogen at the nuclear ER and also displays weak antiandrogenicity via 

binding to AR. The most important mechanism of action underlying the antiandrogenicity of DEHP, 

however, seems to be based on distortion of Leydig cell differentiation and migration and reduced 

testosterone synthesis in the testis, which is accompanied by expressional changes in steroidogenic 

enzymes and of insulin-like hormone 3 (Howdeshell et al., 2008). In this context, an involvement of 

PPAR is suggested. However, knockout studies in mice indicated that the effects of DEHP might be 

partially independent from PPARα (Martino-Andrade and Chahoud, 2010). Interestingly, in utero 

exposure of male rats to phthalates such as DEHP induces several effects also seen in men with TDS, 

including cryptorchidism, hypospadias, and decreased sperm counts (Rider et al., 2010). 

3.3.2.2 Flutamide (FLU) 

41. Flutamide (FLU) is a nonsteroidal antiandrogen that competes with natural androgens for binding 

to nuclear AR (Wilson et al., 2007). Therefore, FLU has been used as a model antiandrogen in a variety 

of species, including fish (Ankley et al., 2004; Panter et al., 2004), amphibians (Cevasco et al., 2008; 

Urbatzka et al., 2006; Urbatzka et al., 2007), and mammals (Hotchkiss et al., 2008a; O'Connor et al., 

2002). 
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3.3.3 Screening and Testing Assays 

3.3.3.1 Microarrays 

42. Microarray studies have been used to characterize changes in global gene expression patterns of 

different tissues after exposure to (anti)androgens in fish (Garcia-Reyero et al., 2009), as well as in 

mammals (Vo et al., 2009). Furthermore, comparison of effects in fathead minnow induced by estrogens 

and antiandrogens by real-time PCR revealed clear differences in gene expression profiles in several 

tissues (Filby et al., 2007). 

3.3.3.2 Behavioral Changes 

43. Changes in behavioral parameters due to exposure EDCs can be used as noninvasive and 

sensitive method to detect disruption of androgen signaling; for example, in fish such as the fathead 

minnow (Garcia-Reyero et al., 2011) and stickleback (Sebire et al., 2008; Wibe, 2002), but also in 

amphibians (Behrends et al., 2010; Hoffmann and Kloas, 2010). 

3.3.4 Challenges and Limitations 

44. (Anti)androgenic EDCs are present in the environment, potentially impacting reproductive health 

in wildlife and humans (Hotchkiss et al., 2008a). Established in vivo assays for the detection of 

antiandrogenic modes of action include the Hershberger assay using mice (TG 441) or reproduction 

assays with fish; in particular, the “androgenized female stickleback assay” (variant of TG 230). With 

regard to the identification of a specific mode of action and the biochemical pathways affected, especially 

gene expression studies constitute a promising approach in laboratory studies but also in the field. For 

example, recent in situ studies using caged fathead minnows revealed gene expression patterns in gonad 

and liver that were characteristic for each of the investigated sites (Garcia-Reyero et al., 2009; Garcia-

Reyero et al., 2011). As more genomic data become available for different species and standardization of 

experimental design and data evaluation proceeds (Wang et al., 2008), it can be assumed that microarrays 

are going to become common tools in toxicology. 

45. Classical exposure treatments during gonadal development with antiandrogens revealed 

feminization phenomena in fish and amphibians without differentiation between antiandrogenic and 

estrogenic compounds. However, using adults of both sexes in parallel seems to be a promising approach 

to identify androgenic and antiandrogenic modes of action of EDCs and to distinguish antiandrogenic 

from estrogenic ones because (anti)estrogenic and (anti)androgenic EDCs are characterized by specific 

patterns of gonad histopathology in male and female adults, as shown for X. laevis (Cevasco et al., 2008). 

46. One major challenge with regards to ecotoxicological risk assessment of EDCs is to relate 

changes in biomarkers to population-level impacts. In this context, behavioral tests have a great potential 

because behavior is an integrative endpoint suggestive for the reproductive success of affected animals. 

Studies in male sticklebacks showed that both estrogens and antiandrogens can interfere with 

reproductive behavioral patterns, but differentially affect aggressive behavior towards male conspecifics 

and courtship behavior, as well as nest building (Sebire et al., 2008; Wibe, 2002). In amphibians, EDC 

effects on male reproductive behavior have been demonstrated recently for X. laevis (Behrends et al., 

2010). It is interesting to note here that both antiandrogen or estrogen treatment, respectively, induced 

differential changes in calling parameters following four day exposure (Hoffmann and Kloas, in prep.). 

As a conclusion, reproductive behavior is a valuable non-invasive tool for testing of EDCs, but further 

research is clearly necessary to associate certain behavioral changes to the specific underlying 

mechanisms (i.e., estrogenic or antiandrogenic). 
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3.4 (Anti)gestagenic Mode of Action: Disrupting of gestagen signaling 

47. Since gestagens are important regulatory hormones, especially with regard to reproduction, 

disruption of gestagen signaling can be expected to have significant consequences. However, compared to 

the (anti)estrogenic and (anti)androgenic modes of action, the possibility that environmental chemicals 

can alter gestagen signaling has received much less attention. Furthermore, the close interaction of 

gestagens, androgens, and estrogens with reproductive events poses inherent difficulties attributing any 

biological effects clearly just to (anti)gestagenic modes of action. 

3.4.1 Consequences of Disruption 

3.4.1.1 Reproduction 

48. Disruption of gestagen signaling can have significant adverse effects on a variety of processes 

relevant for reproduction in all vertebrates. However, since gestagens interact at multiple levels with the 

signaling of other sex steroids, in particular estrogens, a clear identification of in vivo (anti)gestagenic 

effects might become a difficult task. Furthermore, gestagen action can be mediated by the classic nuclear 

PR, as well as membrane-bound PRs, and disruption of either pathway may have serious consequences 

that must be considered in EDC testing. 

49. The classical gestagen action in fish and amphibians is induction of final oocyte maturation via a 

non-genomic pathway (Nagahama and Yamashita, 2008). Several pesticides and other environmental 

chemicals are known to impair fish or amphibian oocyte maturation in vitro. For example, Pickford and 

Morris (Pickford and Morris, 1999) showed that methoxychlor inhibited P4 induced germinal vesicle 

breakdown (GVBD) in denuded X. laevis oocytes. Furthermore, studies demonstrated the inhibition of in 

vitro maturation of fish oocytes by chemicals that also bind to the mPR (Thomas, 2000; Thomas and 

Sweatman, 2008). Interestingly, stimulatory actions on oocyte maturation also have been reported. For 

example, Tokumoto et al. (Tokumoto et al., 2004) showed that DES induced GVBD and cyclin B 

synthesis in goldfish oocytes. Recently, Rime et al. (Rime et al., 2010) demonstrated that the imidazole 

fungicide prochloraz induced GVBD in intact trout follicles. The stimulatory action of prochloraz was 

mediated by an increase of follicular 17,20β-P production, and this effect synergized with LH. 

Furthermore, gene expression analysis revealed that prochloraz up-regulated the mRNAs of insulin-like 

growth factors and of steroidogenic enzymes involved in 17,20β-P synthesis. In addition to final oocyte 

maturation in females, numerous chemicals have been shown to impair sperm motility, probably by 

binding to mPR on the sperm surface (Murack et al., 2011; Thomas and Doughty, 2004). 

50. Recent in vivo studies in fish demonstrated severe effects of contraceptive gestagens, sometimes 

at environmentally relevant concentrations, on gonad development and fecundity in medaka and fathead 

minnow (Paulos et al., 2010; Zeilinger et al., 2009). Similarly, in amphibians, recent studies suggest 

strong effects of contraceptive gestagens on the HPG axis and oviduct development (Kvarnryd et al., 

2011). 

51. In mammals, interference with gestagen signaling has been extensively investigated in the context 

of contraception using synthetic gestagens (Hapgood et al., 2004). However, studies on environmental 

chemicals disrupting mammalian reproduction with regard to a specific (anti)gestagenic mode of action 

seem to be rare. Beilmeier et al. (Bielmeier et al., 2007) showed that pregnancy loss in mammals caused 

by bromodichloromethane was associated with decreased plasma LH, as well as P4 levels, and reduced 

responsiveness of the corpus luteum towards LH stimulated P4 secretion (Bielmeier et al., 2007). Dioxin 

might also interfere with gestagen signaling since it has been shown to induce endometrial P4 resistance 

in mice (Bruner-Tran et al., 2010). 
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3.4.1.2 Immune System 

52. In addition to estrogens and androgens, gestagens also have been reported to be immuno-

modulatory hormones. In mammals, modulations of the immune system associated with increased P4 

levels during pregnancy are well documented (Szekeres-Bartho et al., 2009). Thus, EDCs interfering with 

gestagen signaling have the potential to affect the immune system in vertebrates. For example, in fish, it 

has been reported that gestagens inhibited NO release from carp leukocytes (Pietsch et al., 2009). 

3.4.2 Precedent Chemicals 

3.4.2.1 Levonorgestrel (LNG) 

53. Levonorgestrel (LNG) is a widely used synthetic contraceptive gestagen present in formulations 

such as the birth control pill, gestagen-only pill, or the emergency contraceptive pill. The contraceptive 

actions of LNG are based on the prevention of ovulation by exerting negative feedback on pituitary LH 

secretion and, furthermore, by inducing changes in cervical mucus, suppressing penetrability to 

spermatozoa. The underlying mechanisms are thought to be mediated via the nuclear PR since LNG 

displays high affinity to this receptor (323% of the natural ligand) (Africander et al., 2011). Furthermore, 

LNG is also androgenic and exhibits affinity to the AR (Africander et al., 2011). Although many 

ecotoxicological studies concentrated on the endocrine-disrupting effects of natural or synthetic estrogens, 

such as E2 or EE2, respectively, it is apparent that contraceptive gestagens such as LNG also are present 

in surface waters at concentrations in the low ng/L range up to 30 ng/L (corresponding to 10
-10

 M) (Besse 

and Garric, 2009; Viglino et al., 2008; Vulliet et al., 2007). Based on a mode of action concept, LNG was 

considered as a biologically active compound with a high risk to affect non-target organisms in the 

environment (Christen et al., 2010). In fact, a recent study using fathead minnow (Pimephales promelas) 

demonstrated severe suppression of egg-laying at concentrations as low as 0.8 g/L LNG (Zeilinger et al., 

2009). Furthermore, it was reported that exposure of X. tropicalis to 0.5*10
-9

 M LNG during 

metamorphosis prevented ovarian duct development and impaired oogenesis in adults (Kvarnryd et al., 

2011). These results highlight the diversity of biological actions exerted by synthetic contraceptive 

gestagens (Africander et al., 2011; Hapgood et al., 2004; Sitruk-Ware, 2006). 

3.4.3 Screening and Testing Assays 

3.4.3.1 PR Transactivation Assays 

54. Several PR transactivation assays have been developed to screen chemicals and environmental 

samples for (anti)gestagenic activities mediated by the classic PR. These assays are based either on yeast 

or human cells lines and are usually stably transfected with human PR-A or PR-B. For example, 

antigestagenic activity by using a recombinant yeast assay was reported for organochlorine pesticides and 

phenolic compounds and wastewater treatment plant effluents (Li et al., 2008; Li et al., 2010a; Li et al., 

2010b). Antigestagenic activities of polycyclic musks was demonstrated by Schreurs et al. (Schreurs et 

al., 2005) by using the PR Callux assay. A recent study compared a binding assay and two reporter gene 

assays, the PR Calux and COS-PR, with in vivo effects of a variety of chemicals in the McPhail test 

(Sonneveld et al., 2011). The findings from this study showed good correlation between PR binding, 

transactivational activity in both reporter gene assays, and the in vivo gestagenic response (Sonneveld et 

al., 2011) . 

3.4.3.2 mPR Binding Assays 

55. In addition to interactions with nuclear PRs, EDCs are able to bind to mPR and to interfere with 

rapid gestagen mediated biological responses. This was shown for example by binding studies using 

membrane preparations from fish ovaries, demonstrating the competitive displacement of the natural 

maturation inducing gestagen (Das and Thomas, 1999; Thomas and Sweatman, 2008). Further studies 
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revealed that induction of final maturation of goldfish oocytes by DES was due to binding to mPRα by 

using membrane preparations of MDA-MB-231 breast carcinoma cells stably transfected with goldfish 

mPRα (Tokumoto et al., 2007). Similarly, binding studies with fish sperm membranes demonstrated the 

displacement of the natural gestagen by environmental chemicals (Thomas et al., 1998). 

3.4.3.3 Germinal Vesicle Breakdown (GVBD) 

56. Several environmental chemicals have been reported to interfere with final oocyte maturation in 

fish and amphibians (Orton et al., 2009; Pickford and Morris, 1999; Thomas, 2000). As a measure for 

final oocyte maturation, usually GVBD is recorded by visual inspection. Dependent on the use of intact 

follicles or denuded oocytes, co-incubation protocols with gonadotropin and/or gestagen and the chemical 

of interest are possible. The assays can be performed either directly in vitro or after in vivo exposure of 

the test animals. 

3.4.3.4 Sperm Motility 

57. The interference of environmental chemicals with sperm motility has been demonstrated for 

several fish species (e.g., (Murack et al., 2011; Thomas and Doughty, 2004)). Sperm motility can be 

measured either ex vivo or after in vivo exposure of the test animals. A non-destructive sampling protocol 

for obtaining sperm from male fathead minnows was validated recently, and baseline sperm 

concentrations and motility were determined (Hala et al., 2009). Furthermore, computer-assisted tools for 

monitoring sperm quality in fish are available (Kime et al., 2001). 

3.4.4 Challenges and Limitations 

58. Synthetic and natural gestagens are found frequently in the environment (Besse and Garric, 2009; 

Carson et al., 2008; Jenkins et al., 2003), and additionally, a variety of industrial chemicals or pesticides 

display (anti)gestagenic activities in PR binding and transactivation assays (Li et al., 2008; Li et al., 

2010a). Furthermore, several studies demonstrate severe effects of contraceptive gestagens or other 

chemicals on gestagen-mediated reproductive processes in fish and amphibians (Paulos et al., 2010; 

Thomas and Doughty, 2004; Tokumoto et al., 2005; Zeilinger et al., 2009). Due to the importance of 

gestagens for reproduction in all vertebrates, integrating (anti)gestagenic endpoints into existing EDC 

screening and testing programs seems mandatory. Unfortunately, the close interaction of gestagens, 

androgens, and estrogens in regulating reproductive events and the multiple crosstalk between these 

signaling pathways pose serious problems regarding the identification of modes of action. Unambiguous 

(anti)gestagenic endpoints that could be integrated into in vivo test guidelines have yet to be identified, 

though some of the assays described above seem to be promising. 

3.4.4.1 PR Transactivation Assays 

59. Several in vitro assays for the assessment of nuclear PR mediated (anti)gestagenic transcriptional 

activities have been used in toxicological studies and screening of chemicals (Li et al., 2008; Li et al., 

2010a; Sonneveld et al., 2011). Given the number of reports about (anti)gestagenic chemicals in the 

environment (Besse and Garric, 2009; Li et al., 2010b) and the severe reproductive effects demonstrated 

in fish and amphibians ((Paulos et al., 2010; Zeilinger et al., 2009), PR transactivation assays should 

become implemented in any EDC screening program. A recent validation with a variety of chemicals 

demonstrated the specificity and reproducibility of two mammalian cell based reporter gene assays 

(Sonneveld et al., 2011). 

3.4.4.2 GVBD and Sperm Motility 

60. Monitoring of both, GVBD or sperm motility can be performed either after in vivo exposure of 

test animals or by direct incubation in vitro with potential EDCs. Oocyte maturation and sperm motility 

are highly suggestive for successful reproduction. Unfortunately, these endpoints lack specificity towards 
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an (anti)gestagenic mechanism of action. For example, estrogens have been reported to impair GVBD in 

fish oocytes via GPR30 (Pang and Thomas, 2010) and also have a strong potential to decrease sperm 

motility parameters (Hashimoto et al., 2009). Nonetheless, oocyte maturational competence, as well as 

sperm parameters, are useful characteristics to assess impacts of EDC on reproductive capacity of 

exposed animals. These methods are well established and could be integrated as additional endpoints into 

existing in vivo screening guidelines for fish testing or could be established as additional in vitro/ex vivo 

assays as described also for amphibians. Of course, validation and standardization is necessary, especially 

regarding the ease of measurement and reproducibility of sperm parameters. However, assays based on 

GVBD or sperm motility are not specific for (anti)gestagenic modes of action, and they have to be 

complemented with additional assays such as membrane binding assays to improve their diagnostic value. 

3.4.4.3 In vivo Testing 

61. Regarding in vivo testing, (anti)gestagenic EDCs should affect biological endpoints in current in 

vivo OECD screening batteries, as has been demonstrated for the fathead minnow (Paulos et al., 2010; 

Zeilinger et al., 2009) and medaka (Paulos et al., 2010), as well as in rat (O'Connor et al., 2000). In 

amphibians, the few studies available are dealing mainly with larval exposure and suggest that it might be 

promising to perform additional in vivo experiments to assess (anti)gestagenic impacts on adults (Orton et 

al., 2009). However, the diagnostic value of the yet implemented endpoints concerning a potential 

(anti)gestagenic modes of action appears to be low and additional investigations (e.g., membrane binding 

assays and/or PR transactivation assays) are necessary. 
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