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Abstract 

Gestagens are a class of steroid hormones capable of binding and activating progesterone 

receptors. Gestagens include endogenous progestogens, such as progesterone (P4), which have 

critically important roles in vertebrate physiology and reproduction and synthetic P4 analogues 

(progestins), such as melengestrol acetate (MGA). Both gestagens are administered as growth 

promotants in beef cattle and have been measured in surface water receiving runoff from animal 

agricultural operations. This project aims to understand the roles and the regulatory mechanisms 

of P4 in early amphibian development and to assess the consequences of exposures to 

environmental gestagens on the P4-receptor signaling pathways in frog embryos. We first 

established the developmental transcript profiles of the three P4 receptors in Western clawed 

frog (Silurana tropicalis) embryos. P4-receptor mRNAs were detected but differentially 

expressed throughout embryogenesis. Secondly, we conducted P4 and MGA acute exposures to 

an environmentally realistic range of concentrations to determine the effects of embryonic 

exposure to gestagens on development, mortality, and gene expression of reproduction-related 

genes. Acute exposure to P4 induced a 2- to 5-fold change increase of steroid hormone receptor 

mRNA levels, whereas MGA exposure induced a dissimilar transcriptional profile than P4. 

Therefore, we conclude that that MGA and P4 may signal through different molecular cascades 

in frogs. This is the first study to report developmental transcript profiles in embryonic frogs and 

to assess the molecular effects of MGA exposure in frogs. While our data suggests that P4 and 

MGA have dissimilar effects, exposure to either P4 or MGA induced multiple endocrine 

responses and adverse effects at environmentally realistic concentrations in S. tropicalis. 

Therefore, we conclude that environmental gestagen contamination may pose a risk to wild 

populations of amphibians.  
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Chapter 1 

General Introduction and Literature Review  

1.1 Problem Identification 
The presence of exogenous steroid hormones in the aquatic environment has received increasing 

interest in the field of ecotoxicology as they are potent endocrine disrupting compounds (EDCs) 

interacting with steroid hormone receptors of aquatic species at very low (ng/L) levels (Caliman 

and Gavrilescu, 2009; reviewed by Diamanti-Kandarakis et al., 2009; Länge et al., 2001). More 

recently, gestagens, including endogenous progestogens such as progesterone (P4), have been 

identified as an emergent class of EDCs in the environment (Fent, 2015; Kumar et al., 2015; 

Orlando and Ellestad, 2014; Runnalls et al., 2010). Along with synthetic P4 analogues (i.e., 

progestins) designed to mimic progestogenic effects for applications in human and veterinary 

drugs (e.g., levonorgestrel (LNG) and melengestrol acetate (MGA), respectively), gestagens are 

capable of binding to and activating progesterone receptors (PRs; Overturf et al., 2012; Paulos et 

al., 2010; Zeilinger et al., 2009). Despite widespread use of gestagens and their presence in the 

aquatic environment, relatively little is known concerning their ability to induce effects on non-

target organisms. However, hormone receptors and steroidogenic enzymes are highly conserved 

among vertebrate species (Christen et al., 2010) and therefore, it can be hypothesized that 

environmental gestagens will interact with and alter the endocrine system of non-target species. 

Several studies report the presence of gestagens in the aquatic environment (reviewed in Fent, 

2015; reviewed in Kumar et al., 2015; reviewed in Orlando and Ellestad, 2014; Kolpin et al., 

2002; Table 1.1) from at least three sources: paper mill plant effluent, wastewater treatment plant 

effluent (WWTPE), and animal agricultural runoff. Paper mill plant effluent contains 

biologically active compounds due to phytosteroids in pulp that can be microbially transformed 
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into P4 or other phytosterol metabolites metabolites (e.g., phytogestogens). P4 has been 

measured in sediment downstream from a paper mill effluent pipe at concentrations of 

approximately 50 mg/L (Jenkins et al., 2003). Moreover, natural and synthetic progestins occur 

in the environment due to their incomplete removal by wastewater treatment plants. Gestagens 

have been detected in surface waters receiving WWTPE on each continent and are generally 

measured the range of 0.1-30 ng/L (Fent, 2015; Kumar et al., 2015; Orlando and Ellestad, 2014). 

Finally, runoff from animal agriculture operations represents the source of the highest 

concentration of gestagen contamination. Both P4 and MGA are administered to beef cattle to 

suppress estrus and encourage rapid anabolic development (Schiffer et al., 2001) and have been 

measured in runoff from animal agriculture operations in concentrations up to 375 ng/L and 150 

ng/L, respectively (Bartelt-Hunt et al., 2012; DeQuattro et al., 2012; Parker et al., 2012). 

However, elevated levels of P4 have been observed up to 3,470-11,900 ng/L in runoff from 

swine and dairy cattle farms (Liu et al., 2012a,b). Here, we summarize and critically review the 

literature on the physiological roles and regulations of P4-signaling pathways as well as the 

evidence suggesting that gestagens are EDCs that pose an ecotoxicological threat to aquatic 

vertebrates, with a focus on fish and frog early development. 

 

1.2 Literature Review  

1.2.1 Gestagens: Progestogens 
Although gestagens are named for their function in maintaining pregnancy, progestogens 

also have important and diverse roles in all vertebrates, including regulation of reproduction and 

behaviour (Baulieu and Schumacher, 2000). Progestogens are also critical intermediates in the 

biosynthesis of other steroid hormones, such as androgens, estrogens, glucocorticoids, and 

mineralocorticoids. The dominant mammalian progestogen, P4, is a 21-carbon steroid hormone 
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produced from cholesterol in the gonads, adrenal glands, and central nervous system of 

vertebrates. Briefly, P4 biosynthesis involves cholesterol to be transported by the steroid acute 

regulatory protein (StAR) from the outer to the inner mitochondrial membrane (Clark et al., 

1994) and converted by the cholesterol side-chain cleavage enzyme (P450scc) to pregnenolone 

by removal of the C-27 cholesterol side chain (Niswender, 2002; Juengel et al., 1995). Then, 3β-

hydroxysteroid dehydrogenase (3β-HSD) converts pregnenolone to P4 (Figure 1.1). In female 

mammals, P4 is primarily produced by the corpus luteum and placenta during pregnancy. P4 is 

crucial to pregnancy with roles in regulating ovulation, preparation of the uterus for 

implantation, maintaining gestation, and differentiation of the mammary gland (reviewed by 

Graham and Clarke, 1997). It is also critically involved in regulating the female reproductive 

cycle by modulating gonadotropin synthesis and secretion (Rozenbaum, 2001). For example, 

regulation of gonadotropin-releasing hormone (GnRH) secretion in the brain is a gestagen-

dependent process (Nagahama and Yamashita, 2008). GnRHs in turn regulate the luteinizing 

hormone (LH) level in the ovary for final oocyte maturation and ovulation (Hanna and Zhu, 

2011). Therefore, the preovulatory surge of LH is mediated by P4 feedback in the hypothalamus 

(Christensen et al., 2012). 

Progestogens are also essential to reproduction in non-mammalian vertebrates. 

Progestogens play a critical role in the seasonally breeding fish, amphibians, and reptiles. In fish, 

17α,20β-dihydroxy-4-pregnen-3-one (DHP) is the dominant progestogen. DHP is a critical 

hormone in fish reproduction and is essential for induction of final oocyte maturation (Kazeto et 

al., 2011; Sen, et al., 2002; Nagahama, 1997; Thomas and Trant, 1989) and spermatogenesis 

(Miura et al., 2006). Circulating levels of DHP correspond to breeding cycle of teleost fishes 

(Taghizadeh et al., 2013; Sen et al., 2002; Berlinsky and Specker, 1991). DHP also acts as a 
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pheromone released by females to indicate reproductive status and trigger courtship behaviour in 

male goldfish (Carassius auratus; Sorensen et al., 1995), zebrafish (Danio rerio; Kermen et al., 

2013), and several other teleost species (Stacey et al., 2003). In C. auratus and carp species, 

DHP acts as a pheromone to indicate reproductive status (Van Der Kraak et al., 1989; Sorensen 

et al., 1987) and males are sexually aroused by waterborne DHP exposure (Stacey and Sorensen, 

1986; Kobayashi et al., 2002).  In frogs, plasma P4 levels peak during the preovulatory period 

and gradually decline during breeding (Paolucci and DiFiore, 1994). Similarly, P4 is critical in 

regulating the reproductive cycle in oviparous reptiles, as plasma P4 level rises with ovulation 

and returns to baseline levels during the short luteal phase (van Wyck, 1984; Bona-Gallo et al., 

1980; Callard et al., 1978). In reptiles, P4 also serves a critical role in reproductive tract 

morphology and motility, as well as in regulating levels of hepatic vitellogenin (Custodia-Lora 

and Callard 2002a; reviewed in Custodia-Lora and Callard, 2002b).  

Moreover, there is a substantial body of evidence demonstrating that progestogens have 

critical functions in gonadal development, gametogenesis, and regulating gamete maturation in 

lower vertebrates (Chen et al., 2013; Tokumoto et al., 2011; Nagahama and Yamashita, 2008; 

Miura et al., 2007; Miura et al., 2006; Tokumoto et al., 2006). Progestogens play a critical role in 

both oocyte maturation and spermatogenesis in teleost fishes (Chishti et sl., 2013; Kazeto et al., 

2011; Tubbs et al. 2010; Pankhurst, 2008; Boni et al. 2007; Miura and Miura, 2003; Zhu et al. 

2003a, Nagahama, 1997; Thomas and Trant, 1989; Fostier et al., 1973) and amphibians (Schuetz 

and Lessman, 1982; Wasserman et al., 1982). Progestogen-dependent control of oocyte 

maturation involves P4 signaling along the hypothalamic-pituitary-gonadal (HPG) axis to 

modulate pituitary-derived hormone levels, such as follicle-stimulating hormone (FSH) and LH, 

to induce final oocyte maturation (Garcia-Reyero et al., 2013).   
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In addition to the critical role of P4-signaling in the HPG axis of vertebrates, P4 may also 

be involved in crosstalk with other endocrine pathways and physiological functions. For 

example, P4 was found to have an anti-estrogenic action in breast tissue by decreasing 

circulating estradiol levels, decreasing estrogen receptor (ER) levels, and inducing 17β-

hydroxysteroid dehydrogenase (17β-HSD), which accelerates the conversion of estradiol into 

estrone (reviewed by Mauvais-Jarvis et al., 1986). In addition, P4 interacts with the 

hypothalamic-pituitary-adrenal (HPA) axis through anti-mineralocorticoid activity by inhibition 

of the aldosterone receptors (Rozenbaum, 2001). Progestogens are pleiotropic hormones capable 

of modulating many aspects of the vertebrate physiology, such as embryonic development (Chen 

et al., 2010), the immune system (Muzzio et al., 2014; Forneris et al., 1999), the cardiovascular 

system (Thomas and Pang, 2013; Custodia-Lora and Callard, 2002b; Pasanen et al., 1997), the 

neuronal axis (Melcangi et al., 2014; Diotel et al., 2011a; Labombarda et al., 2000; Baulieu and 

Schumacher, 2000; Koenig et al., 1995), renal function (Pasanen et al., 1997; Komarevtseva and 

Orlova, 1996), and gastrointestinal function (Custodia-Lora and Callard, 2002b; Pasanen et al., 

1997; Motz and Callard, 1988; Callard and Hirsch, 1976). Another important role of 

progestogens is the induction of apoptosis in reproductive tissue (von Hofsten and Olsson, 2005; 

Meresman et al., 2002; Rodriguez et al., 2002). In some vertebrate species, this function could be 

critically linked to sexual differentiation in which ovarian-like tissue transitions to testes (Liang 

et al., 2015a; von Hofsten and Olsson, 2005). Moreover, gestagens may serve a role in regulating 

metabolism of vertebrates through the hypothalamic-pituitary-thyroid (HPT) axis or as mediators 

of energy homeostasis. P4 was found to upregulate messenger RNA (mRNA) levels of the 

appetite suppressing hormone, leptin, in female rats, possibly via down-regulation of estrogen 

receptor β (erβ) transcript levels (Stelmanska et al., 2012; Yi et al., 2008). Furthermore, P4 is 
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associated with decreasing glucose metabolism (Beck, 1977) and increasing gluconeogenesis and 

lipolysis (Shirling et al., 1981). Due to these diverse biological functions and important roles in 

reproduction, normal P4 signaling is critical to the vertebrate physiology. 

1.2.2 Mechanism of action 
The physiological functions of progestogenic compounds are mediated through binding 

with the intracellular and membrane PRs (IPGR and MPGR, respectively), and through the 

progesterone membrane receptor component (PGRMC1) proteins (Thomas, 2008).  The effects 

of endogenous gestagens are mostly mediated by binding and activating the IPGR (Rozenbaum, 

2001). IPGR is a member the nuclear receptor super family, which includes the androgen 

receptor (AR), glucocorticoid receptor (GR), mineralocorticoid receptor (MR), and ER that share 

a high level of structural and mechanistic similarity, and thus, the mechanism of P4 signaling is 

similar to that of other steroids (Figure 1.2). Briefly, the IPGR resides in the cytoplasm or 

nucleus in an inactive protein complex with heat shock proteins (HSP) HSP90 and HSP70, 

immunophillins, and other factors (Pratt and Toft, 2003). HSP90 acts as a molecular chaperone 

that are involved in maintaining the three-dimensional shape of the unliganded receptor, and thus 

preventing activation of the IPGR in an unoccupied state. The lipophilic gestagens passively 

diffuse across the plasma membrane and bind to the ligand-binding domain of the IPGR 

(Hammes and Levin, 2007). This ligation induces phosphorylation and translocation to the 

nucleus, and a conformational change, exposing the zinc fingers of the IPGR (Griekspoor et al., 

2007). In the nucleus, the ligand-bound IPGR dimerizes and the exposed zinc fingers bind to 

specific palindromic sequences of genomic DNA, known as progesterone response elements 

(PREs) (Africander et al., 2011). This event induces transcription of specific target genes by 

initiating chromatin remodeling and recruitment of cofactors and components of the 
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transcriptional machinery (Griekspoor et al., 2007; Lu et al., 2006; Beato and Klug, 2000), a 

process known as transactivation.  

Due to the high degree of structural and functional conservation within the DNA-binding 

domain of steroid receptors, most steroid receptors can bind the same DNA response element 

(reviewed in Beato, 1989). Therefore, the classical PR potentially also serves as a response 

element for the AR, GR, MR, and ER (Sitruk-Ware, 2004; reviewed in Ballare et al., 2003). 

Moreover, gestagens can also produce cross-reactivity via interactions with other steroid 

receptors. For example, P4 has weak glucocorticoid and weak androgenic activity, as well as 

weak anti-estrogenic, and potent anti-mineralocorticoid activity (reviewed by Schindler et al., 

2003). P4 binds and activates the GR with a low potency (>100-fold less than that of cortisol) 

(Lei et al., 2012; Attardi et al., 2007) and acts as a potent antagonist of MR by binding with a 

higher affinity than aldosterone and glucocorticoids (Rupprecht et al., 1993).  

The IPGR itself, is controlled by estrogen (e.g., 17β-estradiol; E2) signaling in humans 

(Petz et al., 2004; Schultz et al., 2003; reviewed in Graham and Clarke, 1997), rodents (Chappell 

and Levine, 2000; Shughrue et al., 1997; Simerly et al., 1996), and reptiles (Custodia-Lora et al., 

2004; Custodia-Lora and Callard, 2002b; Giannoukos and Callard, 1996, Giannoukos and 

Callard, 1995; Reese and Callard, 1989; Ho et al., 1981). This E2 responsiveness is mediated by 

interaction of the ligand-occupied ER with estrogen response elements in target genes (reviewed 

by Jacobsen and Horwitz, 2012). In contrast, IPGR expression appears to either be negatively 

regulated by P4 in reptiles (Custodia Lora et al., 2004; Ho et al., 1981), or regulated by P4 at the 

translational or post-translational level (Turgeon and Waring, 2000; Syvala et al., 1998). 

Proper IPGR signaling is critical in many physiological processes in vertebrates. In human 

breast tissue, functional PREs have been identified within gene targets that encode proteins 
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involved with the cell membrane or membrane-initiated signaling, metabolism, transcription, cell 

growth, apoptosis, and nucleic and protein processing (Richer et al., 2002). P4 signaling through 

the IPGR is essential for normal female reproductive physiology, as well as the displays of 

sexually receptive behaviour (Brinton et al., 2008; Conneely et al., 2002; Mani et al., 1997). 

Constitutive knockout of IPGR in female mice causes pleiotropic reproductive abnormalities, 

including: incomplete mammary gland development, diminished levels of sexual receptivity, and 

impaired thymic function (Mani et al., 2006; Schneider et al., 2005; Conneely et al., 2003; 

Mulac-Jericevic et al., 2003; Lydon et al., 1995). In fish, IPGR mediates diverse processes 

including gestagen-dependent regulation of reproductive signaling in the brain, steroidogenesis, 

and early germ cell proliferation in testis (Chen et al., 2010; Hanna et al., 2010). Moreover, 

IPGRs have been detected in non-reproductive tissues of fish (Diotel et al., 2011b; Chen et al., 

2010), amphibians (Jansson et al., 2016; Säfholm et al., 2016), and reptiles (reviewed by 

Custodia-Lora and Callard, 2002b). Transcriptional evidence has suggested that IPGRs have a 

role during late embryonic development and sexual differentiation in D. rerio (Chen et al., 2010) 

and Western clawed frog (Silurana tropicalis; Jansson et al., 2016; Safholm et al., 2016). Also, 

IPGRs may be implicated in neuronal actions, including neurogenesis, neuronal plasticity, and 

neuroprotection (Diotel et al., 2011b; Jodhka et al., 2009) Moreover, biochemical metabolites of 

P4 (e.g., 5α-dihydroprogesterone and allopregnanolone) are neurosteroids that signal by 

allosteric modulation of the γ-aminobutyric acid receptor (GABAAR) (reviewed by Reddy, 2010; 

Reddy et al., 2005; Bitran et al., 1995; Kokate et al., 1994; Paul and Purdy, 1992).  

In addition to the genomic action, gestagens also function through non-genomic modes of 

action in which rapid effects are exerted without induction of transcription (Thomas, 2012). 

These rapid, non-classic actions are mediated through either MPGRs or PGRMC1 proteins. Both 
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MPGR and PGRMC1 pathways are rapidly mediated through intracellular signaling cascades via 

G proteins or by increasing intracellular free calcium concentration from internal calcium stores 

(reviewed in Thomas, 2008). MPGR refers to the of G protein-coupled receptors that belong to 

the progestin and adipoQ receptor (PAQR) family of 7-transmembrane proteins (Thomas, 2012; 

Thomas et al., 2007; Tang et al., 2005; Zhu et al., 2003a,b). In general, vertebrates express three 

isoforms of MPGRs (MPGRα, MPGRβ, and MPGRγ) (Thomas, 2012; Brinton et al., 2008; Zhu 

et al., 2003a,b). The MPGRα and MPGRβ share approximately 50% or more nucleotide 

sequence identity across a broad range of species (Kazeto et al., 2005; Zhu et al., 2003a; Zhu et 

al., 2003b). Moreover, these isoforms are generally co-expressed in brain and reproductive 

tissues (Hanna and Zhu, 2009; Nutu et al., 2007; Zhu et al., 2003a,b). While further research is 

required to elucidate the specific signaling pathways and function of each MPGR isoform, recent 

studies have identified critical functions for MPGRα and MPGRβ in a variety of animal models. 

Both isoforms have been implicated in sperm motility in humans and fish (Thomas, 2012; Tubbs 

and Thomas, 2008; Karteris et al., 2006) and oocyte maturation in fish and amphibians 

(Tokumoto et al., 2012; Tokumoto et al., 2011; Hanna and Zhu, 2009; Josefsberg Ben-Yehoshua 

et al., 2007 Tokumoto et al., 2006; Zhu et al., 2003a,b; Nagahama, 1997; Nagahama et al., 1995). 

During oocyte maturation in fish, germinal vesicle breakdown is mediated by the MPGR 

(Tokumoto et al., 2011) and MPGR protein levels increase as oocytes approach maturational 

competency (Tan et al., 2009). In addition to gametogenesis, MPGRs have roles in other diverse 

physiological functions. For example, MPGRα has been implicated in mediating progestogen-

dependent actions in parturition, breast cancer, and immunoregulation (Dosiou et al., 2008; 

Dressing and Thomas, 2007; Hanna et al., 2006; Thomas et al., 2005).  
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Similarly, PGRMC1 is capable of non-genomically mediating progestogenic functions. 

Additionally, Peluso et al. (2012) provide evidence from microarray analysis that PGRMC1 also 

functions through a genomic mechanism by repressing transcription of apoptosis-related 

pathways. PGRMC1 is a 26-28 kDa vertebrate protein with a single transmembrane domain 

belonging to the membrane-associated progestin receptor (MAPR) gene family (Thomas, 2008; 

Cahill, 2007). A diverse range of ligands, including heme, cholesterol, and steroids; and 

physiological roles, such as steroid synthesis and metabolism, cholesterol regulation, and as an 

adaptor protein to MPGRα have been demonstrated or suggested for PGRMC1 (reviewed in 

Thomas, 2008). In association with gestagens, PGRMC1 has been shown to elicit several 

biological responses, including antiapoptotic P4 action on ovarian follicle cells (Peluso, 2006) 

and initiation of the acrosome reaction in mammalian sperm (Buddhikot et al., 1999). 

 

1.2.3 Progestins 
Due to their endocrine effects, gestagens have therapeutic potential in human and 

veterinary drugs. Pharmaceutical P4 is used in some therapeutic applications, but is inactivated 

rapidly in the body. Therefore, synthetic progestins have been developed to be more potent, 

bioaccessible, and persistent than P4, while exerting progestogenic effects (Africander et al., 

2011). Progestins are key components in contraceptive pills and are prescribed therapeutically 

(i.e., hormone replacement therapy (HRT), endometriosis treatment, cancer therapy, etc.). 

Currently, there are approximately 20 synthetic steroids with P4-like activity in use as 

contraceptives and pharmaceuticals (reviewed by Kumar et al., 2015; Kuhl, 2011; Sitruk-Ware 

and Nath, 2010). Similarly, MGA is an anabolic progestin that is widely used in veterinary drugs 

to promote growth and suppress estrus in beef (Schiffer et al., 2001; Upjohn, 1996).  
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The biological basis for progestin function in contraceptives is to prevent pregnancy by 

inhibition of ovulation (Croxatto et al., 2004; Marions et al., 2004; Marions et al., 2002; Durand 

et al., 2001; Skinner et al., 1998) and by preventing sperm penetration (do Nascimento et al., 

2007; Yeung et al., 2002). During the menstrual cycle, P4 levels decline, triggering ovulation. 

Increased plasma levels of P4 (because of exogestagen treatment or pregnancy) suppresses the 

preovulatory LH surge, and thus, inhibits ovulation (Croxatto et al., 2004; Marions et al., 2004; 

Marions et al., 2002; Durand et al., 2001). As well, gestagen treatment can prevent sperm 

penetration via anti-estrogenic effects that cause local changes in cervical mucus (Africander et 

al., 2011). Synthetic progestins are designed to take advantage of these progestogenic functions 

to act as contraceptives. Alternatively, in HRT, progestins are used in to counteract the 

proliferative effects of estrogen on the uterine epithelium (Stanford and Voigt, 1995; Taitel and 

Kafrissen et al., 1995). Morever, gestagens can induce negative feedback on the HPG axis by 

binding PRs in hypothalamic and pituitary tissue, producing antigonadotropic effects. Thus, 

certain progestogenic compounds are used to treat sex hormone-sensitive cancers by suppressing 

the production of other hormones (Chassard and Schatz, 2005; Brady et al., 2003; Neumann, 

1978). 

Moreover, in beef cattle feedlot operations in some countries (including the US, Canada, 

and China), the progestin MGA is administered as a feed additive to synchronize estrus and 

promote rapid muscle growth (Schiffer et al., 2001). The basis for estrus synchronization by 

MGA application is similar to the contraceptive effects in human pharmaceuticals. MGA 

suppresses the preovulatory LH surge, and thus, inhibits ovulation (Schiffer et al., 2001). The 

anabolic mode of action of MGA is suggested to be due to stimulation of the ovarian synthesis of 

endogenous estradiol following the inhibition of ovulation (Hageleit et al., 2000). 
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1.2.4 Progestin classification and pharmacodynamics 
Progestins can be classified based on chemical structure and derivation (Table 1.1; 

reviewed by Kumar et al., 2015). Diverse structural derivations of progestins lead to different 

pharmacological profiles and hormonal potencies. In general, early generations of progestins 

were designed for human pharmaceuticals and were relatively non-specific and produced 

secondary androgenic and glucocorticoid-like side effects (Kuhl, 2011; Sitruk-Ware, 2004). 

More recent progestins (e.g., nestorone (NES), nomegestrol acetate (NGA), and drospirenone 

(DRO)) are designed to be highly specific for the human IPGR and more closely mimic the 

biological effects of P4 (Africander et al., 2011; Sitruk-Ware and Nash, 2013). 

All gestagens are characterized by a basic 21-carbon (pregnane) skeleton. Progestins can 

be classified according to the parent compound that they are synthetically derived from: P4, 

testosterone (T), or spironolactone (Table 1.1, Figure 1.3) (McRobb et al., 2008). According to 

their chemical structure, progestogens may bind and activate or antagonize other members of the 

nuclear receptor superfamily (i.e., AR, ER, GR, or MR). For example, P4 lacks androgenic or 

estrogenic activity (Schindler et al., 2003; Stanczyk, 2002; Kuhl, 1996), but possesses anti-

estrogenic and anti-mineralocorticoid properties as well as weak glucocorticoid-like properties 

(Kuhl, 2011; Mueck and Sitruk-Ware, 2011; Winneker et al., 2003).  

P4 itself is not ideal for therapeutic application as it has relatively low bioavailability when 

administered orally (reviewed by Sitruk-Ware et al., 1987) and is metabolized relatively rapidly 

by reduction of the keto groups and the Δ4-double bond (Kuhl, 2011). However, progestins can 

be derived from P4 with introduced substituents to the carbon skeleton that sterically hinder 

inhibition enzymes and, thus, improve potency and decrease inactivation rate. All P4 derivatives 

have a COCH3 group at the C17 position and a double bond at the C4 position. P4 derivatives 

can further be categorized into 17α-hydroxyprogesterone (pregnanes) and 19-norprogesterone 
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(norpregnanes) derivatives. Progestins derived from P4 tend to exhibit both androgenic and 

glucocorticoid activity (Kuhl, 1996).   

Progestins can also be derived from T and are characterized by the lack of a methyl group 

at the C19 position. The introduction of an ethinyl croup at the C17 position of 19-

noretestosterone causes a shift from androgenic to progestogenic activity (Kuhl, 2011). 

Additional modifications of the steroid skeleton lead to various progestins that can be further 

classified into estranes and gonanes. Estranes are derived from 19-Nortestosterone and have a 

methyl group at the C13 position, but no methyl group at the C10 position and no side chain at 

the C17 position. Gonanes are derived from 18-Methyl-19-Nortestosterone and are generally 

characterized by a lack of a methyl group at the C13 position. Progestins derived from T tend to 

exhibit cross-reactivity with the AR, and thus, may induce androgenic side-effects (Africander et 

al., 2011).  

The androgenic activity of these progestins is mediated by either direct binding and 

activation of the AR or displacement of T from sex hormone-binding globulin, thereby 

increasing circulating T levels (Kuhl, 2011). For example, LNG is a potent PR and AR agonist, 

with binding affinities for the IPGR and AR of 323 and 58% of the natural ligands, respectively 

(Africander et al., 2011; McRobb et al., 2008). Moreover, LNG has a relative binding affinity of 

50% for sex hormone-binding globulin (compared to 100% for 5α-dihydrotestosterone) (Kuhl, 

2011; Schindler et al., 2003). Despite these non-target effects, LNG remains one of the most 

widely used synthetic progestins in contraceptives since its development in 1972 (Erkkola and 

Landgren, 2005) and is used in contraceptive pills, emergency contraceptive pills, and 

contraceptive implants (Erkkola and Landgren, 2005). 



 

 
 

14 

More recently, progestins have been designed to mimic P4 activity more precisely. For 

example, DRO is a progestin derived from spironolactone, a mineralocorticoid receptor agonist. 

Structural alterations render DRO a progestin with moderate anti-androgenic activity and potent 

anti-mineralocorticoid activity (Kratttenmacher, 2000; Muhn et al., 1995a,b). However, despite 

these improvements in cross-reactivity, these most recent progestins may produce other 

unwanted side effects. The role of progestins as substrates for steroidogenic enzymes could 

potentially influence other physiological processes, and therefore, cause unintended secondary 

effects (Runnalls et al., 2013). For example, DRO was found to inhibit the activity of 3β-HSD 

type 2, an essential enzyme in steroid biosynthesis (Louw-du, 2016; Figure 1.1). Therefore, 

further characterization of the most recent progestins may be necessary to fully understand 

adverse side effects due crosstalk with other receptors or modulations of steroid biosynthesis. 

Moreover, pharmacodynamic characterization of these compounds will provide insight into the 

potential effects of progestins in non-target species (i.e. as environmental contaminants).   

 

1.3 Gestagens as endocrine disrupting chemicals in aquatic vertebrates 
The literature regarding the effects of gestagen exposure in aquatic organisms is limited 

(see reviews by: Zikova et al., 2017; Fent, 2015; Kumar et al., 2015; Orlando and Ellestad, 2014; 

Besse and Garric, 2009). However, laboratory exposure studies have been used as an effective 

methodological approach to understand the effects and mechanisms of action in aquatic wildlife 

(Table 1.3 and 1.4). Several preliminary studies in this emerging field of research have used fish, 

amphibians, and reptiles as study species. To date, ecotoxicological studies on gestagens have 

been conducted on P4 and approximately half of the 20 synthetic progestins currently in use 

(cyproterone (CPA), DRO, desogestrel (DSG), gestodene (GES), LNG, MGA, 
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medroxyprogesterone acetate (MPA), megestrol acetate (MTA), and norethindrone (NET)). 

Several studies have reported that environmentally relevant concentrations of P4 or progestins 

may cause endocrine disrupting effects of the HPG axis and inhibit reproduction in fish (Zhao et 

al., 2015; Runnalls et al., 2013; Svensson et al., 2013; DeQuattro et al., 2012; Murack et al., 

2011; Paulos et al., 2010; Zeilinger et al., 2009; Atteke et al., 2003), frogs (reviewed by Zikova 

et al., 2017; Hoffmann and Kloas, 2012; Safholm et al., 2012; Kvarnryd et al., 2011; Lorenz et 

al., 2011a), and reptiles (Wibbels and Crews, 1995; Austin, 1991),.  

Relatively little is known about the molecular mechanisms and biological pathways that 

mediate these endocrine disrupting effects. Moreover, the majority of studies to date have 

focused on exposure to androgenic progestins (NET and LNG) in teleost fish species. 

Surprisingly, given the environmentally measured concentrations of P4, relatively little is known 

about the effects of P4 in aquatic species. Therefore, an intensified effort should be made to 

characterize the endocrine effects of P4 in order to compare the effects of other compounds that 

may act through P4-signaling pathways and elucidate progestogenic from cross-reactive effects 

of progestins. Because most progestins do not exhibit singular endocrine activity, but instead 

interact with additional steroid receptors, it is likely that disruption of the HPG axis may be 

mediated by cross-reactivity with other steroid hormone receptors. Additionally, progestogens 

are pleiotropic compounds of the HPG axis, and therefore, exogestagen treatment could 

potentially induce a modulation of gonadotropin expression in the pituitary (Kroupova et al., 

2014; Han et al., 2014, Overturf et al., 2014; Svensson et al., 2014; Lorenz et al., 2011a), 

changes in plasma sex steroid levels (Kroupova et al., 2014; Runnalls et al., 2013, Paulos et al., 

2010), or alterations of expression of genes encoding for steroid receptors (Zucchi et al., 2014), 

potentially causing adverse reproductive effects in aquatic vertebrates.  
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While most research to date has focused on the effects of gestagen exposure on 

reproduction, gestagens have been shown to interact with many other physiological processes, 

such as immunosuppression in common carp (Cyprinus carpio; Pietsch et al., 2009), disruption 

of the HPT axis in D. rerio (Liang et al., 2015b) and African clawed frog (Xenopus laevis; 

Lorenz et al., 2011b), altered expression of GR and MR mRNA levels in D. rerio (Zucchi et al., 

2014; Zucchi et al., 2013), and transactivation of rainbow trout (Oncorhynchus mykiss) GR and 

MR (Miyagawa et al., 2014). Taken together, these findings indicate the potential of gestagens to 

interfere with other endocrine axes and physiological processes in addition to reproduction. Here 

we present a critical review of the literature on gestagen exposure to aquatic vertebrates with a 

focus on embryonic and larval life stages. These stages include sensitive periods of endocrine-

mediated developmental change (e.g., reproductive development and differentiation) that are 

sensitive to disruption by EDCs.  

 

1.3.1 Fish early life stages 
Progesterone 

Although P4 is not a dominant fish progestogen, P4 binds fish IPGR with a higher 

affinity than progestins, though with lower affinity than the endogenous progestogens in teleosts 

(Pinter and Thomas, 1997). Moreover, P4 exposure upregulates pr transcript levels in D. rerio 

(Liang et al., 2015a,c; Zucchi et al., 2012), reflecting the progestogenic activity of P4 in fish. 

Although there is a significant body of literature for the roles of DHP in fish, there are relatively 

few studies on the direct effects of P4 exposure, and the risks it may pose to wild fish 

populations especially during embryonic and larval development. In general, at environmentally 

relevant concentrations, P4 exposure does not appear to exert acute developmental toxicity 

(hatching, developmental abnormalities, or survival) (DeQuattro et al., 2012), but does induce 
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adverse reproductive effects and modulates reproduction-related transcription in adult fish 

(Chishti et al., 2014; Blüthgen et al., 2013a; Garcia-Reyero et al., 2013; DeQuattro et al., 2012; 

Murack et al., 2011). Moreover, several studies have reported that P4 modulates the HPT (Liang 

et al., 2015b) and HPA axes (Liang et al., 2015c; Blüthgen et al., 2013b; Han et al., 2014; 

Overturf et al., 2014), as well as xenobiotic detoxification and steroidogenic pathways (Hou et 

al., 2017; Overturf et al., 2014; Zucchi et al., 2012; Lorenz et al., 2011b). In fish, disruption of 

steroid biosynthesis and steroid hormone receptors during early development may cause 

adversely affect sexual development. While there is limited data, the literature suggests that 

exposure to P4 during sensitive developmental windows could lead to disruption of sexual 

development or skewed sex ratios. For example, Liang et al. (2015a) demonstrated a female-

biased sex ratio in juvenile D. rerio developmentally exposed to 63 ng/L P4. The observed 

skewed sex ratio corresponded to a down-regulation of anti-müllerian hormone (amh; an 

estrogenic biomarker) transcripts (Liang et al., 2015a). Therefore, P4-regulated alteration of 

transcriptional expression of genes involved in regulating reproduction and steroidogenesis may 

be mechanistically linked to disruption of reproductive function or sexual differentiation. 

Studies that have investigated the molecular response to P4 exposure in early fish life 

stages suggest that P4 modulates steroid hormone receptor transcripts. Several studies report that 

developmental P4 exposure causes an upregulation of ipgr gene expression in D. rerio (Liang et 

al., 2015c; Zucchi et al., 2012). Even at very low concentrations (2 ng/L), P4 exposure during 

embryonic development caused significant induction of mRNA expression of genes encoding 

steroid hormone receptors (ipgr, ar, and mr) in D. rerio eleuthero-embryos (Zucchi et al., 2012). 

Furthermore, P4 treatment induced and upregulation of er in brain of juvenile O. mykiss (Atteke 

et al., 2003).  
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Many EDCs can affect reproductive development by modulating modulation of HPG-

related transcripts (Ji et al., 2013; Ankley et al., 2009; Villeneuve et al., 2007; Guilette and 

Gunderson, 2001). Several studies report alterations of other transcripts related to the HPG axis 

in fish exposed to P4. The expression levels of gnrh, fshβ, and lhβ mRNA were up-regulated 

following exposure to P4 at different time points and exposure concentrations in juvenile D. 

rerio (Liang et al., 2015c). Liang et al. (2015c) observed a significant up-regulation of 

vitellogenin (vtg) mRNA in D. rerio embryos exposed to 6 ng/L P4 or higher. 

A singular study investigated the effects of P4 on the HPA axis of D. rerio and reported 

inhibition of corticotropin releasing hormone mRNA expression level at 90 ng/L P4 (Liang et al., 

2015c). Similarly, there is relatively little data on the effects of P4 on the HPT axis of fish. 

Larval P4 exposure slightly induced the expression of sodium iodide symporter (nis) mRNA in 

juvenile D. rerio (Liang et al., 2015b). Taken together, these studies suggest that P4 is capable of 

crosstalk with other endocrine axes and affecting many diverse physiological processes in 

developing fish.  

 

Progestins 

Progestins may pose a significant risk to aquatic vertebrates as they are designed to be 

more persistent and biologically active than endogenous steroids. Several studies report the 

bioconcentrative potential of certain progestins and indicate that exposure to environmentally 

relevant concentrations of LNG or NET may result in plasma concentrations higher than human 

therapeutic levels (Nallani et al., 2012; Fick et al., 2010). In general, relatively few studies have 

been conducted to assess the impacts of progestins in fish. However, evidence suggests that 

progestins interfere with reproduction in adult fish at environmentally relevant concentrations 

(e.g., LNG, DRO, GES, and DSG (Runnalls et al., 2013; Zeilinger et al., 2009), NET (Paulos et 
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al., 2010), and MTA (Han et al., 2014)).  

Unlike progestogens, certain progestins appear to be potent developmental toxicants. 

During early development, fish are particularly sensitive to toxicant-induced effects (Oxendine et 

al., 2006; van Aerle et al., 2002). In larval Japanese medaka (Oryzias latipes), exposure to 1 – 

100 ng/L CPA for 3 months caused a significant reduction in body weight, condition factor, and 

gametogenesis, and increased the occurrence of intersex gonads (i.e., testis-ova) (Kiparissis et 

al., 2003). In fathead minnow (Pimephales promelas) early life stages, LNG and NET exert 

potent acute toxicity and significantly decreased survival and inhibits growth at environmentally 

relevant concentrations (Overturf et al., 2012). Survival and growth of P. promelas larvae were 

impacted by NET at concentrations of 14.8 and 0.74 µg/L, respectively (Overturf et al., 2012). A 

subsequent study on LNG determined a no observed effect concentration (NOEC) and lowest 

observed effect concentration (LOEC) on growth of 16.3 and 86.9 ng/L, respectively (Overturf et 

al., 2015). In contrast, D. rerio embryos exposed to LNG and NET (up to 200 ng/L) did not 

exhibit acute toxicity (Zucchi et al., 2012). Thus, further research is required to better 

characterize the effects of progestins and species specific responses to exposure on larval fish 

development. Moreover, further investigation should address the hypothesis that progestins 

affect growth in larval fish via cross talk with the HPT axis. However, growth may also be 

modulated by changes in steroid hormone receptors, steroidogenic enzymes, gonadal steroid 

levels, or gonadotropin expression (Zeilinger et al., 2009).  

Gonadal steroid production is essential to growth in teleosts (Bhatta et al., 2012; 

Holloway and Leatherland, 1997). In general, treatment with progestins tends to result in 

decreases of circulating sex steroid levels, possibly through negative feedback on the HPG axis. 

Treatment with LNG, NET, GES, or MTA resulted in decreases in 11-ketotestosterone (11-KT), 
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E2, and T concentrations (Han et al., 2014; Kroupova et al., 2014; Runnalls et al., 2013; Paulos et 

al., 2010). In contrast, exposure to DSG, or DRO did not significantly affect sex hormone levels 

(Liang et al., 2015a; Runnalls et al., 2013). Moreover, significant downregulation of transcripts 

for steroidogenic enzymes (cyp19a, 20β-hydroxysteroid dehydrogenase (20β-hsd), and 3β-hsd) 

and gonadotropins (fshβ) was observed following LNG exposures in P. promelas larvae 

(Overturf et al., 2014) and pubertal (Rutilus rutilus)(Kroupouva et al., 2014). CYP19a is the 

enzyme responsible for catalyzing the aromatization of androgens to estrogens in the steroid 

biosynthetic pathway and is critical for sexual differentiation (Leet et al., 2011) and 20β-HSD is 

the enzyme responsible for the formation of DHP. Therefore, the decrease in 20β-hsd expression 

may be in response to the overstimulation of progestogen signaling through LNG, resulting in a 

negative feedback response to decrease the production of DHP. These findings suggest that the 

reduction in growth and decreased survival of larval P. promelas exposed to LNG could be a 

result of decreased steroid production.  

Taken together, the literature indicates that fish development is impaired by progestin 

exposure. Moreover, in adult fish, progestins induce adverse effects on reproduction through 

disruption on behavioural, morphological, and molecular levels. However, further investigation 

is required to characterize specific effects of individual progestins as well as the biochemical 

mechanisms that mediate these adverse effects. Additional research should also investigate the 

impacts of progestins on other biological processes and pathways such as the HPT and HPA 

axes.  
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1.3.2 Amphibians 
Although teleost fishes have been the primary model system for studying environmental 

gestagen exposure, herptile exposures are also valuable bioassays for evaluating EDCs. 

Compared to fish and reptiles, amphibians may be particularly vulnerable to changes in 

environmental conditions, and therefore, serve as multipurpose sentinels of environmental health 

(Rowe et al., 2003). Their permeable integument is critical for osmoregulation and gas exchange; 

however, it places them in intimate contact with their environment and any present contaminants. 

Moreover, their unique life cycle exposes them to a wide range of environments, diets, predators, 

and parasites. Thus, a disturbance to the quality of any of these factors can disrupt their life cycle 

and affect populations (Dunson et al., 1992). Moreover, amphibians represent a particularly 

vulnerable class of vertebrates, as amphibian species are declining globally at a rate higher than 

any other taxon (Wake and Vredenburg, 2008). Amphibians have been used as model organisms 

for exposure to EDCs and the effects on reproduction, development, and behaviour (Lutz and 

Kloas, 1999; Kloas et al., 1999). Tadpole development is an established tool for assessing the 

effects of EDCs and exposure to hormonally active chemicals during the period of sexual 

development can disrupt gonadal differentiation (Kloas et al., 2009; Hayes et al., 2002). 

Although amphibians serve as excellent tools for bioassays, relatively few studies have 

investigated the gestagens as EDCs in amphibians.  

 

Progesterone 

Early experiments demonstrated that amphibians exposed to high concentrations of P4 and 

other gestagens during development display disruption of gonadal differentiation, resulting in 

male-biased sex ratios at metamorphosis (reviewed in Hayes, 1998). More recently, high (≥3,141 

ng/L) concentrations of P4 were shown to induce oocyte maturation and ovulation in female X. 
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laevis (Ogawa et al., 2011). While these early studies provide insight into the biological 

functions of gestagens in amphibians, the concentrations used were much higher than what is 

realistic in the environment. To date, only two in vivo studies of the ecotoxicological effects of 

P4 in amphibians have been conducted. P4 exposure at concentrations up to 341 ng/L for 4 d did 

have an effect on reproductive behaviour (mating calls) in X. laevis  (Hoffmann and Kloas, 

2012). In the closely related S. tropicalis, a 28 d exposure study of P4 (at 10 and 100 ng/L) 

caused reproductive dysfunction as indicated by oocyte agenesis. P4 exposure resulted in an 

increased proportion of previtellogenic and a decreased proportion of vitellogenic oocytes in 

ovaries (Säfholm et al., 2014). Most recently, a 24 h in vitro study was conducted on 

prometamorphic gonadomesonephros complex (GMC) exposed to P4. Following exposure, the 

GMC was assessed for transcriptional changes of genes related to the HPG axis, steroidogenesis, 

and the HPT axis. P4 exposure induced a significant downregulation of aromatase transcripts in 

female, but not male S. tropicalis (Zikova et al., 2017). Moreover, in this study, star and p450ssc 

gene expression levels were not altered by P4 exposure in either males or females (Zikova et al., 

2017).  

Given this data, there is little known about the ecotoxicological effects of P4 in 

amphibians. In general, P4 has potential to disrupt reproduction in amphibians, particularly in 

females. While, P4 is not very persistent and thus, may not pose as great of a risk to aquatic 

vertebrates as progestins, further research is needed to characterize the purely progestogenic 

effects in amphibians to compare with the cross-reactive effects of progestins. Most progestins 

do not solely induce progestogenic activities, but also interfere with additional steroid hormone 

receptors. The ecotoxicological profiles of many of the most recently developed and approved 

progestins have not yet been described. Consequently, effects of P4 and the antiprogestin, 
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mifepristone should be characterized in detail and used as a respective model of a specific 

endocrine pathway for which to compare other progestins.  

 

Progestins 

Although tadpole development is an established bioassay for assessing the effects of 

EDCs, the effects of progestins on larval development of amphibians are relatively understudied. 

There is evidence that of progestins may induce acute larval toxicity at concentrations ≤100 

ng/L. In the only study to date that examined the potential toxicological effects of MGA in 

amphibians, it was demonstrated that aqueous exposure of S. tropicalis to up to 100 ng/L MGA 

did not affect tadpole survival but significantly reduced total body mass and snout-vent-length by 

34 and 20%, respectively (Finch et al., 2013). It was suggested that MGA may influence growth 

and maturation through the androgen signaling pathway. While MGA is a progestin with low 

androgenic activity (Schindler et al., 2003), it may be biochemically transformed to an androgen 

that can subsequently activate the AR. Furthermore, there is evidence that P4 is converted to 

androstenedione in X. laevis oocytes (Lutz et al., 2001). Therefore, this potential androgenic 

effect of MGA substantiates the evidence that progestins can act through the AR-mediated 

pathway either directly or as a downstream metabolite. However, the biochemical metabolites of 

MGA have not yet been characterized and the molecular mechanisms underlying the observed 

effects requires further investigation. 

Tadpole metamorphosis is dependent on normal HPT function. Therefore, disruption of 

larval development due to progestin treatment may be indicative of crosstalk with the HPT axis 

in amphibians. Kloas et al. (2009) first suggested that LNG exposure may delay and interfere 

with metamorphosis. This finding was later corroborated in a study of X. laevis tadpoles exposed 

to 31.2 ng/L LNG from Nieuwkoop and Faber (NF) stage  48 – NF 66 that resulted in arrested 
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metamorphosis at early climax stages or in tailed juvenile frog phenotypes indicative of 

disruption of the HPT axis (Lorenz et al., 2011a). While histological analysis of the thyroid gland 

revealed that LNG exposure did not induce typical hypothyroidism, transcripts related to the 

HPT axis were modulated in brain-pituitary tissue of X. laevis. Following LNG treatment, 

mRNA expression of thyroid-stimulating hormone beta (tshβ), thyroid hormone receptor beta 

(trβ), and type 3 deiodinase (dio3) were induced in a sex-, stage-, and concentration- dependent 

manner. Moreover, gene expression of the anti-metamorphic hormone, prolactin (prl), was 

increased in both sexes. This up-regulation of prl may result in antagonism of normal 

metamorphic events (Huang and Brown, 2000). An in vivo experiment of X. laevis, NF 56 

(prometamorphic tadpoles) were exposed to LNG for 3 d at concentrations from 3.12 ng/L – 3.12 

µg/L Lorenz et al., 2016). Expression of HPT related genes (tshβ, type 2 deiodinase (dio2), and 

dio3) was not altered in brain-pituitary tissue. However, thyroid gland mRNA expression of 

solute carrier family 5 member 5 (slc5a5; encoding for sodium iodine symporter (NIS)) and iyd 

(iodotyrosine dehalogenase) decreased while that of dio2 and dio3 increased. Furthermore, a 48 

h in vitro exposure of excised NF 58 pituitary and thyroid glands revealed a similar pattern of 

altered gene expression. While the link between LNG and HPT disruption has been established, 

the biochemical mode of action is not readily explained through PR- or AR- mediated pathways.  

P4 has been shown to be involved in the regulation of PRL action in mammals 

(Ratchanon and Taneepanichskul, 2000), and androgens are known to promote PRL release and 

mRNA expression in mammals and fish (Onuma et al., 2005; Riley et al., 2002; Christian et al., 

2000; Saade et al., 1989). Thus, more research is required to identify the molecular mechanisms 

of LNG action on the HPT axis of amphibians. Furthermore, this line of scientific questioning 

should be applied other progestins for which there is a paucity of data on the ecotoxicological 
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effects in amphibians. To date, a singular study has investigated the effects of progestin exposure 

on reproductive behaviour. A short-term (4 d) LNG exposure at concentrations ≥ 31.2 ng/L 

affected mating behaviour in adult male S. tropicalis (Hoffmann and Kloas, 2012a). LNG 

treatment altered mating call parameters indicative of sexual arousal as indicated by increased 

relative proportions of advertisement calling and decreased relative proportions of rasping calls. 

The sexually aroused state that corresponds to these behaviours is dependent on androgens, thus 

suggesting that the observed effects are due to the androgenic activity of LNG (Hoffmann and 

Kloas, 2012b).  

 Unlike in some fish species, larval exposure to low concentrations (ng/L) of LNG or NET 

has not been shown to cause altered sex ratios in amphibians (Säfholm et al., 2014; Kvarnryd et 

al., 2011). However, exposure to LNG or NET caused disrupted female gonadal development 

and adverse effects on oviductal agenesis of S. tropicalis (Säfholm et al., 2014; Säfholm et al., 

2012; Kvarnryd et al., 2011). In a larval exposure to LNG, S. tropicalis were exposed from NF 

48 through the completion of metamorphosis and reared in clean water until sampling occurred 

at 9 months post fertilization (Kvarnryd et al., 2011). Adult females lacked oviducts completely, 

displayed an increased proportion of immature oocytes, and were thus, infertile. However, 

gonadal development in male S. tropicalis was not disrupted and these animals displayed normal 

fertility compared to controls, suggesting that female amphibians may be more sensitive to LNG. 

In adult exposures, LNG or NET treatment caused an increase in proportion of previtellogenic 

oocytes, and a decrease in proportion of vitellogenic oocytes, indicating inhibition of 

vitellogenesis and interruption of germ cell production (Säfholm et al., 2015; Säfholm et al., 

2014; Säfholm et al., 2012). This increase in oocyte maturation may be mediated by LNG 

binding MPGR, the critical mediator of final oocyte maturation. However, this hypothesis 
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remains to be tested. Moreover, studies of plasma sex steroid levels and in vitro exposures to 

progestins remain to be studied in amphibians.  

Relatively few studies have investigated the effects of progestin exposure on reproduction, 

but there is evidence that ovarian physiology is a target of progestins. Larval exposures to 

environmentally relevant concentrations of gestagens LNG (≥ 1.3 ng/L) and NET (1 ng/L) 

caused discrete disruption of female reproduction while alterations in male sex characteristics 

(testis development, sperm count, or fertility) was not observed (Säfholm, 2015; Säfholm et al., 

2012; Kvarnyrd et al., 2011). Therefore, the literature suggests that female amphibians are more 

sensitive than males to progestins as endocrine disruptors and developmental toxicants (Säfholm 

et al., 2015; Säfholm et al., 2012; Kvarnyrd et al., 2011). 

This reproductive toxicity corresponds to alterations of transcripts related to the HPG axis 

in X. laevis. LNG exposure caused increased mRNA levels of ar in females (Säfholm et al., 

2015). Moreover, LNG exposure (3.12 - 3125 ng/L) induced a downregulation of lhβ in pituitary 

tissue. Other transcripts, such as gonadotropins and steroidogenic enzymes were affected in a 

stage- and sex-specific manner. At stage NF 58, LNG induced significant upregulation of steroid 

5 alpha reductase type 1 (srd5a1) and steroid 5 alpha reductase type 2 (srd5a2)  transcripts in 

females; whereas fshβ was upregulated, while srd5α1 was down regulated in males. At NF 66, 

females demonstrated significant upregulation of fshB and srd5a2, but a decrease in aromatase 

(cyp19) transcript levels, and males downregulated fshB and srd5a1 (Lorenz et al., 2011a). 

Taken together, the existing literature establishes LNG as a disruptor of both the HPT and HPG 

axis in amphibians. Further research is required to directly link alterations in mRNA levels in 

larval frogs to adult physiology, and major knowledge gaps exist regarding the ecotoxicological 

effects of other progestins in amphibians. It is particularly necessary to evaluate P4 and 
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progestins that are not derived from T in order to elucidate progestogenic- versus cross-reactive 

effects of these contaminants.  

 

1.4 Western clawed frog (Silurana tropicalis) 
 Amphibians represent a promising model to investigate toxicity of hormonally active 

chemicals for several reasons (discussed in section 1.3.2; reviewed by Lutz and Kloas, 1999; 

reviewed by Kloas et al., 1999). Most amphibians breed in bodies of water such as ponds, lakes, 

rivers, or streams, in which gestagens have been measured (reviewed by Orlando and Ellestad, 

2014). Amphibian species are declining globally at a rate higher than any other taxon (Wake and 

Vredenburg, 2008) and environmental toxicants have been identified as the second most 

significant threat to amphibians (Chanson et al., 2008). Therefore, it is important to investigate 

their susceptibility to environmental pollutants. The anuran S. tropicalis provides a model system 

for studying developmental and reproductive toxicity for many reasons (reviewed by Berg et al., 

2009; Reviewed by Hirsh et al., 2002). S. tropicalis is a close relative to X. laevis, an established 

model for studies on reproduction, primarily oocyte maturation and ovarian development 

(reviewed in Rasar and Hammes, 2006). Moreover, S. tropicalis has been shown to be sensitive 

to chemicals interfering with the endocrine system (Gyllenhammar et al., 2009). However, S. 

tropicalis is smaller and has a shorter generation time than X. laevis and many other amphibian 

species, and therefore, provides a suitable model for life-cycle studies (Gyllenhammar et al., 

2009). As well, S. tropicalis has a sequenced diploid genome as opposed to the allotetraploid 

genome of X. laevis (Hirsch et al., 2002), making S. tropicalis a model species to study 

transcriptional responses. Therefore, this model presents various sensitive bioindicators of the 

effects of EDCs, including morphological, histological, and molecular endpoints.  
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1.5 Research aims, hypotheses, and objectives 
The purpose of this thesis was to better understand the function of P4 and the 

consequences of progesterone disruption in early developing amphibians. The first research 

objective was to determine the patterns of developmental expression of prs in S. tropicalis 

(Chapter 2). This was accomplished by rearing S. tropicalis embryos in clean water and 

collecting samples at critical developmental stages. These samples were then analyzed using 

quantitative polymerase chain reaction (qPCR) techniques to measure transcript levels of the 

three prs (ipgr, pgrmc1, mpgrβ). We hypothesized that, like other sex steroid hormones, 

progestogen signaling is necessary to embryonic development in frogs and that prs are expressed 

throughout embryogenesis. Specifically, we hypothesized that levels of expression of the prs 

would increase throughout the studied period as organogenesis and development of the HPG axis 

proceeds. 

Our second research objective was to assess effects of gestagen exposure during S. 

tropicalis development. For this, dose-response experiments were performed. Embryos were 

acutely exposed to environmentally realistic concentrations of P4 or MGA (Chapter 2). The 

effects of gestagen exposure were then evaluated on lethal, developmental, and molecular 

endpoints. Possible mechanisms of P4-signaling disruption were assessed using a suite of genes 

of interest related to the HPG axis. Our general hypothesis was that P4 and MGA would disrupt 

P4 signaling via interactions with the PRs or other steroid receptors and that these molecular 

actions would be detected as changes in gene expression of target genes of interested.  

Finally, in Chapter 3, we discussed the overall findings of this thesis, identified remaining 

knowledge gaps concerning the topic of environmental gestagens as EDCs that should be 

addressed by future research, and presented final conclusions. This research provides novel 
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insight into the developmental pattern of expression of prs in an amphibian and is the first study 

to date to assess the molecular consequences of exposure to MGA in an aquatic vertebrate.    
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Figure 1.1 Progesterone biosynthetic pathway 
Cholesterol is transported by the steroid acute regulatory protein (StAR) from the outer to the inner 
mitochondrial membrane. Here, cholesterol side-chain cleavage enzyme (P450cc) converts 
cholesterol to pregnenolone by removal of the C-27 cholesterol side chain. The actions of 3β-
hydroxysteroid dehydrogenase (3β-HSD), convert pregnenolone to P4. P4 is further metabolized 
to 5α-dihydroprogesterone by the action of the steroid 5-alpha reductases (5α-R) or to 17α-OH-
Progesterone by steroid 17α-hydroxylase (cyp17) (adapted from Villeneuve et al., 2007; 
Niswender, 2002; Juengel et al., 1995; Clark et al., 1994). 
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Figure 1.2 Genomic mechanism of progesterone signaling 
Unoccupied intracellular progesterone receptors (PR) are associated with molecular chaperone 
heatshock proteins. Upon ligand binding, the receptors are phosphorylated, a conformational 
change is induced, and the receptor-ligand complexes are translocated to the nucleus where they 
form homodimers. The receptor dimer complex binds to specific progesterone response elementes 
(PRE) of the DNA, a second phosphorylation occurs, and an adapter protein complex is recruited 
that facilitates interaction with the transcription apparatus, thereby modulating transcription 
(adapted from Norris and Carr, 2013). 
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Figure 1.3 Progesterone structure and key points of structural modulation 
Chemical changes at these points result in altered biological activities (adapted from Besse and 
Garric, 2009).   
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Table 1.1 Classification, physiochemical properties, and pharmacodynamic profiles of 
gestagens 
(Kuhl, 2011; Kuhl 2005; Schindler et al., 2003) 

  

Compound Structure
Pharmacodynamic 
properties

Progesterone (P4)
antiestrogenic; 
gluocorticoid, 
antimineralocorticoid

Cyproterone acetate (CPA) potent antiandrogenic

Medroxyprogesterone acetate (MPA) weak androgenic, 
glucocorticoid

Megestrol acetate (MTA) weak androgenic, 
weak glucocorticoid

Melengestrol acetate (MGA) weak androgenic,
potent glucocorticoid

Nomegestrol acetate (NGA) antiandrogenic

Nestorone (NES) weak glucocorticoid

Norethisterone (NET) androgenic,
estrogenic

Desogestrel (DSG) androgenic

Gestodene (GES) androgenic

Levonorgestrel (LNG) potent androgenic

Drospirenone (DRO) antiandrogenic,
antimineralocorticoid

Spironolactone 
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19-Nortestosterone (estranes)
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Progesterone
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Table 1.2 Sources and concentrations of gestagens in the aquatic environment 
Underlined values indicate mean or median measured concentrations. Abbreviations: LNG, 
levonorgestrel; MGA, melengestrol acetate; MPA, medroxyprogesterone acetate; NET, 
norethindrone; P4, progesterone; WWTPE, waste water treatment plant effluent. 
 

Compound Source Environmental 
Concentrations (ng/L) Reference 

LNG WWTPE 
3.6, 11.1 
5.3-8, 7.1-11 
38 

Al-Odaini et al., 2010 
Vulliet and Cren-Olivé, 2011 
Chang et al., 2011 

P4 

Paper mill effluent 
<10  
<3.14 

Kolpin et al., 2002 
Jenkins et al., 2003 

WWTPE 

3-33  
2 
9-17 
0.31-0.37 
0.8-2.3 
2.9 
6 

Pauwels et al., 2008 
Chang et al., 2011 
Liu et al., 2011 
Chang et al., 2008 
Liu et al., 2012a 
Yost et al., 2014 
Fan et al., 2011 

Animal farm waste 

10-375 
375 
56.7-2470 
29-11,900 
5024 
186-1430 
59.5, 148-570 
≤7-98.9 
19, 461 

Mansell et al., 2011 
Kolpin et al., 2002 
Liu et al., 2012a 
Liu et al., 2012b 
Liu et al., 2014 
Yost et al., 2014 
Bartelt-Hunt et al., 2012 
Yang et al., 2012 
Liu et al., 2015b 

MGA Animal farm waste 

1.3 
≤150  
0.6 
1-6.5, 500 

Liu et al. 2014 
Parker et al., 2012 
Liu et al. 2014 
Bartelt-Hunt et al., 2012 

MPA 

WWTPE 
≤17 
≤15 

Chang et al., 2008, 2009, 2011 
Kolodziej et al., 2003 

Animal farm waste 

11.1-85.1 
12-91.1 
330 
13.9, 452 

Liu et al., 2012a 
Liu et al., 2012b 
Liu et al., 2014 
Liu et al., 2015 

NET WWTPE 
188 
3.3-6.5 
41 

Al-Odaini et al., 2010 
Vulliet et al, 2007 
Vulliet and Cren-Olivé, 2011 
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Table 1.3 Summary of the effects induced by developmental gestagen exposure in teleost fish 
Values marked by an asterisk represent the lowest observed effect concentration (LOEC). Abbreviations:  
11-KT, 11-ketotestosterone; 17β-hsd3, 17β-hydroxysteroid dehydrogenase III; 3β-hsd, 3β-hydroxysteroid dehydrogenase; amh, anti-
müllerian hormone; ar, androgen receptor; CPA, cyproterone acetate; cyp11a1, Cytochrome P450 Family 11 Subfamily A Member 1; 
cyp11b, steroid 11β-hydroxylase; cyp17, steroid 17α-hydroxylase; cyp19, aromatase; dio1, deiodinase type 1; E2, 17β-estradiol; er, 
estrogen receptor; figa, factor in the germline alpha; fshβ, follicle stimulating hormone beta;  gr, glucocorticoid receptor; ipgr, 
intracellular progesterone receptor; lh, luteinizing hormone; lhβ, luteinizing hormone; LNG, levonorgestrel; MPA, 
medroxyprogesterone acetate; NET, norethindrone; nis, sodium iodide symporter; P4, progesterone; RU- 486, mifepristone; T, 
testosterone; vtg1, vitellogenin. 

 
 

 

Compound Species Life stage Concentration (ng/L)
LOEC*

Length of 
Exposure Effects Reference

Oncorhynchus mykiss Juvenile 1.5 mg/kg (injection) 48 h ↑ er and lh in brain; no affect on liver vtg Atteke et al., 2003
Pimephales promelas Egg to larvae 1, 10, 100, 1000 5 d No effect on hatching success or development DeQuattro et al., 2012

Danio rerio Embryos 2, 20, 200 
48 h
96 h
144 h

↑ ar  and gr 
↑ i pgr, ar, and vtg1 Zucchi et al., 2012

Danio rerio F1 Embryos 254* 120 h ↓ gr, ipgr, cyp11b , ar Blüthgen et al., 2013b

Danio rerio Juvenile 4, 33, 63* 40 d

female biased sex ratio
↓ amh 
↑ figa, cyp17, cyp19, 3β-hsd 
↑ circulating estrone levels 

Liang et al., 2015a

Danio rerio Embryos 5*, 50, 100 120 h
144 h

↓ dio1
↑ nis Liang et al., 2015b

Danio rerio Embryos 6*, 45, 90

24h
48 h
72 h
96 h
120 h
144 h

↑ vtg1, gr, cyp11b; ↓ 17β-hsd3 
↑ cyp11a1
↑ ipgr, ar, cyp11a1
↑ vtg1, cyp19; ↓ ipgr
↑ cyp11a1; ↓ ipgr 
↑ ipgr, vtg1, cyp19, 17β-hsd3; ↓ cyp11a1 

Liang et al., 2015c

CPA Oryzias latipes Larvae to 
adult

1,000*, 10,000, 
100,000 3 m

↓ mean body weight, condition factor
Females: ↓ oogenesis
Males: ↓ spermatogenesis; ↑ occurrence of testis-ova 

Kiparissis et al., 2003

Oncorhynchus mykiss Juvenile <1 14d Bioconcentrated to plasma concentrations of 8.5-12 ng/mL Fick et al., 2010

Danio rerio Embryos 2*, 20, 200
48 h 
144 h

↓ ar
↑ ipgr Zucchi et al., 2012

Rutilus rutilus Pubertal

31
312

3124
28 d

Males: ↓ plasma 11-KT; ↑ spermatogonia %
Males: ↓ plasma 11-KT, ↑ spermatagonia %; ↓fshβ ; 
Females: ↓ plasma E2
Males: ↓ plasma 11-KT, ↓  fshβ , ↑ lhβ , vtg, er; 
Females: ↓ plasma E2, T, and 11-KT;  ↓  fshβ ; ↑ lhβ, vtg, er  

Kroupova et al., 2014

Pimephales promelas Larvae

16.3
86.9
462
2392

28 d

↓ 3β-hsd, 20β- hsd, cyp17, ar, erα, fshβ 
↓ growth; ↓ 3β-hsd, 20β- hsd, cyp19a, fshβ 
↓ survival
↓cyp19a, erβ, ↑ mpgrα, mpgrβ 

Overturf et al., 2014

RU-486 Danio rerio Embryos 2, 20, 200 48 - 144 h ↓ ipgr Zucchi et al., 2012
MPA Danio rerio Embryos 4.5* - 1663 144 h ↓ transcripts related to circadian rhythm Zhao et al., 2015

Pimephales promelas Egg to larvae 740 - 1480 28 d ↓ survival and growth Overturf et al., 2012
Danio rerio Embryos 2, 20, 200 48 h ↑ er  and mr Zucchi et al., 2012

P4

LNG

NET
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Table 1.3 Continued  

Compound Species Life stage Concentration (ng/L)
LOEC*

Length of 
Exposure Effects Reference

Oncorhynchus mykiss Juvenile 1.5 mg/kg (injection) 48 h ↑ er and lh in brain; no affect on liver vtg Atteke et al., 2003
Pimephales promelas Egg to larvae 1, 10, 100, 1000 5 d No effect on hatching success or development DeQuattro et al., 2012

Danio rerio Embryos 2, 20, 200 
48 h
96 h
144 h

↑ ar  and gr 
↑ i pgr, ar, and vtg1 Zucchi et al., 2012

Danio rerio F1 Embryos 254* 120 h ↓ gr, ipgr, cyp11b , ar Blüthgen et al., 2013b

Danio rerio Juvenile 4, 33, 63* 40 d

female biased sex ratio
↓ amh 
↑ figa, cyp17, cyp19, 3β-hsd 
↑ circulating estrone levels 

Liang et al., 2015a

Danio rerio Embryos 5*, 50, 100 120 h
144 h

↓ dio1
↑ nis Liang et al., 2015b

Danio rerio Embryos 6*, 45, 90

24h
48 h
72 h
96 h
120 h
144 h

↑ vtg1, gr, cyp11b; ↓ 17β-hsd3 
↑ cyp11a1
↑ ipgr, ar, cyp11a1
↑ vtg1, cyp19; ↓ ipgr
↑ cyp11a1; ↓ ipgr 
↑ ipgr, vtg1, cyp19, 17β-hsd3; ↓ cyp11a1 

Liang et al., 2015c

CPA Oryzias latipes Larvae to 
adult

1,000*, 10,000, 
100,000 3 m

↓ mean body weight, condition factor
Females: ↓ oogenesis
Males: ↓ spermatogenesis; ↑ occurrence of testis-ova 

Kiparissis et al., 2003

Oncorhynchus mykiss Juvenile <1 14d Bioconcentrated to plasma concentrations of 8.5-12 ng/mL Fick et al., 2010

Danio rerio Embryos 2*, 20, 200
48 h 
144 h

↓ ar
↑ ipgr Zucchi et al., 2012

Rutilus rutilus Pubertal

31
312

3124
28 d

Males: ↓ plasma 11-KT; ↑ spermatogonia %
Males: ↓ plasma 11-KT, ↑ spermatagonia %; ↓fshβ ; 
Females: ↓ plasma E2
Males: ↓ plasma 11-KT, ↓  fshβ , ↑ lhβ , vtg, er; 
Females: ↓ plasma E2, T, and 11-KT;  ↓  fshβ ; ↑ lhβ, vtg, er  

Kroupova et al., 2014

Pimephales promelas Larvae

16.3
86.9
462
2392

28 d

↓ 3β-hsd, 20β- hsd, cyp17, ar, erα, fshβ 
↓ growth; ↓ 3β-hsd, 20β- hsd, cyp19a, fshβ 
↓ survival
↓cyp19a, erβ, ↑ mpgrα, mpgrβ 

Overturf et al., 2014

RU-486 Danio rerio Embryos 2, 20, 200 48 - 144 h ↓ ipgr Zucchi et al., 2012
MPA Danio rerio Embryos 4.5* - 1663 144 h ↓ transcripts related to circadian rhythm Zhao et al., 2015

Pimephales promelas Egg to larvae 740 - 1480 28 d ↓ survival and growth Overturf et al., 2012
Danio rerio Embryos 2, 20, 200 48 h ↑ er  and mr Zucchi et al., 2012

P4

LNG

NET

Compound Species Life stage Concentration (ng/L)
LOEC*

Length of 
Exposure Effects Reference

Oncorhynchus mykiss Juvenile 1.5 mg/kg (injection) 48 h ↑ er and lh in brain; no affect on liver vtg Atteke et al., 2003
Pimephales promelas Egg to larvae 1, 10, 100, 1000 5 d No effect on hatching success or development DeQuattro et al., 2012

Danio rerio Embryos 2, 20, 200 
48 h
96 h
144 h

↑ ar  and gr 
↑ i pgr, ar, and vtg1 Zucchi et al., 2012

Danio rerio F1 Embryos 254* 120 h ↓ gr, ipgr, cyp11b , ar Blüthgen et al., 2013b

Danio rerio Juvenile 4, 33, 63* 40 d

female biased sex ratio
↓ amh 
↑ figa, cyp17, cyp19, 3β-hsd 
↑ circulating estrone levels 

Liang et al., 2015a

Danio rerio Embryos 5*, 50, 100 120 h
144 h

↓ dio1
↑ nis Liang et al., 2015b

Danio rerio Embryos 6*, 45, 90

24h
48 h
72 h
96 h
120 h
144 h

↑ vtg1, gr, cyp11b; ↓ 17β-hsd3 
↑ cyp11a1
↑ ipgr, ar, cyp11a1
↑ vtg1, cyp19; ↓ ipgr
↑ cyp11a1; ↓ ipgr 
↑ ipgr, vtg1, cyp19, 17β-hsd3; ↓ cyp11a1 

Liang et al., 2015c

CPA Oryzias latipes Larvae to 
adult

1,000*, 10,000, 
100,000 3 m

↓ mean body weight, condition factor
Females: ↓ oogenesis
Males: ↓ spermatogenesis; ↑ occurrence of testis-ova 

Kiparissis et al., 2003

Oncorhynchus mykiss Juvenile <1 14d Bioconcentrated to plasma concentrations of 8.5-12 ng/mL Fick et al., 2010

Danio rerio Embryos 2*, 20, 200
48 h 
144 h

↓ ar
↑ ipgr Zucchi et al., 2012

Rutilus rutilus Pubertal

31
312

3124
28 d

Males: ↓ plasma 11-KT; ↑ spermatogonia %
Males: ↓ plasma 11-KT, ↑ spermatagonia %; ↓fshβ ; 
Females: ↓ plasma E2
Males: ↓ plasma 11-KT, ↓  fshβ , ↑ lhβ , vtg, er; 
Females: ↓ plasma E2, T, and 11-KT;  ↓  fshβ ; ↑ lhβ, vtg, er  

Kroupova et al., 2014

Pimephales promelas Larvae

16.3
86.9
462
2392

28 d

↓ 3β-hsd, 20β- hsd, cyp17, ar, erα, fshβ 
↓ growth; ↓ 3β-hsd, 20β- hsd, cyp19a, fshβ 
↓ survival
↓cyp19a, erβ, ↑ mpgrα, mpgrβ 

Overturf et al., 2014

RU-486 Danio rerio Embryos 2, 20, 200 48 - 144 h ↓ ipgr Zucchi et al., 2012
MPA Danio rerio Embryos 4.5* - 1663 144 h ↓ transcripts related to circadian rhythm Zhao et al., 2015

Pimephales promelas Egg to larvae 740 - 1480 28 d ↓ survival and growth Overturf et al., 2012
Danio rerio Embryos 2, 20, 200 48 h ↑ er  and mr Zucchi et al., 2012
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LNG
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Table 1.4. Summary of the effects induced by gestagen exposure in amphibians.  
Values marked by an asterisk represent the lowest observed effect concentration (LOEC). Abbreviations: ar, androgen receptor; 
cyp19, aromatase; dio2, deiodinase type 2; dio3, deiodinase type 3; fshβ, follicle stimulating hormone β; GSI, gonado-somatic index; 
iyd, iodotyrosine dehalogenase; lhβ, luteinizing hormone β; LNG, levonorgestrel; MGA, melengestrol acetate; NET, norethindrone; 
NF, Nieuwkoop and Faber; P4, progesterone;  p450scc, cholesterol side-chain cleavage enzyme; slc5a5, solute carrier family 5 
member 5 (sodium iodide symporter); srd5α1, steroid 5 alpha reductase type 1; srd5α2, steroid 5 alpha reductase type 2; SVL, snout-
vent length; trβ, thyroid hormone receptor β; tshβ, thyroid-stimulating hormone β.  
 

 

Compound Species Sex, tissue, life stage Concentration (ng/L)
LOEC* 

Length of 
Exposure Effects Reference

Silurana tropicalis Adult 3141, 6282, 12565 48 h Induced ovulation Ogawa et al., 2011
Silurana tropicalis Adult 31.4, 314, 3141 96 h No effect on mating call Hoffmann and Kloas, 2012
Silurana tropicalis Adult females 10*, 100 28 d ↑ proportion of previtellogenic oocytes, ↓ proportion of vitellogenic oocytes Säfholm et al., 2014
Xenopus laevis NF 58 ex vivo ovaries 3.14, 31.4 24 h ↓ cyp19; no effect on star or p450scc Zikova et al., 2017
Xenopus laevis Premetamorphic - adult (NF 50 - 66) 156 ~70 d Disrupted  gonadal development, delayed metamorphosis Kloas et al., 2009

Females: lacked oviduct; ↓ oocyte development and fertility
Males: no effect
↓ lhβ 
Males: ↑ occurrence of dilated tubules
NF 58 females: ↑ srd5α1, srd5a2 
NF 58 males: ↑ fshβ,  ↓ srd5a1 
NF 66 females: ↑ fshβ, srd5α2; ↓ cyp19 
NF 66 males: ↓ fshβ, srd5α1
Inhibition of metamorphosis (giant tadpole/tailed frog)
NF 58: no effect on tshβ, trβ, or dio3 
NF 66: ↑ tshβ 

Silurana tropicalis Adult males 31 96 h
↑  proportion of advertising calls,
↓ proportion of rasping calls Hoffmann and Kloas, 2012

Silurana tropicalis Adult females 51, 307 7 d
↑ proportion of previtellogenic oocytes 
↓ proportion of vitellogenic oocytes Säfolhm et al., 2012

Silurana tropicalis Adult females 1.3*, 18, 160, 1240 28 d
↑ proportion of previtellogenic oocytes 
↓ proportion of vitellogenic oocytes
↓ GSI and cloacal length

Säfholm et al., 2012

Silurana tropicalis Tadpole to adult (NF 48 - 66) 31.3 ~80 d Females: ↑ ar Säfholm et al., 2015
Silurana tropicalis Tadpole to adult (NF 48 - 66) 3.13, 31.3, 313 ~80 d No significant effects on oviductal agenesis Säfholm et al., 2016
Xenopus laevis NF 56 3.13, 31.3, 313 72 h Thyroid: ↑ dio2, dio 3; ↓ slc5a5, iyd Lorenz et al., 2016

NET Xenopus laevis Adult females 1, 10, 100 28 d ↑ proportion of previtellogenic oocytes 
↓ proportion of vitellogenic oocytes Säfholm et al., 2014

MGA Xenopus laevis Embryos 100 48 d ↓ total body mass and ↓ SVL Finch et al., 2013

3.12 , 31.3, 312.5, 
3125 ~80 d Lorenz et al., 2011a

P4

Tadpole to adult (NF 48 - 66)
Xenopus laevis

3.12 , 31.3, 312.5, 
3125 Lorenz et al., 2011b

Silurana tropicalis Tadpole to adult 156 3 m Kvarnryd et al., 2011

~80 dLNG

Xenopus laevis
Tadpole to adult
NF 48 - 66
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Chapter 2 

Developmental profiles of progesterone receptor transcripts and molecular 

responses to gestagen exposure during Silurana tropicalis early development 

 

 

Chapter adapted from:  

Thomson, P.E.1, Langlois, V.S.2 Developmental profiles of progesterone receptor transcripts 

and molecular responses to gestagen exposure during Silurana tropicalis early development. 

Gen. Comp. Endocrinol. Manuscript under review. 
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sample analysis, and manuscript preparation.  

2 Contributed to original ideas and revised the manuscript. 
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2.1 Introduction 
Gestagens are a class of chemicals that exhibit progestogenic activity, including the 

endogenous progestogens (e.g., P4), and synthetic progestins used in human and veterinary drugs 

(e.g., MGA) (Figure 2.1). Progestogens have critical function in vertebrate physiology and 

reproduction and P4 is a key metabolic intermediate in the production of other endogenous 

steroids. In mammals, P4 is crucial to pregnancy with roles in regulating the reproductive cycle, 

ovulation, preparation of the uterus for implantation, maintaining gestation, and differentiation of 

the mammary gland (Graham and Clarke, 1997; Rozenbaum, 2001). Progestogens also play an 

essential role in reproduction and regulation of gamete maturation in lower vertebrates, such as 

amphibians and fish (Nagahama and Yamashita, 2008). In seasonally breeding amphibians, 

plasma P4 levels peak during the preovulatory period and gradually decline during breeding 

(Paolucci and DiFiore, 1994). Progestogens have been shown to induce gamete maturation in 

frogs (Schuetz and Lessman, 1982; Wasserman et al., 1982) and in several species of teleost 

fishes (Tubbs et al. 2010; Boni et al. 2007; Kazeto et al., 2005; Zhu et al. 2003b; Nagahama, 

1997; Thomas and Trant, 1989). 

Physiological functions of gestagens are mediated through binding and activating (PRs: 

iPGR, mPGR, and PGRMC1) proteins (Thomas, 2008). The iPGR is a ligand-activated 

transcription factor that induces transcription of specific P4 response genes (reviewed in 

Jacobsen and Horwitz, 2012). The biological roles of iPGR in mammalian species are well 

documented and include ovulation, sexual behaviour, uterine function, and mammary gland 

morphology (Conneely et al., 2002; Conneely et al., 2001; Chappell et al., 1999; Chappell et al., 
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1997; Lydon et al., 1995). In non-mammalian vertebrates, evidence suggests that iPGR serves 

critical roles in ovulation (e.g., D. rerio; Tang et al., 2016).  

Nongenomic progestogenic effects are mediated by membrane bound P4 receptors. mPGRs 

are G protein-coupled receptors that belong PAQR family of 7-transmembrane domain proteins 

(Thomas, 2008; Thomas et al., 2007; Tang et al., 2005; Zhu et al., 2003a). In general, vertebrates 

express three isoforms of mPGRs (mPGRα, mPGRβ, and MPGRγ) (Thomas, 2008; Brinton et 

al., 2008; Zhu et al., 2003a).  The mPGRα and mPGRβ share approximately 50% or more 

nucleotide sequence identity across a broad range of species (Kazeto et al., 2005; Zhu et al., 

2003a,b) and are generally co-expressed in brain and reproductive tissues (Nutu et al., 2007; Zhu 

et al., 2003b). The biological functions of mPGRs include final oocyte maturation in female 

amphibians and fish (Nagahama and Yamashita, 2008) and sperm hypermotility in humans and 

fish (Thomas, 2008). Similarly, PGRMC1, a membrane bound protein, is capable of mediating 

rapid progestogenic functions. PGRMC1 is a 26-28 kDa protein with a single transmembrane 

domain and is a member of the family of MAPR genes (Thomas, 2008; Cahill, 2007). A diverse 

range of physiological roles and functions have been demonstrated or suggested for PGRMC1, 

including: steroid synthesis and metabolism, cholesterol regulation, antiapoptotic action in 

ovarian follicle cells, and initiation of the acrosome reaction in mammalian sperm cells 

(reviewed in Thomas, 2008; Peluso, 2006; Buddhikot et al., 1999).  

While the importance and function of P4 and PRs in lower vertebrates has been somewhat 

described, data on the molecular mechanism behind the regulation of P4 receptors is limited. 

Several studies to date have investigated the ontogenic expression of prs in amphibians and fish. 

Two studies that investigated the ontogenetic mRNA expression of prs in S. tropicalis detected 

both ipgr and mpgrβ transcripts in the urogenital complex from NF 51 to 4 weeks post-
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metamorphosis (Jansson et al., 2016; Säfholm et al., 2014). The presence of these transcripts 

during larval development and the period of sexual differentiation suggests that P4 signaling, like 

other sex steroids, may be a key regulatory pathway in sexual development and reproductive 

function. However, there remains a lack of knowledge on ontogenetic expression of these 

receptors at earlier life stages, and an absence of data on pgrmc1 gene expression patterns.  

Exogenous compounds have been shown to interfere with normal endocrine function in 

aquatic vertebrates. These EDCs pose a threat to wild populations. Recently, gestagens have 

been identified as an emergent class of EDC in the aquatic environment (reviewed in Orlando 

and Ellestad, 2014). Gestagens are continuously released the aquatic environment from at least 

three sources: waste water treatment plant effluent, paper mill plant effluent, and animal 

agricultural runoff; and are generally detected in the range of 0.1 -30 ng/L (reviewed in Fent, 

2015; reviewed in Orlando and Ellestad, 2014; Table 1.2). Both P4 and MGA are administered to 

beef cattle in animal feeding operations to synchronize estrus and encourage rapid anabolic 

development (Schiffer et al., 2001). Cattle excrete relatively high concentrations of both 

endogenous and synthetic steroid hormones in urine and manure (Hanselman et al., 2003) and 

MGA has been measured at concentrations of 0.3–8.0 ng/g in manure (Schiffer et al. 2001). 

Elevated levels of both P4 and MGA have been measured in flush water from animal agriculture 

operations in concentrations up to 11,900 ng/L and 500 ng/L, respectively (reviewed by Fent, 

2015; Bartelt-Hunt et al., 2012; Liu et al; 2012). 

Despite the presence of gestagens in the aquatic environment, the data set regarding the 

effects of gestagen exposure in aquatic organisms is limited. Ecotoxicological studies 

demonstrated that some progestins (e.g., LNG, NET, and GES) cause masculinization of females 

and disruption of testicular development in males in amphibians (Hoffmann and Kloas, 2012; 
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Säfholm et al., 2012; Kvarnyrd et al., 2011; Lorenz et al., 2011a) and fish (Kroupova et al., 2014; 

Svensson et al., 2014; Runnalls et al., 2013; Svensson et al., 2013; Zucchi et al., 2012; Murack et 

al., 2011, Paulos et al., 2010). These effects may be mediated through crosstalk of progestins 

with receptors other than PRs such as the AR or GR. For example, LNG, NET, and GES are 

potent androgens with relatively high binding affinity to the AR (45%, 15%, and 85% of 

metribolone, respectively) (reviewed by Schindler, 2003). In contrast, MGA exhibits weak 

androgenic activity (approximately 1% of T and 0.3% dihydrotestosterone (Bauer et al., 2000)) 

but glucocorticoid activity comparable with that of hydrocortisone (Elliott et al., 1973, Greig et 

al., 1970, Duncan et al., 1964). In contrast to other progestins, there are few studies to date that 

examine the ecotoxicity of MGA in aquatic organisms. In X. laevis, MGA exposure induced a 

significant reduction in body mass and snout-vent length at 100 ng/L MGA (Finch et al., 2013). 

While this study suggested that amphibians exposed to MGA in the environment may experience 

adverse effects in growth and development, further investigation into the molecular mechanism 

of MGA in frogs remains a nascent topic.  

The objectives of the present study were to first establish the ontogenetic expression of 

ipgr, mpgrβ, and pgrmc1 during amphibian embryogenesis, and second, to investigate the effects 

of P4 and MGA exposure on development, survival, and sex steroid-related gene expression in S. 

tropicalis larvae. Here, we established for the first time the expression profiles of ipgr, mpgrβ, 

and pgrmc1 from the commencement of amphibian embryogenesis (NF 2) to the beginning of 

larval development (NF 46) in S. tropicalis. We then conducted a series of acute exposures to P4 

and MGA from NF 12 – 46 and evaluated the morphological and molecular effects of gestagen 

treatment. This study helps to better our understanding of the roles and regulations of P4-related 

genes in non-mammalian vertebrates and the implications of gestagens in aquatic environments, 
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particularly those that receive surface water and particulate runoff from beef cattle feeding 

operations. 

 

2.2 Materials and methods 

2.2.1 Breeding and maintenance of S. tropicalis 
S. tropicalis husbandry was conducted as described in Mathieu-Denoncourt et al. (2014) 

and breeding was performed according to Langlois et al. (2010).  Adult frogs were reared in 

dechlorinated and aerated water from the Queen’s University Animal Care Facility. A 12:12 hour 

light:dark cycle was maintained with the light cycle occurring from 7 am to 7 pm. Water 

conditions were maintained at 26 ± 1 °C. The care and treatment of animals used in this project 

are in accordance with the guidelines of the Animal Care Committee of Queen’s University 

(Kingston, ON, CA) and the Canadian Council on Animal Care.  

Fertilized eggs were obtained from two pairs of frogs by injecting human chorionic 

gonadotropin hormone (hCG; standard grade, 3,150 IU/mg potency, Sigma, Oakville, ON, CA) 

into the dorsal lymph sac of adult S. tropicalis to initiate amplexus and ovulation. Both males 

and females received a priming injection of 40 µL of hCG (12.5 U) followed by a boosting 

injection of 160 µL of hCG (200 U) after 21 h. Pairs were then introduced in the breeding 

chambers and were kept in the dark.  

Fertilized eggs were collected and viable embryos were identified by visual observation 

with a dissecting microscope. Staging was determined following the NF developmental table 

(Nieuwkoop and Faber, 1994). Eggs were allowed to develop until NF 8, at which point they 

were collected and the protective jelly coat surrounding the embryos was removed to facilitate 

handling and ensure exposure. To do this, the eggs were washed by gentle swirling for 2 min in a 

2% w/v L-cysteine solution (≥ 99%, CAS 52-90-4, Sigma, Oakville, ON, CA). Embryos were 
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held in the Frog Embryo Teratogenesis Assay: Xenopus (FETAX) rearing media (625 mg NaCl, 

96 mg NaHCO3, 75 mg MgSO4, 60 mg CaSO4·2H2O, 30 mg KCl, and 15 mg CaCl2 per L of 

deionized water (American Society for Testing and Materials (ASTM), 2004) containing the 

antibiotic gentamycin sulfate (0.04 mg/L; CAS 1405-41-0; Fisher Scientific, Mississauga, ON, 

CA).  

 

2.2.2 Experimental design 
For developmental profiles, fertilized embryos were allowed to develop in clean media 

until sampling occurred. Additionally, two acute toxicity tests were performed as described 

below following the FETAX protocol (ASTM, 2004). S. tropicalis embryos were aqueously 

exposed to P4 (purity ≥ 99%; CAS 57-83-0; Sigma, Oakville, ON, CA) and MGA (purity ≥ 97%, 

CAS 2919-66-6; Enzo Life Sciences, Inc.; Farmingdale, NY, USA) during early development – 

from 8 - 96 hours post fertilization (hpf). Animals were reared in FETAX solution spiked with 

P4 and MGA. Both chemicals were dissolved in 100% ethanol (EtOH) in order to obtain nominal 

concentrations of 3.14; 31.4; 314; 400; and 3,140 ng/L P4 (molecular weight = 314.46 g/mol), 

and 3.97; 39.7; 312; 397; and 3,970 ng/L MGA (molecular weight = 396.519 g/mol), while 

ensuring that the final EtOH concentration in each treatment was 0.05%.  Experimental 

concentrations were chosen based on measured P4 and MGA concentrations in the environment 

(reviewed in Fent, 2015; reviewed in Orlando and Ellestad, 2014). Water-only and EtOH-only 

controls were conducted for each chemical. Each treatment was tested in 5 replicates of 30 mL of 

FETAX solution containing 40 embryos (NF 12) each. Dead embryos were removed and 

recorded daily. Rearing media was renewed every 24 h to ensure that dissolved oxygen levels 

remained high. The exposure lasted 96 h, until the developmental stage NF 46 was reached.  
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2.2.3 Water and tissue sample collection 
For developmental profiling, samples of whole embryos were taken at different NF stages 

of development: 2, 7, 16, 21, 27, 34, 41, and 46. For gene expression analysis, embryos were 

pooled at each stage (20 embryos for NF 2-34 and 10 embryos for NF 41 and 46) to ensure 

sufficient material for RNA isolation. Pools (n = 5-8 per stage) were snap frozen and stored at -

80 °C until further analysis.  

For acute exposures, whole NF 46 larvae were sampled at exposure completion from 

each treatment for gene expression analysis (10 individuals per pool; n = 8-10 pools) and stored 

at -80 °C until gene expression analysis. Additionally, a subset (n = 50 per treatment) of tadpoles 

was preserved in formalin (10%; CAS 50-00-0; Fisher Scientific; Fair Lawn, New Jersey, USA) 

and stored in amber vials at room temperature until malformation analysis was conducted. 

Rearing media samples (n = 3) were collected for all treatments before the introduction of 

embryos (time 0) and a day later (time 24 h).  Media samples were preserved in amber vials at -

20 ºC until chemical analyses were performed.  

 

2.2.4 Media chemistry analysis  
The experimental concentrations of P4 and MGA were determined by LC-MS in the 

Yargeau Laboratory (McGill University, QC, CA). In brief, 7 mL of media sample was transfer 

to a 15 mL tube (Fisher Scientific; Pittsburgh, PA, USA) and fortified with 30 µL of internal 

standard solution (10 ng/mL) followed by 3 mL of ethylacetate:hexane (8:2 v/v). Samples were 

mixed for 1 min on an orbital shaker and centrifuged for 1 min at 1500 xg and 4 ºC. The organic 

layer was transfer to a clean 15 mL tube where 1 mL of 100 mM ammonium formate (pH 9.0) 

was added and mixed for 1 min on an orbital shaker. Samples were centrifuged and the top 

organic layer was transferred to a clean 5 mL tube for drying under nitrogen gas. Extracts were 
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reconstituted in 50 µL of 2 mM ammonium formate:methanol at 0.1% formic acid solution and 

transferred to a vial with an insert for LC-MS analysis. 

 Separation of P4 and MGA was performed on a Thermo Scientific (Waltham, MA, USA) 

Accela 600 LC system equipped with refrigerated autosampler set at 4 ºC, buffer degasser, 

column oven compartment operated at 60 ºC and a quaternary pump. Column configuration 

consisted of a Thermo in-line filter hardware unit with a 2.1 mm ID and 0.2 µm filter cartridge 

PN: 22180 (Bellefonte, PA, USA) followed by an Agilent UHPLC guard column Zorbax Eclipse 

plus C18 2.1 x 5 mm and 1.8 µm PN: 821725-901. Resolution of analytes was carried out on an 

Agilent analytical column Zorbax Eclipse plus C18 RRHD 2.1 x 50 mm and 1.8 µm PN: 

959757-902 (Santa Clara, Cal. USA). When analyzing the media samples, 10 µL of sample or its 

dilution were injected at a constant flow rate of 250 µL/min. The initial mobile phase 

composition was aqueous 2 mM ammonium formate 0.1% formic acid buffer (A) and methanol 

0.1% formic acid buffer (B) at 80% A/20% B, with an initial ramp to 65% B from 0 to 3 min, 

followed by a final ramp to 100% B in 2.5 min. This composition of mobile phases was kept for 

2 min and then the column was brought to the initial gradient conditions at 40% mobile phase B 

in 0.5 min and held for 2 min for equilibration. The total time of the cycle was 10 min.  

 A Thermo Scientific LTQ XL mass spectrometer equipped with a high resolution 

Orbitrap detector in tandem with an Accela HPLC system from Thermo Scientific (Waltham, 

MA USA) was used for chemical determinations using a pneumatic assisted atmospheric 

pressure equipped with an electrospray ionization source. MS detection was performed by 

Fourier transform mass spectrometry (FTMS) in positive ion mode. Instrument optimization was 

performed by infusing standard solutions at 5 µL/min, while determination of optimal source 

conditions was done by infusion flow analysis. Nitrogen gas was used for all sheath, auxiliary 
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and sweep gasses, while helium gas was used as the collision gas. Data acquisition analysis was 

done on the precursor-ions for the full scan using FTMS obtained at 30,000 resolution on a mass 

range from 50-600 m/z on Xcalibur Version 2.1 from Thermo Scientific (San Jose, CA, USA).  

 

2.2.5 Malformation analysis 
Malformation analysis was carried out on fixed tadpoles with a Nikon SMZ18 

microscope (Nikon, Chiyoda-Ku, Tokyo) with the software NIS Elements (Nikon, Chiyoda-Ku, 

Tokyo). Samples were coded to perform blind analysis of the animals. Types of malformations 

and signs of developmental delay were recorded based on the Atlas of Abnormalities (Bantle et 

al., 1998). Briefly, axial, blistering/edema, cranio-facial, eye, gut, and heart abnormalities were 

assessed. 

 

2.2.6 Gene expression 
Total RNA was obtained from homogenized samples using the e.Z.N.A Total RNA Kit I 

(Omega Bio-Tek, Norcross, GA, USA). Remaining genomic DNA contamination was removed 

by DNase treatment with the RQ1 RNase-free DNase kit (Promega, Madison, WI, USA). 

Nucleic acid quality and concentration were measured with a NanoDrop-2000 spectrophotometer 

(Thermofisher, Ottawa, ON, CA). Total complementary DNA (cDNA) was then generated from 

1 µg of total RNA and random primers using reverse transcriptase using the GoScript Reverse 

Transcription System (Promega, Madison, WI, USA) in a Mastercycler Pro S Thermocycler 

(Thermo Fisher, Ottawa, ON, CA). The cDNA products were diluted prior to PCR amplification.  

 Changes in transcript levels were investigated using real-time qPCR. The specific 

forward and reverse primers for the genes of interest are found in Table 1 and Langlois et al. 
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(2010). Primers were designed for a suite of gene targets of interest and optimized to yield an 

efficiency of 100 ± 10% and an R2 ≥ 0.99. All qPCR assays were performed using a Bio-Rad 

CFX 96 Real –Time System (Bio-Rad Laboratories Inc., Mississauga, ON, CA) and Promega 

GoTaq qPCR MasterMix (Madison, WI, USA). The thermocycler program included a hot-start 

activation step at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and 1 

min at a gene-specific annealing temperature of 58 °C, 60 °C, or 62 °C. Denaturation occurred at 

95 °C for 1 min, then a dissociation curve was generated to confirm the presence of a single 

amplicon. The threshold for each gene was assessed automatically by the Bio-Rad CFX Manager 

Software 3.0. Each qPCR assay was run with a negative template control and a no reverse 

transcriptase control. Standard curves were prepared by serial dilutions (1:4) starting at 50 ng. 

Samples, controls, and standards were run in duplicate. The relative standard curve method was 

used to interpolate relative mRNA abundance of target genes within each sample and was 

automatically calculated by the Bio-Rad CFX Manager Software and corrected manually. 

For developmental profiles, gene expression data is presented as fold change relative to 

stage NF 2 for pgrmc1 and ipgr, and NF 16 for mpgrβ. For acute exposures, gene expression data 

is presented as fold change relative to the EtOH control treatment. Because reference genes 

changed significantly among acute exposure treatments, each assay was normalized to the 

geometric mean of three reference genes: elongation factor 1 alpha (ef1α), ornithine 

decarboxylase (odc), and ribosomal protein L8 (rpl8). The geometric mean of the reference 

genes expression was not significantly affected by treatment groups. 
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2.2.7 Statistical analysis 
Data was analyzed on Prism 6 (GraphPad Software Ing., San Diego, CA, USA). Data and 

residuals were tested for normality and homoscedasticity using the Shapiro-Wilk and Bartlett’s 

tests, respectively. Statistical outliers were removed using the robust regression and outlier 

removal method with the maximum false discovery rate set to 1% (a maximum of 2 outliers were 

identified in any one treatment group per each gene of interest) (Motulsky and Brown, 2006) and 

the data was transformed if necessary to meet the assumptions of normality. To evaluate fold 

change in gene expression, treatments were compared to controls by conducting one-way 

analysis of variance (ANOVA) and Dunnett’s post hoc analyses. Differences were accepted as 

significant at an alpha level of p < 0.05. 

 

2.3 Results 
 

2.3.1 Experimental gestagen water concentrations 
Analyses demonstrated that the water and the vehicle controls were not contaminated 

with detectable levels of P4 or MGA (Table 2.1). At the three highest test concentrations, P4 

degraded significantly within 24 h; however, MGA concentrations remained constant throughout 

the assay. Therefore, experimental concentrations are reported as the average value between 0 h 

and 24 h. The measured and experimental concentrations for P4 were 3.14; 15.7; 195; 302; and 

3,360 ng/L and were similar to the nominal values (3.14; 31.4; 314; 400; and 3,140 ng/L). 

Likewise, the measured MGA concentrations of 7.93; 59.5; 234; 1,140; and 3,730 ng/L were 

close to the nominal concentrations (3.97; 39.7; 312; 397; and 3,970 ng/L). All treatments were 

statistically different from both controls.   
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2.3.2 Mortality and malformations 
The effects of P4 and MGA on development of S. tropicalis larvae are presented in Table 

2.2. Mortality rates in both water and solvent controls were below the recommended 10%, at 6.8 

and 6.0%, respectively (ASTM, 2004). The malformation rate in the water control and solvent 

control was 10 and 12%, respectively, which is at or slightly above the recommended 10%, 

(ASTM, 2004). There was no observable toxic effect of P4 at the tested concentrations, as 

mortality and malformation rates did not differ significantly from the solvent control. In the 

highest MGA treatment (3,140 ng/L MGA), mortality rate was significantly higher than the 

solvent controls (Table 2.3). This treatment group also displayed a relatively high frequency of 

axial, eye, and cranio-facial abnormalities compared to the control groups (Figure 2.2)  

 

2.3.3 P4-receptor transcripts are detected in early frog development 
We used real-time qPCR to determine the profiles of P4 receptor mRNAs during 

embryogenesis of S. tropicalis (Figure 2.3). The expression profiles of the P4 receptor genes 

transcripts were detected throughout development; however, the genes differ in pattern and 

magnitude of change throughout development. Detection of transcripts in the earliest two stages 

studied indicates maternal origin, as transcription in S. tropicalis embryos does not commence 

until NF 12 (Newport and Kirschner, 1982a,b). Levels of ipgr and pgrmc1 were detected at all 

stages of development and maternally-transferred mRNA was observed at NF 2 and NF 7 for 

both genes. Transcripts of mpgrβ however were first detected at NF 16, corresponding to the 

period of neurulation. Expression of ipgr significantly decreased by 70% between NF 2 and NF 

7. Likewise, transcript levels of pgrmc1 decreased 90% between NF 2 and NF 16, and then 

increased 0.7-fold between NF 34 and NF 41, corresponding to the period of organogenesis. In 
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contrast, mpgrβ expression remained relatively constant throughout embryonic development 

after detection at NF 16. 

 

2.3.4 P4 affects expression of reproduction-related genes 
Gene expression analyses following acute gestagen exposure indicated P4 disrupted the 

expression of genes involved in the reproductive axis and steroidogenesis. The effects of P4 on 

ipgr, mpgrβ, pgrmc1, ar, srd5α1, srd5α2, and steroid 5 alpha reductase type 3 (srd5α3) 

expression in NF 46 larvae are shown in Figure 2.4 and Figure 2.5. At 195 ng/L, P4 significantly 

upregulated the expression of ipgr, mpgrβ, pgrmc1, and ar by 5.1; 3.5; 2.2; and 2.6-fold, 

respectively (Figure 2.4). Changes in expression of the srd5α1, 2, and 3 were also detected 

following P4 treatments (Figure 2.5). In response to P4, srd5α1 mRNA level significantly 

increased by 2.0, 3.4, and 2.3-fold in the 15.7, 195 and 3,360 ng/L P4 treatment groups, 

respectively. Expression of srd5α2 increased by 3.4-fold following treatment with 195 ng/L P4. 

Finally, srd5α3 increased by 2.1-fold in the 15.7 ng/L treatment group. Expression of erα, fshβ, 

and prl were also measured after exposure to P4, but no significant changes were observed 

(Table A1).  

 

2.3.5 MGA exposure induced a dissimilar molecular response to P4 
The effects of MGA on P4-related gene expression in NF 46 larvae are reported in Figure 

2.6. In contrast to P4 exposure, treatment with MGA did not induce significant changes in gene 

expression of ipgr, mpgrβ, pgrmc1, ar, srd5α1, srd5α2, fshβ, or prl in any treatment group 

(Table A2). However, MGA exposure significantly downregulated srd5α3 expression by 56% at 
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1140 ng/L (Figure 2.6). The difference in expression patterns between MGA and P4 treatment 

indicates that these two gestagens act through different molecular cascades in S. tropicalis. 

2.4 Discussion 
Three major findings are reported in this study. First, we established the ontogenetic 

expression profiles of three P4-receptor genes during amphibian embryogenesis and early larval 

development (NF 2 – NF 46). Second, based on these profiles, we then exposed fertilized 

embryos to P4 and MGA using environmentally realistic concentrations. Our results indicated 

that P4 exposure affected the expression of genes related to the hypothalamic-pituitary-gonadal 

(HPG) axis and steroidogenesis. Last, MGA - even though it is a synthetic progestin - showed a 

distinct transcript profile to P4, suggesting that MGA does not mimic the molecular effects of P4 

in larval amphibians. 

Gestagen signaling is a key regulatory pathway in sexual development and reproduction 

in vertebrates. However, little is known about the role of P4 signaling during larval development 

in lower vertebrates. However, other endogenous sex steroids (e.g., E2 and T; Bogi et al., 2002) 

and their receptor transcripts (er and ar; Duarte-Guterman et al., 2010) have been measured 

during embryogenesis in frogs. Sex steroids have been shown to have critical roles in survival, 

growth, and reproductive development during embryogenesis; therefore, P4 may also have 

crucial functions in developing non-mammalian species.  

Few studies have investigated the role of P4 in embryos; however, in embryonic chicks and 

fish, ipgr transcripts were detected, and increased levels of expression corresponded to the period 

of gonadal differentiation (Chen et al., 2010; Camacho-Arroyo et al., 2007; Gasc et al., 1991). 

Similarly, expression of ipgr and mpgrβ transcripts were localized in the urogenital complex of 

developing S. tropicalis, and levels increased significantly over the study period (from larval 
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development through metamorphosis (NF 50 – NF 66 + 4 weeks), suggesting that P4 signaling 

may be important in gonadal development in amphibians (Jansson et al., 2016). In contrast, 

Säfholm et al. (2016) found that ipgr expression increased from NF 50 on, while mpgrβ 

expression level decreased after NF 56 in both male and female S. tropicalis gonads. Here, we 

present complementary profiles of ipgr, mpgrβ, and pgrmc1 in whole S. tropicalis embryos 

during earlier stages of development, from fertilization through early larval development (NF 2 – 

NF 46). 

From our results, all three prs were detected during embryogenesis and before the HPG 

axis is fully established, suggesting that P4 signaling is requisite in amphibian early development 

and that the role of P4 extends beyond the reproductive function. Developmentally regulated 

changes in the levels of all three gene transcripts were also observed. The presence of ipgr and 

pgrmc1 transcripts in embryos at NF 2 and NF 7 suggests that P4 has a functional role in 

embryogenesis, as maternally-transferred mRNA may be critical to the earliest stages of 

embryonic development (Heasman, 2006). Similar maternal transfer data were found for the 

transcripts of srd5α (important in androgen synthesis) in the S. tropicalis fertilized embryo 

(Langlois et al, 2010). A developmentally regulated decrease in ipgr transcripts was observed 

from NF 2 to NF 7, and persisted throughout the studied period, until NF 46. In contrast, mpgrβ 

transcripts were not initially detected at NF 2, but increased in expression at NF 16, 

corresponding to a period of neurulation of the embryo, and remained high throughout the 

remainder of the study period. In addition, the developmental pattern of pgrmc1 transcripts was 

altered in a stage-dependent manner throughout the period of the study.  While transcripts were 

detected at NF 2 and NF 7, the mRNA levels of pgrmc1 decreased during the period of 

organogenesis until NF 41. Few studies have investigated the roles of PGRMC1 in vertebrates, 
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but it is suggested to have diverse physiological functions, including acting as an adaptor protein 

for other classes of steroid hormones (Thomas et al., 2014). The differences in developmental 

expression profiles among prs in S. tropicalis indicate that these receptors serve different 

functions during these stages of development. Moreover, Säfholm et al. (2016) suggested that 

ipgr and mpgrβ continue to have disparate functions in post-metamorphic S. tropicalis. Taken 

together, these studies demonstrate that prs are present, but differentially expressed from early 

embryogenesis throughout metamorphosis, and are therefore, potential targets for endocrine 

disruption by environmental gestagens. Further testing could utilize in situ hybridization, 

inhibition of PRs with an antiprogestin (e.g., mifepristone (RU-486)), or pr knock-out animal 

lines to further localize and characterize the functional differences of these PRs during 

embryogenesis and early larval development in frogs. 

Published data on the effects of gestagen exposure in aquatic organisms are limited and the 

mechanisms that mediate endocrine disruption by gestagens remain poorly understood. Previous 

studies have largely focused on the effects of progestins on developmental and reproductive 

toxicity, and there is relatively little data on the effects of P4 exposure on sensitive molecular 

endpoints in aquatic vertebrates. Exogenous gestagen exposures have been shown to cause 

reduced fecundity or disrupted gonadal development in amphibians (Säfholm et al., 2015; 

Kvarnryd et al., 2011; Lorenz et al., 2011a,b; reviewed in Hayes, 1998). Progestogens being 

pleiotropic compounds of the HPG axis can modulate gonadotropin levels (Kroupova et al., 

2014; Han et al., 2014; Overturf et al., 2014; Svensson et al., 2014; Lorenz et al., 2011b), change 

circulating sex steroid levels (Kroupova et al., 2014; Runnalls et al., 2013; Paulos et al., 2010), 

and/or alter the expression of genes encoding for steroid receptors (Kumar et al., 2015; Zucchi et 

al., 2014). Moreover, P4 is a key intermediate in biosynthetic pathways that lead to the 
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production of all other steroid hormones (Nagahama, 1997). Thus, the presence of P4 in the 

aquatic environment may pose a particular risk to aquatic species either through direct disruption 

of P4-signaling, or following metabolic transformation and interaction with other steroid 

hormone pathways. Taken together with the findings of this study, P4 should be regarded of an 

EDC of concern and research efforts to investigate the effects of P4 disruption should be 

intensified. 

In this study, treatment with P4 increased the expression of ipgr in a concentration-specific 

manner in S. tropicalis whole larvae (NF 46). Several studies in D. rerio reported that P4 

exposure induced time- and concentration-dependent responses for ipgr transcription (Liang et 

al., 2015a,b; Bluthgen et al., 2013b; Zucchi et al., 2012). P4 exposure induced a significant 

increase in ipgr expression in D. rerio embryos (2 – 200 ng/L, 96 hpf; Zucchi et al., 2012) and 

juveniles (63 ng/L, 20 – 60 days post fertilization; Liang et al., 2015a). Moreover, ipgr 

expression was induced in D. rerio at 72 and 144 hpf following treatment with 90 ng/L P4, but 

decreased at 96 and 120 hpf following treatment with 6, 45, or 90 ng/L P4 (Liang et al., 2015b). 

Expression of ipgr has been shown to be crucial for normal reproductive tissue development and 

function in mice (Lydon et al., 1995) and overexpression of ipgr in adult X. laevis caused an 

enhanced rate of P4-induced oocyte maturation (Tian et al., 2000). Therefore, disrupted ipgr 

expression during the critical period of organogenesis, as seen in this study, could lead to 

reproductive toxicity in adults. Due to the high degree of variation in response at different 

developmental stages in D. rerio, time-course transcript profiles of ipgr expression following P4 

exposure should also be conducted in amphibians to further understand the effects of P4 on ipgr 

expression and disruption of the HPG axis during development and the period of reproductive 

differentiation.  
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In this study, the mpgrβ and pgrmc1 transcripts were also up-regulated following P4 

exposure in a non-monotonic manner. The majority of previous studies on mpgr have focused on 

teleost oocyte maturation and mammalian reproduction, and little is known about the functions 

and regulations of mpgr during development. Similarly, pgrmc1 is implicated in diverse 

biological functions, but little is known about its regulation (Cahill, 2016). In ovarian tissue, 

expression levels of membrane prs were positively correlated to circulating progestogen levels in 

mammals (Ashley et al., 2009; Kowalik and Kotwica, 2008; Nilsson et al., 2006; Cai and Stocco, 

2005) and fish (Zhu et al., 2003b). In mammalian in vitro studies, altered mpgr and pgrmc1 

expression has been linked to reproductive dysfunction, including breast and ovarian cancers 

(Cahill, 2016; Schuster et al., 2010; Peluso et al., 2008). Therefore, our finding indicates that P4 

can modulate both mpgrβ and pgrmc1 transcript levels in a frog species, which suggests that 

environmental exposure to P4, through cattle manure for example, can further alter the 

reproductive axis in amphibians.  

Exposure to P4 also resulted in an increase in ar and srd5α1, 2, and 3 expression. While, 

P4 exposure did not cause significantly different effects in gene expression at most of the 

concentrations tested, the alteration in the expression of genes involved in regulating 

reproduction and steroidogenesis in some treatments may consequently influence physiological 

processes. Expression of ar is known to be autoregulated by androgens (Cardone et al., 1998), 

and therefore, P4-induced expression of ar suggests the potential for crosstalk between signaling 

pathways. P4 may act through the AR-mediated signaling pathway either by direct binding and 

activation of the AR (Blüthgen et al., 2013b) or by shifting the steroid biosynthesis pathway to 

increase androgen production (Nagahama, 1997). Several in vitro studies in fish exposed to P4 

have reported similar upregulations of ar transcript levels (G. affinis, Hou et al., 2017; Huang et 
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al., 2013; D. rerio, Zucchi et al., 2012). Likewise, P4 exposure also altered transcript levels of 

srd5αs in fish (D. rerio embryos, Liang et al., 2015b; P. promelas ovary, Chishti et al., 2013; 

Garcia-Reyero et al., 2013). The major function of srd5α1, 2, and 3 is to convert T to the more 

potent androgen, 5α-dihydrotestosterone. Moreover, because P4 is a biological precursor to other 

steroids, exogenous addition of P4 may cause a shift in the steroidogenic pathway through 

metabolism to other biologically active metabolites, such as androgens (DeQuattro et al., 2012). 

X. laevis oocytes incubated or injected with radiolabeled P4 rapidly converted P4 to 

androstenedione within 4 h (Lutz et al., 2001). Moreover, in vitro P4 exposure caused significant 

increased T production in P. promelas testes (Chishti et al., 2013). Taken together, these findings 

suggest that the presence of P4 in the aquatic environment is of ecotoxicological importance and 

could potentially lead to alterations of several endocrine axes, either directly or following 

biochemical transformation.  

In this study, treatment with P4 altered the expression of ipgr, mpgrβ, pgrmc1, and srd5α1-

3 in a non-monotonic manner. The non-monotonic concentration response is a common pattern 

observed in EDC research, which may be explained by several mechanisms (reviewed in 

Vandenberg et al., 2012). One hypothesis to account for the observed non-monotonic response in 

transcription is that P4 induces a maximal biological response at a physiologically relevant 

concentration in S. tropicalis. During reproduction, serum P4 levels in adult X. laevis and 

European frog (Rana esculenta), are ≤ 9,430 ng/L (Guerreiro and Ciarcia, 2001; Lutz et al., 

2001). While there is no data on circulating P4 levels in frog larvae, it is expected to be 

significantly lower than this value as the major organs and networks for P4 synthesis are not 

fully developed in larvae. Therefore, the intermediate concentration of P4 (195 ng/L) is 
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potentially physiologically and environmentally relevant, and may be an optimal concentration to 

induce alterations in transcripts of P4-responsive genes.  

In frogs, other progestins (LNG and NET) have been shown to induce adverse effects in on 

oviductal agenesis at low concentrations (approximately 1 ng/L, Säfholm et al., 2014; Säfholm et 

al., 2012) and reproductive dysfunction at high concentrations (>1 µg/L, Säfholm et al., 2015; 

Kvarnryd et al., 2011; Lorenz et al., 2011a,b; Kloas et al., 2009). However, LNG and NET are 

progestins derived from T, and exhibit potent androgenic activity (Schindler, 2003). Therefore, 

the reproductive effects associated with LNG and NET exposure are likely mediated through 

binding and activating the AR, instead of P4-pathway signaling (Runnalls et al., 2013; Svensson 

et al., 2013; Hoffmann and Kloas, 2012; Africander et al., 2011). In contrast, MGA is derived 

from P4 and is not likely to induce androgenic side effects, as MGA has a low binding affinity to 

the AR (approximately 1% of T and 0.3% dihydrotestosterone) (Bauer et al., 2000). However, 

MGA does exhibit a level of glucocorticoid activity similar to that of hydrocortisone (Lauderdale 

et al., 1977; Duncan et al., 1964). Therefore, comparisons between differentially-derived 

progestins are not realistic, and further investigation is required to evaluate the developmental 

toxicological characteristics of MGA and other synthetic progestins that are not derived from T. 

To our knowledge, this is the first study to date to characterize the molecular effects of MGA on 

aquatic vertebrates.  

Noteworthy, our data revealed that MGA exposure did not elicit the same effects on gene 

expression as P4. While P4 exposure induced transcription of prs, MGA did not significantly 

modulate ipgr, mpgrβ, or pgrmc1 transcript levels at any of the tested concentrations. Although 

MGA is a progestin with approximately 5- to 11-fold higher relative binding affinity for the 

IPGR compared to P4 (Perry et al., 2005; Bauer et al., 2000), our findings suggest that MGA 
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does not activate the same molecular pathway as P4 at approximately equimolar concentrations 

in S. tropicalis. Similarly in cattle, MGA induces the progestogenic effect of blocking ovulation, 

but does not completely mimic the effects of P4 in its ability to reprogram the reproductive axis 

(Perry et al., 2002). Thus, the non-progestogenic effects of MGA observed in this study suggest 

that MGA and P4 act on different molecular cascades. Indeed, MGA shows weak androgenic 

(Bauer et al., 2000) and weak estrogenic (Perry et al., 2005) activity, but relatively high 

glucocorticoid activity (Lauderdale et al., 1977; Duncan et al., 1964). Thus, it is possible that the 

main molecular route for MGA in amphibians is through the stimulation of the glucocorticoid 

axis. Glucocorticoids have been shown to affect larval amphibian growth and development 

(Crespi et al., 2013; Lorenz et al 2009; Glennemeier and Denver, 2002a,b,c). In general, at early 

life stages (i.e., premetamorphosis), tadpoles exhibit an inverse relationship between 

glucocorticoid level and growth (Crespi et al., 2013; Glennemeier and Denver 2002b,c). For 

example, NF 51 X. laevis exposed to glucocorticoids for 21 d exhibited reductions in body length 

and hind limb length and disruption of the progression of metamorphic tissue remodeling 

(Lorenz et al., 2009). Similarly, X. laevis exposed to 100 ng/L MGA for 60 d (NF 33 –  NF 50) 

exhibited a reduction in total body mass, body length, and snout-vent length compared to 

controls (Finch et al., 2013). Therefore, the MGA-induced increase in mortality observed in this 

study and the inhibition of growth described by Finch et al. (2013) may be explained by MGA 

signaling through the glucocorticoid pathway. However, further research is required to address 

the potential crosstalk between MGA and the hypothalamic-pituitary-adrenal axis in frogs.  

In contrast to P4 exposure, MGA inhibited srd5α3 expression in the 1,140 ng/L treatment 

group. Srd5αs are critical during embryogenesis and early larval development in S. tropicalis 

(Bissegger and Langlois, 2016) and inhibition of srd5α enzymes has been shown to induce a 
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broad range of reproductive and non-reproductive adverse effects (Traish et al., 2015; Langlois 

et al., 2011). Although relatively little is known about the biological function of srd5α3, it may 

be implicated in male S. tropicalis gonadal steroid synthesis and has been shown to be negatively 

regulated by T in the S. tropicalis ovary (Bissegger and Langlois, 2016). Therefore, it is possible 

that MGA inhibits srd5α3 expression following biochemical transformation to an androgenic 

metabolite (Lutz et al., 2001), however the structure of the metabolites of MGA are unknown 

(Lange et al., 2002) and this hypothesis remains to be addressed. In sum, MGA is a potential 

EDC of concern, but its effects may be mediated through different molecular pathways than P4. 

Further research is required to identify the precise mode of action and consequences of MGA 

exposure in amphibians.  

 

2.5 Conclusions 
This is the first study to establish developmental profiles of the three prs during frog 

embryogenesis. In addition, we showed that larval P4 and MGA exposure alters transcription of 

genes related to reproduction. However, the disparate pattern of gene expression observed 

between gestagens indicates that MGA is not mediated through the same pathway as P4. 

However, the possibility that MGA and P4 signal through the same molecular pathways cannot 

be discounted from this study alone, considering that both compounds did not induce a 

significant response in many of the concentrations tested in. Therefore, it is possible that MGA 

does mimic P4, perhaps with different potency. Taken together, our findings suggest that P4 

signaling is critical in early amphibian development and that environmental gestagens are EDCs 

acting through the HPG axis, posing a possible threat to wild frog populations. Future studies 

should address the mixture effects of P4 and MGA in aquatic species as both occur 
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simultaneously in surface waters receiving run-off from animal agricultural operations and 

intensified research efforts should be made to understand the potential adverse effects of 

environmental gestagens in aquatic species. 
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Figure 2.1 Structural formulas of progesterone (P4; A) and melengestrol acetate (MGA; B)  
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Figure 2.2 Morphology of normal and MGA treated NF 46 Silurana tropicalis  

Dorsal (A) and lateral (B) views of a normal NF 46 larvae. Commonly observed malformations 
in the highest MGA treatment group (3,730 ng/L) included axial (lateral flexure, C; dorsal 
flexure, D), eye (E), and cranio-facial (F) abnormalities. MGA: melengestrol acetate. 
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Figure 2.3 Developmental transcript profiles of prs in Silurana tropicalis 
Developmental transcript profiles of the expression of ipgr (A), pgrmc1 (B), and mpgrβ (C) during 
Silurana tropicalis embryogenesis. Transcript levels were measured in 5 to 8 replicates of 10 
pooled whole embryos and larvae from Nieuwkoop and Faber (NF) 2 (two-cell stage) to NF 46 
(beginning of feeding). Data are expressed relative to NF 2 or NF 16, normalized to RNA content. 
Bars represent the mean + SEM. Data were analyzed using one-way ANOVAs (n = 5-8 per 
treatment; p < 0.05). Different letters indicate statistically significant differences between stages. 
The scales of the y-axes vary between graphs. C: water control, SC: solvent control (0.05% EtOH), 
ipgr: intracellular progesterone receptor, mpgrβ: membrane progesterone receptor beta, pgrmc1: 
progesterone receptor membrane component 1.   
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Figure 2.4  Effects of progesterone (P4) on gene expression of steroid hormone receptors in 
Silurana tropicalis NF 46 tadpoles 
Expression of ipgr (A), mpgrβ (B), and pgrmc1 (C),  and ar (D) transcripts in Silurana tropicalis 
Nieuwkoop and Faber (NF) stage 46 embryos following exposure to progesterone (P4). S. 
tropicalis were exposed to progesterone (P4) from NF 12 to NF 46. The mRNA levels are 
expressed relative to the solvent control group and are normalized to the geometric mean 
expression of elongation factor 1 alpha (ef1α), ribosomal protein L8 (rpl8) and ornithine 
decarboxylase (odc). Bars represent the mean mRNA level + SEM. Data were analyzed using one-
way ANOVA (n = 7-8 per treatment, p < 0.05). Asterisks (*) indicate significant differences from 
the solvent control group (0.05% EtOH). The scales of the y-axes vary between graphs. C: water 
control, SC: solvent control (0.05% EtOH), ipgr: intracellular progesterone receptor, mpgrβ: 
membrane progesterone receptor beta, pgrmc1: progesterone receptor membrane component 1, 
ar: androgen receptor. 
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Figure 2.5  Effects of progesterone (P4) on gene expression of the srd5α family in Silurana 
tropicalis NF 46 tadpoles 
Expression of srd5α1 (A), srd5α2 (B), and srd5α3 (C) transcripts in Silurana tropicalis 
Nieuwkoop and Faber (NF) stage 46 embryos following exposure to progesterone (P4). S. 
tropicalis were exposed to progesterone (P4) from NF 12 to NF 46. The mRNA levels are 
expressed relative to the solvent control group and are normalized to the mean expression of 
elongation factor 1 alpha (ef1α), ribosomal protein L8 (rpl8) and ornithine decarboxylase (odc). 
Bars represent the mean mRNA level + SEM. Data were analyzed using one-way ANOVA (n = 
7-8 per treatment, p < 0.05). Asterisks (*) indicate significant differences from the solvent control 
group (0.05% EtOH). The scales of the y-axes vary between graphs. C: water control, SC: solvent 
control (0.05% EtOH), srd5α1: steroid 5 alpha reductase type 1, srd5α2: steroid 5 alpha reductase 
type 2, srd5α3: steroid 5 alpha reductase type 3 
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Figure 2.6 Effects of melengestrol acetate (MGA) on gene expression in NF 46 tadpoles 
Effects of melengestrol acetate (MGA), on srd5α3 expression in Silurana tropicalis embryos. The 
mRNA levels are expressed relative to the control groups and are normalized to the mean 
expression of elongation factor 1 alpha (ef1α), ribosomal protein L8 (rpl8) and ornithine 
decarboxylase (odc). Bars represent the mean mRNA level + SEM. Data were analyzed using one-
way ANOVA (n = 5-7 per treatment, p < 0.05). Asterisks (*) indicate significant differences from 
the solvent control group (0.05% EtOH). C: water control, SC: solvent control (0.05% EtOH), 
srd5α3: steroid 5 alpha reductase type 3.   
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Table 2.1 Genes of interest for acute exposures 
For each gene, accession number, primer sequences, annealing temperature (°C), amplicon size 
(bp) and primer concentrations (nM) are provided. Elongation factor 1 alpha (ef1α), ornithine 
decarboxylase (odc), and ribosomal protein L8 (rpl8) were used as normalizing genes. Legend: 
fshβ: follicle stimulating hormone beta, ipgr: intracellular progesterone receptor, mpgr: membrane 
progesterone receptor, pgrmc1: progesterone receptor membrane component 1, prl: prolactin, 
srd5α1:, srd5α2: steroid 5 alpha reductase type 2, srd5α3: steroid 5 alpha reductase type 3. Primers 
for genes not shown (androgen receptor (ar), ef1α, estrogen receptor alpha (erα), odc, rpl8, steroid 
5 alpha reductase type 1 (srd5α1), steroid 5 alpha reductase type 2 (srd5α2), steroid 5 alpha 
reductase type 3 (srd5α3)) were reported by Langlois et al. (2010).    
 

  

Gene 
target 

Accession No. Biological 
function 

Direction Primer sequence (5’ - 3’) Anneal-
ing 
temp. 
(°C) 

Amplicon 
size (bp) 

Primer 
Conc. 
(nM) 

fshβ XM_018093295.1 Gonadotropin F 
R 

GTGTACGTGCTCGTCCTGTG 
GTGTCGCATCCCTCCTTCTC 

60 95 400 
400 
 

ipgr XM_002935571.4 Sex steroid F 
R 

AACTTCAGCACACCACATTCC 
AGCCCACACAACAGAAGTCCA 

60 104 400 
400 

mpgr NM_001078951 Sex steroid 
 

F 
R 

TGCCTTACTTCACTCCAGAGAGC 
TGGACACTGATGGATAGCGTG 

60 98 250 
250 
 

pgrmc1 NM_001006841.1 Sex steroid F 
R 

ACAGAGGGAGACGTTGAGTG 
CTGTGTATTCTGTTGGCTCCTC 

62 100 250 
250 

prl NM_001100229.1 Reproduction 
and growth 

F 
R 

AGAAGACAAGGAGCAAGCAC 
GCAACCATGTGGAGTAAAGG 
 

60 102 400 
400 
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Table 2.2 Experimental gestagen concentrations 
Concentrations before and after 24 h of exposure to progesterone (P4) and melengestrol acetate 
(MGA) in S. tropicalis larvae. Data are expressed as mean ± SD. Two-tailed (paired) t-tests (p < 
0.05). The limits of detection were 161 and 61 ng/L for P4 and MGA, respectively. Samples were 
pre-concentrated by a factor of 140x prior to analysis. C: water control, ND: Not detected, SC: 
solvent control (0.05% EtOH).  
 

  

Chemical 
Nominal 

concentration 
(ng/L) 

Mean experimental 
concentration at 

time 0 h 
(ng/L ± SD) 

Mean experimental 
concentration at 

time 24 h 
(ng/L ± SD) 

Mean 
experimental 
concentration  
(ng/L ± SD) 

C 0 ND ND ND 
SC 0 ND ND ND 

P4 

3.14 3.14 ± 0.31 3.14 ± 3.14 3.14 ± 3.14 
31.4 25.2 ± 6.29 9.43 ± 6.29 15.7 ± 91.2 
314 305 ± 56.6 18.9 ± 12.6* 195 ± 167 
400 396 ± 59.7 9.43 ± 6.29* 302 ± 198 

3140 3360 ± 25.2 18.9 ± 31.4* 3360 ± 25.2 

MGA 

3.97 1.19 ± 0.39 15.9 ± 3.97* 7.94 ± 7.94 
39.7 51.6 ± 7.94 67.5 ± 0.39 59.6 ± 11.9 
317 187 ± 39.7 288 ± 35.7 234 ± 63.5 
397 365 ± 381 1530 ± 707 1140 ± 754 

3970 4000 ± 615 3260 ± 3.97 3730  ± 595 
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Table 2.3. Effects of gestagen exposure on mortality and malformation. 
Effects of progesterone (P4) and melengestrol acetate (MGA) spiked water on malformation of S. 
tropicalis larvae at exposure completion at Nieuwkoop and Faber (NF) stage 46. Mortality data 
are expressed as percent mean ± SD (%) and malformation data are expressed as percentage of 
malformed animals per treatment. The malformation percentage was calculated from a subset of 
animals randomly collected in each treatment (n = 50). Abnormalities were observed in axial 
formation (shortening, flexure, and wavy tail), edema (blistering), eyes (reduction in size, 
asymmetric formation, incomplete separation from the brain, and cyclops), hearts (failure to coil), 
gut (failure to coil), and cranio-facial (reduction in size and flattened face). Data were analyzed 
using Fisher’s exact tests (p < 0.05). Asterisks indicate statistically significant differences between 
treatments and solvent controls. C: water-only control, SC: solvent control (0.05% EtOH). 

  

               

Treatments 
(ng/L) Mortality (%) 

Malformed 
individuals  

% (n) 

Malformations observed (%) 

Axial Edema Eye Heart Gut Cranio-
facial 

C 6.8 ± 2.8 10 (5) 12 8 4 2 4 4 
SC 6.0 ± 2.0 12 (6) 10 8 6 2 12 0 

P4 3.14 7.0 ± 3.7 20 (10) 20 8 20 6 16 0 
P4 15.7 8.7 ± 3.9 16 (8) 6 12 20 4 6 2 
P4 195 7.0 ± 3.0 22 (11) 16 18 12 0 14 4 
P4 302 4.3 ± 2.3 26 (13) 16 4 16 4 16 6 

P4 3360 6.3 ±3.9 16 (8) 12 6 12 6 12 4 
MGA 7.94 4.0 ± 2.8 16 (8) 10 2 8 2 12 2 
MGA 59.6 10.7 ± 3.3 24 (12) 16 4 10 2 14 4 
MGA 234 9.0 ± 2.4 14 (7) 8 10 12 0 4 0 

MGA 1140 9.3 ± 5.9 24 (12) 14 10 20 4 8 4 
MGA 3730 12.7 ± 6.9 * 28 (14) 26 6 16 4 6 10 
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Chapter 3 

General discussion 

3.1 Thesis overview and significance 
The first objective of this thesis was to gain a better understanding on the roles and 

biological function of gestagens in the developing amphibian. Therefore, we investigated the 

developmental expression profiles of pr transcripts in developing S. tropicalis. This is the first 

study to establish the ontogenetic expression profiles of the three prs in frog embryogenesis. We 

concluded that all three pr transcripts are present, but differentially expressed with throughout 

embryogenesis. These results are bolstered by comparison to the literature. Evidence from others 

indicates that prs continue to have disparate patterns of expression later in development in S. 

tropicalis (Säfholm et al., 2016). Moreover, other sex steroid receptors and steroidogenic 

enzymes are also present at these life stages in S. tropicalis. Our findings enhance our 

understanding of the role of P4-signaling in developing frogs by suggesting that the biological 

function extends beyond reproduction. Taken together, prs and other sex steroid hormone 

receptors are expressed throughout development including sensitive early life stages and thus, 

could serve as potential targets for endocrine disruption by exogestagens. Therefore, there was a 

clear need to address the effects of disruption of P4-signaling during embryonic development. 

Our second objective was to assess the effects of disruption of P4-signaling during frog 

embryonic development. We conducted two dose-response studies to P4 and MGA, gestagens 

that enter the aquatic environment from animal agriculture runoff. We showed that larval 

exposure to both chemicals alters the transcription levels of genes related to reproduction at 

environmentally relevant concentrations. Acute P4 exposure did not induce higher rates of 

malformations or mortality, but caused an upregulation of transcription several reproductive 
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genes at 195 ng/L. Compared to the concentrations of P4 in surface waters in North America, our 

finding suggests that P4 contamination, particularly from animal agricultural runoff, may pose a 

threat to native frog populations. In contrast, acute MGA exposure did not induce a strong 

transcriptional response in reproduction-related genes at many of the concentrations tested. The 

disparate pattern of gene expression as a result of exposure to these two gestagens suggests that 

MGA is not mediated through the same pathway as P4. MGA exposure induced a significantly 

higher rate of mortality and malformation in this study and led to adverse morphological effects 

in a previous study (Finch et al., 2013). Therefore, further research is necessary to elucidate the 

molecular mechanisms underlying the effects of MGA in frogs. Moreover, to assess the risk 

posed to wild frog populations by gestagen contamination, more, long-term testing with native 

species are required. 

The findings of this study may contribute to sustainable development in regards to 

conservation biology and animal agricultural production. Frog populations are declining and 

environmental contaminants have been shown to pose a threat to frog species. Moreover, in order 

to feed the growing human population, it is necessary to generate efficient agricultural yields. 

Growth promotants are an efficacious method for improving feed efficiency and generating 

higher quantities of beef from fewer inputs. In order to sustain biodiversity while considering 

human nutrition, conservation biologists and risk assessors must consider the ecotoxicological 

effects of these contaminants on exposed organisms. Given the current body of evidence, 

application of the precautionary principle may be the most prudent approach to improving the 

sustainability of animal agriculture practices. However, such recommendations should not 

necessarily prescribe discontinued use of hormonal growth promotants, but instead could focus 

on eliminating the pathway of contamination of the aquatic environment. Therefore, a more 
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sustainable approach to generating beef without threatening non-target species is for livestock 

producers and/or Canadian regulators to take measures to prevent the release of gestagens in the 

aquatic environment through improved management of waste including treatment, storage, 

aging, and disposal.  

Taken together, our findings suggest that P4 signaling is critical in early amphibian 

development and that exposure to environmental gestagens induced multiple endocrine responses 

related to the HPG axis. Disruption of P4-signaling could have dramatic effects on individual 

reproductive fitness, posing a possible threat to wild frog populations. 

 

3.2 Future directions 
Taken together, studies on exposure to environmental gestagens provides insights into the 

effects and mechanism of action of gestagens in aquatic vertebrates. Understanding the 

mechanisms underlying endocrine disruption requires a multidisciplinary toxicological approach 

and must consider physiology, behaviour, chemistry, and molecular responses. However, there 

remain many gaps in the literature regarding: P4-disruption in herptiles, the action of certain 

gestagens, mixture effects, chronic effects, and the molecular basis for these effects.  

To date, research on the effects of gestagen exposure on aquatic organisms have mainly 

been conducted in teleost fishes, while amphibians and reptiles have received relatively little 

attention. However, amphibians are particularly sensitive to exposure to contaminants, and 

represent reliable bioassays for EDC research. Tadpole development, reproductive 

differentiation, and metamorphosis are established tools for assessing the effects of EDCs. 

Therefore, future research should utilize chronic, full life-cycle, or transgenerational testing to 

analyze the effects of gestagen exposure during sensitive developmental stages. Moreover, 
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conducting these ecotoxicological studies may provide insight into effective conservation of this 

taxon.  

While the majority of studies on the effects of gestagen exposure have assessed synthetic 

progestins, an intensified research effort should be brought to progestogens. Future studies 

should endeavor to characterize biomarkers of pure-progestogenic (and anti-progestogenic) 

effects and develop high quality positive and negative controls. Currently, the lack of baseline 

knowledge on the effects of P4 complicates the interpretations of studies of progestins. As well, 

progestogens may represent a particularly complex EDC, capable of crosstalk with other 

endocrine axes due to their intermediate position in the biosynthesis of other endogenous 

steroids. Furthermore, certain progestins (such as MGA) have been understudied in comparison 

to others (such as LNG). While some progestins derived from T are known to be potent 

androgens, the mechanisms of action of other progestins remains unclear. Future research should 

utilize receptor binding affinity studies to better characterize the biological activity of progestins 

such as MGA which may interact with the GR.  

Complex mixtures of biologically active chemicals and their metabolites are represented 

in the aquatic environment, yet there is limited understanding of the effects of exposure to 

combinations of compounds in aquatic organisms. Agricultural runoff represents an understudied 

source of mixtures of contaminants including: natural and synthetic steroid hormones, 

antibiotics, pesticides, and fertilizers. The combination of these compounds may result in 

additive, antagonistic, or synergistic interaction effects. Future studies should test the effects of 

mixtures of P4 and MGA in aquatic species, as both occur simultaneously in surface waters 

receiving run-off from animal agriculture. 
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Finally, highly sensitive molecular endpoints should be utilized as tools to gain insights 

into the molecular mechanisms of gestagen effects. Many previous studies have indicated that 

exposure to gestagens can have adverse effects on reproductive behaviour and morphology in 

aquatic organisms, but the molecular mechanisms underlying these effects remain to be 

elucidated. Since cellular responses to stress can first be detected with transcriptional changes, it 

is particularly valuable to understand the effects of EDCs on the level of gene expression. 

Through further investigation, molecular biomarkers of gestagen exposure could be 

characterized and established as a sensitive monitoring tool. 

 

3.3 Final conclusion 
Understanding the physiological roles and molecular regulations of endocrine signaling is 

fundamental to our interpretation and management of EDCs. Contaminants that disrupt critical 

biological functions such as reproduction may cause adverse effects that extend to the 

population-level. Frog species are declining rapidly and toxicants such as EDCs may pose a 

significant risk to these particularly vulnerable organisms. In order to sustain biodiversity, 

conservation biologists and risk assessors must be informed on the ecotoxicological effects of 

these contaminants on exposed organisms. The findings of this study provide novel insights that 

contribute to the field of endocrinology and toxicology and will hopefully act as a catalyst to 

complementary investigations.   
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Appendix A 
Supplementary Material for Chapter 2 

 
Table A1. Relative gene expression data for genes of interest that were not significantly altered 
following acute P4 exposure (as determined by a p-value > 0.05): estrogen receptor α (erα), 
follicle stimulating hormone β (fshβ), and prolactin (prl) in larval Western clawed frog. Fold 
change data is presented as mean ± SEM (n = 5 – 8 pools of 10 embryos per treatment) relative 
to the solvent control (SC) treatment.  
 

   P4 treatment (ng/L) 
Gene  H2O SC 3.14 15.7 195 302 3,360 

erα   1.5 ± 0.5 1.0 ± 0.2 2.5 ± 0.7 2.7 ± 0.9 2.5 ± 0.5 1.6 ± 0.3 3.5 ± 0.8 
fshβ 1.6 ± 0.7 1.0 ± 0.4 0.5 ± 0.2 1.5 ± 0.4 2.2 ± 0.7 2.7 ± 0.9 2.5 ± 1.0 
prl 1.6 ± 0.4 1.0 ± 0.3 1.4 ± 0.4 2.8 ± 1.0 3.3 ± 1.0 1.2 ± 0.3 2.0 ± 0.5 

 
 
Table A2. Relative gene expression data for genes of interest that were not significantly altered 
following acute MGA exposure (as determined by a p-value > 0.05): androgen receptor (ar), 
estrogen receptor α (erα), follicle stimulating hormone β (fshβ), intracellular progesterone 
receptor (ipgr), membrane progesterone receptor β (mpgrβ), progesterone membrane receptor 
component 1 (pgrmc1), prolactin (prl), steroid 5α-reductase 1 (srd5α1), steroid 5α-reductase 2 
(srd5α2) in larval Western clawed frog. Fold change data is presented as mean ± SEM (n = 5 – 8 
pools of 10 embryos per treatment) relative to the solvent control (SC) treatment.  
 

   MGA treatment (ng/L) 
Gene  H2O SC 7.94 59.6 234 1140 3730 

ar 1.9 ± 0.5 1.0 ± 0.2 1.3 ± 0.3 1.1 ± 0.2 1.0 ± 0.2 0.8 ± 0.2 0.8 ± 0.3 
erα 1.7 ± 0.2 1.0 ± 0.1 4.0 ± 0.9 4.6 ± 0.6 3.0 ± 0.3  3.3 ± 1.0 2.7 ± 0.6  
fshβ 1.3 ± 0.8  1.0 ± 0.4 0.5 ± 0.2 0.9 ± 0.4 2.0 ± 0.7 2.3 ± 0.7 2.3 ± 0.8 
ipgr 1.8 ± 0.8 1.0 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 1.2 ± 0.7 0.3 ± 0.1 0.5 ± 0.1 

mpgrβ 1.3 ± 0.9 1.0 ± 0.3 1.2 ± 0.2 1.6 ± 0.8 1.4 ± 0.4 1.0 ± 0.1 1.0 ± 0.1 
pgrmc1 2.2 ± 0.8 1.0 ± 0.2 1.3 ± 0.1 1.4 ± 0.1 1.3 ± 0.3 0.8 ± 0.2 1.0 ±0.3 

prl 1.9 ± 0.4 1.0 ± 0.4 2.1 ± 0.3 3.0 ± 0.6  3.0 ± 0.8 1.6 ± 0.2 1.4 ± 0.9 
srd5α1 1.6 ± 0.4 1.0 ± 0.1 3.0 ± 0.8 2.3 ± 0.7 1.8 ± 0.5 1.0 ± 0.1 2.2 ± 0.5 
srd5α2 1.9 ± 1.0 1.0 ± 0.1  1.7 ± 0.5 1.2 ± 0.2 1.2 ± 0.3 0.8 ± 0.1 1.6 ± 0.4 

 


