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Abstract
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Progestagenic compounds are emerging contaminants found in surface and ground water
around the world. Information on the effects and potency of progestagens is needed in
order to understand the environmental risks posed by these compounds. Using the Xenopus
(Silurana) tropicalis test system, developmental and reproductive toxicity after exposure to
selected progestagens were determined. Larval exposure to levonorgestrel (LNG) severely
impaired oviduct and ovary development causing sterility. No effects on testicular development,
spermcount or male fertility were observed. Hepatic mRNA expression of the androgen
receptor was increased in the females indicating that the receptor is involved in LNG-
induced developmental reproductive toxicity. Exposure of adult females to LNG, norethindrone
(NET) or progesterone (P) increased the proportions of previtellogenic oocytes and reduced
the proportions of vitellogenic oocytes compared with the controls, indicating an inhibited
vitellogenesis. The effects on oocyte development were ascertained at environmentally relevant
concentrations of LNG, NET and P (1.3, 1 and 10 ng/L respectively). Since unintentional co-
exposure of progestagens and ethinylestradiol (EE2) occurs in wildlife and also in human infants,
data on mixture effects of combined exposures to these hormones during development are
needed. Co-exposure during development showed antagonistic effects of EE2 and LNG. EE2

caused a female biased sex ratio which showed a tendency to be antagonized by LNG. Moreover,
the hepatic AR induction by LNG was counteracted by co-exposure to EE2. In conclusion, the
results show that female amphibians are susceptible to reproductive toxicity of progestagens
after developmental exposure as well as after adult exposure during the breeding period. The
differentiating Müllerianduct and ovary, and the egg development are sensitive targets for
progestagens. Finally, the findings reported in this thesis show that environmental progestagens
impairs reproductive function in amphibians and may present a threat to reproduction in wild
populations.
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Introduction 

Pharmaceuticals in the environment 
Pharmaceuticals have been shown to be present in aquatic environments 
throughout the world (Halling-Sørensen et al., 1998; Kolpin et al., 2004; 
Lindberg et al., 2004; Nikolaou et al., 2007; Fick et al., 2009; Loos et al., 
2009). Sources include pharmaceutical industries, hospitals, households, and 
agricultural areas (farm animal waste). Many pharmaceuticals survive bio-
degradation in sewage treatment plants and are discharged into the environ-
ment. Concentrations of pharmaceuticals in the environment are often in the 
ng/L to µL/L range and are generally lower than those known to cause acute 
toxicity in aquatic organisms. However, pharmaceuticals are designed to 
interact with specific physiological processes at low concentrations. Moreo-
ver, a large number of the human molecular targets are present also in fish 
and amphibians (Gunnarsson et al., 2008). Not surprisingly, laboratory stud-
ies have shown effects of pharmaceuticals (i.e. estrogens and antibiotics) 
also on non-target aquatic organisms at concentrations similar to those 
measured in the environment (Hartmann et al., 1998; Pascoe et al., 2003; 
Wilson et al., 2003; Parrott and Blunt, 2005; Gyllenhammar et al., 2009). 
However, studies of environmental impact of most of the pharmaceuticals 
found in the environment are still lacking. 

Some of the observed reproductive disorders in humans and wildlife have 
been linked to hormone disrupting environmental pollutants (Kortenkamp et 
al., 2011; UNEP/WHO, 2012). Reproductive disorders such as disturbed 
oocyte and testis development have frequently beenfound in wild aquatic 
organisms at contaminated sites (Guilette et al. 1994; Jobling et al., 1998; 
Nolan et al., 2001; Viganò et al., 2001; Noaksson et al., 2003; Reeder et al., 
2005; Bjerregaard et al., 2006; Murphy et al., 2006; Woodling et al., 2006; 
McDaniel et al., 2008; Bugel et al., 2010). In wild amphibians male-to-
female sex reversal, intersex gonads, altered sex steroid concentrations, and 
disrupted secondary sex characteristics have been reported, and linked to 
environmental chemical exposure (Hayes et al., 2002; Reeder et al., 2005; 
Murphy et al., 2006; McCoy et al, 2008; McDaniel et al., 2008) The research 
aiming to explain the causes for these disorders in wildlife has largely been 
focused on the interaction of environmental chemicals with the estrogen and 
androgen signaling pathways. Jobling et al. (2006) presented evidence that 
intersex in wild fish was due to steroidal estrogens present in the waters. 
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Recent studies have shown that also synthetic progesterone may pose a risk 
to wild fish (Paulos et al., 2010; Zeilinger et al., 2010). Exposure to envi-
ronmentally relevant concentration of the synthetic progesteron levonorg-
estrel (LNG) and norethindrone (NET) inhibits egg laying in adult female 
fish (Paulos et al., 2010; Zeilinger et al., 2010). Natural and synthetic pro-
gesterone are frequently found in the aquatic environment, generally at ng/L 
concentrations (Viglino et al., 2008; Vulliet et al., 2008). Furthermore, a 
number of environmental chemicals including pesticides and fungicides have 
been shown to interfere with progesterone signaling (Viswanath et al., 2008). 
In order to increase our understanding of reproductive disorders found in the 
environment, further investigation into the progestagenic effects of environ-
mental chemicals is warranted.  

Progestagens 
Progesterone (P), a steroid hormone derived from cholesterol, plays an im-
portant role in a number of reproductive events in both females and males. In 
females, P is primarily synthesized in ovarian granulosa cells under the in-
fluence of the gonadotropins luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). Different isoforms of the progesterone receptor 
(PR) have been identified in the brain, liver and reproductive tissues, includ-
ing ovary, testis, and oviducts in amphibians, fish, humans and other mam-
mals (Lukola and Punnonen, 1983; Roy et al., 1986; Iwai et al., 1990; Pao-
lucci, 1999; Slomczynska et al., 2000; Gava et al., 2004; Anzaldúa et al., 
2007; Josefsberg Ben-Yehoshua et al., 2007; Brinton et al., 2008; Thomas, 
2008; Han et al., 2009; Hanna and Zhu, 2009; Nutu et al., 2009). Female 
mice lacking PR (membrane or intracellular) are unable to ovulate, have 
uterine hyperplasia and inflammation, inhibited development of mammary 
gland, and inhibited sexual behavior (Lydon et al., 1995; Conneely et al., 
2003). P is involved in final preovulatory oocyte maturation as well as in 
spermatogenesis and sperm motility (Chien et al., 1986; Josefsberg Ben-
Yehoshua et al., 2007; Kostellow and Morrill, 2008; Schulz et al., 2010), but 
the mechanisms by which P acts are poorly understood.  

Progestagens are natural och synthetic progesterone, i.e. they bind to the 
PR. They are extensively used as contraceptives in humans, causing a sup-
pression of the LH and FSH surges, the luteal serum progesterone level, and 
inhibition of final preovulatory oocyte maturation leading to suppressed 
ovulation (Durand et al., 2001; Croxatto, 2002; Sitruk-Ware, 2004; Erkkola 
and Landgren, 2005). Synthetic progesterone are commonly named proges-
tins. There are two major groups of progestins classified according to the 
hormone they originate from, either progesterone or testosterone (Sitruk-
Ware, 2004). Besides binding to the PR, many progestins have affinity for 
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other receptors such like the androgen-, estrogen-, glucocorticoid-, and min-
eralocorticoid receptor (Sitruk-Ware, 2004). 

Levonorgestrel, norethindrone and progesterone 
LNG, NET and progesterone are progestagens used in contraceptive 
pills,ovarian cancer therapy, and other hormonal therapies. LNG and NET 
are progestins that are derived from testosterone. They have strong binding 
affinity to the progesterone receptor (323 and 134%, respectively) but also a 
binding affinity to the androgen receptor (58 and 55% respectively), in rela-
tion the physiological reference hormones, progesterone and testosterone 
(Sitruk-Ware, 2006).  

LNG, NET and P are fairly slowly degraded in the environment and have 
consequently been detected in surface waters at concentrations ranging from 
one to a few tens of ng/L (Petrovic et al., 2002; Vulliet et al., 2008 Vulliet 
and Cren-Olivé, 2011). LNG is strongly bioconcentrated in fish, and the 
levels recorded in blood plasma of rainbow trout caged outside sewage 
treatment plants exceeded human therapeutic levels (Fick et al., 2010). Re-
cent research shows that progestagens present a risk to reproduction in wild 
fish (Paulos et al., 2010; Zeilinger et al., 2010; DeQuattro et al., 2012; 
Svensson et al., 2013). 

Information on the long-term consequences of developmental exposure of 
aquatic vertebrates to progestagens is lacking. In amphibians, exposure to 
high concentrations of progestagens during development disrupts gonadal 
differentiation, resulting in male-biased sex ratios at metamorphosis (re-
viewed in Hayes, 1998). To the best of my knowledge, the susceptibility of 
adult female frogs to progestagenic reproductive toxicity is unknown. 

Combined effects of progestagens and ethinylestradiol 
(EE2) 
The synthetic estrogen EE2 has been shown to pose a threat to reproduction 
and development in fish and amphibians (Jobling and Owen, 2012; Gyllen-
hammar et al., 2009). The effects of combined exposures to EE2 and chemi-
cals with other modes of action in the aquatic environment are to my 
knowledge not studied. EE2 is commonly used in combination with proges-
tagens in contraceptive therapy, hormone replacement therapy and assisted 
reproductive technology. Progestagens and estrogens are constantly released 
into the aquatic environment via the municipal sewage treatment plants. 
Considering that progestagens and estrogens have similar molecular and 
physiological targets, are potent developmental and reproductive toxicants in 
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a range of vertebrates, and that aquatic wildlife are exposed to them simulta-
neously, data on their combined toxicity are surprisingly scanty.  

In women, the effects of combined exposure to progestagen and estrogen 
in contraceptive medication are well described. However, unintended fetal 
exposure may occur via accidental intake of contraceptives during pregnan-
cy. About 3- 5 % of pregnant women use contraceptives during the first tri-
mester (Thorpe, 2013). Moreover, contraceptives are frequently prescribed 
to nursing women (Erwin, 1994; Espey, 2006; Kapp, 2010), and both pro-
gestagens and estrogens are transferred to the infant via the mother's milk 
(Nilsson et al., 1978; Betrabet et al., 1987). A mean LNG serum level of 78 
ng/L (maximum level 125 ng/L) was measured in infants nursed by women 
on contraceptive therapy (Betrabet et al., 1987). Recently, a WHO report 
concluded that there are large knowledge gaps regarding the consequences 
of exogenous hormonal exposure via breast milk for the sexual development 
of the infant (WHO, 2010).  

The amphibian model 
The frog Xenopus (Silurana) tropicalis is an excellent model for studying 
developmental and reproductive toxicity for several reasons (reviewed in 
Berg et al., 2009; Berg, 2012). First, compared with commonly used fish 
models, the X. tropicalis model allows a more complete analysis of repro-
ductive organ development. In contrast to teleost fish, frogs have Müllerian 
ducts which are the early life-stage precursors of the female reproductive 
tract in vertebrates. The Müllerian ducts have been shown to be targeted by 
progestagens in birds, and mammals (Stoll et al., 1990; Gray et al., 2000a; 
Gray et al., 2000b; Gray et al., 2001). Second, its close relative X. laevis has 
long been used as a model for studies on oocyte maturation, ovarian devel-
opment and function (reviewed in Rasar and Hammes, 2006). Third, X. trop-
icalis has a shorter generation time than that of X. laevis and many other 
amphibian species, making it suitable for life-cycle studies (Pettersson et al., 
2006; Gyllenhammar et al., 2009). Fourth, X. tropicalis is very sensitive to 
chemicals interfering with the hormone system (Pettersson and Berg, 2007; 
Gyllenhammar et al., 2009).  

Amphibian species are declining dramatically world-wide (Stuart et al., 
2004), making it important to investigate their susceptibility to adverse ef-
fects of environmental pollutants. The natural habitats for amphibians are 
typically located in or near ponds, lakes, rivers, or streams, all in which pro-
gestagens are found (Kolpin et al., 2002; Petrovic et al., 2002; Kolodziej et 
al., 2007; Vulliet et al., 2008; Vulliet and Cren-Olivé, 2011). 
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Sex differentiation 
In most amphibian species, the gonadal differentiation starts during larval 
development (Lofts, 1974). In X. tropicalis gonadal differentiation occurs 
between larval developmental stage Nieuwkoop and Faber (NF) 54 and 59 
(Nieuwkoop and Faber, 1956; Takase and Iguchi, 2007), as determined by 
histological examination. At NF stage 56, a cavity is formed in the ovary 
which can be used as an early marker to discriminate between ovaries and 
testes (Witschi, 1971). Little is known about the mechanisms for sex differ-
entiation in amphibians. Though sex determination is controlled genetically, 
the gonadal differentiation is a much more plastic process in amphibians 
than in higher vertebrates. Factors such as hormone exposure can override 
the genetic mechanism and induce phenotypic sex-reversal (reviewed in 
Hayes, 1998). 

Oogenesis  
In female adult frogs the ovary is the largest organ and contains hundreds of 
oocytes in different development stages (reviewed in Rasar and Hammes, 
2006). Oogenesis is the process by which female germ cells undergo meiosis 
and differentiation into mature oocytes. The germ cells form oogonia which 
are referred to as immature (primary) oocytes as they enter prophase I of 
meiosis. They rest in prophase 1 until gonadotopin-induced signals trigger 
the oocytes to resume meiosis before ovulation (reviewed in Hammes, 2004; 
Zhang et al., 2009). In amphibians, oogenesis is persistent throughout life 
and there is a continous differentiation of germ cells into immature oocytes 
(Al-Mukhtar and Webb, 1971). In contrast, the early germ cells of most 
mammals complete differentiation into primary oocytes during perinatal life. 
The developmental oocyte stages in Xenopus have been categorized ranging 
from early meiotic prophase to mature oocytes (Hausen and Riebesell, 1991) 
(Table 1). 

Table 1. Categorization of oocyte stages in Xenopus described by Hausen and Riebesell (1991).  

            
Oocyte 
stages - I II III-V VI 

   

Prophase I 
stages: 

Early prophase: 
leptotene,  pachy-
tene, early diplo-

tene 
Diplotene Diplotene 

Mid-
diplotene 

Late diplotene 

   
Stage in 
vitellogene-
sis 

- 
Previtellogen-

esis 
Previtellogen-

esis  
Vitellogene-

sis 
Postvitellogen-

esis  
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P promotes the final oocyte maturation in vitro, but the actual physiological 
trigger in vivo seems to be androgens (reviewed in Hammes, 2004). As P is 
rapidly converted to androgen by the enzyme CYP 17 in the oocyte, its pro-
motive role in oocyte maturation in vitro may due to increased androgen 
production (Lutz et al., 2001). The balance between the number of oocytes 
that mature and those that undergo atresia (degeneration and resorption) is 
important for controlling the fecundity in amphibians and fish (Tyler and 
Sumpter, 1996; Ogielska et al., 2010). Atresia is a hormone dependent apop-
totic process. In vertebrates including mammals, it normally occurs either 
before the oocyte has reached its full size, or when mature oocytes are not 
fertilized (Bo et al., 1995; Tyler and Sumpter, 1996; Cavalier et al., 1997; 
Richards, 2001). In amphibians, atresia occurs specifically during vitello-
genesis (Ogielska et al., 2010). 

Vitellogenesis 
Vitellogenin (VTG) is a yolk protein produced by the liver of female ovipa-
rous species and is extremely important for female reproductive function. 
The process by which VTG is produced and its uptake into the oocytes is 
called vitellogenesis. During prophase I of meiosis, the developing oocyte 
increases in size due to incorporation of VTG. VTG synthesis is stimulated 
by estrogen but the regulation of vitellogenesis involves several additional 
hormones including P. In birds, reptiles and fish, it has been shown that pro-
gestagens inhibit VTG synthesis and Vtg mRNA expression (Callard et al., 
1972; Schuetz et al., 1974; Gupta and Kanungo, 1996; DeQuattro et al., 
2012; Runnalls et al., 2013; Svensson et al.; 2013). Earlier findings show 
that the P inhibits the uptake of VTG into isolated amphibian oocytes in vitro 
(Schuetz et al., 1974). Hence, effects of progestagens on vitellogenesis may 
result either from reduced VTG synthesis or reduced incorporation of VTG 
into the oocytes, or from both processes. To my knowledge, studies investi-
gating effects of progestagens on synthesis and mRNA expression of VTG in 
amphibians is lacking. 
 

Role of hepatic hormone receptors in vitellogenesis 
The hormonal regulation of vitellogenesis via the hepatic hormone receptors 
is not fully understood but involves the ERs, AR and PRs (Kwon et al., 
2005; Hammouche et al., 2012). In the amphibian genus Xenopus, two ERs 
(ERα and ERβ), two PRs (intracellular, iPR, and membrane, mPR) and one 
AR have been isolated (Bayaa et al., 2000; Wu et al., 2003; Zhu, 2003). Of 
the two PRs, mPR does not seem to be expressed in the human liver (Zhu, 
2003). Studies have shown hepatic expression of ER and AR is prerequisite 
for estrogen to induce vitellogenesis (Pakdel et al., 1991; Flouriot et al., 
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1997). In male turtles, it was reported that P induced reduction of hepatic Vtg 
mRNA expression was paralleled by a reduced hepatic ER mRNA expres-
sion, suggesting a potential mechanism of action for P in inhibiting vitello-
genesis (Custodia-Lora et al., 2004). Furthermore, PR is suggested to be 
necessary for the negative effect of P on the hepatic synthesis of VTG, as the 
concentration of hepatic PR mRNA expression was inversely proportional to 
the Vtg mRNA expression and vitellogenesis cycle (Custodia-Lora et al., 
2002; Hammouche, et al.; 2012). To my knowledge, there are no studies 
available investigating effects of progestagen exposure on AR regulation in 
the liver. The knowledge that some progestagens binds to AR and also mod-
ulate ERs and PR suggests that expression of these receptors could be a 
mechanism of action for progestagens to inhibit vitellogenesis and egg de-
velopment. Further investigation into the effects of progestagen exposure on 
hepatic hormone receptors and vitellogenesis are needed in order to better 
understand the risk progestagens pose to reproduction in amphibians. 

Aromatase 
The cytochrome P450 or CYP 19 (aromatase) is the enzyme responsible for 
converting androstenedione into estrogen and is therefore a key enzyme in 
regulating estrogen levels. Different isozymes of aromatase are expressed in 
the ovary and brain of vertebrates (Maclusky et al., 1985; Resko and Roselli, 
1997; Iwabuchi et al., 2007; Boon et al., 2010). In the brain, estrogen regu-
lates multiple functions like sex differentiation, activation of sexual behavior 
and stimulation of gonadal activity (Hutchison, 1993; McEwen, 1994; 
Lephart, 1996; Balthazart and Ball, 1998; Guerriero et al., 2000; Forlano et 
al., 2006). P has been shown to inhibit the estrogenic induction of aromatase 
activity in rat granulosa cells in vitro (Fortune et al., 1983), Given that estro-
gen exerts stimulatory action on VTG synthesis, the mechanism of action by 
which progestagens inhibit vitellogenesis could involve reduced estrogen 
synthesis.  

Oviduct development 
Müllerian ducts are the precursors of the female reproductive tract and are 
present during early development in both sexes of amphibians, reptiles, birds 
and mammals. In females, they will develop into oviducts, uterus, cervix and 
vagina (mammals) or into oviducts (amphibians, reptiles and birds). In males 
the ducts regress under the influence of the anti-Müllerian hormone (or Mül-
lerian inhibiting substance). In X. tropicalis, oviducts start to develop 17 
weeks post metamorphosis under the influence of steroid hormones and 
reach their final size after 28 weeks (Olmstead et al., 2009). Both estrogen 
and P are critical for normal oviductal development as abnormal concentra-
tions of these hormones disrupt oviductal development in amphibians, rep-
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tiles, birds and mammals (Perche et al., 1989; Stoll et al., 1990; Abe and 
Oikawa, 1993; Berg et al., 1999; Spiteri et al., 1999; Berg et al., 2001; Berg 
et al., 2004; Pettersson et al., 2006).  

Testicular development and spermatogenesis 
In X. tropicalis, testes start growing 6 weeks post metamorphosis and reach 
their largest size after 21 weeks (Olmstead et al., 2009). Mature spermatids 
can be detected 12 weeks post metamorphosis and after that the number in-
creases and reaches a plateau after 23 weeks (Olmstead et al., 2009). Sper-
matogenesis is the process during which mature sperm cells, spermatozoa, 
develop from germ cells. The developmental stages of the sperm cell are 
spermatogonium, spermatocyte, spermatid and finally spermatozoum (Kalt, 
1976). The last step in spermatogenesis is spermiation, i.e. when the sperma-
tozoa move into the lumen of the seminiferous tubule (Pudney, 1995). This 
step is critical for a successful fertilization (Kobayashi et al., 1993; Pieranto-
ni et al., 2002). The process of spermatogenesis in amphibians is complex 
and depends on hormonal and local controlling mechanisms which are not 
yet fully understood (Pierantoni et al., 2002; Sasso-Cerri et al., 2004). In 
fish, estrogens, androgens and P all seem to be important for spermatogene-
sis (Schulz et al., 2010). In fish P induces the early male germ cells to enter 
meiosis and spermiation (Ueda et al., 1985; Miura et al., 2006). Exogenous 
exposure to P has been shown to cause hypermobility in fish, croaker and 
human sperm (Luconi et al., 2004; Tubbs and Thomas, 2008; 2009). 
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Aims 

The overall aim of this work was to investigate developmental and reproduc-
tive toxicity of progestagenic environmental chemicals using the frog model 
Xenopus tropicalis. Considering that progestagens are used together with 
estrogen in contraceptives and that unintentional co-exposure to these com-
pounds occurs in wildlife and also in human infants, effects of combined 
exposures to an estrogen and a progestagen were studied in order to increase 
our understanding of mixture effects of these chemicals. 
 
The specific aims were: 
 
1. To determine developmental effects of LNG exposure on sex differentia-
tion, reproductive organ development, and fertility in males and females. 
 
2. To determine female reproductive toxicity after adult exposure to LNG, 
NET or P at environmental concentrations by characterizing effects on the 
full cycle of oogenesis. 
 
3. To characterize mixture effects of co-exposure of LNG and EE2 during 
larval development on gonadal differentiation. 
 
4. To outline effects of LNG or EE2 exposure, singly and in combination, on 
the hepatic RNA expression of key genes (iPR, ER, AR, and Vtg) after expo-
sure during larval development.  
 
5. To outline effects of NET or P on ovarian and brain aromatase activity 
and hepatic mRNA expression of Vtg in females after adult exposure. 
 
6. To evaluate X. tropicalis as a model for research on developmental repro-
ductive toxicity of progestagens. 
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Hypotheses 

The hypotheses examined in this thesis were: 
 

 Progestagens are developmental reproductive toxicants in  
amphibians. 
 

 Exposure to environmental concentrations of progestagens cause 
impaired fertility in amphibians 
 

 Co-exposure to a progestagen and EE2 causes antagonistic mixture 
effects on estrogen sensitive endpoints during sex differentiation.  
 

 Modulations of hepatic mRNA expressions of Vtg and hormone re-
ceptors are potential mechanisms of action for developmental repro-
ductive toxicity of progestagens. 
 

 Modulation of aromatase activity and hepatic mRNA expressions of 
Vtg and hormone receptors are potential mechanisms of action for 
adult reproductive toxicity of progestagens. 
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Materials and Methods 

Test system 
X. tropicalis frogs were exposed to synthetic hormones via the water during 
periods when most amphibians are aquatic i.e. during larval development 
and breeding. Hence, the exposure conditions used with respect to route and 
life-stage are ecologically relevant. 

Tadpoles were exposed to LNG and EE2 alone or in combination during 
the larval period (Table 2) when differentiation of gonads occurs and differ-
entiation of the Müllerian ducts starts (Takase and Iguchi, 2007), processes 
which are sensitive to exposure to endocrine disruptors jn amphibians (re-
viewed in Hayes, 1998; reviewed in Berg, 2009). A subsample of LNG ex-
posed frogs was held unexposed until sexual maturity when further evalua-
tions were made (paper I).  

Sexually mature female frogs were exposed to LNG NET or P (Table 2) 
directly after termination of exposure. To ensure that all females were in the 
same reproductive state, they were injected with human chorionic gonado-
tropin (hCG) in the lymph sac, causing all females to ovulate before expo-
sure started.  

Exposures were conducted under semi-static conditions, with half the test 
solution and water being renewed 3-7 times per week. The water was pre-
pared from seven parts deionized water and three parts copper-free water 
(paper I and II) or only from copper-free water (paper III and IV). All expo-
sure groups were carried out in replicates in order to eliminate confounding 
factors. In developmental studies, two replicate tanks with tadpoles were 
used. In the adult studies 3-8 replicate tanks were used with a single frog in 
each. Endpoints for developmentally induced effects included sex ratio, 
ovarian maturation and gene analysis of hepatic key genes at metamorphosis. 
In adults exposed during larval development fertility, sperm concentration, 
gonadal weight, oviduct weight, egg development and secondary sex charac-
teristics were analyzed. After adult exposure ovary and oviduct weight, egg 
development, expression of hepatic key genes, brain and ovarian aromatase 
activity, and secondary sex characteristics (cloacal length and nuptial pads) 
were investigated. 
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Table 2. An overview of the exposure scenarios used in the present thesis for levonorgestrel (LNG), 

ethinylestradiol (EE2), norethindrone (NET) or progesterone (P),  

Test substance Concentration Exposure period Duration 

    

LNG (paper I) 0 ng/L Larval peroid NF stage 47/48 - NF stage 66 

18.7 ng/L 

156 ng/L 

LNG (paper II) 0 n/L Adulthood 7 days 

51 ng/L 

307 ng/L 

LNG (paper II) 1.3 ng/L Adulthood 28 days 

18 ng/L 

160 ng/L 

1240 ng/L 

LNG + EE2 (paper III) 0 ng/L Larval period NF stage 47/48 - NF stage 66 

17 + 0 ng/L 

5 + 17 ng/L 

27 + 22 ng/L 

248 + 18 ng/L 

0 + 16 ng/L 

NET (paper IV) 0 ng/L Adulthood 28 days 

1 ng/L 

10 ng/L 

100 ng/L 

P (paper IV) 0 ng/L Adulthood 28 days 

1 ng/L 

10 ng/L 
100 ng/L 
 

 
 

 
 



 21

Histology of reproductive organs  
The gonad-kidney complexes from newly metamorphosed frogs, and parts 
the ovaries of adult frogs were fixed in formaldehyde (4% in phosphate 
buffer). The right testis was fixed (together with the kidney to preserve the 
efferent ducts) in glutaraldehyde (2% in phosphate buffer) (paper I). The 
samples were further processed for histological evaluation (see paper I, II, 
III, and IV).   

At metamorphosis, sex ratio and ovarian maturity were determined. Gon-
ads containing an ovarian cavity surrounded by a cortex were scored as ova-
ries, and gonads with medulla, lacking a cavity, were scored as testis (paper I 
and III). The oocytes in the juvenile ovary were classified as primary oogo-
nia, secondary oogonia, preleptotene oocytes, leptotene oocytes, pachytene 
oocytes, early diplotene oocytes or stage 1 oocytes (paper I).  

In adult females, ovarian maturation was determined by categorizing the 
oocytes as immature (i.e. in the early diplotene stage of meiotic prophase) or 
maturing (-diplotene,mid-diplotene and late diplotene stages of meiotic pro-
phase) (paper I, II, and IV). In paper II and IV, the maturing oocytes were 
classified into previtellogenic, vitellogenic, postvitellogenic and atretic oo-
cytes. All classifications of the oocytes were made using the criteria de-
scribed by Hausen and Riebesell (1991).  

Effects of LNG on the testes of adult males were evaluated with regard to 
the maturation stage of the germ cells (paper I). Germinal cysts in the testis 
were classified as spermatoogonia, spermatocytes, spermatids or spermato-
zoa, using criteria established by Kalt (1976). Occurrence of spermatozoa in 
the efferent ducts was noted.  

Quantification of hepatic mRNA expression 
The levels of Vtg, ERα, ERβ, iPR and AR mRNA were analyzed in liver after 
both developmental exposure to LNG and EE2 alone or in combination (pa-
per III) and after adult exposure to NET or P (paper IV). Real-time quantita-
tive PCR (qPCR) was carried out using the Rotor-Gene 6000 real-time DNA 
amplification system (Qiagen, Hilden, Germany). Relative mRNA expres-
sion was calculated for each reaction by the EΔΔCt method (Livak and 
Schmittgen, 2001). 

Aromatase activity 
Aromatase activity in brain and ovaries was analyzed in paper IV using a 
modified method of the triated water-release assay for aromatase activity 
(Lephart et al., 1991). In short, the release of 3H from the 3H-labelled sub-
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strate androstendione during aromatization was quantified after incubation 
with homogenate samples supplemented with NADPH as described in Berg 
(2012). Protein concentrations were measured using BCA Protein Assay Kit 
(Thermo Fisher Scientific Inc., Rockford, IL, USA). The aromatase activity 
is expressed as the number of fmol androstendione transformed per hour and 
per mg protein. 

Fertility studies 
In paper I fertility studies were performed in adults after larval exposure to 
LNG. Exposed males and females were mated with unexposed frogs. Mating 
was induced by hCG treatment of both sexes. One female and one male were 
placed in a mating aquaria and observed once every 45 min during 6 h. Am-
plexus success (frequency of frogs that went into amplexus), fecundity and 
fertilization rate (number of developing embryos/number of laid eggs x 100) 
were recorded. 

Sperm count  
Sperm concentration in the testis of exposed males was calculated. Half of 
the left testis was minced in simplified amphibian Ringer’s solution (see 
paper I). After centrifugation (500 rpm (50 x g), 2 min), the supernatant was 
diluted 1:4 with deionized water and placed in a haemocytometer. To deter-
mine sperm concentration, sperm cells were counted in three chambers, and 
a mean value per individual was calculated. 

Chemical analysis 
The actual concentrations of LNG, EE2, NET or P in the exposure aquaria 
were analyzed using an in-line SPE-tandem mass spectrometry (MS/MS) 
system (see paper I and III) 

Statistics 
All statistical tests were performed using GraphPad Prism 5.0 (GraphPad 
Software, San Diego, CA, USA). The developmental exposure groups were 
compared with respect to survival rates, sex ratio and amplexus success us-
ing Chi-Square and Fisher’s exact test. All data for the female adult frogs in 
paper I, all data from paper II, and the mRNA levels in the males in paper III 
were compared using unpaired t-test if the data passed the Kolmogorov-
Smirnov normality test, otherwise the Mann-Whitney test was used. 
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All data from paper III, for the adult males, the oocyte stages at metamor-
phosis and the mRNA levels in females were compared using one-way anal-
ysis of variance, ANOVA, if the data passed the Kolmogorov-Smirnov nor-
mality test, otherwise the Kruskal-Wallis test was used. The stability of the 
reference genes was analyzed using normalized expression against cDNA 
concentration, and compared using ANOVA, if the data passed the Kolmo-
gorov-Smirnov normality test, otherwise the Kruskal-Wallis test was used. 
In paper III, the mRNA levels of the genes of interest were normalized 
against ARNT-2. In paper IV, the mRNA levels of the genes of interest were 
normalized against ARNT-2, EF1a and Beta-actin. The F test was used to 
compare variances. 
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Results and discussion 

Effects of progestagens on reproductive organs 
Developmental effects on oogenesis  
Developmental LNG exposure disrupted ovarian development (paper I). 
Females exposed to 156 ng/L of LNG during development had significantly 
lower ovary weights compared to the control (Table 3), and the ovaries had 
transparent regions devoid of mature oocytes (Fig. 1). Histological analysis 
revealed that these ovaries contained a larger percentage of immature oo-
cytes than those of control females (Fig. 2, Table 3). In consistency with our 
results, neonatal P exposure in rodents inhibits oocyte development (no oo-
cyte nest breakdown or primordial follicle assembly), resulting in oocytes 
arrested in early meiotic prophase (Kezele and Skinner, 2003; Chen et al., 
2007). Inhibited oocyte development has further been observed after P expo-
sure of neonatal bovine and rodent ovary organ culture (Kezele and Skinner, 
2003; Chen et al., 2007; Nilsson and Skinner, 2009). Our results suggest that 
X. tropicalis is a good model for studies on progestin-induced inhibition of 
oocyte development after early life stage exposure. 

 
Table 3. Oocyte development in the ovaries of female Xenopus tropicalis after larval expo-

sure to levonorgestrel (LNG) (paper I). 
Treatment GSI, % (S.D.) Oocytes arrested in early meiotic 

prophase, % (S.D.) 
   
Control (n= 8) 8.15 (3.86) 45.00 (26.19) 
18.7 ng/L (n= 1) 1.38 99.00 
156 ng/L (n= 10) 1.16 (0.66)* 95.40* (3.56) 

   
a Gonadosomatic-index: weight of both ovaries/body weight x 100. 
b Percentage of the total oocytes in the ovary. 

*Significant different from the control (p < 0.001), unpaired t-test with Welch’s correction. 

Effects of adult progestagen exposure on oogenesis 
Adult exposure of females to progestagens (LNG, NET or P) impacted sev-
eral oogenic events in the mature ovary (paper II and IV). The effects of 
progestagens on oogenesis were somewhat different than those observed 
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after larval exposure. All three progestagens caused increased proportions of 
previtellogenic oocytes and reduced proportions vitellogenic oocytes com-
pared with the controls, indicating inhibited vitellogenesis (Table 4, Fig. 1 
and 2). The inhibition of oocyte development was ascertained at environ-
mentally relevant concentrations of LNG, NET and P (1.3, 1 and 10 ng/L 
respectively). After only 7 day adult LNG exposure to a lower concentration 
(307 ng/L) the proportions of previtellogenic oocytes were significantly in-
creased compared with the control (Table 4). In the control females of all 
studies, the frequencies of the different oocyte stages corresponded well with 
what is expected during normal conditions (reviewed in Rasar and Hammes, 
2006). 

The decreased proportion of vitellogenic oocytes implies that environ-
mental concentrations of LNG (1.3 ng/L), NET (1 ng/L) or P (10 ng/L) can 
impair reproductive function (Thorpe et al., 2007). LNG (18 ng/L) or P (100 
ng/L) also decreased the proportion of mature postvitellogenic oocytes in the 
ovaries compared to the controls. The decline of mature oocytes is in ac-
cordance with the contraceptive effects of progestagens and with the effects 
of P during pregnancy in humans/mammals, i.e. inhibition of final preovula-
tory oocyte maturation which leads to suppressed ovulation (Croxatto, 2002; 
Sitruk-Ware, 2004; Erkkola and Landgren, 2005). Several gonadal abnor-
malities including signs of intersexuality reported in wild amphibians have 
been suggested to be caused by environmental contamination (Hayes et al., 
2002; McCoy et al, 2008). To our knowledge, however, studies investigating 
oocyte development in relation to chemical exposure in wild amphibians are 
lacking. The effectss of the progestagen exposures on ovarian morphology in 
this thesis are similar to those observed in wild fish, including increased 
proportions of previtellogenic oocytes as well as reduced proportions of vi-
tellogenic and mature oocytes, at contaminated sites compared to control 
sites (Noaksson et al., 2003; Woodling et al., 2006; Bugel et al., 2010; 
2011). The present thesis increases the concern that progestagenic exposure 
could impair egg production in wild aquatic animals. 

Before being surrounded by follicle cells and entering the previtellogenic 
stage, oocytes in early meiotic prophase 1 are referred to as immature or 
primary oocytes (reviewed in Hammes, 2004). In most mammals the early 
germ cell differentiation into immature oocytes occurs in fetal life. In con-
trast, amphibian germ cells enter differentiation into oocytes continuously, 
throughout life (Al-Mukhtar and Webb, 1971). In the present study the pro-
portion of immature oocytes in early meiotic prophase I was decreased after 
exposure to low LNG concentrations (paper I), but remained unaffected after 
low NET or P concentrations and increased after exposure to 100 ng/L P. P 
is known to impact the final stages of oogenesis, i.e. the resumption of meio-
sis (Chien et al., 1986; Josefsberg Ben-Yehoshua et al., 2007; Kostellow and 
Morrill, 2008; Schulz et al., 2010) whereas information on progestagenic 
effects on early oogenesis is scant. Our findings imply that the earliest stages 
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of oocyte development are targeted by progestagenic chemicals. However, 
comparing the data for the control in LNG study and the controls in NET 
and P study shows strong variations in the proportions of these immature 
oocytes, 27 (12) %, 5 (3) % and 2 (2) % (mean (SD). The mechanisms regu-
lating the early events in oogenesis (including oogonial proliferation, meiotic 
entry and follicular assembly) as well as impacts on these processes by envi-
ronmental chemicals are poorly understood at present (Foster and Hughes, 
2011). Further investigation into the regulation of the early events in oogen-
esis is needed in order to assess the usefulness of the proportion of immature 
oocytes as an endpoint for interrupted progression of germ cells into meiosis. 

All test substances (1240 ng/L LNG, 1 ng/L NET and 10 ng/L P) reduced 
the ovarian weight (Table 4). However, the decrease was only seen in one of 
the two NET or P exposure studies. The ovarian weight was higher in exper-
iment 1 than in experiment 2 (12 vs 6), presumably because the females used 
in experiment 1 were older than those in experiment 2. The fact that the ef-
fect of NET or P on ovary weight was not reproduced in the second experi-
ment suggests that decreased ovary weight is a less robust endpoint for pro-
gestagen toxicity than egg development. 

 

Oviducts 
Larval exposure to LNG severely impaired oviduct development. All fe-
males exposed to 156 ng/L complete lacked oviducts and the single female 
exposed to 18.7 ng/L had underdeveloped oviducts (paper I) (Fig. 1). These 
findings presumably reflect a disrupted differentiation of the Müllerian 
ducts. In consistency with our findings, regression of Müllerian ducts in 
female chick embryos has been reported after exposure to NET (Stoll et al., 
1990). In sheep, uterine gland differentiation seems to be a main target for 
progestagenic action in the developing reproductive system (Gray et al., 
2000a; Gray et al., 2000b; Gray et al., 2001). Neonatal progestin exposure 
results in reduced uterine weight, uterine horn length and a devoid of endo-
metrial glands in mammals) (Gray et al., 2000a; Gray et al., 2000b; Gray et 
al., 2001). The current results suggest that the differentiating Müllerian duct 
is a sensitive target for developmental progestin exposure in frogs as well as 
in birds and mammals.  

In the females exposed as adults to LNG, NET or P no effects were ob-
served on the oviducts. Neither the weight nor the appearances of the ovi-
ducts were affected (paper II and IV). 
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Table 4. Oocyte development in the ovaries of female Xenopus tropicalis after adult exposure 

to levonorgestrel (LNG), norethindrone (NET) or progesterone (P) (paper II and IV). 

     
Follicular oocyte stages b (%) 

Immature 
oocytes a (%) 

  

  
GSIa, % 
(S.D.) 

PreVTG 
oocytesd 

VTG oocytesd 
PostVTG 
oocytesd 

Atretic 
oocytes 

7 day exposure 
 

Control (n= 4) 12 (3) 18 (3) 45 (10) 39 (9) 16 (6) 1.6 (2.0) 

LNG 51 ng/L (n= 6) 8 (3) 30 (10) 62 (16) 23 (10) 15 (9) 2.2 (2.4) 

LNG 307 ng/L (n= 4) 9 (2) 27 (3)* 64 (9)* 24 (9) 12 (4) 2.6 (2.3) 

   

28 day exposure 
 

Control (n= 7) 9 (2) 27 (12) 51 (10) 37 (5) 13 (5) 1.3 (0.8) 

LNG 1.3 ng/L (n= 4) 11 (1) 6 (3)*** 76 (7)* 14 (3)** 9 (6) 1.1 (0.7) 

LNG 18 ng/L (n= 4) 13 (2) 2 (3)** 67 (13) 26 (9)* 3(1)** 1.8 (2.0) 

LNG 160 ng/L (n= 3) 11 (3) 5 (5)* 66 (12) 28 (10) 6 (4) 0.7 (2.0) 

LNG 1240 ng/L (n=4) 3 (0)* 30 (6) 92 (3)** 8 (4)** 1 (1)** 0.5 (0.4) 

  

Control (n=5) 12 (2) 5 (3) 60 (6) 34 (7) 11 (3) 0.3 (0.6) 

NET 11 (n=4) 7 (2)* 30 (36) 71 (6)* 21(4)* 7 (6) 0.6 (0.2) 

NET 101 (n=6) 7 (3) 36 (42) 62 (12) 27(3) 11 (9) 0.3 (0.5) 

NET 1001 (n=4) 8 (1)* 42 (47) 70 (9) 21 (7)* 9(6) 0.4 (0.4) 

P 101 (n=5) 8 (0)* 7.3 (3.6) 79 (14)** 16 (11)** 4 (3)* 0.4 (0.1) 

P 1001 (n=6) 6 (4)* 45 (37)* 70 c (5)* 24c (4.45)  6 (4)c 
0.5c 
(0.4) 

Control (n=8) 6 (3)  2 (2) 61 (12) 31 (10) 7 (3) 1.9 (1.6) 

NET 12 (n=5) 6 (1) 4 (2) 79 (8)* 17 (6)* 4 (1) 0.9 (0.9) 

NET 102 (n=4) 4 (1) 2 (1) 80 (8)* 16 (7)* 3 (2) 0.7 (1.0) 

P 12 (n=5) 7 (3) 2 (2) 71 (7) 23 (6) 4 (2) 1.4 (0.7) 

P 102 (n=6) 5 (3) 5 (4) 78 (14)* 17 (10)* 4 (3) 1.4 (1.2) 

a Gonadosomatic-index: weight of both ovaries/body weight x 100. 
b Percentage of the total oocytes in the ovary. 
c Percentage of the maturing oocytes in the ovary. 
d Vitellogenic (VTG) 
1 NET and P experiment 1. 
2 NET and P experiment 2. 

* or ** Significant different from the control (p < 0.05 or p < 0.01). 
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Fig. 1. Photograph of reproductive organs in adult female Xenopus tropicalis. (a) 
Control female; (b) female exposed to 18.7 ng/L levonorgestrel (LNG) during de-
velopment with underdeveloped ovaries and oviducts; (c) female exposed to 156 
ng/L LNG during development, with underdeveloped ovaries with reduced density 
of mature eggs (circled area) and lacking oviducts (arrow); (d) female exposed to 
1240 ng/L LNG at adulthood, ovaries with reduced density of mature eggs. O = 
ovaries; OD = oviducts. (Paper I and II). 

 
 

 

 

 

 

Fig.2. (Right) Photomicrograph of ovarian sections from adult female Xenopus 
tropicalis showing (a) and (b) a control ovary containing oocytes in different stages 
including oocytes arrested in early meiotic prophase); (c) and (d) an ovary in female 
exposed to 156 ng/L levonorgestrel (LNG) during development containing a large 
amount of immature oocytes arrested in early meiotic prophase; (e) and (f) ovary in 
female exposed during adulthood for 28 days to 1240 ng/L LNG containing mainly 
previtellogenic oocytes with an almost complete lack of mature oocytes. MP, imma-
ture oocytes arrested in early meiotic prophase; I and II, previtellogenic oocytes; III, 
vitellogenic oocytes. (Paper I and II). 
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Gonadal differentiation  
No effects on sex ratio or oocyte maturation at completed metamorphosis 
were seen after exposure to LNG (paper I and III). The effects on ovarian 
and oviductal development were observed only in the adults and not in new-
ly metamorphosed animals, emphasizing the importance of investigating the 
long-term consequences of developmental exposure. 

Female fertility  
Developmental exposure to LNG caused sterility in the adult females (paper 
I). The LNG exposed females failed to lay eggs. However, eggs were present 
in the body cavity of all females, revealing that ovulation had indeed oc-
curred. The female sterility was obviously due to oviductal agenesis and 
possibly also to impaired oocyte quality. In accordance with these results, 
developmental progestin exposure can induce female sterility in mammals 
(Gray et al., 2001). Based on the results in paper I, and their similarity to 
previously published findings in mammals, we conclude that X. tropicalis is 
a good model for research on the developmental reproductive toxicity of 
progestins in females. 

Male fertility and testicular differentiation 
No effects of larval LNG exposure were seen in the fertility studies using 
adult males (paper I). Furthermore, no treatment-related effect on testicular 
development or sperm count was found.  

Biochemical and molecular effects of progestagens 

Effects on Vtg expression 
The observed increase of the proportion of previtellogenic oocytes and the 
decrease of vitellogenic oocytes after adult exposure to progestagens (paper 
II and IV) were interpreted to reflect a disrupted vitellogenesis. However, no 
effects were seen on the Vtg (i.e. VTGB1) mRNA expression after adult NET 
o P exposure. These results are inconsistent with findings in adult female 
fish showing that 21 days exposure to progestagens (i.e. 40 ng LNG/L or 10 
ng P/L) inhibited the hepatic Vtg mRNA expression (DeQuattro et al., 2012; 
Svensson et al., 2013). The reason for this discrepancy is currently not 
known, but could be related to differences in Vtg regulation between am-
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phibians and fish. In Xenopus two genes for VTG exists, VTGB1 and VTGA2, 
and it cannot be excluded that the test compounds interfered with the mRNA 
expression of VtgA2. 

Aromatase activity 
No changes in aromatase activity in the brain or in the ovaries after adult 
exposure to NET or P could be detected. Previous findings have shown that 
P can inhibit aromatase activity in vitro (Fortune and Vincent, 1983). Our 
data suggests that the effects of progestagenic exposure on the ovarian mor-
phology and vitellogenesis are not a result of inhibited estrogen production.  

Effects on hepatic hormone receptors 
We hypothesized that modulation of the hepatic hormone receptors could be 
a potential mechanism of action of progestagens. Our results suggest that 
inhibition of vitellogenesis after adult exposure to progestagens is not paral-
leled by a change in hepatic mRNA expressions of ERα, ERβ, PR or AR 
(paper IV). After developmental exposure to LNG or EE2 alone or in combi-
nation, no effects on the hepatic mRNA expression of ERα, ERβ or PR were 
detected (paper III), suggesting that they are not sensitive endpoints for long-
term developmental exposure to estrogen or progestagen in X. tropicalis 
tadpoles. On the contrary, the hepatic mRNA levels of AR were increased in 
the females exposed to LNG during development (Fig 3) (paper III). 

Induction of the hepatic AR occurred only in females, indicating a sex 
specific androgenic effect of LNG. This observation is consistent with our 
finding that LNG is a potent developmental reproductive toxicant in female 
but not in male frogs. The underlying mechanism for adverse effects of de-
velopmental LNG exposure on egg development remains to be clarified. 
Given that LNG mediates androgenic effects via the AR (Sirtuk-ware, 2006), 
it is interesting to note that prenatal androgen exposure resulted in a perma-
nently induced hepatic AR gene expression in a sheep model for polycystic 
ovary syndrome (PCOS) (Hogg et al., 2011). PCOS is an endocrine disorder 
characterized by arrested egg development and reduced fertility, possibly 
due to slow growth of primary follicles (Maciel et al., 2004). The present 
results suggest that an up-regulated hepatic AR mRNA expression is in-
volved in the mode of action for LNG-induced female developmental repro-
ductive toxicity. 

The increase in hepatic AR mRNA levels occurred after developmental 
exposure to 17 ng LNG/L water, a concentration lower than that measured in 
the serum of infants breastfed by mothers on contraceptive therapy. To our 
knowledge, this is the first study to show that developmental LNG exposure 
modulates hepatic hormone signaling during early programming of the en-
docrine and reproductive system. Considering the controversy over the pre-
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scription of contraceptives containing progestagens to breastfeeding moth-
ers, our finding is of particular interest. A recent WHO report states that 
there are large uncertainties regarding the consequences of progestagen ex-
posure via breast milk for the neurologic and sexual development of the in-
fant (WHO, 2010). Given these knowledge gaps, our finding that hepatic 
hormonal pathways are sensitive to early life exposure to of LNG warrants 
further attention. 

 
Fig. 3. Hepatic expression (mean ± S.D.) of AR in female juvenile Xenopus tropi-
calis after developmental exposure to ethinylestradiol (EE2) and levonorgestrel 
(LNG), singly and in combination (paper III). The mRNA levels are normalized 
against ARNT-2 and presented as fold change of the control. Asterisks indicate 
significant differences between groups (* = p < 0.05. *** = p < 0.001). n = 9, 16, 16, 
14, 13 and 11 for each treatment respectively.      
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Antagonistic effects of LNG and EE2 
We hypothesized that LNG exposure would antagonize the effects of EE2 on 
estrogen sensitive endpoints during sex differentiation. No antagonistic ef-
fects of LNG on EE2 induced Vtg mRNA induction were detected (Fig 4). 
The results do, however, imply a tendency for an anti-estrogenic effect of 
LNG on gonadal differentiation in the low exposure group (Fig 5). It remains 
unclear why this effect was not observed in the groups co-exposed to higher 
LNG concentrations. 

 
Fig. 4. Expression (mean ± S.D.) of hepatic Vtg in female juvenile Xenopus tropi-
calis after developmental exposure to ethinylestradiol (EE2) and levonorgestrel 
(LNG), singly and in combination (paper III). The mRNA levels are normalized 
against ARNT-2 and presented as fold change of the control. The sample sizes are 
shown above the bars. Asterisks indicate a significant difference compared with the 
control (** = p < 0.01, *** = p < 0.001). There were no significant differences be-
tween the co-exposure groups and the EE2-alone group (positive control).  

Notably, co-exposure to EE2 counteracted the LNG-induced increase in AR 
mRNA expression (Fig 3). This finding is in line with a previous report 
showing that short-term exposure (3 or 7 days) to estrogen can down-
regulate hepatic AR mRNA expression in juvenile fish (Mortensen et al., 
2007). However, in the present study the AR mRNA level in the group ex-
posed to EE2 alone did not differ significantly from that of the control group. 
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To our knowledge there are no previous reports on the effects of exposure to 
progestagen singly or in combination with estrogen on hepatic AR expres-
sion. The current results show that the androgenic effect of LNG on AR 
mRNA expression was antagonized by co-exposure to estrogen. 

 
Fig. 5. Phenotypic sex ratios in juvenile Xenopus tropicalis after developmental 
exposure to ethinylestradiol (EE2) and levonorgestrel (LNG), singly and in combina-
tion (paper III). The sample sizes are shown above the bars. Asterisks (* or***) 
indicate significant differences compared to the control (p < 0.05 or p < 0.001 

Secondary sex characteristics  
All adult female frogs exposed to 1240 ng/L LNG displayed nuptial pads on 
their forelimbs (Fig. 6; paper II). Nuptial pads are morphological characteris-
tics of reproductive active male frogs and their development is dependent on 
androgens (Lynch and Blackburn, 1995), suggesting an androgenic effect of 
LNG in frogs. The androgenic response of progestagenic exposure in the 
frogs were only seen at high concentrations (~ug/L). This result is in accord-
ance with recent studies showing that exposure to progestin resulted in male 



 35

nuptial tubercles only in the highest tested concentration (29.6 resp. 596 
ng/L) in female fathead minnow (Paulos et al., 2010; Zeilinger et al., 2010).  

Exposure of adult females to the highest LNG concentration for 28 days 
significantly decreased the cloacal length compared to the controls and the 
same trend was seen in the shorter experiment. The cloacal length (cm 
(S.D.)) was 0.25 (0.03) and 0.19 (0.01) for the control and the 1240 ng/L 
exposed females (p < 0.05). The cloaca gets red and swollen before ovula-
tion and thereby signals that the female is ready to reproduce. Enlargement 
of the cloaca is induced by gonadotropins. This is the first study, as far as we 
know, to report effects on the cloaca after exposure to a pharmaceutical ster-
oid. 

 
Fig. 6. Photograph of right forelimb of (a) a control female Xenopus tropicalis and 
(b) a female exposed to 1240 ng/L levonorgestrel for 28 days with nuptial pads 
(black arrow), a male secondary sex character (paper II). 
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Summary and overall conclusions 

The results of this thesis imply that environmental progestagens pose a se-
vere threat to reproduction in wild populations. Inhibition of oocyte devel-
opment was ascertained at environmentally relevant concentrations of LNG, 
NET and P (1.3, 1 and 10 ng/L respectively).  The effects of LNG, NET and 
P on oocyte development included inhibited vitellogenesis, indicating re-
duced reproductive function. We propose that impacted vitellogenesis may 
serve as an endpoint for progestagenic effects of endocrine disruptors in 
frogs. Our results show that environmental concentrations of NET, P and 
LNG inhibit egg development by acting on vitellogenesis indicating that 
these compounds can have additive effects in wild amphibian populations.  

One important conclusion from the present studies is that the progestin 
LNG is a potent developmental toxicant in female frogs. In the males, no 
developmental effects of LNG on the reproductive system or hepatic hor-
mone signalling could be observed at the exposure concentrations used. 
Adult females exposed to LNG during the larval period had immature ova-
ries and lacked oviducts which made them sterile. Hence, the differentiating 
Müllerian duct seems to be a sensitive target for progestins in frogs, as has 
previously demonstrated for estrogens (Gyllenhammar et al. 2009). Another 
notable finding is that no developmental effect was visible at metamorpho-
sis, directly after exposure was terminated. The implication of this finding is 
that a complete life-cycle test seems necessary to reveal the full extent of 
adverse consequences of developmental exposure to progestins. 

Our results indicate that an up-regulated hepatic AR mRNA expression is 
involved in the mechanism of action mediating LNG-induced female devel-
opmental reproductive toxicity. LNG exposure affected the hepatic signaling 
system at lower concentrations in water than those measured in plasma of 
infants, suggesting that the programming of the endocrine systems is highly 
sensitive to early life stage exposure to LNG. 

Antagonistic effects of combined exposures to EE2 and LNG were im-
plied at the mRNA level and on gonadal differentiation in juvenile X. tropi-
calis. In terms of the usefulness as biomarkers for estrogenic effects, the 
results in this thesis suggest that effects of estrogens on sex ratios may be 
counteracted by simultaneous exposure to progestagens also in wild popula-
tions. Induced Vtg expression in juvenile frogs seems to be a more robust 
biomarker for estrogenic activity in exposure scenarios involving both estro-
gens and progestins. Further work is needed to clarify the long-term effects 
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of combined developmental EE2 and LNG exposure on the reproductive 
system in amphibians. 
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Populärvetenskaplig sammanfattning 

Progestagener är syntetiska hormoner som bl.a. används i p-piller. Via vat-
tenreningsverk släpps dessa hormoner ut i vår natur och har påvisats i vat-
tendrag över hela världen. Men hur skadliga är de för vår natur?  

Grodor har visats vara väldigt känsliga för påverkan av miljökemikalier 
som påverkar hormonsystemet. Deras habitat är belägna i eller i närheten av 
dammar, sjöar, floder eller bäckar, och på alla dessa ställen finns progesta-
gener som föroreningar. I denna avhandling undersöktes progestageners 
negativa påverkan på grodors könsorgan samt förmåga att fortplanta sig. 
Genom att använda en modellgroda, Xenopus (Silurana ) tropicalis, gjordes 
experiment i vilka yngel eller vuxna honliga grodor fick simma i vatten som 
innehöll progestagener. Halterna av progestagenerna var liknande de som 
hittats i naturen. 

Vuxna honor som blivit utsatta för någon av de tre progestagenerna 
levonorgestrel (LNG), norethindron, eller progesteron under 4 veckor visade 
negativa effekter på äggutvecklingen jämfört med honor som simmat i rent 
vatten, vilket betyder att deras möjlighet till fortplantning hade försämrats. 
Bildningen av äggulan, den så kallade vitellogenesen, är en viktig process 
för honliga grodors fortplantningsförmåga. Grodor som simmat i progesta-
genhaltigt vatten hade en mindre andel ägg som hade gula i sig jämfört med 
kontrollhonorna, vilket pekar på att vitellogenesen var störd. Resultaten visar 
att låga koncentrationer av progestagener är skadliga för äggutvecklingen 
hos grodor och att det finns en risk för försämrad fortplantningsförmåga i 
vilda grodor som utsätts för progestagener i naturen.  

Grodor som blivit utsatta för LNG som yngel uppvisade kraftiga effekter 
på könsorganen. Parningsstudier visade att honor som simmat i vatten med 
LNG som yngel var sterila. De saknade äggledare och hade omogna ägg-
stockar som saknade utvecklade ägg. Utsatta honor visade även ett höjt ut-
tryck av den molekyl som tar emot androgen i kroppen (androgenreceptorn) i 
lever, vilket betyder att denna receptor skulle kunna vara inblandad i hur 
negativa effekter av progestagener uppstår. Inga effekter sågs på testikelut-
vecklingen, spermiekoncentrationen eller hanlig fertilitet. Resultaten visar att 
LNG är ett miljögift som kan verka utvecklingstoxiskt hos honliga grodor. 
   I p-piller används progestagener ofta tillsammans med ett östrogen (eti-
nylöstradiol, EE2). EE2 har tidigare visats kunna orsaka könsbyte (hane-till-
hona) hos både grodor och fiskar vid halter som påvisats i miljön. EE2 släpps 
ut i naturen samtidigt som progestagener men information om deras kombi-
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nerade effekt på vattenlevande djur saknas. Vi studerade den kombinerade 
effekten av LNG och EE2 genom att yngel fick simma i vatten som innehöll 
båda substanserna och utvärderade könsorganutvecklingen. Vi fann som 
väntat att EE2 orsakade könsbyte och en tendens till att LNG motverkade den 
effekten. Vi fann också att effekten av LNG på androgen receptorn motarbe-
tades av EE2.  

Sammanfattningsvis visar resultaten i denna avhandling att både yngel 
och vuxna grodor är känsliga för påverkan av progestagener. Utvecklingen 
av äggledare och äggstockar, samt äggutvecklingen kan påverkas negativt 
när grodyngel eller vuxna grodor exponeras för progestagener. Resultaten 
visar vidare att miljömässiga halter av progestagener kan utgöra ett allvarligt 
hot mot fortplantningen hos vilda grodor. 
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