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“Will you walk a little faster?” said a whiting to a snail […] 

  “See how eagerly the lobsters and the turtles all advance! […] 

Then turn not pale, beloved snail, but come and join the dance.” 

  

Alice in Wonderland, the lobster quadrille,  

Lewis Carroll 

 

 

 

 

 

 

 

 

 

 

 

Nature study will show you how full of beautiful and wonderful things God has made the 

world for you to enjoy. […] Try and leave this world a little better than you found it and 

when your turn come to die, you can die happy in feeling that at any rate you have not 

wasted your time but have done your best. 

Sir Baden-Powell 
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An evolutionary approach to endocrine disruption: the mechanisms of reproductive 

toxicity of androgenic chemicals in the gastropod Nucella lapillus and the fish 

Danio rerio 

 

Abstract 

The last decades have witnessed a significant increase in the number of reports 

describing the adverse effects resulting from the exposure to man-made endocrine 

disrupting chemicals (EDCs). EDCs are known to interfere with receptor-mediated 

mechanisms (mimicking or antagonizing the endogenous hormones) and to deregulate 

normal endocrine balance (by disrupting hormone synthesis, transport and/or 

metabolism). Since the interplay between hormones and their receptors is a crucial aspect 

of animal endocrine systems’ homeostasis, their disruption by EDCs has been 

increasingly studied. 

Historically, the vast majority of EDCs’ studies have addressed the impact of 

estrogenic chemicals in aquatic ecosystems. However, alternative modes of EDC action, 

namely endocrine disruption by compounds with androgenic potential, have deserved 

significantly less attention. 

Another fundamental aspect that has been comparatively neglected is the impact 

of evolutionary processes in the functionality of animal endocrine systems. Since most 

studies have focused exclusively in vertebrate animal models, the effects of EDCs in other 

animal lineages have been substantially underestimated. The perfect example of this 

condition is the retinoid signaling pathway, which for long time was believed to be 

restricted to chordates. Recent reports have suggested that one of the most studied 

endocrine disruption phenomena, imposex, which is characterized by the superimposition 

of male sex characteristics, notably a penis and a vas deferens, in female prosobranch 

gastropods exposed to the antifoulant tributyltin (TBT), may involve the abnormal 

modulation of Retinoid X Receptor (RXR). Retinoids are key regulators of many signaling 

pathways in mammals, and their disruption has been associated with a vast array of 

effects, including reproductive alterations. Given that the endocrine disrupting potential of 

TBT has been described in additional taxa, such as fish, it was hypothesized in this thesis 

that the androgenic compound TBT may act by targeting conserved retinoid signaling 

pathways in metazoans. Two phylogenetically distant species, the imposex-susceptible 

gastropod Nucella lapillus and the model teleost fish Danio rerio were chosen to 

investigate this hypothesis. 

N. lapillus has been widely used as a model to study imposex, but the mechanisms 

involved are yet to be clarified. In addition, most genes potentially involved in mammalian 
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retinoid signaling have never been described in mollusks. These knowledge gaps were 

addressed in this thesis and resulted in the isolation of four potential candidates to 

participate in retinoid cascades in N.lapillus: Retinoid X Receptor (NlRXR), Retinoic Acid 

Receptor (NlRAR), Cytochrome P26 (NlCyp26) and Alcohol Dehydrogenase 3 (NlAdh3). 

Their molecular characterization was performed and finally modulation by TBT exposure 

assessed. A pharmacological approach was conducted to clarify the mode of action of 

TBT focusing in three different targets: interference with neuroendocrine factors, 

modulation of retinoid and steroid signaling.  

Overall, the findings of the present work clearly link TBT-induced imposex with the 

modulation of RXR and retinoid signaling pathways. The involvement of RXR in imposex 

induction was experimentally demonstrated, given that both its putative endogenous 

ligand, 9-cis retinoic acid (RA), and the synthetic agonist methoprene acid (MA), were 

able to induce imposex in N. lapillus. Detailed analysis of RXR transcription in different 

organs suggests the existence of tissue-specific effects, since NlRXR mRNA levels were 

specifically and differentially modulated in the CNS and in the penis/PFA, highlighting the 

pivot role of the central nervous system in imposex development. The opposite pattern of 

gene transcription observed for NlCyp26 and NlRXR in mature/dormant female gonads 

and in penis development in TBT-exposed animals points to a coordinated action between 

NlRXR and NlCyp26 in controlling local retinoid signaling, which may ultimately regulate 

the development of penis in both male and females and gonad recrudescence  in female.  

The distinct pattern of mRNA transcription observed for NlRXR, NlRAR, NlCyp26 

and NlAdh3 suggests their involvement in different biological processes. Furthermore, it 

provides an indication that N. lapillus does possess, at least partially, the genetic toolkit 

necessary to metabolize and transduce retinoid signals, although NlAdh3 could not be 

unmistakably linked with RA signaling.  

Exploration of other possibly affected pathways by TBT in N. lapillus led to the 

identification of a novel target, 17-β Hydroxysteroid Dehydrogenase 12 (Hsd17b12), which 

codes for an enzyme potentially involved in steroid or lipid metabolism. In addition to the 

isolation and molecular characterization of NlHsd17b12, it was demonstrated here that 

NlHsd17b12 mRNA levels are impacted by TBT exposure and significantly decreased in 

digestive glands.  

Following the hypothesis that endocrine disruption by TBT may involve the 

interference with conserved retinoid signaling, the modulation of retinoid signaling by TBT 

and other retinoid substances in the zebrafish model was also investigated here. 

Exposure of D. rerio to TBT from 5 dpf until adulthood significantly impacted fish fecundity. 

Analysis of key signaling pathways revealed a significant decrease in the mRNA levels of 
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Cytochrome P19a1b (Cyp19a1b) in female brain and in peroxisome proliferator activated 

receptor gamma (PPARγ), an heterodimeric partner of RXR, in brain of both males and 

females. Unexpectedly, TBT altered zebrafish sex ratio towards females, contradicting 

previous results and suggesting a more complex mechanism in the so far reported 

masculinizing effects in zebrafish.  

Although additional studies should focus on the detailed biological implications of 

TBT with the signaling pathways reported here, this work provides relevant insights to the 

clarification of mollusks retinoid signaling systems. In addition to contribute to the 

understanding of the possible negative outcomes resulting from TBT exposure in two 

different groups, this study adds substantial knowledge on retinoid signaling pathway 

evolution. Here is reported for the first time the cloning of a protostome RAR and Cyp26 

orthologues, which were considered to be a chordate novelty. Knowledge on the evolution 

and functionality of endocrine systems and their molecular pathways (such as retinoid 

acid signaling) in metazoans is crucial to understand and anticipate the impact of the 

numerous compounds that are continuously being introduced in the ecosystems. 

Resumo 

Nas últimas décadas tem-se verificado um aumento significativo do número de 

estudos sobre os efeitos adversos da exposição a disruptores endócrinos (EDCs). Sabe-

se que os EDCs podem interferir com a ligação das hormonas aos seus receptores 

(mimetizando-as ou antagonizando-as) e com o funcionamento normal do sistema 

endócrino (interferindo com a síntese, o transporte e o metabolismo hormonal). Uma vez 

que a interacção hormona/receptor é um mecanismo fundamental para a manutenção da 

homeostasia hormonal, a sua desregulação por EDCs tem sido particularmente estudada. 

Tradicionalmente, a maioria dos estudos sobre EDCs tem-se focado no impacto 

de compostos estrogénicos nos ecossistemas aquáticos, enquanto os disruptores que 

actuam em outras vias, tais como compostos com capacidade androgénica, têm recebido 

relativamente menos atenção. 

Outro aspecto importante que tem sido negligenciado por estes estudos prende-se 

com a influência dos processos evolutivos na funcionalidade dos actuais sistemas 

endócrinos dos animais. Tendo em conta que na maioria dos casos se usam como 

modelo espécies de vertebrados, os efeitos dos EDCs em outros grupos filogenéticos tem 

sido amplamente sub-avaliado. As vias de sinalização dos retinóides são disso exemplo, 

uma vez que durante muito tempo se pensou serem exclusivas dos animais cordados. 

Todavia, foi recentemente demonstrado que um dos fenómenos de disrupção endócrina 

mais conhecidos, o imposex, que se caracteriza pela superimposição de características 
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sexuais masculinas (pénis e canal deferente) em fêmeas de gastrópodes marinhos, 

envolve a activação atípica do Receptor X Retinóico (RXR). Em mamíferos, os retinóides 

estão envolvidos na regulação de importantes funções biológicas e a sua perturbação 

pode originar, entre outras consequências, alterações nos processos reprodutivos. Deste 

contexto surgiu a hipótese de que os efeitos negativos resultantes da exposição ao TBT, 

observados em várias espécies (incluindo peixes), possam envolver a desregulação das 

vias de sinalização dos retinóides. Para avaliar esta ideia, foram escolhidas duas 

espécies filogeneticamente distantes, o peixe teleósteo Danio rerio e o gastrópode 

Nucella lapillus. 

A N. lapillus tem sido uma espécie muito utilizada em estudos sobre imposex mas 

os mecanismos envolvidos neste fenómeno estão ainda por esclarecer. Além disso, a 

maioria dos genes que se sabe estarem envolvidos nas vias de sinalização dos retinóides 

em mamíferos nunca foram caracterizados em moluscos. Estas lacunas foram também 

objecto de estudo desta tese. Como resultado, isolaram-se em N. lapillus quatro genes 

potencialmente envolvidos nas cascatas de sinalização dos retinóides: o Receptor do 

Ácido X Retinóico (NlRXR), o Receptor do Ácido Retinóico (NlRAR), o citocromo P26 

(NlCyp26) e a álcool desidrogenase 3 (NlAdh3). A sua caracterização molecular foi 

efectuada e a susceptibilidade a modulação pelo TBT avaliada. Foi utilizada ainda uma 

abordagem farmacológica para esclarecer o modo de acção do TBT no fenómeno de 

imposex, nomeadamente, a interferência com factores neuroendócrinos, com as vias de 

sinalização dos retinóides e dos esteróides. 

Os resultados do presente trabalho apontam claramente a interferência do TBT 

com o RXR e com as vias de sinalização do ácido retinóico na indução de imposex. O 

envolvimento do RXR neste processo foi experimentalmente demonstrado, uma vez que 

quer o seu presumível ligando natural, o ácido 9-cis retinóico (9-cis RA), quer o seu 

agonista sintético, o ácido metoprénico (MA), induziram significativamente imposex em N. 

lapillus. A análise detalhada dos níveis de mRNA do RXR em diferentes órgãos sugere a 

existência de efeitos específicos em cada tecido e realça o papel fundamental do sistema 

nervoso central (CNS) no desenvolvimento de imposex. O padrão de transcrição oposto 

do RXR e da Cyp 26, observado nas gónadas de fêmeas maduras/imaturas e nos pénis 

em desenvolvimento nos animais expostos a TBT, apontam ainda para uma acção 

coordenada entre NlRXR e NlCyp26 no controlo local da sinalização por retinóides. Deste 

modo, estes genes podem estar envolvidos na regulação do desenvolvimento do pénis, 

tanto em machos como em fêmeas, bem como no recrudescimento das gónadas 

femininas.  
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O padrão de transcrição distinto observado para o NlRXR, NlRAR, NlCyp26 e 

NlAdh3 sugere o seu envolvimento em diferentes processos biológicos. Mais ainda, a 

presença destes genes em N. lapillus indica que esta espécie possui, pelo menos em 

parte, a maquinaria genética necessária para metabolizar retinóides e sinalizar através 

destes compostos, podendo potencialmente traduzi-los em sinais biológicos. No entanto, 

não é ainda claro o envolvimento da NlAdh3 nas vias de sinalização dos retinóides. 

A exploração de outras vias passíveis de serem afectadas por TBT em N. lapillus 

resultou na identificação de um gene que codifica uma enzima envolvida no metabolismo 

lipídico ou dos esteróides, a 17-β Hidroxiesteróide desidrogenase tipo 12 (NlHsd17b12). 

A NlHsd17b12 foi caracterizada e a sua interferência pelo TBT avaliada, tendo-se 

observado uma diminuição significativa nos seus níveis de expressão nas glândulas 

digestivas após exposição ao TBT. 

Para avaliar a hipótese de que o TBT interfere com as vias de sinalização dos 

retinóides, e estas são conservadas nos metazoários, os efeitos do TBT e de outros 

retinóides no peixe zebra também foram alvo de estudo. A exposição de D. rerio ao TBT, 

desde os 5 dias após a fertilização (dpf) até à idade adulta, resultou numa diminuição 

significativa da sua fecundidade. A avaliação da transcrição de genes possivelmente 

afectados pelo TBT no peixe-zebra revelou uma diminuição significativa nos níveis de 

transcritos de citocromo P19a1b (Cyp19a1b) no cérebro das fêmeas, e de proliferadores 

de peroxissoma gamma (PPARg) no cérebro dos machos e das fêmeas. Contrariamente 

ao que está descrito na literatura até ao momento, o TBT alterou o rácio entre os sexos a 

favor das fêmeas, o que parece sugerir que um mecanismo mais complexo está na 

origem dos efeitos masculinizantes atribuídos ao TBT no peixe-zebra. 

Estudos futuros deverão centrar-se nas implicações biológicas potencialmente 

resultantes da interferência do TBT com as vias de sinalização aqui descritas. Para além 

de contribuir para a compreensão dos efeitos adversos resultantes da exposição ao TBT 

em organismos de dois grupos taxonómicos diferentes, este trabalho acrescenta um 

conhecimento substancial sobre a evolução das vias de sinalização dos retinóides. Este 

estudo descreve pela primeira vez a clonagem de ortólogos do RAR e da Cyp26 em 

protostómios, genes que até há relativamente pouco tempo eram considerados 

exclusivos dos cordados. O conhecimento sobre a evolução e a funcionalidade dos 

sistemas endócrinos e vias de sinalização associadas (como por exemplo, as que 

envolvem o ácido retinóico) é crucial para compreender e antecipar o impacto dos 

inúmeros compostos que estão continuamente a ser introduzidos nos ecossistemas. 
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3 

1. Introduction 

1.1 General Introduction 

 

In the last couple of decades a significant effort has been made to study and 

acknowledge the adverse effects resulting from environmental contaminant exposure. 

Some of these compounds have the ability to interfere with the endocrine system, and are 

generically referred to as endocrine disruptors or endocrine disrupting chemicals 

(EDCs;WHO / IPCS, 2002). Traditionally, studies on EDCs have focused on identifying 

these compounds, their effects and the affected species. Nowadays, it has been 

recognized that such studies should also address other relevant aspects, in particular the 

mechanisms involved in endocrine disruption phenomena and their ability to induce 

relevant ecological consequences (Guillette, 2005). Among the most common adverse 

effects attributed to EDCs are alterations in sexual and reproductive development, 

changes in immune and nervous system and increased incidence of cancer and thyroid 

metabolism disorders (WHO / IPCS, 2002). In many cases EDCs interfere with receptor-

mediated mechanisms, mimicking or antagonizing endogenous hormones, or by de-

regulating their signaling, synthesis, transport and/or metabolism (WHO / IPCS, 2002; 

Sumpter, 2005). 

Aquatic ecosystems are traditionally the most affected, since they are the final 

destination of most of the compounds resulting from human activity. Regarding pollutants, 

the initial focus of attention was channeled to the effects of heavy metals. However, the 

emergence of new industrial chemicals and pharmaceutical products, which are often not 

effectively removed by waste water treatment, also brought more relevance to the study of 

their effects and the mechanisms by which they act 

(http://www.epa.gov/bioindicators/aquatic/pollution.html). 

Since a large proportion of potential EDCs end up in surface waters, aquatic 

species are particularly vulnerable to their potential adverse effects. Historically, most 

studies have focused on the impact of estrogenic compounds in aquatic ecosystems, 

while information on other EDCs, such as compounds with androgenic properties, is much 

scarcer (Sumpter, 2005). Paradoxically, one of the most ubiquitous phenomena of 

endocrine disruption in marine organisms is precisely the masculinization of females of 

several gastropod species. This phenomenon, designated imposex, is known to be 

caused by exposure to tributyltin (TBT), a compound used in antifouling paints on boats 

(Smith, 1971, 1981c; Gibbs and Bryan, 1986; Matthiessen and Gibbs, 1998; Barroso et 

al., 2002; Santos et al., 2005). Other studies have described the deleterious effects of 
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TBT in several Metazoan groups, such as mammals, fish, annelids and crustaceans 

(Fent, 1996; Janer, 2005). Despite the prominent number of species and the diversity of 

groups affected by TBT, its exact mode of action is yet to be ascertained. Furthermore, 

understanding the mechanisms involved in particular endocrine disruption cases, such as 

those related to TBT, may help to predict, prevent and minimize the impact of other 

chemicals acting on the same pathways. This may be of pivotal importance, especially if 

we take into consideration that over 87 000 synthetic substances are currently being 

commercialized, and during their manufacture many more thousands are produced and 

released to the environment (Thornton, 2003). It is therefore possible that at least some of 

these compounds are acting as endocrine disruptors and affecting non-target species, 

similar to what occurred with TBT and other organotins. 

 

1.1.1 Imposex in gastropod mollusks: a striking case of endocrine disruption 

 

In 1960, in a routine examination of a batch of Nucella lapillus (Figure 1. 1A) 

collected in Plymouth Sound, England, Blaber (Blaber, 1970) did a rather intriguing 

discovery: he noticed the presence of an “outgrowth behind the right cephalic tentacle” in 

females, a structure resembling a male penis but slightly smaller (Figure 1.1 B, C). While 

this would not have been surprising for other species of hermaphrodite mollusks, N. 

lapillus was known to be a gonochoristic species. However, given that he observed this 

condition (with varying incidence) in the following sampling campaigns along different 

sites, he concluded that it could be a natural phenomenon, at least for a percentage of the 

population close to the breeding season. This was the first description of the phenomenon 

designated “imposex” one year later by Smith, after observing a similar condition affecting 

females of the American mud-snail, Ilyanassa obsoleta. Smith then defined imposex as 

the “superimposition of male characters on to parasitized and unparasitized females” of 

marine gastropods (Smith, 1971). It took Smith approximately ten years to demonstrate a 

correlation between imposex frequency and the distance to shipping harbors and marinas 

(Smith, 1981b), and to establish that this was an abnormal phenomenon caused by 

exposure to components of antifouling paints used in ships’ hulls (Smith, 1981a), more 

specifically, to the biocide TBT (Smith, 1981c).  

But this story had started way before, in the 1940s, when the industry discovered 

TBT as a potent biocide agent and its cost-effective properties soon turned it out very 

popular. TBT’s toxicity at low concentrations towards animals and plants in combination 

with its low mammalian toxicity (in comparison with mercury, lead and arsenic, used 
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previously) was considered a true revolution for the market of antifouling paints in the 

1950s (Santillo, 2001). Growth of barnacles, clams and other organisms in hulls 

diminished ships’ performance, increased fuel consumption, and its mechanical removal 

was costly and time consuming. TBT, first used in “contact leaching” antifouling paints, 

and later coupled with a soluble matrix, which allowed it to dissolve gradually in water, not 

only reduced the costs caused by fouling, but also the need to frequent repaint boats, as 

its effects could last up to 4 years  (Hall et al., 1987).  

TBT is commonly referred to as an organotin, which is a group of compounds, 

typically of anthropogenic origin, that encloses molecules consisting of an atom of tin (Sn) 

bound to an organic group (Figure 1.1 D). From all the derivatives of tin, organotins are 

commercially the most relevant, being used as Polyvinyl Chloride (PVC) stabilizers, 

catalysts for polyurethane and silicon elastomers, and pesticides (Fent, 1996). However, 

the toxicity of organotins increases with the number of organic groups bound to the tin 

atom, reaching its maximum in trialkylated compounds such as tributyl-, triphenyl- and 

tricyclohexyltin, which is precisely the case of TBT (Fent, 1996). Thus, when the first 

reports of serious deleterious effects in aquatic animals appeared, TBT, ubiquitously 

present in aquatic ecosystems, with elevated and broad spectrum toxicity, became one of 

the main suspects. In addition to the cases of imposex and severe diminution of N. lapillus 

populations in British coastal areas, another early alarming sign came from the Arcachon 

Bay, in the French Atlantic coast, an important location of oyster production. Here, 

imposex was observed in Ocenebra erinacea, leaving local population close to extinction, 

while oyster production decreased dramatically (Evans and Nicholson, 2000; Santillo, 

2001). Although normal spawning seasons were reported at the time, oyster larvae 

displayed high mortality, difficulty in settlement and deformed shells in adulthood (Alzieu 

et al., 1989). The reproductive failure and shell deformities reported here matched those 

found in British coasts and coincided with an increase use of organotin containing paints 

in ships hulls (Santillo, 2001). Meanwhile, across the Atlantic, Smith demonstrated that I. 

obsoleta was indeed a gonochoristic gastropod, and that the induction of male 

characteristics in females was an aberrant phenomenon caused by exposure to TBT 

(Smith, 1981c). On the European coast, analytical data showed a clear correlation 

between tissue organotin levels and imposex severity, again pinpointing TBT as the 

causative agent (Bryan et al., 1986). The final proof was presented by Gibbs and Bryan 

(Gibbs and Bryan, 1986), who demonstrated experimentally that exposure to TBT at 

concentrations as low as 0.5 ng TBT Sn/L could induce imposex in N. lapillus (Figure 1.1 

E, F) and cause, at advanced stages, female reproductive failure. 
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Figure 1.1 Adult N. lapillus (A). Developing penis in an imposex affected N. lapillus female (B). Male N. 

lapillus penis (C). Chemical structure of tributyltin chloride (D). Schematic representation of a normal (E) and 

an imposex affected female whelk (F; adapted from Bright and Ellis, 1990). 

 

1.1.2 TBT: biological effects 

 

As a result of widespread contamination of TBT throughout aquatic ecosystems, 

imposex affected species have been detected worldwide. Imposex is not, however, the 

sole example of the adverse effects of organotins in aquatic animals, though it is certainly 

the most impressive and well-studied. Other mollusks, for yet unknown reasons, do not 

develop imposex when exposed to TBT. Instead, another phenomenon has been 

observed in some species, such as the periwinkle Littorina litorea: the transformation of 

female pallial organs into male morphological structures (Bauer et al., 1997; Ketata et al., 

2008). This has been designated as intersex, and, at advanced stages, a prostate gland 

and a sperm groove develops, compromising their reproductive ability (Oehlmann et al., 

1998). Still, the growth of a penis is a rare event in this species (Matthiessen and Gibbs, 

1998). In mollusks, other effects that have been attributed to TBT exposure are: reduced 

rates of fertilization and development (Fent, 1996); shell thickening (Fent, 1996); 

alterations in steroid and lipid metabolism (Janer et al., 2006; Santos et al., 2011); 

interference with the immune system (causing decrease in total hemocyte count, 

phagocytosis, membrane stability and lysozyme activity, for instance; Gopalakrishnan et 

al., 2011). 

Mollusks are not the only phylum affected by TBT exposure. In fact, organotins are 

known today to have diverse consequences on species that belong to different 
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phylogenetic groups, from mammals to algae and bacteria (Fent, 1996; Janer, 2005).  

Since aquatic ecosystems are traditionally the most affected by pollution, studies on the 

effects of TBT have also been performed in fish, specially addressing consequences at 

the reproductive level. For instance, exposure of zebrafish (Danio rerio) to TBT during 

early developmental stages has resulted in altered sex ratio towards males (McAllister 

and Kime, 2003; Shimasaki et al., 2003; Santos et al., 2006a) and low quality sperm 

(McAllister and Kime, 2003).  Diminished fertility (Nakayama et al., 2004, 2005), 

alterations in follicular development (Zhang et al., 2007), decrease in total and viable 

hatchability in Sillago japonica (Shimasaki et al., 2006; Nakayama et al., 2005) and 

accumulation of TBT in medaka (Oryzias latipes) eggs (Nakayama et al., 2005) are some 

of the consequences observed in TBT-exposed females. Male fish are also affected, 

showing altered sexual behavior (Nakayama et al., 2004), disrupted spermatogenesis 

(Zhang et al., 2009a), reduced gonadal development, decreased sperm levels (Haubruge 

et al., 2000; Zhang et al., 2009b) and histological damage in the testes (Zhang et al., 

2009b). Decreased gonadossomatic index is a common consequence in both sexes 

(Zhang et al., 2009b). TBT was also shown to increase swimup failure and larval eyes 

defects in medaka (Nakayama et al., 2005), and morphological abnormalities such as 

dorsal curvature, twisted tails and pericardial edema in S. marmoratus (Zhang et al., 

2011). Furthermore, TBT exposure resulted in increased levels of testosterone and lower 

estradiol levels in ovaries and testes of S. marmoratus. The latter was accompanied by a 

decrease in Sertoli cells marker and increase in lipid droplets (Zhang et al., 2007, 2009a). 

Finally, it has also been demonstrated that TBT interferes with the expression of genes 

believed to be involved in fish reproduction and/or sex determination, such as Sox9, Dax1, 

Cyp19a, SF1, ER, PPARγ, RXR α,  β and γ (Pavlikova et al., 2010; McGinnis and Crivello, 

2011; Zhang et al., 2009a, 2011). 

Although earlier studies indicated a low toxicity of TBT in mammalian cells 

(Santillo, 2001), subsequent evidence indicates that mammals are also sensitive to TBT 

exposure. Some of the described effects are similar to those observed in fish: interference 

with steroid metabolism (Janer, 2005), decreased estradiol levels and ERα and ERβ 

expression (Chen et al., 2008), imunotoxicity (Chen et al., 2011). Moreover, recent data 

suggested the involvement of organotins in the development of obesity (Grün et al., 2006). 

Indeed, TBT has recently been considered an “environmental obsesogen” (Grün and 

Blumberg, 2009) as it causes the induction of adipogenesis in both cell culture models 

and in vivo: increases adipose mass in frogs and mice (Grün et al., 2006), induces the 

differentiation of preadipocyte 3T3-L1 cells into adipocytes and expression of adipogenic 

gene marker  (Kanayama et al., 2005; Li et al., 2011), increases triglyceride storage (Li et 
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al., 2011) and ectopic fat cell production (Grün et al., 2006). Since effects in mammalian 

models are recorded at environmentally relevant concentrations, some authors argue that 

exposure to TBT could likely increase adipose mass over time (Kirchner et al., 2010). 

 

1.2.3 TBT: legislation and current environmental status 

 

Although some of the enumerated effects have only recently come to light, the 

severity of imposex and the global nature of the problem, already recognized in 1990, led 

the International Maritime Organization (IMO) to recommend the ban of TBT in non-

aluminum hulled vessels smaller than 25 meters in length after January 1st 2003 and to 

prohibit the use of antifouling paints with a leaching rate of more than 4 micrograms of 

TBT per day (anonymous, 1990). A directive with the same guidelines had already been 

published by the European Union, in 1989 (89/677/CEE), which Portugal officially 

acknowledged in 1993 (D.L. 54/93; Barroso and Moreira, 2002; Barroso et al., 2002). 

While in some locations these measures were sufficient to allow full recovery of local 

mollusk populations, other studies reported unexpectedly slower recovery rates. Re-

surveys in the Portuguese coast in 2000/2001 revealed that imposex levels in N. lapillus 

had not decreased since the previous samplings, demonstrating that measures taken in 

1993 were not being effective (Barroso and Moreira, 2002; Santos et al., 2002). In 

addition, a first report highlighted the impact of TBT in open seas, as a result of intense 

shipping traffic (Hallers -Tjabbes and Kemp, 1994). 

It was only in 2001 that IMO adopted the Convention on the Control of Harmful 

Anti-fouling Systems on Ships (AFS). This convention established a compromise to ban 

the application or re-application of TBT containing antifouling paints in all ships from 

January 1st 2003 onwards (MEPC, 2001), and to ban the presence of TBT in ships hulls 

from the 1st January 2008, unless covered by a coating that prevented organotin leaking. 

The convention enters into force on the 17th of September 2007, when 25 states 

(representing 38.09 % of the world tonnage) ratified it (Gipperth, 2009). Therefore, the 

total ban was effective 12 months later, 17th September 2008. 

Despite the international concerted effort to address the transboundary problem of 

TBT contamination, TBT levels in coastal waters are still a reason for concern. Although 

the use of TBT in antifouling paints is forbidden, the compound is still used in industrial 

processes such as wood, cotton, textiles and paper preservation, in PVC production and 

in paint for residential homes (Janer, 2005). In addition, although TBT has a half-life of 6 

days to four months in superficial waters (Maguire, 1987), it goes up to 360-770 days in 
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surface sediments and to tens of years in anaerobic ones (Dowson et al., 1996). In fact, a 

maximum of 87 ± 17 years was described for deep anaerobic sediments in enclosed 

marine systems at sub-arctic temperatures (Viglino et al., 2004; Coray and Bard, 2007). 

These reasons can explain the elevated levels of TBT still found today in some 

ecosystems, such as in Venice lagoon (Berto et al., 2007). The possibility that TBT and its 

metabolites can accumulate throughout the food chain has been largely underestimated, 

although some authors detected its presence in top predators, such as bottlenose 

dolphins (Kannan et al., 1996; Kannan and Falandysz, 1997) and sea otters (Kannan et 

al., 1998). In Portugal, a study was conducted in 2008 to evaluate the levels of TBT in 

edible fish and seafood and to address human risk from consumption of such products 

(Santos et al., 2009). While low levels were observed for the majority of fish, crustaceans 

and cephalopods, bivalves presented moderate to high levels of organotins. The authors 

concluded that a single bivalve meal could be sufficient to exceed the tolerable daily 

intake (TDI) established for TBT by the European Food Safety Authority (EFSA) in 2004. 

 While the risk for humans is yet to be properly assessed, as few data exists for 

most countries, TBT’s extremely high toxicity, worldwide contamination and broad 

spectrum effects towards numerous species turn this compound into one of the most 

dangerous ever invented by mankind. Given that TBT use in ships hulls is no longer 

permitted, it is expected that aquatic contamination will tend to decrease. Some authors 

generally attribute the difficulty to understand, anticipate, and act towards the TBT 

situation, to the lack of adequate analytical detection methods and baseline data on the 

biology of non-commercial species. Currently, the biggest challenge related with TBT, is to 

understand how it interacts with such different animal species, producing all the pleiotropic 

and severe effects described so far. Only then one can learn and prevent future TBT-like 

scenarios from occurring with other man-made chemicals.  

 

1.2 The imposex underlying mechanisms: an historical account  

 

Five decades after the first reports on imposex, it is presently known that at least 

195 species of prosobranch gastropods are affected by this condition (Sternberg et al., 

2010). However, the detailed mechanistic process of TBT induced endocrine disruption in 

gastropod mollusks remains far from full comprehension. Historically, several hypotheses 

have been proposed and are reviewed in the following sections. 
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1.2.1 Imposex model 1: abnormal release of neurohormones 

The first theory to explain imposex induction resulted from an early set of in vitro 

transplantation experiments, performed by Féral and Le Gall, using the prosobranch 

species O. erinacea and Crepidula fornicata (Féral and Le Gall, 1983b, 1983a; Figure 

1.2). In the latter, penis differentiation is induced by a neuroendocrine factor synthesized 

in the pedal ganglia (PMF), under the control of the cerebropleural ganglia (Féral and Le 

Gall, 1983b). Thus, it was hypothesized that imposex induction could mimic this 

mechanism by leading to the abnormal release of PMF. Their experiments revealed that 

TBT induced the synthesis of a small neuropeptide containing few aromatic residues in 

the pedal ganglia, under cerebropleural control (Le Gall et al., 1987). They also suggested 

that this factor was not species-specific, as it showed activity both in gonochorists and in 

hermaphrodite mollusks (Le Gall et al., 1987), and that other organs such as gonads were 

not required for imposex development. Only in 2000 this theory was again pursued, by 

Oberdörster and McClellan-Green (Oberdörster and McClellan-Green, 2000), who 

proposed that the PMF could be the neuropeptide APGWamide, as they demonstrated 

that it induced imposex in I. obsoleta. Although APGWamide immunoreactive neurons had 

been detected in the CNS of several gastropod’s species (de Lange and van Minnen, 

1998), others have stated that the involvement of APGW in imposex induction should be a 

species-specific event, as it failed to promote imposex in N. lapillus (Santos et al., 2005) 

and Bolinus brandaris (Santos et al., 2006b). Nevertheless, these works have highlighted 

the leading role of the central nervous system (CNS) in female gastropod masculinization 

by TBT, and the minor, if none at all, involvement of other organs in the process. 
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Figure 1.2 Schematic representation of imposex model 1. In males, external genitalia development is induced 

by a neurofactor (PMF), produced in the pedal ganglia under cerebropleural control. In females, PMF 

synthesis is inhibited. TBT acts on cerebropeural ganglia, allowing the abnormal release of the PMF. 

 

1.2.2 Imposex model 2: interference with steroid pathways 

 

The possibility that imposex could be caused by interference with a vertebrate-like 

steroid hormone pathway in mollusks (Figure 1.3) was suggested by Stroben and 

Oehlmann in 1991 (Stroben and Oehlmann, 1991), after observing that imposexed female 

snails had higher testosterone levels than normal females, which further studies came to 

confirm (Spooner et al., 1991; Bettin et al., 1996; Gooding et al., 2003; Santos et al., 

2005; Sternberg, 2012). Despite the fact that an AR has not been identified in mollusks, to 

which TBT would bind to, testosterone seems to have a role in reproduction and 

development of secondary characteristics in gastropod snails as well. For example, 

testosterone could promote imposex in N. lapillus (Spooner et al, 1991; Bettin et al., 

1996), Nassarius reticulatus (Bettin et al., 1996), I. obsoleta (Oberdörster and McClellan-

Green, 2000), and Marisa cornuarietis (Tillmann et al., 2001). Furthermore, the vertebrate 

AR antagonist CPA inhibited imposex promotion/induction by TBT in N. Lapillus (Bettin et 

al., 1996; Santos et al., 2005), M. cornuaritis and N. reticulatus (Tillmann et al., 2001).  

Hence, several works have focused on how TBT could alter testosterone levels, 

and proposals can be subdivided in 3 main hypotheses: a) inhibition of aromatase; b) 



Chapter 1 

 

12 

inhibition of sulfotransferase; c) inhibition of acyl coenzyme A- testosterone acyl 

transferase (ATAT). 

a) Inhibition of aromatase 

This model assumes that TBT inhibits the enzyme responsible for the 

aromatization of androgens to estrogens in vertebrates, either by direct inhibition of the 

CYP450 aromatase activity or at the level of CYP19 aromatase gene transcription (Figure 

1.3 A). Evidence supporting this model arose from both experimental and field data. In 

TBT laboratory exposed snails, there was an elevation of testosterone and 

testosterone/estradiol ratio, while the aromatase inhibitors SH 489, flavone, and 

formestane were able to promote the imposex development in N. lapillus and N. 

reticulatus (Spooner et al., 1991; Bettin et al., 1996) and fenarimol and letrozole induced 

the same effect in N. reticulatus and M. cornuarietis (Albanis et al., 2006). In wild 

populations of Buccinum undatum imposex-affected females show a depressed 

aromatase activity (Santos et al., 2002). In vitro, TBT has proved to competitively inhibit 

human cytochrome P450 aromatase activity (Heidrich et al., 2001; Saitoh et al., 2001; 

Cooke, 2002), similar to what has been found in fish (Zheng et al., 2005). Thus, upon 

inhibition of the CYP19 catalytic activity or its gene transcription by TBT, testosterone 

would accumulate leading to the development of male accessory sex organs in females. 

However, if aromatase inhibition was indeed the main process leading to increased 

testosterone titters, estradiol levels should therefore decrease, which has not always been 

the case (Spooner et al., 1991; Bettin et al., 1996; Santos et al., 2005). Two major 

assumptions of the aromatase inhibition theory that lack confirmation are the 

consideration of aromatase inhibition as the primary target of TBT instead of a minor 

player in imposex induction or even a side-effect of female masculinization, and the fact 

that the existence of the CYP19 aromatase gene in mollusks is yet to be proved. 

 

b) Inhibition of sulfotransferase 

A second explanation for the elevated levels of testosterone in imposex could be 

the inhibition of the sulfotransferase, an enzyme responsible for the metabolism of 

testosterone into sulfur conjugates, which are more polar and water-soluble metabolites, 

readily excreted from the body (Ronis and Mason, 1996; Figure 1.3 B). In intersex 

affected L. litorea females, these testosterone sulfur conjugate levels were found lower 

than in normal females (Ronis and Mason, 1996). This was, however, the only report of a 

possible involvement of the sulfotransferase in gastropod testosterone metabolism thus, 
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direct inhibition by TBT is yet to be demonstrated. Also, others suggest that in mollusks 

the main metabolic pathway for testosterone metabolism is its conversion to non-polar 

fatty acids conjugates (Gooding and LeBlanc, 2001). This observation underlines the third 

hypothetical mechanism to explain the elevated testosterone levels in imposex affected 

mollusks. 

 

c) Inhibition of acyl coenzyme A- testosterone acyl transferase (ATAT) 

ATAT was suggested to be the main enzyme responsible for the maintenance of 

testosterone homeostasis in I. obsoleta, by converting free testosterone into testosterone 

fatty-acids conjugates (Gooding and LeBlanc, 2004; Sternberg and LeBlanc, 2006). In 

vitro tests have shown that TBT competitively inhibits ATAT at environmentally relevant 

concentrations (Sternberg and LeBlanc, 2006). These results led the authors to propose 

ATAT inhibition as the mechanism through which TBT increases free testosterone levels 

(Sternberg and LeBlanc, 2006; Figure 1.3 C). 
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Figure 1.3 Diagram illustrating imposex model 2. It assumes that in mollusks, testosterone induces male 

reproductive tract development. TBT would block testosterone synthesis by inhibiting aromatase (A), 

sulfotransferase (B) or ATAT (C). 

 

Despite the different attempts to explain the higher levels of testosterone in 

imposex affected females, this imposex mechanism theory has a major drawback: the 

absence of evidence to prove that sexual differentiation in mollusks is driven by 

vertebrate-like steroids such as testosterone and/or estradiol, which act through their 

respective androgen and estrogen receptors. Although activation of androgen receptor-

mediated transcription and cell proliferation by TBT has been described in human cell 

lines (Yamabe et al., 2000), the existence of a functional androgen signaling pathway in 

mollusks, which is also activated by TBT, remains controversial (Santos et al., 2005; 

Sternberg et al., 2008; Markov et al., 2009). Moreover, the involvement of steroids in the 

reproduction of mollusks remains unclear, as no sex specific differences on testosterone 

levels throughout the reproductive cycle were found in the mud-snail I. obsoleta 

(Sternberg et al., 2008). Therefore, although different studies confirm that steroids in 

mollusks may have biological effects (such as oogenesis stimulation, maturation of 
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testicular elements and precocious spermatogenesis (Siah, et al., 2003; Oehlmann et al., 

2006), there is no evidence to indicate that functional vertebrate-like steroid receptors 

exist in this group. These puzzling observations suggest that steroid signaling, if present 

in mollusks, might operate in a distinct way to that of vertebrates (Markov et al., 2009) and 

emphasize the need for deeper studies on the endocrinology of mollusks. 

 

1.2.3 Imposex model 3: interference with retinoid signaling pathways 

 

A rather different proposal on the mechanism of imposex induction by TBT 

resulted from an attempt to identify the affinity of known EDCs towards human nuclear 

receptors (Nishikawa et al. al., 1999; Nishikawa et al., 2004; Kanayama et al., 2005; 

Figure 1.4). Receptor-mediated mechanisms are one of the possible means by which 

EDCs exert their effects, by mimicking or antagonizing endogenous hormones. Nuclear 

receptors are a superfamily of transcription factors activated by ligands of diverse 

chemical nature (such as lipophilic hormones, vitamins, lipids or other intracellular signals) 

that function as an interface between the cellular environment / body and the genome; 

they integrate upstream signals into coordinated gene expression and adequate cellular 

responses (Sonoda et al., 2008). Nishikawa and co-workers (2004) showed that both TBT 

and TPT were able to increase the interaction between human retinoic X receptor (RXR) 

and the co-activator TIF2. This induction of ligand-dependent interaction was somewhat 

higher than the one caused by RXR’s putative natural ligand 9-cis retinoic acid (9-cis RA). 

Since this interaction was known to be correlated with transcriptional activity, soon after, 

Nishikawa and co-authors hypothesized that this could be one of the molecular pathways 

involved in imposex induction by organotins (Nishikawa et al., 2004). Therefore, in pursuit 

of this hypothesis, these researchers successfully cloned the RXR orthologue from the 

mollusk T. clavigera (TcRXR). TcRXR displayed a basic structure similar to that of other 

NR, consisting of six modular units, two of which highly conserved: the DNA binding 

domain (DBD) and the ligand binding domain (LBD). The DBD and LBD of TcRXR 

presented 89.6 % and 83.9 % of amino acid identity with hRXRa, respectively. Nishikawa 

and co-authors further demonstrated that, similar to the human orthologue, TcRXR LBD 

could bind in vitro to 9-cis RA and to the organotins TBT and TPT. Finally, they 

successfully demonstrated that exposure to 9-cis RA significantly induced imposex in T. 

clavigera.  
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Figure 1.4 Imposex model 3. Activation of RXR would induce male genitalia development. This pathway 

would be repressed in normal females, but exposure to TBT would abnormally activate RXR signaling and 

induce the growth of male reproductive tract. 

 

These findings provided a completely distinct perspective on the imposex 

phenomenon, but they also raised a series of other pertinent questions. Is the 

development of masculine structures in females caused by 9-cis RA induction 

reproducible in other species of mollusks? Since it is known that in vertebrates 9-cis RA 

can also bind retinoic acid receptor (RAR), is this phenomenon specifically mediated by 

RXR? Do retinoids exert biological functions in mollusks? If so, do mollusks possess the 

enzymatic machinery required to synthesise, store, signal and metabolize retinoids? 

Addressing these questions is essential to fully corroborate this hypothesis, and 

comprehend the imposex mechanism.   

The absence of a full understanding of the mechanisms of action of TBT is the real 

drawback to prevent similar imposex-like scenarios. It is therefore crucial to characterize 

the basic mechanisms like retinoid or steroid signaling in animals other than mammals in 

order to recognize their biological significance and sensitivity to endocrine disrupting 

chemicals. 
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1.3 The retinoid signaling pathway 

 

“Retinoid” is a term used by IUPAC-IUB (1982) to designate ‘‘compounds 

consisting of four isoprenoid units joined in a head-to-tail manner; all retinoids may be 

formally derived from a monocyclic parent compound containing five carbon-carbon 

double bonds and a functional terminal group at the terminus of the acyclic portion.’’ This 

early definition included all compounds, biologically active or inactive, structurally related 

to vitamin A, but not synthetic compounds that displayed retinoid-like activity. Some 

authors use a broader definition of “retinoid” that also accommodates compounds that do 

not resemble retinol but elicit retinoid-like activity (Theodosiou et al., 2010). 

In the context of this thesis, the term “retinoid” is used to designate a group of 

natural and synthetic compounds structurally related to vitamin A (retinol), which regulate 

important cellular functions including morphogenesis and embryogenesis in vertebrates, 

cell proliferation, differentiation and apoptosis and homeostasis processes (MacLean et 

al., 2007; Albalat, 2009). Retinoid unbalance has been associated with clinical conditions 

such as obesity, diabetes, cardiovascular disease, leukemia and skin disorders (Kane et 

al., 2008; Ziouzenkova and Plutzky, 2008). Studies involving disruption of retinoic acid 

(RA) signaling have demonstrated that vitamin A is fundamental for proper embryonic 

development, namely for correct patterning and neural differentiation, for neural tube, 

heart, eye, kidney and urogenital tract development, and for the initiation of differentiation 

of the anterior region of the presomitic mesoderm that originates new somites (Clagett-

Dame and Knutson, 2011). 

In addition to retinol, the retinoid family also includes retinaldehydes (retinals), 

retinyl esters and retinoic acids (RAs; Figure 1.5). Retinyl esters are the most abundant in 

animal tissues, being found mainly as retinyl palmitate (though retinyl oleate and retinyl 

stearate have also been found; Theodosiou et al., 2010). Retinol, retinal and retinyl esters 

are precursors of the most active form of vitamin A, RA, which includes all three 

stereoisomers: all-trans, 9-cis and 13-cis RA (Campo-Paysaa et al., 2008). The presence 

of the isomers all-trans and 13-cis has been unequivocally detected in vivo, being all-trans 

the most abundant in mice and humans (Thatcher and Isoherranen, 2009). As for 9-cis 

RA, until very recently, its presence in biological samples had not been detected and its in 

vivo role was questioned. However, 9-cis RA has been detected in mouse pancreas 

(Kane et al., 2010), in rainbow trout tissues (Gesto et al., 2012a), in fiddler crabs (Albalat, 

2009), in the mollusk thick top shell (Gesto et al., 2012b) and in insect embryos (Nowickyj 

et al., 2008). 
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Figure 1.5 Structures of some natural retinoids and β-carotene (adapted from Theodosiu et al., 2010 and 

Ross et al., 2000). 

 

Retinoids’ biological functions and mode of action resembles that of endogenous 

hormones. However, since animals cannot synthesize retinol de novo and need to obtain 

it from the diet, retinoids are sometimes called “dietary hormones” (Novák et al., 2008). 

Animals obtain these necessary compounds either by directly ingesting retinol and retynil 

esters stored in other animal tissues or indirectly from carotenoids existent in plants 

(Theodosiou et al., 2010). Plants, as well as some microorganisms, have the ability to 

synthesize carotenoids (α-carotene, β-carotene, and β-cryptoxanthin). β-carotene can 

then be cleaved symmetrically into two molecules of retinaldehyde (which can be either 

reduced to retinol or oxidized to RA) or asymmetrically into variable chain length 

apocarotenals, whose function has not been deciphered so far (although its presence has 

been detected in tissues; Simões-Costa et al., 2008).  

Retinoid homeostasis is maintained by a delicate balance involving the synthesis 

and storage of retinoid precursors, their transformation into the biologically active RA and 

its precise degradation to ensure specific responses (Figure 1.6). In addition to this 

complex network of enzymes, retinoid signaling also requires the existence of functional 

nuclear receptors, able to integrate retinoid signals into adequate gene expression 

patterns (Figure 1.6). Therefore, retinoid actions in vertebrates can be regulated at two 

levels: metabolism and signaling. The enzymatic machinery responsible for the 

coordination of spatial and temporal levels of retinoids includes enzymes of synthesis, 

degradation and possibly of storage. As for signaling, retinoid functions are mediated by 
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the binding of RA to homodimers or heterodimers formed by members of two families of 

nuclear receptors, RAR and RXR (Marlétaz et al., 2006). This in turn regulates the 

expression of genes involved in their own signaling pathways (RA synthesis, metabolism 

and signaling) and in others pathways as well (eg, homeobox genes; Schubert et al., 

2005; Marlétaz et al., 2006). 

 

1.3.1 Retinoid transport and storage 

 

Retinoid levels are kept constant by the equilibrium between their availability in 

target tissues, circulation in the blood and storage in liver and adipose tissue. This 

balance is kept by the action of proteins involved in its transportation and by enzymes that 

esterify or deesterify retinol, mobilizing it as needed. All dietary retinoids are enzymatically 

converted into retinol in the intestine lumen before uptake by the enterocytes (Blomhoff 

and Blomhoff, 2006). There, retinol binds to specific proteins from the family of fatty acid 

binding proteins (FABPs) called cellular retinol binding proteins (CRBPs). CRBPs 

influence retinol availability and physiological function, facilitating cellular uptake and 

storage as retinyl esters. In most tissues, the retinol-CRBPII complex, also called holo-

CRBP, delivers retinol to lecithin:retinol acetyltransferase (LRAT) to be esterified with 

long-chain fatty acids, mainly palmitate (Blomhoff and Blomhoff, 2006). In other tissues, 

such as the mammary gland and skin, this reaction is performed by acyl-CoA:retinol 

acyltransferase (ARAT) or diacylgliceracyltransferase (DGAT1), respectively (Novák et al., 

2008; Napoli, 2012). It has been suggested that the ratio apo-CRBP1/holo-CRBP1 

regulates LRAT conversion of retinol into retinyl-esters. This reaction, performed by LRAT, 

typically (but not exclusively) occurs in intestinal cells, after which most retinol esters are 

incorporated into chylomicrons and transported to target tissues or to the liver, where they 

are stored. When necessary, retinol esters can be metabolized back to retinol by retinyl 

esters hydrolases (REHs; Theodosiou et al., 2010). In this case, retinol binds to a different 

protein, the retinol binding protein (RBP), that appears to keep endogenous retinoid levels 

stable, for holo-RBP presents a concentration of 2 µM regardless of fluctuations in retinol 

intake (Theodosiou et al., 2010). In a normal vitamin A sufficiency status, most of the 

retinol is transported to specific liver cells, called stellate cell, where it is stored in the form 

of retinyl esters in cytoplasmic lipid droplets (Blomhoff and Blomhoff, 2006; Novák et al., 

2008). Total retinol (retinyl esters plus retinol) in the stellate cells accounts for 50-80 % of 

the overall amount present in the whole body, and about 95% of the retinol is in the form 

of retinyl esters in the abovementioned lipid droplets (Blomhoff and Blomhoff, 2006). 
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When retinol is required in peripheral tissues, Holo-RBP enters the blood circulation to be 

distributed to tissues and associates to transthyretin (TTR), a protein that prevents retinol 

from being degraded by the kidney. In the target cells, a membrane receptor (Stra6) 

recognizes RBP, allowing the complex to enter the cell and deliver retinol to be processed 

into biologically active retinoids (Blomhoff and Blomhoff, 2006; Theodosiou et al., 2010). 

 

1.3.2 Retinoid synthesis: canonical or classical pathway 

 

In target tissues, the transformation of retinol into its active form, RA, involves two 

successive dehydrogenation steps: first, the conversion of retinol into retinaldehyde, and 

then, the conversion of the latter into retinoic acid. The first reaction is catabolized by 

alcohol dehydrogenases (ADHs), cytosolic enzymes classified as medium-chain 

dehydrogenases/reductases (MDRs), and by retinol dehydrogenases (RDHs), microsomal 

enzymes of the short chain dehydrogenases/reductase (SDRs) families. From a 

biochemical point of view, this is considered the rate-limiting step in RA synthesis 

(Simões-Costa et al., 2008). The second reaction, which is in part responsible for the 

regulation of RA levels in target cells, requires the action of enzymes that belong to the 

aldehyde dehydrogenases (ALDHs). 

 

ADHs/RDHs 

In vitro, the oxidation of retinol into retinaldehyde is a reversible reaction that can 

be performed by ADHs or by RDHs, the direction of the reaction depending on the ratio of 

the co-factors NAD/NADH. However, the main responsible for retinal synthesis in vivo is 

still a subject of intense debate. For a long time, it seemed that ADHs, especially the 

ubiquitously expressed ADH3, would be the most relevant in processing retinol (Simões-

Costa et al., 2008). Disruption of mice Adh3 gene caused reduced viability and growth, 

but these effects could be rescued by retinol supplementation, indicating that in the 

absence of ADH3 other enzymes could compensate its function in retinol metabolism. 

However, these Adh3 null mice died when kept in a vitamin A deficient diet (VAD), thus 

suggesting that when retinol quantity is restricted ADH3 function cannot be compensated 

by other enzymes (Theodosiou et al., 2010). The apparent crucial involvement of Adh3 

gene in retinal synthesis was recently challenged by the finding that an enzyme of the 

microsomal SDR family, RDH10, might play a more relevant role (Sandell et al., 2012).  

An Rdh10 null mouse model presented embryos with shorter anteroposterior axes, dilated 

and un-looped hearts, smaller somites, defects in embryo turning and forelimbs growth, 
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dying before growth (Sandell et al., 2012). More studies are therefore needed to address 

the in vivo potential of these and other candidate enzymes in modulating retinol/retinal 

interconversion. 

 

ALDHs/RALDHs 

ALDHs are a superfamily of enzymes with the ability to metabolize aldehyde 

substrates, including retinaldehyde, both in the all-trans and 9-cis conformation (Campo-

Paysaa et al., 2008). In vertebrates, members of the ALDH1A are involved in the 

irreversible conversion of retinal in RA, a reaction that coincides with the signaling 

activation by RA. Vertebrates possess several ALDH genes, the best studied being 

ALDH1A1, ALDH1A2, ALDH1A3 and ALDH8, coding for RALDH1, RALDH2, RALDH3, 

RALDH4, respectively (Theodosiou et al., 2010). Rodents have an additional ALDH1A, 

called ALDH1A4 in rat and ALDH1A7 in mice. Knockout of Raldh2 in mice suggests that 

its main function is to provide RA during development, as raldh2 -/- die before birth but 

can be rescued by RA supplementation. All the other RALDHs are involved in RA 

synthesis, although Knockout experiments suggest that their role is less important than 

Raldh2 (Theodosiou et al., 2010). 

 

1.3.3 Retinoid synthesis: non-canonical pathway 

 

An alternative pathway for RA synthesis has been proposed after the discovery of 

a gene encoding the enzyme β-carotene-15,15’-oxygenase, BCO-I, that can cleave β-

carotene at the central double bond, producing two retinal molecules in the all-trans 

configuration (Von Lintig and Vogt, 2000; Wyss et al, 2000). Retinaldehyde can then be 

transformed into retinol or into RA and this is the reason why β-carotene is sometimes 

designated as provitamin A (Ziouzenkova and Plutzky, 2008). It is believed that BCO-I 

may play an important role in the visual cycle, perhaps in the synthesis of retinaldehyde, 

which is required for photoreception. BCO-I KO in zebrafish lead to malformations in the 

retina but also caused several morphogenetic malformations during embryonic 

development, thus pointing to a major role of BCO-I as a source of retinoid precursors 

during vertebrate development (Simões-Costa et al., 2008).  

Another enzyme, named BCO-II, is also a candidate to have a function in RA 

synthesis, as it is able to asymmetrically cleave β-carotene into a β-carotenal molecule 

plus one of β-ionone (Kiefer et al., 2001), although its exact role is yet to be characterized. 
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β-apocarotenal is converted first to β-apocarotenoic acid and subsequently to RA, but the 

enzymes involved in this process are still unknown (Theodosiou et al., 2010). 

 

1.3.4 Retinoid degradation 

Fine-tuned regulation of retinoic acid biological effects is achieved by enzymes of 

the cytochrome P450 family and belonging to the CYP26 subfamily. These enzymes have 

been implicated in the catabolism of retinoic acid into various metabolites with minor 

biological activity (such as 4-oxo-RA, 4-OH-RA or 18-OH-RA): perhaps by hydroxylation 

on C4 or C18 of the β-ionone ring of RA (Theodosiou et al., 2010).  For a while, some 

controversy surrounded the role of CYP26: would it generate these metabolites, assuming 

they could play a role, or restrict RA effects by degrading it. Studies using Cyp26 KO 

animals have confirmed the latter hypothesis, as disruption of the RA synthetic enzyme 

RALDH2 in mice rescued the severe phenotypes observed in Cyp26 null animals 

(Thatcher and Isoherranen, 2009). It is now widely accepted that Cyp26 and RA synthesis 

enzymes act in opposite spatial distribution, allowing the creation of RA gradients 

responsible for specific cellular functions (Simões-Costa et al., 2008; Theodosiou et al., 

2010).  

 

Figure 1.6 Overview of the retinoids and the enzymatic machinery involved in vertebrate retinoid synthesis, 

storage, metabolism and signaling pathways. In the amniotes canonical synthesis pathway retinol is reversibly 

oxidized to retinal by ADHs/RDHs. The retinal is irreversibly converted to RA by ALDHs. RA in the 9-cis 

conformation binds RXR and RAR, while all-trans RA binds RAR only and activation of the RAR-RXR 

heterodimer regulates gene transcription. Retinoids are stored mainly in the form of retinyl esters, which can 

be converted back to retinol retinyl ester hydrolases (REHS). Circulating retinol binds to Rbp and Ttr, and 

enters the cells by binding to Stra6. Within the cell, retinol is usually bound to Crbp. The acenstral RA 

synthetic route involves the degradation of β-carotene to retinal by BCO enzymes. RA is inactivated by CYP26 

enzymatic metabolization, yielding other metabolites (adapted from Albalat, 2009 and Simões-Costa et al., 

2008). 
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1.3.5 Retinoic acid receptors 

 

What was for a longtime a subject of intense speculation is nowadays consensual: 

most RA biological activity in vertebrates is mediated by the heterodimer RAR/RXR (Mark 

et al., 2009). Both RAR and RXR share a similar structure to that of other nuclear 

receptors consisting of five to six modular units: A / B, C, D, E and F (Germain et al., 

2003; Figure 1.7). The AB region contains the ligand independent activation function 1 

(AF1), to which coactivator binds (Germain et al., 2003). Next, there is the C region or 

DBD that recognizes response elements half sites in the promoters of the genes. This 

recognition is mediated through two structures, named zinc fingers, consisting of a 

complex of 4 cysteines surrounding a zinc ion (ZnII;Dawson and Xia, 2012). In the 

junction between the DBD and the LBD (region E), is located the D region, an area that is 

believed to behave as a hinge, conferring flexibility to the receptor and enabling it to bind 

to different NRs. The LBD is a very conserved structure composed of 12 α helixes and a 

small β-sheet between H5 and H6, that, in the absence of a ligand, forms what is 

generally called an “anti-parallel helical sandwich” (Pérez et al., 2011; Samarut and 

Rochette-Egly, 2011). This central hydrophobic cavity is also known as the "ligand-

pocket”; the specificity of the ligand towards the ligand pocket  determines a particular 

physiological response (Samarut and Rochette-Egly, 2011). Upon ligand binding, α 

helixes suffer a conformational shift that allows the release of co-repressors, binding of 

co-activators and consequent recruitment of other regulatory proteins (de Groot et al., 

2005). Besides interacting with the ligand and the coactivators, the LBD also functions as 

a dimerization interface between NRs. Finally, in the C-terminal end of the receptor, is the 

F region, not very conserved and still of unknown function.  
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Figure 1.7 Structural organization of a Nuclear Receptor. A) Schematic representation of a Nuclear Receptor 

structure. B) Tri-dimensional representation of a DBD binding to the DNA. C) Tri-dimensional structure of the 

human RXRα complexed with an agonist ligand (gray carbon atoms; adapted from Dawson and Xia, 2012). 

 

Typically, the heterodimer RAR / RXR is bound to specific sequences of DNA 

called the retinoic acid response elements (RAREs). RAREs consist of two direct repeats 

(DR) of the sequence of nucleotides (A / G) G (G / T) TCA separated by one, two or five 

nucleotides, which are designated by DR1, DR2 or DR5, respectively (McGrane, 2007). 

DR5 is the classical RARE. In the absence of a ligand, the heterodimer RAR / RXR forms 

a complex with the RARE and transcription co-repressors (Figure 1.8). This complex 

possesses histone deacetylation activity which results in the condensation of the 

chromatin and silencing of transcription (Marlétaz et al., 2006). The binding of RA causes 

a conformational change that leads to the release of co-repressors and recruitment of a 

co-activator complex that possesses histone transacetilase activity (Marlétaz et al., 2006). 

This causes a decondensation of chromatin and allows the activation of target genes 

(Figure 1.8). Some authors argue, however, that only a small fraction of RAREs are 

occupied by RXR/RAR heterodimers in the absence of ligand and that the heterodimers 

are only recruited to RAREs upon ligand binding (Bruck et al., 2009; Biddie and Hager, 

2010; Martens et al., 2011). 
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Figure 1.8 The heterodimer RAR / RXR mediates the effects of RA in vertebrates. In the absence of RA, it 

binds to the DNA and to co-repressors, causing histone deacetylation and transcription inhibition. The binding 

of RA induces a conformational change in the heterodimer that releases the co-repressors and recruits co-

activators, leading to histone acetylation and activation of gene transcription (adapted from Marlétaz et al, 

2006). 

 

Though RAR and RXR share the same basic structure, each one has an 

irreplaceable role. RARs require binding to RXR to mediate transcriptional activity and in 

this case it is generally accepted that RXR activity is silenced (Theodosiou et al., 2010). 

This phenomenon is called ‘‘RXR subordination’’ and is the reason why RXR is 

sometimes referred to as the “silent partner” (Theodosiou et al., 2010). RXR however, can 

bind to response elements as a homodimer (RXR-RXR) or as heterodimer with other 

nuclear receptors (RXR-NR), such as peroxisome proliferator-activated receptor (PPAR), 

vitamin D receptor (VDR) and thyroid receptor (TR), and its functions and properties differ 

according to the heterodimeric partner in question (Pérez et al., 2011; Dawson and Xia, 

2012). Although RXR homodimers preferably recognize DR1 (A/G)GGTCA, some works 

suggest that in a cellular context, labeled RXR is only present coupled to RAR or free, but 

not as homodimer (Dawson and Xia, 2012). 

Some speculation still exists surrounding the nature of the endogenous ligand of 

both receptors. RARs bind with high affinity to RA in the all-trans conformation, but also to 

its 9-cis stereoisomer. RXRs, on the other hand, when first cloned (Hamada et al., 1989; 

Mangelsdorf et al., 1990) were placed in the NR2B1-3 group of the nuclear receptors for 

which no ligand was known: generally termed “orphan family” (Theodosiou et al., 2010).  
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However, it is now known that 9-cis RA also binds RXR with high affinity and was thus 

proposed to be its natural ligand (Theodosiou et al., 2010).  Although 9-cis RA is indeed 

able to bind and stimulate RXR’s mediated transcription, it has been hardly detected in 

biological samples, in opposition to its isomer ATRA. It is also very unstable in solution: in 

the presence of light or mercaptane, only 8-10% of 9-cis RA remains intact, being the rest 

transformed in ATRA (about 80%) and in other retinoids (Dawson and Xia, 2012). Other 

authors have speculated that RXR natural ligand could be a polyunsaturated fatty acid like 

docosahexaenoic acid (DHA; Urquiza et al., 2000) or the saturated metabolite of 

chlorophyll, phytanic acid (Lemotte et al., 1996). The absence of clear cut evidences for 

an endogenous ligand for RXR has been one of the reasons for neglecting RXR-mediated 

biological signals. This paradigm has recently been challenged as 9-cis RA was detected 

in mice pancreas samples by liquid chromatography/tandem mass spectrometry 

(LC/MS/MS) analysis, a sensitive assay that allows the distinction and quantification of RA 

isomers (Kane et al., 2010). Furthermore, these authors reported that 9-cis RA attenuated 

glucose sensitivity through both non-genomic and genomic processes.  

In addition to the classical genomic receptor mediated effects, it is becoming more 

recognized that both RARs and RXRs exert important non genomic effects as well. Non-

transcription related functions attributed to RXR include shuttling of the NR TR3 from the 

nucleus to the cytoplasm (Dawson and Xia, 2012). Also, the RXR agonists, 9-cis RA and 

Methoprene acid (MA), inhibit platelets (enucleated cells) aggregation and tromboxan 

release (Dawson and Xia, 2012). Liganded RAR has been reported to induce kinase 

cascade’s activation (Bruck et al., 2009). The recent suggestion that liganded RARs may 

act by inducing phosphorylation events adds a new dimension to the retinoid-mediated 

effects and underlines the need for more detailed studies (Samarut and Rochette-Egly, 

2011). Other studies have pointed out the existence of gene “loops” caused by the binding 

of the receptors to their REs, which could ultimately allow interactions of loci located far 

from them, even in different chromosomes, and create transcription hot spots (Samarut 

and Rochette-Egly, 2011). While the simplistic vision of retinoid action through nuclear 

receptors has been challenged with such discoveries, for the purpose of this thesis only 

the canonical retinoid signaling cascade will be approached. 
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1.4 Evolution of retinoid signaling 

 

For a long time it was believed that RA signaling was restricted to chordates and 

was considered one of the evolutionary landmarks responsible for their different body 

organization (Fujiwara and Kawamura, 2003). Although RXR could be found from 

cnidarians to mammals, the only clear RAR orthologue discovered in non-chordates 

belonged to the sea-urchin Strongylocentrotus purpuratus (Cañestro et al., 2006; Simões-

Costa et al., 2008). The sequencing of genomes of non-model species was a real 

breakthrough to the understanding of the evolution of signaling systems, not only 

retinoids, but also of steroid and thyroid pathways.  

The understanding of the retinoid pathway itself grew side by side with the 

increasing available genomic data. The discovery that RA could be synthesized from β-

carotene by the action of BCO-I and BCO-II, associated with the presence of these genes 

in various groups, suggested that this could be the ancestral pathway for RA synthesis in 

primitive systems (Simões-Costa et al., 2008). Furthermore, the identification of genes 

from the RA vertebrate signaling pathway in ancestral animals (ADHs, ALDHs, SDRs, 

RXR/USPs) suggested that evolution provided multiple opportunities for the appearance 

of functional retinoid signaling (Simões-Costa et al., 2008). Nevertheless, it has been 

proposed that ADHs and ALDHs were initially used to protect organisms from the action of 

xenobiotics and only later were adopted for the biosynthesis of RA (Vasiliou et al., 2004; 

Gonzalez-Duarte and Albalat, 2005). 

However, the demonstration of functional retinoid signaling in a given group 

requires the fulfilling of a series of requisites, namely, the presence of endogenous 

retinoids, the existence of a systemic transport and storage system, the existence of 

enzymatic machinery to metabolize retinoids, the presence of the nuclear receptors RAR 

and RXRs to transduce RA signals and the existence of biologic activity mediated by 

retinoids. 

Since it was thought that retinoid acid signaling was restricted to chordates, the 

discovery of Aldh1a, Cyp26 and RAR homologues in the non-chordate deuterostome S. 

purpuratus (Cañestro et al., 2006) questioned the existing paradigm. However, the 

existence of a functional RAR signaling in the protostome lineage was still unknown at the 

time (Escriva et al., 2006). Posterior genomic analysis have demonstrated the existence 

of Aldh1a, Cyp26 and RAR orthologues in some protostome species, pushing retinoid 

signaling genetic machinery back to the last common ancestor of the Bilateria (Albalat, 

2009). 
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However, biological effects of retinoids in some protostome lineages had long 

been reported. In nematodes, retinoids accumulate in early embryonic stages and adult 

tissues (Simões-Costa et al., 2008), while in crabs, RA is involved in limb regeneration 

and limb defects (Simões-Costa et al., 2008). In the mollusk Lymnaea stagnalis all-trans 

RA induces the growth of neurons and eye defects (Créton et al., 1993) and in the 

gastropod Thais clavigera, 9-cis RA induces male genital tract development in females 

(Nishikawa et al., 2004). 

Genes coding for ALDHs and ADHs have also been identified outside 

deuterostomes and are present from archaebacteria to humans (Simões-Costa et al., 

2008).  



Chapter 1 

 

29 

 

Figure 1.9 Simplified scheme representing the evolution of RA signaling and metabolism in bilaterians 

(modified from Simões-Costa et al., 2008). 
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1.5 Evolution meets toxicology 

 

The implications of the existence of functional retinoid signaling outside 

deuterostomes are important not only for the understanding of the evolution of the 

species, but also from a toxicological perspective. In particular, comprehension of the 

evolutionary process responsible for the inter- and intra-specific genomic diversification of 

NR is of major importance and thus the full range of metazoan phyla must be considered 

(Figure 1.10). As aforementioned, various classes of receptors have been found in 

diploblastic (Cnidaria) and in triploblastic animals, indicating that considerable variation 

already existed in this super-family before the appearance of the bilateral symmetry in 

metazoans (Thornton, 2003). This ancestry makes the vast majority of animal species 

potential targets of NR-mediated endocrine disruption. However, it is the same 

evolutionary diversity that mines the extrapolation of the functions of receptors (and 

compounds capable of disrupting them) from vertebrates to other groups. Hence, when 

the model studies are vertebrate-specific and their effects are not known in invertebrates, 

it is abusive to assume that a particular compound is a universal endocrine disruptor. 

(Thornton, 2003). Conversely, a compound designed to bind to a specific vertebrate NR 

may end up activating unknown signaling pathways in non-target invertebrates. 

In vertebrates, it is known that RA is involved in numerous physiological 

processes, including the establishment of anterior-posterior patterning in embryos (White 

et al., 2007), the regulation of the immune system, reproduction and vision (Simões-Costa 

et al., 2008). Direct or indirect disturbance of this signaling pathway results in birth 

defects, fertility problems, vision constraints, tumors and neurodegenerative diseases 

(Niederreither and Dollé, 2008). As a corollary, one may hypothesize that the higher 

ancestry of the retinoid signaling pathway turns a greater number of metazoan species 

than previously anticipated susceptible to EDCs, acting via this retinoid signaling pathway. 

The TBT case is the perfect example of such situations. Even if laboratory studies 

had been performed to detect its binding abilities towards vertebrate’s nuclear receptors, 

one could never predict such deleterious effects in aquatic mollusks, for retinoid signaling 

in this group had not been discovered. 

Two species that belong to phylogenetically distant groups (mollusks and 

vertebrates, Figure 1.10) have been selected to study the proposed hypothesis:  

endocrine disruption caused by TBT involves modulation of conserved retinoid signaling 

pathways. The selected species, N. lapillus and D.rerio have long been used in 

toxicological studies and biological impact has been reported upon TBT exposure. Apart 

from RXR, no gene involved in retinoid signaling has been cloned in mollusks. Therefore, 
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the study of this signaling pathway is a pre-requisite to be fulfilled, before the assessment 

of the impact of TBT exposure. As such, this study will also contribute to the 

understanding of retinoid signaling evolution throughout metazoans. 

 

 

Figure 1.10 Phylogenetic relationships between Metazoan phyla. Blue boxes indicate animal lineages where 

NR mediated endocrine disruption has been suggested. Note: the cephalochordate phylogenetic position 

within chordates has been reviewed in the past years. They are now considered basal chordates and the 

urochordates the sister clade of vertebrates. Modified from Holland (1999). 
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1.6 The animal models 

 

1.6.1 The dogwhelk, N. lapillus 

 

N. lapillus (Linnaeus, 1758) is a mollusk that belongs to the Gastropoda (order 

Neogastropoda and family Muricidae), the largest and more diverse class of the phylum 

Mollusca, with over 62 000 described species. N. lapillus has a wide geographical 

distribution and can be found all along the Atlantic coast of Europe (from the 73oN in the 

Barents Sea to 37oN in southern Portugal) and on the Atlantic coast of North America 

(since 50oN Notre Dame Bay to 41oN Long Island; Crothers, 1985). 

This species is very common in the intertidal zone of rocky shores, both in 

exposed and sheltered areas, which, according to several studies, influences the shape of 

the shell (Crothers, 1975, 1977, 1983, 1985).  

N. lapillus is a very common active predator in the intertidal zone and therefore of 

great importance in controlling the major occupiers of that environment (Menge, 1976; 

Burrows and Hughes, 1991). It feeds mostly on mussels (Mytilus sp) and barnacles 

(Semibalanus balanoides, Balanus sp, Elminius modestus, Cthamalus sp), but also on 

limpets and other mollusks, though in less quantities (eg, Patella sp, Gibulla sp, 

Monodontas lineata, Ostrea edulis and Littorina sp; Crothers, 1985).  

In these gastropods, the sexes are separated (gonochoric) and fertilization is 

internal (Fretter, 1953). In the breeding season, they form aggregates of up to 30 adults in 

crevices and pools. Reproduction seems to occur throughout the year, although in the 

British shores a peak in spring and winter is evident (Moore, 1936; Hughes and Burrows, 

1993). After mating, females lay eggs in protective capsules which can contain up to 600 

eggs. Only 6% the eggs are viable and develop into embryos which feed on the others: 

the so-called “nurse eggs”. Embryonic development can last up to five months in 

temperate zones (Feare, 1970), and comprises a trochophore stage, followed by the 

veliger, after which the juveniles hatch. These are very similar to adults, differing in size 

and reproductive capability (Feare, 1970). Their ecology has been thoroughly studied and 

they have been used for several decades as a sentinel species in monitoring studies, 

mostly associated with TBT contamination. In addition, the various stages of imposex 

development have been thoroughly described in the literature and their severity can be 

classified according to the general scheme proposed by Bettin et al., (1996), displayed in 

Figure 1.11. Hence, the large body of available literature favors the use of this species as 

a model organism in the present work. 
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Figure 1.11 General scheme of imposex evolution in prosobranchs. Abbreviations:  ac,  aborted  capsules; cg, 

capsule  gland; gp, genital papilla; obc, open  bursa  copulatrix; ocg, open capsule gland; ocv, occlusion of the 

vulva; p, penis; pd, pems duct; pr, prostate; te, tentacle; vd, vas deferens; vdp, vas deferens passage into 

capsule gland; vds, vas deferens section (Bettin et al., 1996). 

 

1.6.2 The zebrafish, D. rerio  

D. rerio, also known as zebrafish, is a freshwater fish of the Cyprinidae family, 

native to northeastern India and adjacent regions (Engeszer et al., 2007). This species 

has been widely used as model in many studies due to the large number of advantageous 

features, both from a technical and conceptual perspective. 

From a practical point of view, it stands out from other animal models for its easy 

and low maintenance costs, high fecundity, short life-cycle (completed in 10-12 weeks), 

short and fully described embryonic development (Kimmel et al., 1995; Dooley and Zon, 

2000; Hill et al., 2005; Spence et al., 2008). Furthermore, numerous tools and information 
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are available for zebrafish studies, including the completely sequenced genome 

(http://www.ensembl.org/index.html) and a histological atlas of the gonads 

(http://www.rivm.nl/fishtoxpat). In the environment, zebrafish has a seasonal reproduction, 

but under optimal laboratory conditions, females can deposit between 50-200 eggs, 3-4 

times per week. Fertilization is external; eggs are transparent and develop rapidly: 24 

hours after fertilization (hpf) the main body plan is established and 96 hpf most organs are 

already fully developed (Spence et al., 2008). Zebrafish is considered an undifferentiated 

gonochoric species, meaning that all individuals undergo an initial phase in which their 

gonads are nonfunctional ovaries with only immature oocytes I (Örn et al., 2003). By the 

23th day, 50% of the animals develop mature and functional ovaries, while the remaining 

ovarian tissues regress and produce functional testes (Hill and Janz, 2003). 

Exposure to estrogens has been reported to alter zebrafish sexual differentiation, 

but the mechanisms underlying this phenomenon are unknown (Van den Belt et al., 2003; 

Soares et al., 2009). Similarly, masculinizing effects have also been described, again 

without explanation (McAllister and Kime, 2003; Santos et al., 2006a). The understanding 

of such effects is delayed by the lack of knowledge on the molecular factors regulating its 

normal sexual determination and differentiation. It has been suggested that autosomal 

genes as Sox9a and Sox9b (this species has no identified sex chromosomes) or anti-

Muellerian hormone (Segner, 2009) are involved, but their role in sexual differentiation 

and in mediating the impact of EDCs is still unclear. 

From a conceptual standpoint, and despite the additional genome duplication that 

occurred in teleost fish (Hill et al., 2005), the use of fish species in the study of EDCs 

effects are relevant, since teleost and mammal’s close phylogenetic relationship facilitates 

the extrapolation of knowledge on diseases, biology, genetic processes and toxicology 

studies (Dooley and Zon, 2000; Spence et al., 2008). However, the need to further 

characterize the molecular and genetic mechanisms that regulate the sexual 

differentiation in zebrafish remains to be elucidated.  



Chapter 1 

 

35 

 

1.7 Objectives 
 

The central aim of this thesis is to address the mechanisms of endocrine disruption 

of a priority androgenic chemical, TBT. Given that the major drawback to address the 

mode of action of EDCs in invertebrates lies on the lack of knowledge of their 

endocrinology and molecular signaling pathways, it is an objective of this thesis to 

elucidate the presence of molecular signaling pathway involved in retinoid and, to a lesser 

extent, steroid metabolism. These two pathways were selected since they have been 

suggested to be major targets of TBT. Understanding the mode of action of endocrine 

disruptors such as TBT is essential not only to improve risk assessment of the chemical 

under study, but also to anticipate the impact of other chemicals acting through the same 

signaling pathways.  The initial sections address the molecular target of TBT in N. lapillus, 

while also dissecting some of the molecular components of the retinoid and steroid 

signaling pathway in gastropod mollusks. The second section analyses the impacts of 

TBT in RA signaling in the teleost D. rerio. Given that both species belong to distinct 

phyla, their study is expected to provide insights into the evolution of this signaling 

pathway, and its exploitation by the ubiquitous contaminant TBT. 

In order to accomplish these generic aims, four specific objectives were defined: 

 

1. To address the possible interference of TBT with retinoid signaling related 

genes in mollusks, in particular with RXR. N. lapillus RXR was first isolated 

and a pharmacological approach was used to characterize its involvement 

in the imposex development. In order to get further insights into the 

mechanisms of imposex induction by TBT, the transcription levels of RXR 

in different tissues after TBT exposure were quantified (Chapter 2); 

 

2. To identify genes hypothetically involved in retinoid signaling in mollusks, 

as this pathway is yet to be described outside chordates, and gain more 

insights on their possible biological function. Two key genes hypothetically 

involved in retinoid metabolism in vertebrates (Adh3 and Cyp26) were 

isolated, its basal transcription patterns determined and possible 

modulation after TBT exposure assessed (Chapter 3). Since the RAR/RXR 

is the heterodimer mediating retinoid signaling in vertebrates, the first RAR 
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orthologue in a protostome species was isolated and its hypothetical 

function discussed (Chapter 3); 

 

3. To identify other possible signaling pathways affected by TBT exposure, 

such as genes involved in steroid metabolism in mollusks. The 17β 

hydroxysteroid dehydrogenase type 12 (Hsd17b12) was cloned and its 

functional and toxicological aspects were evaluated (Chapter 4). 

 

4. To evaluate the reproductive effects caused by abnormal exposure of 

zebrafish to retinoid agonists, with special emphasis on the consequences 

of TBT exposure in vivo, namely, in understanding the molecular pathways 

affected.  In order to achieve this, a zebrafish life-cycle exposure to retinoid 

agonists was performed, their effects in reproduction assessed, and the 

possible impacted molecular pathways investigated (Chapter 5). 

 

The objectives of this thesis are explored through the following chapters and partly 

published in international journals, as indicated next: 

 

Chapter 1: Introduction 

 

Chapter 2: Retinoid signaling and imposex in N. lapillus 

 

2.1 Imposex induction is mediated through the Retinoid X Receptor signaling 

pathway in the neogastropod Nucella lapillus, Castro, L. Filipe C., Lima, D., Machado, A., 

Melo, C., Hiromori, Y., Nishikawa, J., Nakanishi, T., Reis-Henriques, M. A., Santos, M. M., 

2007. Aquat. Toxicol. 85, 57–66. (adapted from) 

 

2.2 Tributyltin-induced imposex in marine gastropods involves tissue-specific 

modulation of the Retinoid X Receptor, Lima, D., Reis-Henriques, M.A, Silva, R., Santos, 

A.I., Castro, L. Filipe C., Santos, M.M., 2011. Aquat. Toxicol. 101, 221–227. 

 

Chapter 3: Retinoid signaling in N. lapillus: Adh3, Cyp26 and RAR 
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3.1 Molecular characterization of Adh3 from the mollusk Nucella lapillus: tissue 

gene expression after tributyltin and retinol exposure, Lima, D., Coelho, I., André, A., 

Melo, C., Ruivo, R., Reis-Henriques M.A., Santos, M.M., Castro, L.F.C (accepted by the 

Journal of Molluscan Studies) 

 

3.2 Isolation of the first protostome cytochrome P26 orthologue in the imposex-

sensitive gastropod Nucella lapillus: molecular and toxicological insights 

Daniela Lima et al. (in preparation) 

 

3.3 Isolation and basal characterization of the Retinoic Acid Receptor (RAR) in the 

gastropod mollusk Nucella lapillus 

Daniela Lima et al. (in preparation) 

 

Chapter 4: The 17β hydroxysteroid dehydrogenase type 12 in the 

neogastropod Nucella lapillus: functional and toxicological insights 

Lima, D., Machado, A., Reis-Henriques, M. A., Rocha, E., Santos, M. M., Castro, 

L. F. C (acceptable pending revisions by the Journal of Steroid Biochemistry) 

 

Chapter 5: Evaluation of the reproductive impact of TBT and other retinoid 

receptors agonists in the zebrafish, Danio rerio 

Daniela Lima et al. (in preparation) 

 

Chapter 6: General discussion, Final considerations and conclusions, Future 

perspectives, References 
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2. Retinoid signaling and imposex in Nucella lapillus 
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2.1 Imposex induction is mediated through the Retinoid X Receptor 

signaling pathway in the neogastropod Nucella lapillus 

 

2.1.1 Abstract 

 

The imposex phenomenon in female prosobranch gastropods provides one of the 

best documented examples of endocrine disruption in wildlife. While many field studies 

have demonstrated the negative impact of tributyltin (TBT) upon female gastropods, the 

mechanism(s) underlying imposex development has not yet been fully clarified. Over the 

years several hypotheses have been raised to determine the biochemical and molecular 

determinants of this process. Nevertheless, the interplay between the different suggested 

pathways (neuroendocrine, steroid and retinoid) is still unknown. Hence, through a 

combination of exposure experiments, we show that the 9-cis retinoic acid (9-cis RA), the 

proposed natural ligand of the retinoic X receptor (RXR), induces imposex in females 

Nucella lapillus to the same degree of tributyltin, when administered at similar 

concentrations (1µg/g body weight). Methoprene acid, a selective ligand for RXR, also 

induces imposex, albeit to lower degree than that of the positive control. In contrast, 

testosterone significantly induced imposex, but had no effect on female penis induction, 

while the neuropeptide APGWamide had no effect on imposex development. These 

results clearly demonstrate that imposex induction in N. lapillus is mediated through the 

modulation of the retinoic acid signaling pathways. In addition to the effects reported in 

female dogwhelks, both TBT and RA significantly increased male penis length, thus 

suggesting that TBT may also impact male secondary sex organs through the retinoic acid 

signaling pathways. As a step for future studies, we have cloned the orthologue of N. 

lapillus RXR and provide experimental evidence that it binds 9-cis RA. Finally, the basal 

expression level of RXR in several tissues of N. lapillus was determined through Real 

Time PCR, thus showing that RXR is ubiquitously expressed in mollusk tissues, with the 

highest expression levels being recorded in female and male gonads. The mechanistic 

impacts of the overall findings to the imposex process are discussed. 
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2.1.2 Introduction 

 

The development of male accessory sex organs in female prosobranch 

gastropods, a phenomenon termed imposex, provides a striking example of endocrine 

disruption. It is now well established that exposure to organotin compounds (e.g. tributyltin 

– TBT and for some species triphenyltin - TPT) is the proximal cause for this 

phenomenon. While the ecological and population impact of these compounds is well 

studied, the mechanism through which they induce and promote the development of a 

penis-like structure and a vas deferens in female snails is still to be deciphered. In fact, 

the molecular pathways controlling the development of secondary sexual organs in 

mollusks are poorly understood. 

Historically, several hypotheses have been raised to explain the chain of events 

and molecular factors leading to imposex development in gastropods. The original work of 

Féral and Le Gall (1983) with transplantation experiments suggested the hierarchic 

involvement of two illusive molecules, named the retrogressive factor (RF) and the penis 

morphogenetic factor (PMF). This study also suggested the fundamental role of two 

anatomical structures, the pedal and cerebropleural ganglia. In an experiment reminiscent 

of the work of Féral and Le Gall (1983), Oberdörster and McClellan-Green (2000) 

proposed that the neuropeptide APGWamide is the PMF since it induces imposex in 

Ilyanassa obsoleta. Despite these observations, APGWamide failed to promote imposex 

in the prosobranch gastropod Bolinus brandaris (Santos et al., 2006). 

The disruption of steroid signaling and physiological balance has also been 

proposed as a potential driver for imposex development. Some studies indicate that the 

androgenic effects of TBT appear to be caused by interference with steroid biosynthesis. 

Elevation of testosterone and/or testosterone/estradiol ratio has been reported in TBT 

laboratory exposed snails (Spooner et al., 1991; Schulte-Oehlmann et al., 1995; Bettin et 

al.,1996; Santos et al., 2005) and clams (Morcillo et al., 1998). This imbalance would be 

caused by TBT inhibition of aromatase, an enzyme responsible for the aromatization of 

androgens to estrogens (Bettin et al., 1996). This was further supported by the 

observations that an aromatase inhibitor was able to induce imposex under laboratory 

conditions (Bettin et al., 1996), and by the depressed aromatase activity in wild 

populations of Buccinum undatum affected by imposex (Santos et al., 2002). However, in 

female Nucella lapillus a selective aromatase inhibitor was also shown to induce imposex 

but to a significant lower extent than TBT, which suggests that aromatase inhibition may 

not be the primary mechanism involved in the development of imposex (Santos et al., 

2005). Other hypotheses have been put forward to explain the steroid imbalance induced 
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by TBT. Hence, Ronis and Mason (1996) have demonstrated that TBT decreased the 

amount of testosterone sulphur-conjugates in the periwinkle (Littorina littorea), leading to 

an increase in the levels of free testosterone in the tissues. As this experiment has been 

performed under extremely high TBT levels, it may not reflect realistic exposure conditions 

in the field. More recently, Gooding et al. (2003) have demonstrated that TBT decreases 

the esterification of testosterone with fatty acids in the mud snail Ilyanassa obsoleta, thus 

leading to an increase in free testosterone which could then induce imposex. This 

observation has been partially corroborated by Santos et al. (2005) for N. lapillus. 

Recently, Nishikawa et al. (2004) demonstrated that TPT efficiently binds the Thais 

clavigera orthologue of the nuclear receptor Retinoid X Receptor (RXR). Moreover, an 

injection experiment with 9-cis RA, the suggested natural ligand of RXR, promoted the 

development of imposex in 50% of the injected females. In this context, organotins would 

mimic the endogenous ligand of RXR, and thus activate the signaling cascades which are 

retinoic acid dependent. This hypothesis has been contradictorily tested in N. lapillus, 

when compared to T. clavigera, since no imposex outgrowth was observed following 9-cis 

RA injection (Oehlmann et al., 2007). 

The interplay between the different suggested pathways (neuroendocrine, steroid 

and retinoid) is still unknown. Furthermore, most of the molecular targets proposed to be 

involved in this mechanism to date have not been described in mollusks. For example, the 

CYP19 gene has not been found outside chordates (Callard et al., 1984; Castro et al., 

2005; Mizuta and Kubokawa, 2007). Finally, the different responses between species to 9-

cis RA and APGWamide exposure highlight the need for a more comprehensive 

reassessment of the mechanisms underlying imposex induction. 

Through a combination of exposure experiments, we show that the proposed 

natural ligand of RXR (9-cis RA) induces imposex in N. lapillus to the same degree of the 

positive control (TBT), when administered at similar concentrations (1µg/g body weight). 

Methoprene acid, a selective ligand for RXR, also induces imposex, albeit to lower degree 

than that observed for retinoic acid and TBT, while the neuropeptide APGWamide had no 

effect with respect to imposex induction. Testosterone significantly induced imposex, but 

had no effect on female penis length increment. As a step for future studies, we have 

cloned the orthologue of N. lapillus RXR and provide experimental evidence that it binds 

9-cis RA. Finally, we determined the basal expression level of RXR in several tissues of 

N. lapillus through Real Time PCR. The mechanistic impacts of the overall findings to the 

imposex process are discussed. 
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2.1.3 Material and Methods 

 

2.1.3.1 Chemicals 

TBTCl (96%), 9-cis retinoic acid, testosterone, and methoprene acid were obtained 

from Sigma-Aldrich, whereas APGWamide was purchased from Phoenix 

Pharmaceuticals. 

 

2.1.3.2 Experimental conditions and dosing 

Adult N. lapillus were collected in August of 2005 at Praia da Apúlia, Portugal. 

Imposex incidence is around 15% at the referred site (Santos et al., unpublished data). 

Although ideally only imposex free specimens should have been used, we are not aware 

of totally imposex free populations on N. lapillus. Organisms were brought to the 

laboratory and were allowed to acclimate for 14 days prior to the onset of the experiment. 

After this period, 30 animals per replicate were assigned to 15 litre aquaria filled with 

artificial sea water (salinity 35‰), provided with a biological filter, and maintained at 15ºC 

± 1 in an acclimatized room under a 12h light: 12h dark photoperiod. Sera premium salt 

and carbon activated filtrated tap water were used to prepared artificial sea water (pH = 

8.3, conductivity = 48 ms/cm, redox potential = -76 mv). Water was changed every 4 days, 

and animals were feed mussels from their origin site once a week. 

After the acclimatizing period, animals were anesthetized in 7% MgCl2 for 30 

minutes and were injected into the foot with one of the following compounds, using a 5 µl 

syringe (Hamilton Bonaduz, Switzerland): 9-cis RA, TBT, testosterone, APGWamide, and 

methoprene acid. Because the used compounds show different solubility, Fetal Bovine 

Serum (FBS) was used as carrier for 9-cis RA and APGWamide, whereas DMSO was 

used as carrier for TBT, Testosterone and methoprene acid. Animals were injected with 2 

µl of carrier which was found to be well tolerated by the snails. Three control groups were 

also established: control (non-narcotized and non-injected animals), control FBS (animals 

narcotized and injected with 2 µl of FBS), control DMSO (animals narcotized and injected 

with 2 µl of DMSO). Based on previous preliminary work, we found that the injection step 

is crucial for the success of dosing. Hence, animals were dosed very slowly (30 seconds) 

while the syringe was kept into the foot for an additional 30 seconds. Injections lead to no 

mortality or behaviour changes. Because some of the compounds under test are likely to 

be endogenous and therefore can eventually be rapidly metabolized, a second injection 

was administered, 15 days after the beginning of the experiment, following the procedure 

described above. All treatments receive a second injection with the exception of control 

(non-injected animals). 
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The following experimental conditions were tested: Control (Ct), Control Fetal 

Bovine Serum (CtFBS), Control DMSO (CtDMSO), 9-cis RA 1 µg/g body weight (b.w.) 

(RA1), 9-cis RA 2 µg/g b.w. (RA2), TBTCl 1.0 µg/g b.w. (TBT), APGWamide 10-9 M/g b.w. 

(APGW), testosterone 1 µg/g b.w. and methoprene acid 16 µg/g b.w. (MA). The selection 

of the reported concentrations for each chemical follows similar approaches described in 

the literature (Oberdörster and McClellan-Green, 2000; Nishikawa et al., 2004). 

Animals were sacrificed after two months of exposure. Shell height was measured 

prior to cracking and the removing of the snails. Females were identified according to the 

presence of a sperm ingesting gland (Gibbs et al., 1987). The imposex assessment was 

performed under a binocular microscope and penis of females and males measured to the 

nearest 0.05 mm. The severity of imposex (measured as Vas Deference Sequence Index 

– VDSI) was determined using the imposex scheme of Bettin et al. (1996). The mortality 

rate was below 12% in all groups. 

 

2.1.3.3 Isolation of NlRXR gene 

Total RNA was extracted from an adult specimen using the Midi column kit from 

Qiagen, with on column DnaseI digest. The cDNA synthesis was performed with the 

Superscript first-strand synthesis system for RT-PCR (Invitrogen). Briefly, one microgram 

of total RNA was reverse transcribed with the oligo(dT)12-18 primer (0.5μg/μl) at 42°C for 

50 minutes. 

Two sets of oligonucleotide primers were initially designed based on the described 

sequences of T. clavigera (Nishikawa et al., 2004) and Biomphalaria glabrata (Bouton et 

al., 2005; primer pairs 1 and 2, Figure 2.1.1 and table 2.1.1). The polymerase chain 

reaction (PCR) was performed with 200nM of each oligonucleotide primer, 1U of Taq 

polymerase (Eppendorff). Cycle parameters included an initial denaturation at 95°C for 5 

minutes, followed by 40 cycles of 93°C 30 seconds denaturation, 50°C 1 minute annealing 

and 68°C extension for 30 seconds. Bands of the appropriate size were isolated (Qiagen) 

and sequenced directly (StabVida). Two new sets of primers were designed and used for 

PCR as previously described (primer pairs 3 and 4, Figure 2.1.1 and table 2.1.1), 

generating overlapping sequences of the majority of the coding region of RXR. 

To obtain the complete sequence of the gene a 5’/3’ RACE strategy was followed 

(Figure 2.1.1). Specific primers were designed within the known NlRXR sequence. The 

SMART RACE kit from Clontech was used to synthesize cDNA from total RNA. Retrieved 

bands were cloned into pGEMTeasy vector (Promega) and sequenced (StabVida). The 

integrity of the cDNA NlRXR contig was confirmed by PCR with primers flanking the 

coding region and most of the 5’ and 3’ UTR (primer pair 5, Figure 2.1.1 and table 2.1.1). 
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Phylogenetic analysis was conducted in MEGA5 (Tamura et al., 2011). RXR 

sequences were retrieved from GenBank and aligned using the ClustalW function in 

MEGA5. Gaps were removed to obtain a final dataset of 331 positions of 17 sequences. 

The evolutionary history was inferred by using the Maximum Likelihood method based on 

the JTT matrix-based model. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (4 categories). Confidence in each node was 

assessed by 1000 bootstrap replicates of the data. 

 

Figure 2.1.1 Schematic representation of oligonucleotide primer strategy followed to isolate and characterize 

NlRXR. 

 

2.1.3.4 Tissue RNA extraction  

Adult N. lapillus specimens were collected in May 2006 at the Praia da Apúlia site, 

Portugal. Tissues were dissected and preserved in RNA later (Sigma) at -80°C. Up to four 

individual tissues were pooled for RNA extraction. Depending on sample weight, the Midi 

(digestive gland, female mantle and accessory pallial sex glands, male mantle and pallial 

portion of genital ducts, testis, ovary) or Mini (head ganglia, penis, imposex forming area) 

RNA extraction kit from Qiagen was used (animal tissue protocol). Samples were treated 

with on-column DNAseI. First strand cDNA synthesis was performed as described above 

with five hundred nanograms of total RNA. 

 

2.1.3.5 Real Time PCR assays 

A Real Time PCR assay was developed to determine basal tissue expression for 

NlRXR. Two μl of each cDNA sample were added to a reaction mix containing 1X iQ 

SYBR Green Supermix (Bio-Rad) and 0.2 μM of each primer, making a total volume of 25 

μl per reaction. A no template control was included for each run. All reactions were run on 

duplicate in a 96-well plate. Quantitative PCR primers were designed with the software 

Beacon Designer 5 (qRTF and qRTR, table 2.1.1). Preliminary PCR reactions were run to 

determine optimal primer concentrations, cDNA volume and annealing temperature for 
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each assay. The PCR efficiency for both the gene of interest and the reference gene was 

determined through a standard curve. For Actin five 1:5 cDNA dilutions were used with -

3,116 slope, while for NlRXR six 1:10 plasmid dilutions were used with a -3,106 slope. 

PCR profile had the following conditions: 95°C of initial denaturation during 10 

minutes; 95°C 15 seconds, 60°C annealing 30 seconds, and 72°C extension 30 seconds 

(data collection) for forty cycles. A melting curve was generated for every run to confirm 

the specificity of the assays. Relative gene expression was calculated with the iQ5 

software using the 2−ΔΔCt formula. The RXR gene expression in each organ was 

normalized to Actin (see Castro et al., 2007). 

 

Table 2.1.1 Oligonucleotide primer sequences used to isolate and characterize NlRXR. 

Designation Sequence Use 

RXRF1 5’caacctgacatcaagcctga 3’ RXR isolation 

RXRR1 5’ tcacaactgtaaacgccata 3’ RXR isolation 

RXRF2 5’ gggacggagaggtggagagc 3’ RXR isolation 

RXRR2 5’ ctcatcttggccaccagctc 3’ RXR isolation 

RXRF3 5’ tccctccatgatgtgtctca 3’ RXR isolation 

RXRR3 5’ ggtcaccgggtctttctgta 3’ RXR isolation 

RXRF4 5’ gtgggcaccatcttcgac 3’ RXR isolation 

RXRR4 5’ ggctctccagcatctccat 3’ RXR isolation 

RXRF5 5’ tcgttagcccgtatttttgg 3’ RXR isolation 

RXRR5 5’ gccgtaacacacaatgcaac 3’ RXR isolation 

RXR5RACE 5’ cgtgggactgagacacatcatggag 3’ RXR isolation 

RXR3RACE 5’ctcgagcacctcttcttcttcaagctca 3’ RXR isolation 

qRTF 5’ ctgccaggctgcggacaag 3’ Real Time PCR 

qRTR 5’ cgtggagcggtgcgagaac 3’ Real Time PCR 
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2.1.3.6 Ligand Binding Assay 

The LBD of NlRXR (codons 186-441), was subcloned into pGEX-4T (Pharmacia, 

Uppsala, Sweden). GSTRXRs fusions were expressed in Escherichia coli BL21 and 

purified according to the standard procedure (Pharmacia, Uppsala, Sweden). The purified 

proteins (30 µg/mL) were incubated with increasing concentrations of 9-cis-[20- methyl-

3H]retinoic acid (69.4 Ci/mmol, NEN Life ScienceProducts, Inc) with or without a 100-fold 

molar excess of unlabeled 9-cis RA. After incubation at 4°C for 1 h, specific binding was 

determined by hydroxyapatite binding assay (Clagett-Dame and Repa, 1997).  

 

2.1.3.7 Statistical analysis 

Imposex frequency was tested by a Chi-square test using as expected values the 

imposex frequency of the control treatments (FBS and DMSO). After testing ANOVA 

assumptions, statistical significance in male penis size was evaluated through a two-way 

nested ANOVA with a multiple comparison test (Student-Newman-Keuls), using the 

software Statistica 5.0. Data that did not fit ANOVA assumptions (female penis size and 

VDSI) was tested by the Kruskal-wallis nonparametric ANOVA and by Dunn’s test (all 

Pairwise multiple comparison) using the software SigmaStat 3.0. 

 

2.1.4 Results 

 

2.1.4.1 Injection Experiment 

In order to determine the effects of the different experimental conditions, imposex 

incidence, VDSI, male penis and female penis length, were measured 2 months after the 

first injection. The results are displayed in Figure 2.1.2. From the different tested 

compounds, we found that imposex incidence increased significantly in the following 

groups: TBT, 9-cis RA (both concentrations), methoprene acid and testosterone (albeit to 

a lesser extend). The APGWamide neuropeptide and solvent controls failed to induce 

imposex. As for VDSI a clear pattern emerges with 9-cis RA and TBT exposures render 

the same severity of VDSI, which differed significantly from control females. Methoprene 

acid was also able to increase the VDSI, although it did not differ significantly from the 

respective solvent control. As for female penis lengths, a pattern similar to VDSI was 

observed, with TBT and both 9-cis RA inducing comparable effects that differed 

significantly from the respective controls. Significantly, male penis outgrowth increased in 

TBT and 9-cis RA treatments, if compared with the respective control males. 
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Figure 2.1.2 Imposex frequency (A), VDSI (B), male penis length (C) and female penis length (imposex; D) in 

N. lapillus after 2 month-exposure to the different treatments (2 replicates per treatment). Values are mean 

±S.E. (n males= 14-25, n females= 19-28). * p<0.05; ** p<0.01; ***p<0.001, significantly different from solvent 

control. 

 

2.1.4.2 N. lapillus RXR (NlRXR) 

Through a combination of PCR strategies we isolated the orthologue of RXR in the 

gastropod N. lapillus (Figure 2.1.3). Our 5’RACE PCR uncovered two sequence variants 

with different sizes. The analysis of one of the PCR fragments with approximately 1Kb 

suggests that this is probably an incompletely spliced transcript. The sequence contains a 

significant number of a repetitive element typical of intron sequences (not shown), and 

thus will not be analysed further. To demonstrate the integrity of the cDNA assembled 

contig, a PCR with specific primers flanking the coding region was performed (Figure 

2.1.1). The entire ORF encodes a potential protein with 441 amino acids. Unexpectedly, 

the sequencing of several clones demonstrated the existence of yet another variant. An 

in-frame 15 bp insertion in the T-box region is responsible for this variation (Figure 

2.1.3A). This difference is most probably due to alternative splicing, although we have not 

confirmed this. The sequences were named NlRXRa (441 amino acids) and NlRXRb (446 

amino acids) and have been deposited in GenBank (Accession numbers EU024473, 

EU024474). 

The sequence now retrieved has all the main features typical of the RXR nuclear 

receptor (Figure 2.1.3B and 2.1.3C). The degree of conservation is particularly evident in 

the DNA binding domain (DBD) and the ligand binding domain (LBD) with the previously 

described T. clavigera RXR (Figure 2.1.3). We next undertook phylogenetics to fully 

determine the orthology of the isolated sequence. The Maximum Likelihood analysis 

shows that the N. lapillus RXR sequence robustly groups with other described mollusk 

RXR sequences (Figure 2.1.4). 
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Figure 2.1.3 Alignment of the T-box region of the two variants found in N. lapillus (A), the DNA-binding 

domain (B), and the ligand-binding domain (C). The T-box insertion is shown in bold; box delimitates the P-

box and the D-box; AF2 region is underlined; black circles above sequence indicate residues known to interact 

with 9-cis RA; dots indicate insertion. Accession numbers: T. clavigera (TcRXR) AAU12572; B. glabrata 

(BgRXR) AAL86461; and Homo sapiens RXR alpha (HsRXRa) NP_002948. 
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Figure 2.1.4 Molecular Phylogenetic analysis of RXR by Maximum Likelihood method. The percentage of 

trees in which the associated taxa clustered together is shown next to the branches. 

 

2.1.4.3 Ligand Binding Assay 

The LBD of NlRXR protein was expressed in E.coli as a fusion with GST and 

tested the binding ability to 9-cis RA. As results, we found that NlRXR efficiently binds to 

9-cis RA. Scatchard analysis of the binding of [3H]9-cis RA to NlRXR yielded Kd values of 

12.9 nM (Figure 2.1.5), that is similar to the value of T. clavigera RXR (15.2 nM; 

Nishikawa et al., 2004). The crystal structure of the human RXRa LBD bound to 9-cis RA 

has been reported (Egea et al., 2000). In this paper, Egea et al. (2000) demonstrated that 

9-cis RA is buried in a hydrophobic pocket formed by residues located on helices H3, H5, 

H7 and H11, and the β-turn. 9-cis RA contacts to amino acids of hRXR including I268, 

C269, A271, A272, Q275, W305, N306, L309, F313, R316, L326, A327, V342, I345, 

V349, R371, C432 and H435. Recently, a similar finding has been reported for the RXR 

LBD 9-cis RA-bound of the mollusk B. glabrata (de Groot et al., 2005). Because these 
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residues are completely conserved in NlRXR (Figure 2.1.3C), it is reasonable that NlRXR 

binds to 9-cis RA. 

 

Figure 2.1.5 The LBD of N. lapillus RXR expressed in E. coli was incubated with increasing concentrations of 

3H-labeled 9-cis RA in the absence (total binding) or presence of 400-fold nonlabeled 9-cis RA (nonspecific 

binding) – upper panel. Nonspecific binding was subtracted from total binding and plotted as specific binding. 

Scatchard analysis, specific 9-cis RA binding to dogwhelk RXR was transformed by Scatchard analysis and 

plotted – lower panel. Linear regression yielded Kd = 12.9 nM. 

2.1.4.4 Tissue expression 

The expression of NlRXR was determined in several adult N. lapillus tissues 

through Real Time PCR (Figure 2.1.6). Given the very small degree of sequence variation 

between N. lapillus RXR isoforms, we designed primers which determine the combined 

expression of both NlRXRa and NlRXRb. Preliminary semi-quantitative PCR with primers 

flanking the reported T-box variation site showed that they are both expressed in all the 

tested tissues, although isoform a has a higher expression level than b (not shown). This 

approach shows that RXR is ubiquitously expressed in all the tested tissues. However, 

clear differences were observed between tissues, with the highest levels localized to the 

ovary and testis (Figure 2.1.6). 
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Figure 2.1.6 NlRXR tissue expression through Real Time PCR (see text for details). P – penis, IFA – imposex 

forming area, ApsF – female mantle and accessory pallial sex glands, GdM – male mantle and pallial portion 

of genital ducts, DgF – female digestive gland, DgM – male digestive gland, GF - female cerebral ganglia, GM 

– male cerebral ganglia, T – testis, and O- ovary. 

 

2.1.5 Discussion 

 

The imposex mechanism is still poorly understood. Although many hypotheses 

have been put forward, the key molecular determinants have remained elusive. 

Historically, the most important proposals have been the aromatase inhibition, which leads 

to testosterone tissue concentrations imbalance and the abnormal release of the 

neuropeptide APGWamide in response to elevate levels of TBT (Bettin et al., 1996; 

Oberdörster and McClellan-Green, 2000). More recently, Nishikawa et al. (2004) clearly 

pointed to the unique role of the nuclear receptor RXR in the initiation of the imposex 

development. In particular, organotins apparently mimic the role of the natural ligand, 

binding RXR with high affinity (Nishikawa et al., 2004). Despite these findings, Oehlmann 

et al. (2007) contradictorily showed that in N. lapillus 9-cis RA (a suggested natural RXR 

ligand) had no significant effects on imposex parameters after almost two months upon 

injection. This conceptual framework (interplay between retinoids, steroids and 

neuroendocrine factors), leads us to test the in vivo impact on imposex parameters of a 

number of compounds: (a) testosterone, (b) APGWamide, (c) two concentrations of 9-cis 

RA, (d) methoprene acid, and (e) TBT. The percentage of imposex-bearing females 

reached 100% in the positive control (TBT) and in the groups injected with two 9-cis RA 
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concentrations. Significant imposex induction was also observed in the methoprene acid 

injected animals (63%). To a lesser extend testosterone elevated as well the number of 

imposex females (30%). 

In a previous study with T. clavigera, a 9-cis RA (1µg/g body weight) injection 

clearly induced imposex (50% of imposex females, 1 month after injection), but this 

compound was slightly less effective than the positive control triphenyltin (Nishikawa et 

al., 2004). In the present study, not only all N. lapillus females injected with 9-cis RA 

developed imposex, as the severity of imposex development was identical to those 

females injected with 1µg/g body weight of TBTCl. These results confirm the early findings 

of Nishikawa et al. (2004) for T. clavigera, thus suggesting that the imposex induction 

effects of TBT in female gastropods is mediated through RXR. The selected TBT 

concentration (1µg/g body weight) is of environmental relevance and was used because it 

had previously been demonstrated to induce maximum female penis growth in N. lapillus 

over a two month period after injection (Stroben et al., 1992). The lowest 9-cis RA dose 

administered in the present study was identical to the TBT concentration used, and 

renders the same severity of imposex development, further suggesting that both 

compounds act at the same signaling pathway. Moreover, since in the previous study with 

T. clavigera not all females developed imposex after being injected with 1 µg/g body 

weight of 9-cis RA, we have selected two concentrations levels for the present study, 1 

and 2 µg/g body weight. The lack of differences in the imposex parameters between the 

two 9-cis RA tested dosed is most likely associated with the fact that in N. lapillus 1µg/g 

body weight of 9-cis RA is enough to elicit maximum imposex development over the 

duration of the experiment. On the contrary, a recently reported experiment with similar 

conditions with the dogwhelk retrieved non-significant imposex induction (Oehlmann et al., 

2007). This apparent contradiction is puzzling, given the degree of similarity in the 

experimental setup (e.g. 9-cis RA concentration). We propose that this difference is most 

likely due to the use of different carriers, i.e. vitamin A free peanut oil in Oehlmann et al. 

(2007) study, and FBS as carrier in ours and Nishikawa et al. (2004) studies. Perhaps 

dosing 9-cis RA in peanut oil affects its biodisponibility during the course of the 

experiment, rendering it less bioactive. The induction of imposex via RXR signaling is 

further confirmed by the injection with methoprene acid. It has been showed that 

methoprene acid directly binds to RXR and is a transcriptional activator in both insect and 

mammalian cells (Harmon et al., 1995). Furthermore, this activity is RXR-specific unlike 

the 9-cis RA, which binds weakly to RAR nuclear receptors (Harmon et al., 1995). Animals 

injected with methoprene significantly showed imposex induction. However, VDSI and 

female penis length did not attain the severity observed in animals exposed to 9-cis RA 
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and TBT, which suggests a suboptimal RXR binding and activation. This scenario is 

supported by binding assays with the mollusk B. glabrata RXR (Bouton et al., 2005). 

Through proteolysis protection assay, methoprene acid binds the receptor but only at 

higher concentrations suggesting that it can enter the ligand pocket but the binding is not 

with high affinity (Bouton et al., 2005). Thus, the loosely binding of methoprene acid most 

likely impacts the ability to fully promote imposex development. Despite these caveats, 

these results indicate that RXR is the primary target for TBT -mediated endocrine 

disruption in gastropods. 

A growing body of evidences indicates that testosterone may also have a 

physiological role in gastropod reproduction similar to that in vertebrates. Based on this 

assumption, two early studies on the mechanisms of TBT-induced imposex were able to 

demonstrate elevated levels of testosterone in N. lapillus imposex bearing females 

(Spooner et al., 1991; Bettin et al., 1996), and the ability of testosterone (either 

administered through injection or water) to promote female penis growth. Yet, both studies 

have used animals that already had imposex at the start of exposure, and thus imposex 

induction by testosterone could not be tested. Because female N. lapillus at Praia da 

Apúlia show a very low percentage of imposex (approximately 15%), it was possible to 

test this hypothesis. The experimental procedure including the testosterone 

concentrations selected were similar to those reported by Spooner et al. (1991). Our data 

corroborates previous studies showing that testosterone is able to induce imposex in N. 

lapillus, but it was far less effective than TBT and 9-cis RA in the increasing of imposex 

severity. In the Spooner et al. (1991) study, 0.1 and 10 µg testosterone administered 

through injection were able to promote penis growth after 42 days, which is not supported 

by the present study, where 1 µg testosterone administered twice did not show the 

capability to increase female penis length. As the dogwhelk females’ used in the Spooner 

et al. (1991) experiment already had a penis at the start of the experiment, one 

explanation for the observed differences may lie on the fact that penis promotion may 

require lower concentrations of testosterone than induction. Recent studies have 

demonstrated that free testosterone levels in mollusks are mainly controlled through 

esterification with fatty acids, which is mediated by a microsomal acyl-coenzyme A: 

testosterone acyltransferase (ATAT; Gooding and LeBlanc, 2001; Janer et al., 2005). 

Similar to other mollusks, testosterone in female N. lapillus tissues is mainly stored in the 

esterified form, which suggests that ATAT is equally active in dogwhelks (Santos et al., 

2005). This process was shown to be one of the targets of TBT, as in the mud snail (I. 

obsoleta), TBT seems to interfere with testosterone esterification leading to a decrease of 

testosterone-fatty acid esters and to a concomitant increase amount of free testosterone 
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(Gooding et al., 2003). In a follow-up study, Gooding and Leblanc (2004) have recently 

demonstrated that normal I. obsoleta injected with testosterone (0.5 µg) can rapidly 

control excess free testosterone levels to concentrations similar of non-exposed animals. 

This may be one of the explanations why in our study only 35% of testosterone-injected 

females developed early imposex stages. Interestingly, in mammals, retinoids are mainly 

stored as retinyl esters by the action of lecithin: retinol acyltransferase (LRAT). More 

recently, it has been demonstrated the existence of an acyl-coenzyme A: retinol 

acyltransferase (ARAT) which is equally involved in retinyl esters synthesis (Kaschula et 

al., 2006). While the metabolism of retinoids in mollusks has never been studied, one 

cannot exclude the possibility that ARAT can also be present in mollusks, and may also 

be TBT sensitive. As has been shown in our study, potential alterations in retinoic acid 

metabolism could lead to imposex induction. Additionally, in mammals, steroids hormones 

such as progesterone have been demonstrated to inhibit ARAT (Kaschula et al., 2006). 

Furthermore, it has been demonstrated that retinoic acid is involved in the regulation of 

testicular functions in rodents, such as interfering with testosterone production. Whether 

ARAT is in fact present in mollusks, and whether any cross-talk between steroid 

hormones and retinoids do exist in gastropods should be addressed in future studies. 

The APGWamide injections had no effect on imposex parameters. This result 

follows similar findings reported by Santos et al. (2006) for imposex promotion with B. 

brandaris, which together do not support those obtained in I. obsoleta (Oberdörster and 

McClellan-Green, 2000). Although this outcome might be interpreted as conflicting results, 

they could be explained by species-specific response differences. In fact, the injected 

APGWamide (here and in other experiments) represents a synthetic peptide from 

Lymnaea stagnalis and not the endogenous peptide. Recently, it was suggested that 

mollusk APGWamide family members could signal through the gonadotropin releasing 

hormone receptor (GnRHR) along with the gonadotropin releasing hormone (GnRH; 

Rodet et al., 2005). This possibility implies that the APGWamide described imposex 

induction (Oberdörster and McClellan-Green, 2000), could result from GnRhR activation. 

In this context, the potential involvement of a receptor could also explain the different 

reported sensitivities given the expected differences in receptor protein sequence 

between species. Interestingly, the Octopus GnRH-like peptide has been shown to 

participate in steroidogenesis via GnRHR in the male and female reproductive tissues 

(Kanda et al., 2006). This observation is even more relevant when we take into account 

the fact that TBT alters steroid titters in mollusks (Spooner et al., 1991). Finally, 9-cis RA 

is a regulator (though negative) of GnRH gene expression in immortalized GnRH neurons 

(Cho et al., 2001). Likewise, in the invertebrate chordate Ciona intestinalis embryo 
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exposure to all-trans RA induces GnRH-II up-regulation (Ishibashi et al., 2005). The 

interception of these lines of evidence represents a scenario that integrates the interaction 

between 3 cascades (retinoic, neuroendocrine and steroid) on imposex induction. We 

propose that the endogenous action of APGWamide and GnRH (both protein and mRNA) 

should be characterized in the context of imposex development to fully determine their 

role in the outgrowth of male genitalia in female gastropods. 

The length of male penises was also found to be significantly elevated in the 

specimens injected with either TBT or 9-cis RA. This result highlights the process 

similarity between imposex formation and accessory sex organ development in male 

gastropods. Taking together these findings and the fact that retinoids are also known to 

play an important role in mammalian male reproductive organ development (Ogino et al., 

2001; Livera et al., 2002), it may be suggested that male reproductive control mechanisms 

involving retinoid signaling pathways are ancient and have been conserved throughout 

Metazoa evolution. This hypothesis is currently being addressed in more detail at our 

laboratory. 

To determine whether NlRXR binds 9-cis RA (as suggested in vivo) we performed 

an in vitro analysis to test this possibility. Our results indicate that indeed that is the case 

since the LBD of NlRXR binds with strong affinity to the suggested endogenous ligand. 

This pattern is similar to that reported for other mollusk species like T. clavigera and B. 

glabrata (Nishikawa et al., 2004; Bouton et al., 2005). We should note however that the 

role of 9-cis RA as RXR’s natural ligand has been questioned. In mouse keratinocytes, a 

critical experiment demonstrated that 9-cis RA is not the ligand for RXR (Callejá et al., 

2006). Thus, future studies should also approach whether 9-cis RA in mollusks and in the 

context of imposex represents the physiological RXR ligand or not. 

The nuclear receptor RXR has been characterized in several invertebrate species, 

but these are mostly arthropods. In mollusks, only for T. clavigera and B. glabrata has the 

cDNA been isolated, but without a precise documentation on basal tissue expression. We 

have isolated the orthologue of this gene family in N. lapillus. Our PCR strategy 

uncovered two sequence variants, which differ in an insertion/deletion of 5 amino acids in 

the T-box (region adjacent to the DBD, Figure 2.1.4A), probably due to alternative 

splicing. A similar finding has been reported for the RXR sequence of crustaceans (Durica 

et al., 2002; Wu et al., 2004; Kim et al., 2005). The T-box, which is located in the N-

terminal part of the D domain, is also important for DNA binding (Orlowski et al., 2004). It 

plays an important role mediating hormone response element binding interactions with 

RXR homodimers (Zhao et al., 2000). In crustaceans this difference in protein sequence 

impacts DNA-binding kinetics (Wu et al., 2004). We found the sequence carrying the 
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inserted 5 amino acids to have a lower expression level, when assayed through semi-

quantitative PCR (not shown). The biological relevance of this finding in the context of 

imposex will be investigated in the future, in particular if they involve differences on 

downstream RXR responsive element selection or heterodimer partner recruitment. 

As a framework for future studies, we analysed the basal tissue expression profile 

of NlRXR through Real Time PCR. Although RXR mRNA was found in every tested 

tissue, a strong differential expression was detected in the gonads, in particular the ovary. 

While comparable data is absent regarding mollusks, in arthropods the gonads are 

similarly major expression organs (e.g. Durica et al., 2004). In vertebrates, RXR has been 

implicated in reproduction, with male RXRB null mice being sterile (e.g. Kastner et al., 

1996). Apart from imposex, organotins have been shown to elicit abnormal ovarian 

spermatogenesis in several mollusk species, like the abalone and the dogwhelk 

(Horiguchi et al., 2002; Horiguchi et al., 2006; Gibbs et al., 1988). Interestingly, organotin 

concentration in the gonads is positively correlated with imposex length in the females of 

Babylonia japonica (Horiguchi et al., 2006). Whether organotin accumulation in the 

gonads impacts cell differentiation via RXR or the precise role of the gonads in the 

imposex induction is still to be addressed. 

In summary, the findings reported here clearly support the premise that RXR is a 

molecular target of organotins in N. lapillus. In this context, imposex development begins 

with the activation of a signaling cascade which is dependent of the RXR 

activation/inhibition. Furthermore, the fact that male penises are also affected either by 

TBT or 9-cis RA, suggests that the normal process of accessory sex organ development 

in gastropods is retinoic dependent. To determine the temporal RXR expression pattern 

on precise anatomical structures upon organotin stimulation, RXR gene targets (e.g. 

gonadotropin releasing hormone), as well as investigating potential RXR heterodimeric 

partners remains a future challenge. 
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2.2 Tributyltin-induced imposex in marine gastropods involves tissue-

specific modulation of the Retinoid X Receptor 

 

2.2.1 Abstract 

Despite the large number of studies on the phenomenon of imposex, the 

mechanism underlying the abnormal growth of male sexual characters onto females in 

numerous gastropod species is yet to be fully elucidated. Although several hypotheses 

have been raised over the years, a convincing body of evidences indicates that tributyltin-

induced imposex involves the abnormal modulation of the Retinoid X Receptor (RXR). 

Here, we investigate the RXR gene expression at different timings and tissues upon 

exposure to environmentally relevant concentrations of tributyltin (TBT) (100 ng Sn/L TBT) 

in both genders of the imposex susceptible gastropod Nucella lapillus. RXR gene 

expression was determined at two time-points (i.e., before and after imposex initiation) by 

quantitative Real Time PCR in potential target tissues: the central nervous system (CNS), 

penis/penis forming area (PFA), gonads and digestive gland. TBT-exposure altered RXR 

gene expression in a tissue and sex specific manner. In the CNS, a significant down-

regulation was observed in females both before and after imposex initiation (P≤ 0.01 and 

P≤ 0.05, respectively). A similar trend was observed in male CNS at the first time-point, 

although differences between control and the TBT-exposed group were just above 

significance (P= 0.059). The penis/PFA showed no differences in RXR gene expression 

between control and TBT exposed female snails before imposex induction, and both 

before and after imposex initiation for males. However, male penis showed higher RXR 

gene expression in comparison to the PFA of females. After imposex has been induced, a 

significant (P≤ 0.001) increase in RXR gene expression was observed in females penis 

with Vas Deference Sequence index (VDS) levels of 3-4 in comparison with the PFA of 

both control and imposex females with VDS 1-2. At advanced stages of imposex, females 

displayed RXR expression patterns in penis identical to that of males, which points to a 

functional role of RXR in the penis of both genders. In the other tissues, gonads and 

digestive gland, RXR gene expression was not affected by TBT, at any of the analyzed 

time-points. These patterns of RXR expression upon TBT exposure highlight the pivotal 

involvement of the CNS in the mechanism of imposex induction. We integrate the results 

in a conceptual model, and discuss the central role of RXR and the retinoid acid signaling 

pathways in imposex and male genitalia formation in gastropods. 
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2.2.2 Introduction 

Imposex is one of the best documented examples of endocrine disruption in 

wildlife. It is characterized by the superimposition of male characteristics, such as a penis 

and a vas deferens, onto females of marine gastropods. Ever since it was first described 

in Nucella lapillus (Blaber, 1970), numerous studies have been published on the subject. 

A clear association between exposure to tributyltin (TBT), the active ingredient in 

antifouling paints, and imposex has been demonstrated for several species. Currently, at 

least 195 species of prosobranch gastropods are known to be affected, albeit the 

mechanisms responsible for it are yet to be fully elucidated (Sternberg et al., 2010). A 

basic understanding on mollusks’ endocrinology is still today far from achieved, which 

hinders our comprehension of the imposex process. 

Several hypotheses have been raised over the years to explain this condition. A 

series of in vitro transplantation experiments using the prosobranchs Ocenebra erinacea 

and Crepidula fornicata are still today particularly informative (Féral and Le Gall, 1983a). 

This early study indicated that TBT, at environmentally relevant levels, acts on the 

cerebropleural ganglia, through the action of a “retrogressive factor” (RF), leading to the 

abnormal release of a “penis morphogenetic factor” (PMF) by the female pedal ganglia. 

This work highlighted the pivotal role that the central nervous system (CNS) has in female 

gastropod masculinization by TBT. Other tissues did not intervene directly in imposex 

induction. Similarly, available evidences indicate that male penis formation in gastropods 

is under the control of the CNS (Féral and Le Gall, 1983b). In a study reminiscent of the 

work of Féral and Le Gall (1983a), Oberdörster and McClellan-Green (2000) proposed 

that the PMF could be the neuropeptide APGWamide, as it was able to induce imposex in 

Ilyanassa obsoleta and APGWamide immunoreactive neurons were detected in the CNS 

of several gastropods’ species (de Lange and van Minnen, 1998). However, experiments 

conducted by (Santos et al., 2006) and (Castro et al., 2007) showed that APGWamide 

failed to induce imposex in Bolinus brandaris and N. lapillus. 

Since testosterone itself was shown to induce imposex in several gastropod 

species, some alternative hypothesis postulated that TBT may impact testosterone 

metabolism (Spooner et al., 1991). It has also been suggested that TBT would 

competitively inhibit P450 aromatase activity, thereby preventing the conversion of 

androgens to estrogens (and consequently increasing testosterone levels; Bettin et al., 

1996; Santos et al., 2002); alternatively, TBT would inhibit testosterone excretion (Ronis 

and Mason, 1996). Recently, the interference of TBT in steroid balance was proposed to 

be due to a decrease in the esterification of testosterone, thus leading to an increase in 

free testosterone which could then induce imposex (Gooding et al., 2003). Despite these 
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observations, the existence of a functional androgen signaling pathway in mollusks 

remains controversial (Castro et al., 2005; Markov et al., 2009; Sternberg et al., 2008a). 

The discovery of the intriguing ability of TBT to bind and activate the human 

retinoid X receptor (RXR) at the same levels of its natural ligand 9-cis retinoic acid (9-cis 

RA) has expanded our understanding of the process (Nishikawa et al., 2004). In the wild 

rock shell Thais clavigera, injection of 9-cis RA into females was able to induce the 

development of imposex (Nishikawa et al., 2004). This finding was further confirmed with 

the dogwhelk N. lapillus, where injections of 9-cis RA and a selective RXR agonist, 

methoprene acid, induced imposex (Castro et al., 2007), thus reinforcing the hypothesis of 

an RXR-mediated induction of imposex by TBT. 

In vertebrates, the retinoic acid signaling pathways regulate genes involved in 

many biological processes, such as cell proliferation, differentiation and apoptosis during 

embryonic development and other physiological processes in adults (Albalat and 

Cañestro, 2009; MacLean et al., 2007). The male reproductive differentiation also seems 

to be under control of retinoid action, as 50% of RXRβ disrupted mice die before or at 

birth, and those that survive become sterile (Kastner et al., 1996). RXR isoforms are also 

differentially expressed during mice external genitalia formation (Ogino et al., 2001). In 

invertebrates, retinoic acid signaling is less known, although RXR has been identified in a 

wide range of metazoans, i.e., sponges (Wiens et al., 2003), arthropods, nematodes, 

platyhelminthes and mollusks (Simões-Costa et al., 2008). 

So far, RXR has been characterized in various mollusks’ species, namely, T. 

clavigera, Biomphalaria glabrata, N. lapillus and I. obsoleta (Nishikawa et al., 2004; 

Bouton et al., 2005; Castro et al., 2007; Sternberg et al., 2008b). Previously, we have 

isolated the orthologue of RXR in N. lapillus and demonstrated that NlRXR effectively 

binds to 9-cis RA in vitro (Castro et al., 2007). NlRXR gene expression levels were 

determined through qPCR, showing RXR to be expressed ubiquitously. In addition, RXRs 

proposed ligand 9-cis RA and an RXR agonist metophrene acid induced imposex in 

female N. lapillus and impacted male penis outgrowth (Castro et al., 2007). Here, we test 

whether TBT exposure would alter RXR levels in various target tissues. We hypothesize 

that the patterns of RXR expression upon TBT exposure may provide significant insights 

into the involvement of RXR in normal male penis development and imposex induction, 

elucidating namely the timings and tissues targeted by organotins. Thus, in the present 

study, N. lapillus specimens were exposed to an environmentally relevant concentration of 

TBT (100 ng Sn/L TBT; Berto, 2007), and RXR expression determined before and after 

imposex initiation. RXR gene expression was evaluated in potential target tissues: the 

CNS, penis/penis forming area (PFA), gonads, a tissue which previously indicated a role 
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of RXR in reproductive recrudescence (Sternberg et al., 2008b) and digestive gland, a 

metabolic tissue. The biological relevance of the findings is discussed with respect to 

imposex and male penis development in gastropod mollusks. 

 

2.2.3 Material and Methods 

 

2.2.3.1 Chemicals 

TBTCl (96%) and DMSO were purchased from Sigma-Aldrich. 

 

2.2.3.2 Experimental conditions and dosing 

Adult N. lapillus were collected in January 2009 at praia da Apúlia, an area in the 

North of Portugal known to display an imposex incidence below 5% (Santos et al., 

unpublished data). Animals were allowed to acclimatize to laboratory conditions for one 

week before the onset of the experiment.  

After this period, about 35 specimens per replicate (three replicate per treatment) 

were placed in 30 L aquaria filled with artificial salt water (salinity 35 ppm, pH 8.3, 

conductivity = 48 ms/cm, redox potential =−76 mV), and maintained at 16.5 oC ± 1 in an 

acclimatized room under a photoperiod of 12 hours light: 12 hours dark, with artificial 

airing. Salt water was prepared with sera premium salt and carbon activated filtrated tap 

water, and changed three times a week. Animals were fed with mussels from their origin 

site once a week. 

Two treatment groups were set: solvent control (DMSO) and TBT Cl at 100 ng 

Sn/L TBT. The percentage of solvent in the aquaria did not exceed 0.0002%, a 

concentration known to have no effect in imposex development (Santos et al., 2005). 

The kinetics of imposex induction after TBT exposure has previously been study in 

N. lapillus specimens from Apúlia (Santos et al., unpublished data; Castro et al., 2007). At 

the TBT concentrations and water temperature used in the present study, the first signs of 

imposex appear around week five post-exposure. Hence, we selected sacrificing animals 

at one month exposure (before the first signs of imposex) and after two months, where the 

majority of females is expected to have developed imposex. After one month of exposure, 

24 animals (twelve males and twelve females) per treatment were sacrificed. Sex, 

maturation status and penis size/imposex were evaluated under a binocular microscope. 

The selected tissues (i.e., CNS, gonad, digestive gland, penis/PFA) were dissected with 

the help of a surgical scissor under the binocular microscope (80 x amplification), and 

stored separately in RNAlater (Sigma) at -80 oC. The dissection started with the collection 
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of penis or PFA which are located behind the right tentacle. To collect the CNS, a cut 

between both tentacles was performed in the dorsal area allowing the collection of the 

CNS. Finally, approximately 50 mg of gonad and digestive gland were dissected. In order 

to avoid RNA degradation or contamination among tissues, the dissection material was 

cleaned with water and RNase away. The CNS and the female PFA weighted 

approximately 2-3 mg, whereas male and female penis weight varied between 3-7 mg. 

Two months after the initiation of exposure, the remaining animals were sacrificed and the 

same parameters evaluated. The severity of imposex (measured as Vas Deference 

Sequence Index-VDSI) was determined using the imposex scheme of (Bettin et al., 1996). 

No differences in mortality rates were observed between treatment groups.  

 

2.2.3.3 Tissue RNA extraction 

RNA extraction in gonads, digestive gland and CNS was performed using the Kit 

illustra RNAspin Mini RNA Isolation, GE Healthcare (animal tissues protocol), with on 

column DNAseI digestion. Given the low amount of tissue and RNA concentration in penis 

and PFA, RNA was extracted using the kit Qiagen RNeasy® Plus Micro, which is 

adequate for samples with less than 5 mg of tissue. The cDNA synthesis was performed 

with the iScript™cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 

instructions, using 500 ng of total RNA for gonad, digestive gland and CNS and 50 ng of 

total RNA for penis and PFA. 

 

2.2.3.4 qPCR assays 

Tissue expression levels of NlRXR were determined by qPCR (Bio-Rad, iQ5). 

Briefly, 0.8 µL cDNA was added to a reaction mixture containing 1x iQ SYBR Green 

supermix (Bio-Rad) 2 µM of each primer, in a final volume of 20 µL. In each plate, a “no 

template control” was included, and samples were run in duplicate. qPCR profile and 

primers used were previously described (see Castro et al., 2007). 18s was used as 

reference gene, and primers sequences and annealing temperature used in the different 

PCR reactions are given in Table 2.2.1. Real time PCR primers were designed using the 

Software Beacon Designer 5. PCR profile had the following conditions: 95 oC of initial 

denaturation during 10 min; 95 oC 15s, 56 oC annealing 30 s, and 72 oC extension 30 s 

(data collection) for forty cycles. A melting curve was generated for every run to confirm 

the specificity of the assays. Relative gene expression was calculated using the 2-∆∆Ct 

formula (Livak and Schmittgen, 2001). NlRXR gene expression in each organ was 

normalized to 18s, except for gonads, for which we could not find a stable reference gene, 

and therefore data is presented without normalization (2-∆Ct). 
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Table 2.2.1 Primer sequences used to isolate 18s in N. lapillus. 

Primer name Sequence 
Annealing temperature 

(oC) 

18s F 5’-CTATTGGAGGGCAAGTCTGG-3’ 

50 

18s R 5’-GGTGAGTTTTCCCGTGTTGA-3’ 

18s real time F 5’-ATTCGCTGGTGTTGCTTCATC-3’ 

56 

18s real time R 5’-TCCTGGTGGTGCCCTTCC-3’ 

 

2.2.3.5 Statistical analysis 

Statistical analyses were performed using the software Statistica 7.0. Mann-

Whitney U-test was used to compare, for each time-point and sex, statistical differences 

between solvent control and TBT exposed groups. One-way ANOVA, followed by a 

Student-Newman-Keuls multiple comparison test was used to compare RXR gene 

expression in female PFA at the end of exposure and male penis lengths. Chi-square test 

was used for comparing imposex frequency between groups, using imposex frequency of 

the control group as expected values. 

 

2.2.4 Results 

 

2.2.4.1 Imposex and experimental parameters 

Figure 2.2.1 (A, B and C) displays imposex indexes (VDSI, imposex frequency and 

female penis length, respectively) in N. lapillus during the course of the experiment. No 

differences were observed in any of the analyses indexes after one month. However, 

exposure to TBT significantly induced imposex in female N. lapillus after two months, if 

compared with the control group. Similarly, male penis lengths from the TBT exposed 

groups were significantly increased at the end of the experiment in comparison with the 

control group (Fig. 2.2.2).  
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Figure 2.2.1 Imposex parameters in N. lapillus after one and two months of exposure: VDSI (A), Imposex 

frequency (B) and female penis length (C). Values are mean ± S.E. (n= 12- 46). *** p ≤ 0.001, significantly 

different from control.   
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Figure 2.2.2 Temporal change of male average penis length throughout the experiment. Values are mean ± 

S.E. (n= 12- 27). Different letters indicate significant differences, p ≤ 0.05.    

 

2.2.4.2 NlRXR expression 

 Figures 2.2.3-5 display N. lapillus RXR gene expression during the course of the 

experiment. TBT-exposed animals displayed a decrease in RXR gene expression in the 

CNS, either after one or two months, which was statistically significant in females (P ≤ 

0.01 and P ≤ 0.05, respectively) and a similar trend in RXR mRNA levels was observed in 

males, though differences were not significant (P = 0.059; Fig. 2.2.3). Regarding RXR 

gene expression in penis and PFA, significant differences between control and TBT 

exposed snails were not observed after one month exposure for females (Fig. 2.2.4A) and 

during the entire experiment for males (Fig. 2.2.4). In contrast, after two months of 

exposure to TBT a significant (P ≤ 0.001) increase in RXR gene expression was observed 

in females with imposex VDS 3-4 in comparison with both control and imposex females 

with VDS 1-2 (Fig. 2.2.4B). The absolute levels of normalized RXR gene expression in the 

penis of females displaying imposex VDS levels of 3-4 were comparable to those of male 

penis from the TBT treatment group. In contrast to the CNS and PFA, RXR gene 

expression in gonads and digestive gland was not affected by TBT, at any of the analyzed 

time-points (Fig. 2.2.5).  
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Figure 2.2.3 Normalized RXR gene expression in male and female CNS after one (A) and two (B) months of 

exposure. Values are mean ± S.E. (n= 6-9). * p ≤ 0.05; ** p ≤ 0.01, significantly different from solvent control. 
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Figure 2.2.4 Normalized RXR gene expression in male penis and female penis/PFA after one (A) and two (B) 

months of exposure. Values are mean ± S.E. (n= 5-12). ***p ≤ 0.001 indicates significant differences. 
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Figure 2.2.5 RXR gene transcription in male and female gonad (A) and normalized RXR gene transcription in 

male and female digestive gland (B). Values are mean ± S.E. (gonad: n= 7-8; digestive gland: n= 5-8). 

 

2.2.5 Discussion 

It has recently been shown that TBT causes ligand dependent transactivation of 

the human RXRα and that it binds with high affinity to both human and rock shell RXR 

(Kanayama et al., 2005). Injection of females with its suspected natural ligand, 9-cis RA, 

demonstrated that 9-cis RA induces imposex both in T. clavigera (Nishikawa et al., 2004) 

and N. lapillus (Castro et al., 2007), to the same extent of TBT and within the same range 

of concentrations (Castro et al., 2007). Hence, compiling evidence indicates that the 

primary target of TBT in gastropods, in the context of imposex induction, involves an 

inappropriate regulation of RXR signaling pathways. To determine the cascade of 

molecular and physiological events leading to imposex and male penis development, we 

must first understand (a) which organs are targeted by TBT mediated-disruption involving 
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RXR signaling in gastropods and (b) whether the mechanistic interaction between TBT 

and mollusk RXR involves measurable changes in gene expression. The clarification of 

these questions is of paramount importance if we are to strengthen our knowledge of the 

imposex process and mollusk endocrinology. 

In this study we found two significant changes in the tissue expression levels of N. 

lapillus RXR, in females exposed to TBT: a down regulation was observed in the CNS, 

while in the PFA (albeit only at later stages) an upregulation was observed. The results we 

now describe integrate well with the illuminating experiments performed by (Féral and Le 

Gall, 1983b). In the hermaphrodite prosobranch C. fornicata penis differentiation was 

shown to be induced by a neuroendocrine factor synthesized in the pedal ganglia, under 

the control of the cerebropleural ganglia. They further studied the development of imposex 

in a gonochoristic species, O. erinacea, and reported a similar mechanism for the 

development of a penis in TBT-exposed females (Féral and Le Gall, 1983a). Their 

experimental approach suggests that in normal females the liberation of a retrogressive 

factor by the cerebropleural ganglia will block the penis morphogenetic factor (PMF) 

signaling pathway. In males and TBT-exposed females the biosynthesis of the 

retrogressive factor is blocked, thus leading to the activation of the PMF signaling 

pathway. Hence, the CNS appears to be the “active site” that regulates either normal 

penis differentiation in hermaphrodites either the abnormal penis growth in gonochoristic 

females. In an attempt to purify the putative mitogenic neurohormone in C. fornicata, the 

authors suggested it could be a small neuropeptide containing few aromatic residues (Le 

Gall et al., 1987). The exact nature of the penis morphogenetic factor remains elusive. 

Although we cannot state on the nature of this factor, the evidences indicate that its 

release might be under the control of RXR signaling, since exposure to TBT has caused a 

significant downregulation of the expression of this receptor in the female CNS (Fig. 

2.2.6). In males, we find a parallel expression pattern, although differences did not reach 

significance because of high individual variability. It remains to be investigated if the 

decrease of RXR gene expression in the CNS is the trigger of a signaling pathway which 

will ultimately activate the PMF encoding gene, or, in alternative, if it reflects a negative 

feed-back mechanism to restore normal RXR signaling that might be exacerbated after 

TBT binding to RXR in the CNS. In vertebrates, retinoids are involved in numerous 

biological processes, such as morphogenesis and embryogenesis, cellular proliferation, 

differentiation and apoptosis (Abu et al., 2005; Albalat and Cañestro, 2009; MacLean et 

al., 2007). One of the mechanisms through which retinoids mediate their effects is through 

binding to their cognate receptors, RARs and RXRs, and activating gene transcription 

(Marletaz et al., 2006). It is known that, in vertebrates, 9-cis RA is able to bind either 
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RARs or RXRs, even though the mechanisms by which retinoids regulate their own 

receptors are not clarified and vary within the cellular context (Wan et al., 1998). For 

instance, in immortalized rat GnRH neurons (GT1-1 cells), 9-cis RA treatment 

downregulated RXRβ and GnRH expression (Cho et al., 2001), while in F9 

teratocarcinoma cell line RA induced differentiation was accompanied by increased 

expression of the RARβ, RXRα and α-fetoprotein genes (Wan et al., 1994). In Hep3B cells 

RXRα was down-regulated and RXRβ and RXRγ mRNA remained unchanged after RA 

treatment (Wan et al., 1998). These studies point out the complex regulatory mechanisms 

involved in RXR signaling in vertebrates, and the lack of similar data regarding 

invertebrate’s retinoid signaling regulation.  

 

Figure 2.2.6 Hypothetical mechanism for TBT-induced imposex and male penis development in gastropods. 

Under normal penis differentiation, the binding of a retinoid derivative to RXR will modulate target genes in the 

male CNS through interaction with RXR responsive elements (RXRRE).The PMF encoding gene is under the 

control of RXR signaling and is induced in males during penis differentiation. The release of the PMF initiates 

a cascade of events that leads to the outgrowth of a penis and a vas deferens. In normal females, the PMF 

encoding gene is repressed in the absence of a RXR ligand, and hence the release of the PMF is blocked. 

TBT will abnormally bind RXR in the CNS of females leading to the activation of the signaling pathway 

encoding the PMF coding gene, similar to the mechanism underlying male penis differentiation. This model 

also considers the hypothetical local action of RXR during the process of male genitalia development, in both 

sexes. Although the initiation of imposex development might be independent of the gonads and/or digestive 

gland, these organs might be important in the synthesis of retinoids and steroids. TBT binding to RXR in the 

gonads and digestive gland may impact the genes coding for the metabolic module of retinoids and steroids 

leading to imbalance levels of these hormones, which in turn may modulate RXR signaling in the CNS and 

male genitalia development in both sexes. See text for more details. 
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The pattern of gene expression found in the PFA of TBT exposed females 

contrasts sharply with that from the CNS. RXR presented a strong differential expression 

between male penis and female PFA at the first time-point (before imposex induction), 

although no differences among treatments were recorded, for both sexes. This finding 

indicates that retinoids, through RXR, may play a role in the development of gastropod’s 

male penis (Fig. 2.2.6). In vertebrates, male RXRβ null mice are sterile (Kastner et al., 

1996), and RXRs are dynamically expressed during mice genitalia formation (Ogino et al., 

2001). After two months of exposure to TBT, RXR mRNA levels were significantly 

elevated in the penis of imposex females in the VDS stage 3-4, but not in VDS 1-2 or 

control females. Suggestively, these VDS 3-4 females presented RXR mRNA levels 

similar to those found in males. Females in the imposex stages 1-2 are characterized by 

the presence of a developing vas deferens and by the absence of a penis or the presence 

of a small protuberance behind the right tentacle, which will differentiate later, in VDS 

stages 3-4 to a penis morphologically similar to that of males (except for the aphalic 

route). This overall pattern suggests that retinoids play a functional role in both male and 

female penis. In this scenario, cells from the PFA would differentiate into this new 

anatomical structure and concomitantly presenting an RXR expression pattern according 

to its “masculine” phenotype (Fig. 2.2.6). On the contrary, we find no differences in RXR 

expression patterns in the PFA between control females and those displaying VDS stages 

1-2, which might indicate that the local retinoid signaling requirement emerges only at 

later stages of penis development. Future studies should clearly characterize the kinetics 

of RXR gene expression during normal penis development in male gastropods. 

Alternatively, since the first stages of imposex development either show no differences to 

normal females in the PFA or show a small protuberance only, the area of tissue 

expressing elevated levels of RXR may be too small so that its differential expression is 

not detected using real time PCR. If this is the case, the future use of complementary 

approaches, such as in situ hybridization, should help to clarify the question. In the 

experiment of Féral and Le Gall (1983a), female O. erinacea PFA alone did not develop a 

penis when exposed to TBT, and penis growth was only observed when cultured with the 

feminine nervous system. Thus, RXR levels increase in VDS 3-4 penis might reflect the 

local involvement of retinoids in organogenesis, through CNS control, rather than a direct 

effect of TBT in this organ. Alternatively, although the induction of a penis, either in males 

or during female masculinization, may be under the control of the CNS, we cannot 

exclude the possibility that TBT may also act locally as a morphogen mimicking retinoid at 

the receptor levels, thus leading to the increase in male penis length observed during the 

present study (Fig. 2.2.6). It may also explain the observation of aberrant penis 
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development in male gastropods from TBT contaminated areas (Santos et al., 

unpublished results).  

In a recent study with T. clavigera, exposure to another organotin compound  

triphenyltin (TPT) induced a significant increase in RXR expression levels  in the CNS  

and ovary of  females, whereas a trend towards an increase in RXR expression was 

observed in the PFA between control and TPT exposed females (Horiguchi et al., 2010). 

However contradictory these results might seem, we have to keep in mind that, although 

both studies were performed in gastropods, both species are known to respond differently 

to TPT. For instance, unlike T. clavigera, N. lapillus does not develop imposex after 

exposure to environmentally relevant levels of TPT, i.e., 5-100 ngTPTSn/L (Schulte-

Oehlmann et al., 2000), which suggests there might be species-specific differences in 

relation to TPT exposure. The TPT concentration used in the former study of Horiguchi et 

al. (2010) (500 ngTPT/L) can also be a source for these apparently differences in RXR 

response.  

In a previous work with N. lapillus the gonads (particularly the ovary) displayed the 

highest RXR gene expression in comparison with other tissues (Castro et al., 2007). RXR 

high expression in gonads has also been reported for other taxa, as in the crustacean U. 

pugilator (Durica et al., 2002), and it is thought to be involved in vertebrates reproduction, 

as RXR KO male mice are sterile (Kastner et al., 1996). In I. obsoleta, a positive 

correlation between the degree of gonad maturation and RXR gene expression in 

accessory sex glands was observed in field animals (Sternberg et al., 2008b). Taking 

these data together, one could expect to find an increase in RXR gene expression in 

gonads from TBT exposed females if compared with control animals. However, no 

differences were recorded in the present study. Interestingly, an overall decrease in RXR 

gene expression in female gonads was observed, irrespectively of the treatment, between 

both sampling periods. Under laboratory conditions, N. lapillus tends to present a 

decreasing trend in the maturation status, for both sexes (Santos et al., unpublished data), 

which was also observed in the present study (data not shown). Hence, this RXR gene 

expression trend in female gonad may reflect the decrease in the maturation status, thus 

supporting previous data for I. obsoleta which suggested the involvement of retinoic 

signaling pathways in female gonad maturation (Sternberg et al., 2008b).  

Although accumulating evidence suggests the involvement of retinoic acid 

signaling in imposex induction on gastropods, the lack of biological data regarding basic 

mechanisms that control reproduction in these taxa makes it difficult to ascertain the exact 

mechanism underlying the phenomenon. In this work, we characterize for the first time the 

effects of TBT on RXR expression levels in several tissues of N. lapillus. Although the 
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data presented here refer only to the effects at expression level, they strongly point CNS 

and PFA as the primary target organs mediating the process of imposex induction, and 

thus future studies on the protein level should be addressed in these tissues. Given the 

broad spectrum of functions mediated by retinoids in other taxonomic groups, and the 

degree of conservation of RXR throughout Metazoan, it would also be interesting to 

characterize N. lapillus retinoid signaling pathways. The identification of the orthologues of 

vertebrate’s retinoic acid synthesis, degradation and storing enzymes would contribute to 

the background knowledge on retinoic acid signaling in invertebrates, and should be 

further studied, not only in the context of imposex induction, but also in other biological 

processes, such as reproduction and sexual differentiation. It’s been 40 years since 

imposex was first described, and although TBT use in antifouling paints has been banned, 

new substances are continuously being developed and discharged into aquatic 

ecosystems. Only a proper characterization of mollusks endocrinology systems and 

analysis of the impact of endocrine disrupters can prevent future deleterious effects and 

the repetition of similar situations as those reported for imposex. 
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3.1 Molecular characterization of Adh3 from the mollusk Nucella 

lapillus: tissue gene expression after tributyltin and retinol 

exposure  

 

3.1.1 Abstract  

 

Organotin interference with animal endocrine systems represents a notable case 

of physiological disruption. Neogastropod mollusks are particularly sensitive to the 

exposure to these compounds, developing a condition termed imposex, the super-

imposition of male sexual secondary features onto females. Recently, various studies 

have shown that the Retinoic X Receptor (RXR) is a high affinity ligand to tributyltin (TBT), 

while simultaneously hampering the receptor gene expression. Curiously, TBT has been 

shown to down regulate Adh3 in ascidians, an enzyme controversially linked with retinol 

oxidation. Here we isolated the Adh3 orthologue in Nucella lapillus, characterized its basal 

tissue expression profile and addressed the gene expression dynamics in gonads and 

digestive gland upon TBT and retinol exposure. We find that TBT does not affect Adh3 

expression in N. lapillus tested tissues. However, the exposure to retinol, the precursor of 

retinoic acid in vertebrates, caused a significant down-regulation of Adh3 levels in female 

gonads. 

 

3.1.2 Introduction 

 

The last decades have witnessed a significant and hazardous increase in the 

contamination of aquatic environments by endocrine disrupting chemicals (EDCs). 

Although the determination of the biological impact of EDCs in marine ecosystems is now 

an established approach for androgenic and estrogenic chemicals, a full comprehension 

of the effects on marine life is far from achieved (Blystone et al., 2008; Sumpter et al., 

2005). However, sound and irrefutable evidence indicate that EDCs, affect the normal 

endocrine system of several groups of organisms, thus leading to impairment of important 

physiological functions. In fact, reproductive problems, carcinogenesis and other toxic 

effects have been described in wildlife fauna (Sumpter, 2005). Due to its widespread use 

in agriculture, industry and as antifouling paints for ships, boats and fishing nets, organotin 

compounds represent one of the most hazardous pollutants in marine environments and 
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are of particular concern due to their bioaccumulation ability and persistence (Fent, 1996; 

Santos et al., 2009). 

The effects of organotin compounds in reproductive and non-reproductive related-

parameters have been described in both invertebrates and vertebrates (Antizar-Ladislao, 

2008). The most striking example of endocrine disruption in wildlife is the phenomenon of 

imposex in neogastropods characterized by the development of male secondary sexual 

organs in females, namely the penis and a vas deferens, due to exposure to tributyltin 

(TBT; Gibbs and Bryan, 1986). In advanced stages of imposex the vas deferens might 

block the oviduct, compromising normal breeding activity which may lead to population 

decline (Sternberg et al., 2010). Thus, the understanding of the molecular pathways 

underlying the action of these compounds is of crucial importance.  

It has been demonstrated that TBT is a high affinity ligand for both retinoid X 

receptors (RXRs) and peroxisome proliferator-activated receptor gamma (PPARγ). In 

mammals, PPARγ plays an important role in lipid homeostasis, promotes adipocyte 

differentiation and regulates adipogenesis (Kanayama et al., 2005). Recently, RXR has 

been suggested to mediate the imposex development in prosobranch gastropods 

(Nishikawa, 2006; Castro et al., 2007; Nakanishi, 2008). Indeed, TBT seems to bind both 

human and rock shell (Thais clavigera) RXR with the same affinity as its endogenous 

ligand, 9-cis retinoic acid (9-cis RA), which induces imposex in T. clavigera and Nucella 

lapillus, and causes ligand dependent transactivation of the human RXRα (Nishikawa et 

al., 2004). Hence, the retinoid signaling cascades might constitute one of the primary 

biological targets for organotin compounds.  

The impact of organotins on overall gene expression is, nonetheless, far from 

understood. In mollusk gastropods TBT has been shown to alter RXR tissue gene 

expression (Lima et al., 2011). However, downstream effectors of RXR mediated signaling 

have not been fully disclosed. Interestingly, in TBT-exposed ascidian Ciona intestinalis, a 

cDNA microarray technique has revealed a strong differential expression in over 200 

genes (though without a full description of the impacted gene families; Azumi et al., 2004). 

Among those, the alcohol dehydrogenase class III (Adh3) gene, the suggested ancestral 

form of the medium-chain dehydrogenase-reductase family, was strongly down-regulated. 

Contrasting with vertebrates, which have several ADHs, ADH3 is the typical and unique 

ADH form observed in invertebrates (Godoy et al., 2007). Adh3 shows contrasting gene 

expression patterns in distinct animal lineages. While invertebrate ADH3 seems to present 

a specific expression pattern, generally in the digestive tract, vertebrate Adh3 is 

ubiquitously expressed (Cañestro et al., 2003). In agreement with the latter, Adh3, whose 

biological activity has been preserved from protostomes to deuterostomes, has been 
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suggested to perform housekeeping functions namely roles in nitric acid homeostasis and 

regulation of formaldehyde levels (Cañestro et al., 2003). However, in mammals, this 

basic function was challenged. Indeed, the disruption of the Adh3 gene in mice led to 

negative (but reversible through retinol supplementation) effects on RA metabolism and 

growth suggesting a role for ADH3 in RA synthesis as the sought retinol dehydrogenase, 

which converts retinol to retinal later supplying the retinaldehyde dehydrogenases 

(RALDHs; Molotkov et al., 2002). 

In the current work we provide the characterization of a mollusk Adh3 and 

addressed the gene expression dynamics, using real-time PCR, in the gastropod N. 

lapillus upon exposure to TBT and retinol. Although TBT was successful at inducing 

imposex after 2 months exposure, ADH3 expression was not significantly altered. In 

contrast, retinol, the precursor of RA in vertebrates, caused a significant down-regulation 

of ADH3 levels in female gonads. 

 

3.1.3 Methods 

 

3.1.3.1 Experimental exposure conditions 

Adult N. Lapillus were collected in February 2008 at Praia de Apúlia, Portugal, 

where imposex incidence among the population is below 5% (Santos et al., unpublished 

data). The animals were brought to laboratory and were allowed to acclimate for 1 week 

prior to the onset of the experiment. The experiment was carried out with about 27 

animals per replicate, placed in 15L aquaria filled with artificial salt water maintained at 15 

◦C ± 1 in an acclimatized room under a photoperiod of 12 hours light: 12 hours dark and 

artificial airing. Salt water (salinity 35ppm, pH 8.3, conductivity = 48 ms/cm, redox 

potential =−76 mV) was prepared using sera premium salt and carbon activated filtrated 

tap water. Water was changed twice a week, and animals were fed with mussels from 

their origin site once a week. 

The following experimental conditions were tested in duplicate: All-trans retinol 

(sigma) 1 µg/g body weight (b.w.), TBTSn (Aldrich) 1 µg/g b.w. and control fetal bovine 

serum (FBS; sigma), which was used as a carrier for both retinol and TBT. The 

concentrations used were selected based in previous studies (Castro et al., 2007). After 

the acclimatization period, animal were anesthetized for 30 min in 7% MgCl2 and were 

injected into the foot with one of the experimental compounds, retinol, TBT and FBS. 

Animals were sacrificed 3 days after the beginning of the experiment and after two 

months (n=6/12). Shell weight was measured prior to cracking and removing of snails. 
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Other parameters such as sex, maturation status and penis size were evaluated under a 

binocular microscope. Imposex in TBT-exposed females was determined as a positive 

control, to validate the injection procedure. The severity of imposex (measured as Vas 

Deference Sequence Index-VDSI) was determined using the imposex scheme of Bettin et 

al. (1996). Samples were collected and stored in RNA later (Sigma) at -80ºC. The 

remaining animals were sacrificed after two months of exposure and the same parameters 

were evaluated. The mortality rate ranged from 11% (Control FBS) to 18% (TBT 

exposed). 

 

3.1.3.2 Field population sampling 

For the characterization of basal tissue expression levels of Adh3, samples were 

collected from Praia da Apúlia. Specimens were collected in April 2008, taken to 

laboratory and analysed under a binocular stereoscope for the determination of sex and 

presence of imposex in females (again using the imposex scheme of Bettin et al., 1996). 

As expected, imposex frequency in these animals was below 5%. Organs common to both 

sexes (digestive gland, gonads, head ganglia complex, tentacles, kidney, and gills), male- 

(prostate and penis) and female-specific tissues (albumen gland, capsule gland, sperm 

ingesting gland and penis forming area) were removed and stored in RNAlater at -80o C 

until further analysis. 

 

3.1.3.3 Tissue RNA extraction 

Total RNA extraction from the different studied tissues was performed using the 

“illustra RNAspin Mini RNA Isolation Kit”, GE Healthcare (animal tissues protocol), with 

on-column DNase I digestion. RNA quality was assessed in a 1% agarose gel and its 

concentration was determined by fluorescence (Fluoroskan Ascent, Labsystems) using 

the “Quant-iT RiboGreen RNA Assay Kit” (Invitrogen). First strand cDNA synthesis was 

performed using the iScript™ cDNA Synthesis Kit (Bio-Rad), according to the 

manufacturer’s instructions, using five hundred nanograms of total RNA of each sample. 

 

3.1.3.4 ADH3 isolation and characterization 

We used a combination of PCR primers designed in conserved regions of the 

Adh3 from various species to isolate the Adh3 orthologue from N. lapillus. Initially, we 

used primers ADH3F 5’ GGCTACTGGRGTGTGCCA 3’ and ADH3R 5’  

AGTTGAGGGCAGCWCCGT 3’. The PCR profile was as follows: 95°C 5 minutes, with 35 

cycles at 94°C 30 seconds, 50°C 30 seconds and 72°C 30 seconds. A band of 

approximately 400bp was isolated from the agarose gel and cloned using the pGEM-T 
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easy vector system (Promega). Sequencing of the isolated clones was performed with the 

M13Foward and M13 reverse primers (Stabvida). To extend the initial sequence we 

prepared 5’ and 3’ RACE cDNA from a pool of various N. lapillus RNAs using the 

Clontech kit and following the manufacturer instructions (Takara Bio USA). Race primers 

were designed from the initial sequence (ADHRACER 5’ 

GGAATTCGATTAGTTGAGGGCAGCTC 3’ and ADHRACEF 5’ 

AAGACCAACCTGTGCCAGAAGATCAG 3’). However, while 3’RACE PCR was 

successful, 5’RACE PCR was ineffective. 

 

3.1.3.5 Real time PCR Assays 

The expression of Adh3 in the various tissues was determined by real-time PCR. 

An initial dilution of the cDNA (1:4) was done, of which 5µL were added to a reaction 

mixture containing 1x iQ SYBR Green supermix (Bio-Rad) and 2 µM of forward and 

reverse primer in a final volume of 25µL. A “no template control” was included in each 

reaction 96-well plate, and all samples were run in duplicate. Quantitative PCR primers 

were designed using the Software Beacon Designer 5: ADHRTF 5’ 

GGCAGGTCAGGAAATATC 3’ and ADHRTR 5’ CTCGTTGATCTTCTCCAG 3’. 

The Real Time PCR profile was initiated at 95ºC for 5 min, followed by forty cycles 

of denaturation at 95 oC for 10s, annealing at 58 oC for 30s, and extension at 72 oC for 30s 

(data collection). A melting curve was generated for every run to confirm the specificity of 

the assays. The PCR efficiency for the gene of interest was determined through a 

standard curve, using six 5-fold serial dilutions (efficiency of 94.8%). Relative gene 

expression was calculated with using the 2-∆∆Ct formula and. Rpl8 was used as reference 

gene. Primer sequences as follows: NlRpl8RTF 5’ GCATCATCATCAGCCACAAC 3’ and 

NlRpl8RTR 5’ ACCACCACCAGCAACAATG 3’. Real time amplification efficiency was 

calculated using seven 5-fold serial dilutions (efficiency 95.1%) with the following PCR 

profile: 95°C 10 minutes, with 40 cycles 95°C 10 s, 60°C 30 seconds and 72°C 30 

seconds. 

 

3.1.3.6 Statistical Analysis 

Statistical analysis of the results was performed using the software Statistica 7.0. 

Imposex frequency was tested by a Chi-Square test using the results of the solvent 

control treatment as the expected results. After testing for ANOVA assumptions 

(homogeneity of variances and normality of data), statistical differences in Adh3 gene 

expression in the three treatment groups were evaluated through a  one-way ANOVA, 
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followed by a Newman-Keuls multiple comparison test using the solvent control group as 

expected values. 

 

3.1.4 Results 

 

3.1.4.1 ADH3 in the mollusk N. lapillus 

Through a combination of PCR strategies we were able to isolate most of the open 

reading frame of the ADH3 enzyme from the neogastropod N. lapillus, NlAdh3. The 

retrieved sequence has 335 amino acids (Fig. 3.1.1). The 5’end of NlAdh3 was impossible 

to obtain by RACE PCR. However, the reported N. lapillus sequence covers all the eight 

diagnostic sites of the ADH3 enzyme, where a full conservation is observed when 

compared to their human counterpart (Fig. 3.1.1). The examination of the residues 

relevant for the biochemical activity (substrate binding, catalytic domain, and residues 

interacting with the cofactor) are vastly conserved with a single difference being observed 

(one out of twenty two residues; Fig. 3.1.1). 

 

Figure 3.1.1 Alignment of the amino acid sequence of ADH3 in N. lapillus and H. sapiens. The residues 

relevant for enzyme function are highlighted according to Gonzàlez-Duarte and Albalat (2005). *amino acids 

directly involved in the active zinc coordination; ● residues interacting with the cofactor; ] substrate binding 

positions; × residues involved in the catalytic domain. 

We next examined the phylogenetic relationships between N. lapillus Adh3 and 

that of other Bilaterian animals (Fig. 3.1.2). Two clades are distinguishable: one which 

includes the vertebrate Adh3 genes is statistically well supported and a second group with 

the invertebrate sequences including NlADH3. This later group has numerous 

unsupported internal nodes, which reflects comparable levels of sequence diversity in 

inter-phylum comparisons (Godoy et al., 2007). 
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Overall the reported sequence in N. lapillus shows a strong identity to the 

orthologues present in various animal lineages. 

 

Figure 3.1.2 Neighbor-joining phylogenetic tree derived from an amino acid alignment of ADH3 enzymes. 

Gaps were excluded from the final dataset. Figures at nodes are the percentage of 1000-bootstrap samples of 

the data. Numbers below 60% are not shown. Sequence accession numbers as follows: Branchiostoma 

floridae, BfADH3 AF344171; Branchiostoma lanceolatum, BlADH3 AAF73255; Ciona intestinalis, CiADH3 

AAL72131; Schmidtea mediterranea, SmADH3: ABG78601; Drosophila melanogaster, DmADH3 AAA57187; 

Danio rerio, DrADH3 AAL26325; Oryzias latipes, OIADH3 NP_001098256; Xenopus tropicalis, XtADH3 

CR762130; Xenopus laevis, XIADH3 AV393843; Gallus gallus, GgADH3 XP_420576; Homo sapiens, 

HsADH3: NP_000662; Bos taurus, BtADH3, NP_001029421; Mus musculus, MmADH3 NP_031436; Rattus 

norvegicus, RnADH3 NP_001119592; Apis melifera, AmADH3 XM_393266; Anopheles gambiae, AgADH3: 

XM_314472; Daphnia pulex, DappuADH3_1 EFX82966. Lottia gigantea (LotgiADH3_1) and Capitella teleta 

(CtADH3) protein ADH3 sequences were taken from the JGI site with identification numbers, 177389 and 

166096 respectively. Nucella lapillus NlADH3 has been deposited in Genbank with accession number 

JX239771. 

3.1.4.2 Adh3 basal tissue expression in N. lapillus 

The tissue expression profile of N. lapillus Adh3 was determined by means of real 

time PCR. The results were normalized to the expression of Rpl8, and converted into 

relative expression units (Fig. 3.1.3). We sampled various tissues of male and female 
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individuals at a single time point (April of 2008) from a free-imposex population from the 

Northern coast of Portugal (Praia da Apúlia). The results are shown in Figure 3.1.3. Adh3 

transcripts were found in every analyzed tissue, albeit at distinct levels. The digestive 

gland was the tissue with the highest level of Adh3 in both males and females followed by 

gonads and kidney (Fig. 3.1.3), with marginal expression observed in the CNS, penis and 

testis.  

 

 

Figure 3.1.3 Tissue Adh3 expression in N. lapillus. Data normalized to the reference gene Rpl8 (n = 3-5). DG, 

digestive gland; G, gonad; CNS, Head ganglia complex; T, Tentacles; K, kidney; P, penis; PFA, Penis forming 

area; AG, albumen gland; CG, capsule gland; SIG, sperm ingesting gland; Pt, prostate. 

 

Gene expression profiling has long been used as proxy for functional analysis of 

the ADH3 enzyme, mainly during development (Cañestro et al., 2003). In mice, the 

various ADH class isoforms appear in multiple adult tissue compartments (Zgombic-

Knight et al., 1995). For example, class III is ubiquitously expressed, while class I and 

class IV are differentially expressed in an overlapping set of tissues (e.g. stomach 

epithelium; Zgombic-Knight et al., 1995). In contrast, in invertebrates various studies 

suggest a strong and conserved expression in digestive tissues (Cañestro et al., 2003; 

Gonzàlez-Duarte and Albalat, 2005). These findings parallel what we now describe in the 

neogastropod N. lapillus, where the digestive gland emerges as high Adh3 expressing 

tissue. 

 



Chapter 3 

 

107 

3.1.4.3 Exposure to TBT and Retinol: impact in NlAdh3 gene expression 

We next examined whether TBT interferes with Adh3 gene expression in N. 

lapillus. Since a strong downregulation of Adh3 has been observed in ascidians after 

exposure to TBT (Azumi et al., 2004) and TBT is known to act as a high affinity ligand of 

RXR in gastropods (Nishikawa et al., 2004), we hypothesize that it could also hamper 

retinoid metabolism (e.g. Adh3 gene expression). Although the role of invertebrate Adh3 

in retinoid metabolism is controversial (Cañestro et al., 2010), previous findings indicate a 

biological effect of retinol in mollusks, similar to that reported in vertebrates. In Lymnaea 

stagnalis, embryo exposure to retinol and all-trans RA (in the range of 10-5 to 10-7M) leads 

to developmental defects of embryos with arrested development and abnormal shell and 

eyes. Since retinol and all-trans RA induced similar development abnormalities, the 

findings suggest the presence of retinoid metabolic pathways in mollusks (Créton et al., 

1993). Hence, changes to Adh3 gene expression after retinol exposure were also 

analyzed in N. lapillus. 

 

Table 3.1.1 Experimental parameters measured in the exposed N. lapillus at different treatments, three days 

and two months after the beginning of the experiment. Maturation was determined based on macroscopic 

observation of the development of the capsule gland and ovary (females) and prostate and testis (males), 

ranging from zero (dormant) to three (fully developed). 

   

 

Size (mm) 

 

Maturation  

Male 

penis 

size 

(mm) 

VDSI 

Imposex 

Frequency 

(%) 
Treatment 

Mortality 

(%) 
Time F M F M 

FBS 10.7 

3 Days 21.3 19.7 2.9 2.5 2.9 0 0 

2 Months 20.9 21.7 1.9 0.4 2.8 0 0 

Retinol 14.5 

3 Days 21.1 20.2 2.7 2.8 3.0 0 0 

2 Months 19.8 20.7 2.2 0.6 2.6 0 0 

TBT 18.4 

3 Days 22.0 19.8 2.5 2.0 2.8 0 0 

2 Months 21.2 20.7 2.2 1.0 3.0 1.55 72.7 
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To determine the impact of the experimental conditions tested in the dogwhelks, 

several parameters were measured two months after the beginning of the experiment – 

VDSI, Imposex Frequency and male penis size. Size and maturation status were 

determined three days and two months after the injection. The results are displayed in the 

table 3.1.1. The animals used in this experiment belong to a free-imposex population (less 

than 5%) and none of the experimental groups underwent imposex three days after the 

injection. TBT exposure was the only condition capable of inducing imposex two months 

after the beginning of the experiment, validating the injection procedure. Since we used 

all-trans retinol (9-cis or 13-cis isomers are not commercially available), the findings of a 

lack of imposex development in the retinol-injected females is not surprising considering 

that all-trans RA shows a low affinity for RXR. During the course of the experiment, it was 

observed a decrease in the maturation status, corroborating the seasonal change in the 

natural population (Santos et al., unpublished data) and consequently a reduction on the 

male penis size. In the TBT treatment, however, the decrease in the maturation status of 

the males is not so emphatic, and the male penis size is not reduced. 

Real time PCR was used to determine the expression of Adh3 in the gonads and 

the digestive gland of the experimental animals at two time-points, 3 days and 2 months 

after the injection (Fig. 3.1.4). No significant difference was found in the Adh3 mRNA 

levels at the TBT treatment on the studied tissues relative to control (FBS treatment). In 

the retinol treatment, a trend towards a decrease in Adh3 transcripts is evident in the 

majority of the groups. Significant reduction of Adh3 mRNA levels was found in the 

gonads of female snails exposed to retinol, both three days and two months after the 

retinol injection. 
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Figure 3.1.4 Normalized expression of Adh3 transcripts in the gonads and the digestive gland of 3 days (A) 

and 2 months (B) exposed N. lapillus to TBT and Retinol, solvent control (FBS) was used as the reference 

group. Values are presented as mean ± standard error. Different letters indicate significant differences among 

treatments (p<0,05, one-way ANOVA, followed by a Newman-Keuls multiple comparison test). 

 

3.1.5 Discussion 

The impact of organotins in mollusk physiology represents a notable case of 

endocrine disruption. The development of male sexual secondary organs in females, 

termed imposex, has been described in over 150 species of gastropods (deFur et al., 

1999). Nevertheless, only recently investigations have led to the initial comprehension of 

the molecular cascade leading to imposex development. Organotins act as high affinity 

ligands of RXR initiating imposex development (Nishikawa et al., 2004). Moreover, the 

proposed natural ligand of RXR, 9-cis RA, is able to mimic the action of TBT in vivo 
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causing imposex (Nishikawa et al., 2004; Castro et al., 2007). Significantly, reproductive 

recrudescence in gastropods has also been suggested to be mediated by RXR and 

impacted by TBT (Sternberg et al., 2008). Thus, the disruption of the retinoid acid pathway 

in mollusks is crucial for the development of imposex. Until recently, the molecular 

components of the retinoic acid signaling pathway were thought to be chordate 

innovations (Albalat and Cañestro, 2009). However, representatives of important 

components of this pathway such as the retinoic acid receptor (RAR) or the retinoic acid 

degradating enzyme CYP26 have now been found in pre-chordate phyla (Albalat and 

Cañestro, 2009). In vertebrates the pathway leading to production of active retinoids (9-cis 

RA and all-trans RA) involves the initial oxidation of retinol to retinaldehyde. This 

enzymatic step is performed by SDR-Rdh gene family members and Adh class genes. In 

invertebrates though, the role of ADH3 in retinol oxidation has been questioned (see 

Cañestro et al., 2010). In contrast to vertebrates, the single copy invertebrate Adh3 is 

largely expressed in digestive tissues and not ubiquitously as would be expected if a role 

in retinol metabolism was present (Godoy et al., 2007). In fact, functionally the enzyme 

has been shown to participate in formaldehyde and nitric oxide metabolism (Gonzàlez-

Duarte and Albalat, 2005). In this study we set out to isolate and characterize Adh3 in the 

TBT-sensitive gastropod mollusk N. lapillus. Since TBT modulates RXR (a crucial 

component of the retinoic acid signaling pathway) and Adh3 has been shown to be down 

regulated by TBT in ascidians (Azumi et al., 2004), we hypothesized whether a similar 

finding might be observed in N. lapillus. However, no such effect was detected in the 

tested tissues. Also, as part of an ongoing study aimed at dissecting the retinoid molecular 

pathway in N. lapillus, we analyzed the impact of retinol exposure in the gene expression 

of Adh3. Unexpectedly, Adh3 was clearly downregulated in female gonads (a trend in 

testis is also observed but did not reach statistical significance). Since retinoic acid has 

been suggested to play a role in gonad recrudescence in gastropods (Sternberg et al., 

2008), the reported finding could hypothetically indicate a participation of ADH3 in retinol 

oxidation. Alternatively, a toxic effect of retinol in mollusk physiology could have led to the 

down play of Adh3 expression. As research on this topic progresses, a crucial question 

relates to the role and gene portfolio of the SDR-Rdh family in invertebrates namely 

mollusks. 

In conclusion, we provide here the molecular characterization of Adh3 in N. 

lapillus. Our data indicates that molluskan Adh3 gene expression in the gonads and 

digestive gland is not affected by TBT exposure. In contrast, we show that retinol down 

regulates Adh3 in female gonads. Whether this results from a direct role of ADH3 in 

retinoid acid metabolism should be investigated in the future. 
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3.2 Isolation of the first protostome cytochrome P26 orthologue in the 

imposex-sensitive gastropod Nucella lapillus: molecular and toxicological 

insights  

 

3.2.1 Abstract 

 

We report here the isolation of the first protostome cytochrome P26 gene in the 

lophotrochozoan gastropod Nucella lapillus. The phylogenetic analysis confirms that the 

isolated sequence is part of CYP26 evolutionary clade, a clear indication on the bilaterian 

ancestry of the RA signaling pathway molecular components. Given the recently reported 

pivot role of mammal CYP26 in the control of meiosis initiation, we provide here the first 

protostome CYP26 tissue expression profile by qPCR, in several female and male tissues, 

as well as tissue expression dynamics in gonads between mature and dormant animals. 

Additionally, considering that the endocrine disruptor chemical tributyltin (TBT) has been 

reported to induce imposex in female gastropods through the modulation of retinoid 

signaling pathways, the interference of TBT with the transcription levels of CYP26 in a set 

of N. lapillus tissues was evaluated. The results of the present study show that, similar to 

vertebrates, NlCYP26 is ubiquitously expressed in a broad range of tissues. Interestingly, 

the expression dynamic of CYP26 in female gonads follows an opposite pattern to that of 

RXR, with a decrease transcription in mature and increased transcription in dormant 

animals. These results suggest the coordinated action of NlRXR and NlCYP26 in female 

gonad development, and that NlCYP26 could be involved in the degradation of 

endogenous RA. Exposure to TBT significantly decreased the transcription levels in penis 

of females at advanced stages of imposex, which may suggest a novel role of NlCYP26 in 

imposex development. Overall, these results extend the role of retinoid pathways in gonad 

development and imposex induction in gastropods, supporting the hypothesis of a 

phylogenetic conserved nature of retinoid signaling within Bilateria. 

 

3.2.2 Introduction 

 

Retinoids (vitamin A and its analogs) have a key role in several biological functions 

in vertebrates such as regulation of development, immune function, vision or reproduction 

(Malik, 2000; Blomhoff and Blomhoff, 2006; Theodosiou et al., 2010). Alterations in 

retinoid signaling pathways cause congenital malformations, fertility problems, vision 
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defects, tumor and neurodegenerative disorders (Novák et al., 2008). Retinoids are taken 

up from the diet as carotenoids, retinol or retinyl-esters. Whereas vertebrates have an 

elaborate system involving retinoid uptake, transport, storage, mobilization, activation and 

catabolism, much less is known in invertebrates (Theodosiou et al., 2010). Yet, the 

presence of bioactive retinoids has been reported in a few invertebrate species and the 

presence of retinoid metabolism and storage in the gastropod Osilinus lineatus has 

recently been demonstrated (Gesto et al., 2012). Retinoid signal transduction occurs 

essentially through two types of nuclear receptors: the retinoid X receptors (RXRs) and 

the retinoic acid receptors (RARs). Whereas RXR is highly conserved throughout 

metazoans, RAR was recently identified in a lophotrochozoan genome, although a 

functional characterization is still lacking (Albalat and Cañestro, 2009). 

The active metabolite of vitamin A, retinoic acid (all-trans RA), is a key regulator of 

many biological processes such as embryonic development and reproduction in mammals 

(Niederreither and Dollé, 2008). However, the homeostatic control of RA levels within a 

physiological range is essential as both depressed and excess RA levels have been 

associated in vertebrates with several pathologies (Niederreither and Dollé, 2008). The 

maintenance of tissue’s RA levels is achieved mostly by the action of enzymes from the 

cytochrome p450 superfamily, the CYP26 family. In mammals, the CYP26 family has 

three members, CYP26A1, CYP26B1 and CYP26C1 (Ross and Zolfaghari, 2011). 

Although the CYP26 genes display different expression profile, they are able to catalyze 

the oxidation of all-trans RA and 9-cis RA (CYP26C1) to less active metabolites, i.e., 4-

hydroxy and 4 –oxo and 18 – hydroxyl-RA. While the biological activity of these 

metabolites is still not fully characterized, the available data suggest that their activity may 

be context specific (Ross and Zolfaghari, 2011). In mice, null mutations of genes for 

CYP26C1 and CYP26B1 are lethal, thus showing the central role during embryonic 

development (Niederreither and Dollé, 2008). In germ cell development, the sex-specific 

time of meiosis entry is under the control of RA (Bowles et al., 2006; Koubova et al., 

2006). During embryogenesis, whereas germ cells in the ovary enter meiosis, in the testis 

germ cells do not enter meiosis until puberty. CYP26 enzymes have been suggested to 

have a central role in this mechanism, as they seem to prevent an increase in RA levels in 

testis, thus delaying the entry into meiosis. Similarly, CYP26 seems to be determinant for 

ovary meiosis (Bowles et al., 2006; Koubova et al., 2006).      

Compiling evidences indicate that mollusks have a fully elaborated retinoid system 

(Gesto et al., 2012). This is supported by the presence of active retinoid metabolism and 

the presence of biological effects of retinoids in several species (Nowickyj et al., 2008). In 

Lymnaea stagnalis RA has been suggested to be involved in neuronal regeneration and 
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axon pathfinding and embryo exposure to retinol, retinal and all-trans RA (in the range of 

10-5 to 10-7M) leads to developmental defects characterized by increased rates of embryos 

with arrested development and abnormal shell and eyes (Créton et al., 1993; Dmetrichuk 

et al., 2008). A link between the dynamics of RXR transcription in female and male 

gonads of the mud snail Ilyanassa obsoleta and the maturation status has been 

established by Sternberg et al. (2008), suggesting a role of RXR in reproduction of 

mollusks. Similarly, Gesto et al. (2012) have recently reported a sex-specific pattern of 

retinoid storage and metabolism is gonad/digestive gland of the gastropod O. lineatus. 

Furthermore, administration of 9-cis RA leads to an increase in male penis length in the 

prosobranch gastropod N. lapillus as well as penis development in females (imposex), 

thus implying that, similar to vertebrates, RA may be involved in mollusks genitalia 

formation (Castro et al., 2007). In fact, the development of male penis in female 

prosobranch gastropods has been the best characterized example of endocrine disruption 

in aquatic ecosystems. Today, it is well established that imposex induction by the 

antifoulant tributyltin is mediated through RXR signaling pathways (Castro et al., 2007; 

Sternberg et al., 2010). Hence, present data suggest that the control of retinoid levels 

within a physiological range may be crucial to both vertebrates and invertebrates.  

Recently, the search in the unpublished Lophotrochozoans genomes (e.g., 

mollusks and annelids) has hinted at the presence of key players of the RA machinery in 

protostomes, including a CYP26 orthologue (Albalat and Cañestro, 2009). Hence, 

considering the central role of CYP26 in vertebrates, in the present study we isolated the 

first protostome CYP26 orthologue in the prosobranch gastropod N. lapillus and provide a 

tissue expression profile by qPCR in several female and male tissues. Furthermore, we 

investigated the tissue expression dynamics in gonads at mature and dormant stages in 

both sexes. Additionally, since the antifoulant agent TBT has been shown to alter retinoid 

signaling in gastropods, a toxicological study was performed to evaluate the potential 

interference of TBT with the transcription levels of CYP26 in a set of N. lapillus tissues. 

 

3.2.3 Material and Methods 

 

3.2.3.1 Field population sampling 

For the characterization of basal tissue expression levels, adult N. lapillus were 

collected at Praia da Apúlia, a site located in the North of Portugal known to display an 

imposex frequency below 5% (Santos et al., unpublished data). Specimens were collected 

at a single time point, taken to laboratory and analyzed under a binocular stereoscope for 
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the determination of sex and presence of imposex in females (using the imposex scheme 

of Bettin et al., 1996). As expected, imposex frequency in these animals was below 5%. 

Organs common to both sexes (digestive gland, gonads, head ganglia complex, tentacles, 

kidney, and gills), male- (prostate and penis) and female-specific tissues (albumen gland, 

capsule gland, sperm ingesting gland and penis forming area) were removed and stored 

in RNAlater at -80 oC until further analysis. 

For the characterization of mature and dormant CYP26 gene transcription levels, 

adults were sampled between June and July 2008 at Praia da Apúlia. Gene transcription 

was determined in male and female gonads (4-6 samples per sex and reproductive 

status). The maturation status of the animals was determined based on external 

morphological characteristics. Mature females displayed a very developed gonad and 

capsule gland, while dormant presented these organs underdeveloped and with an 

orange/brownish color. Males were classified as mature when displayed very developed 

gonad and sperm was present in the seminal vesicle, and as dormant in the absence of 

visible sperm and gonad not developed. RNA extraction and cDNA synthesis were 

performed as described above. Since RXR gene transcription in gonads of the mud snail, 

Ilyanassa obsoleta (Sternberg et al., 2008) has been suggested to vary according to the 

maturation stage, we also determined RXR gene transcription in gonads of mature and 

dormant animals, and contrasted the gene transcription dynamic with that of CYP26.   

 

3.2.3.2 Experimental exposure to TBT  

The experimental conditions are similar to those described in detail in Lima et al. 

(2011). Briefly, adult N. lapillus were collected in Praia de Apúlia and brought to 

laboratory, where they were allowed to acclimate for 1 week prior to the onset of the 

experiment. About 35 specimens per replicate (three replicate per treatment) were placed 

in 30 L aquaria filled with artificial salt water and two treatment groups were set: solvent 

control (DMSO at 0.0002%) and TBT Cl at 100 ng Sn/L TBT. After one and two months of 

exposure, 16 animals (eight males and eight females) per treatment were sacrificed. Sex, 

maturation status and penis size/imposex were evaluated under a binocular microscope. 

The severity of imposex (measured as Vas Deference Sequence Index-VDSI) was 

determined using the imposex scheme of Bettin et al. (1996). No differences in mortality 

rates were observed between treatment groups. 

 

3.2.3.3 Tissue RNA extraction 

RNA extraction in gonads, digestive gland and CNS was performed using the Kit 

illustra RNAspin Mini RNA Isolation, GE Healthcare (animal tissues protocol), with on 
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column DNAseI digestion. Given the low amount of tissue and RNA concentration in penis 

and PFA, RNA was extracted using the kit Qiagen RNeasy® Plus Micro, which is 

adequate for samples with less than 5 mg of tissue. The cDNA synthesis was performed 

with the iScript™cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 

instructions, using 500 ng of total RNA for gonad and CNS and 50 ng of total RNA for 

penis and PFA. 

 

3.2.3.4 NlCyp26 isolation and characterization 

We designed various sets of degenerate primers to isolate Cyp26 sequences from 

N. lapillus through RT-PCR. Initially, we were able to isolate a fragment with 

approximately 120 nucleotides with similarity to Cyp26 sequences with primers CYP26F3 

(5’ TGGGCTGGCCCTTCdtnggngarac 3’) and CYP26R3 (5’gctgccgaacaggtgngtywtrwa 

3’). The retrieved sequence was further expanded using a specific forward (5’ 

TGGAGTTTGCTAGAAAGGGGGCAGA 3’) and a reverse degenerated primer (5’ 

CGCACGCCGCcnccraanggna 3’) located downstream of the first fragment. This strategy 

allowed the isolation of a contig overlapping sequence with 1079 nucleotides. We made 

various attempts to clone the full ORF using RACE cDNA and PCR, but these were 

unsuccessful. PCR bands were direct sequenced after DNA band isolation (GE illustra 

GFX). 

 

3.2.3.5 Sequence analysis and phylogenetics 

The retrieved cDNA sequence was assembled and the similarity to other known 

Cyp26 determined with the BLAST program (http://www.ncbi.nlm.nih.gov/blast). The 

predicted amino acid sequence was produced using the translate tool of the EXPASy 

Bioinformatics resource portal (http://web.expasy.org/translate/). For the calculation of the 

phylogenetic tree sequences were collected from Ensembl, GenBank and JGI databases. 

Multiple sequence alignment was implemented in MEGA5 (Tamura et al., 2011) with the 

ClustalW function. The evolutionary history was inferred using the Maximum-likelihood 

method. Statistical support was determined with the bootstrap test (1000 replicates).  

 

3.2.3.5 qPCR assays 

 Tissue expression levels of NlCyp26 were determined by qPCR (Bio-Rad, 

iQ5). Briefly, 0.8 µL cDNA was added to a reaction mixture containing 1x iQ SYBR Green 

supermix (Bio-Rad) 0.2 µM of each primer, in a final volume of 20 µL. In each plate, a “no 

template control” was included, and samples were run in duplicate. qPCR profile and 

primers used were previously described (see Castro et al., 2007). Primers sequences and 



Chapter 3 

 

120 

annealing temperature used in the different PCR reactions are given in Table 3.2.1. Real 

time PCR primers were designed using the Software Beacon Designer 5. PCR profile had 

the following conditions: 95 oC of initial denaturation during 10 min; 95 oC 15s, 56 oC 

annealing 30 s, and 72 oC extension 30 s (data collection) for forty cycles. A melting curve 

was generated for every run to confirm the specificity of the assays. Relative gene 

expression was calculated using the 2-∆∆Ct formula (Livak and Schmittgen, 2001). For the 

NlCyp26 tissue profile, the most stable reference gene proved to be Rpl8 and therefore 

data were normalized using the (2-∆∆Ct) formula (Livak and Schmittgen, 2001), in relation to 

Rpl8 mRNA levels. However, it was not stable under TBT exposure. Hence, 18s was used 

as reference gene in TBT exposed animals, except for gonads, for which we could not find 

a stable reference gene, and therefore data is presented without normalization (2-∆Ct). 

Similarly, it was difficult to find a stable reference gene to normalize basal transcription 

levels of Nlcyp26 between mature and dormant gonads, and therefore data was 

presented without normalization. 

 

3.2.3.6 Statistics 

Statistical analyses were performed using the software Statistica 7.0. Mann-

Whitney U-test was used to compare, for each time-point and sex, statistical differences 

between solvent control and TBT exposed groups. One-way ANOVA, followed by a 

Student-Newman-Keuls multiple comparison test was used to compare NlCyp26 gene 

expression in female PFA at the end of exposure and male penis lengths. Chi-square test 

was used for comparing imposex frequency between groups, using imposex frequency of 

the control group as expected values. Mann-Whitney U-test was also used to test mRNA 

transcription differences between maturation stages. 

 

3.2.4 Results 

 

3.2.4.1 CYP 26 in the mollusk N. lapillus 

In this work we cloned for the first time in an invertebrate species the orthologue of 

the CYP26 gene. The partial NlCyp26 coding sequence from N. lapillus was obtained by a 

combination of PCR strategies. The partial NlCYP26 transcript has 1079 nucleotides 

(Figure 3.2.1) showing a moderate conservation with vertebrate sequences (Figure 3.2.2). 
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tgggctggcccttcgtcggtgagacggtggagtttgctagaaagggggcagagttctttgcc 

   G  W  P  F  V  G  E  T  V  E  F  A  R  K  G  A  E  F  F  A  

tcgcgcctagctcagcacgggcccgtgtacaagactcacatggtggggatgcccgtcgtg 

 S  R  L  A  Q  H  G  P  V  Y  K  T  H  M  V  G  M  P  V  V  

cgcgtggtggggggcgagcacgtgcgacacgttctgatgggcgagcacgtcagcgtacgt 

 R  V  V  G  G  E  H  V  R  H  V  L  M  G  E  H  V  S  V  R  

tccaactggccccagtgcgtgcagcgcctcgtgggcccctggtccctactggggatgagc 

 S  N  W  P  Q  C  V  Q  R  L  V  G  P  W  S  L  L  G  M  S  

agcgagcagcaccgacggttcaaacccctgattggggccatcttcaccccgactatcatg 

 S  E  Q  H  R  R  F  K  P  L  I  G  A  I  F  T  P  T  I  M  

gcgtcttttgtgcctcggattcagacggtggtgacgcgacacgtggccgagtggtgccga 

 A  S  F  V  P  R  I  Q  T  V  V  T  R  H  V  A  E  W  C  R  

cgctccagcagcgagggccaggttttggggttcccgtcctgccagcgcctatccctggac 

 R  S  S  S  E  G  Q  V  L  G  F  P  S  C  Q  R  L  S  L  D  

ctgtcccttgagctgatcctgggccagagcatggagcggtctcgcgacaccagccttccc 

 L  S  L  E  L  I  L  G  Q  S  M  E  R  S  R  D  T  S  L  P  

cgagctatgcggcagttcgtgggcaacctcttctccctccctgtagccattcctggctgc 

 R  A  M  R  Q  F  V  G  N  L  F  S  L  P  V  A  I  P  G  C  

ggcatgtggaagggtatgcgggcgcgagagaggatcttgcaggaagtgcgtcacaagctg 

 G  M  W  K  G  M  R  A  R  E  R  I  L  Q  E  V  R  H  K  L  

gacatgacgcaagagcggagtgacgcggatttccacagcatcgtggaactgatgcagctt 

 D  M  T  Q  E  R  S  D  A  D  F  H  S  I  V  E  L  M  Q  L  

cacccggagatgtgcggccagcgacagcttatcgaggacaactctctggaactgttcttc 

 H  P  E  M  C  G  Q  R  Q  L  I  E  D  N  S  L  E  L  F  F  

gcgggatacagtaccacctcgtcggctttctgcaatgctctcatgtgcatagcaaggaac 

 A  G  Y  S  T  T  S  S  A  F  C  N  A  L  M  C  I  A  R  N  

cctgaggtggtgcagaagatcgaggcggagctggaggaggaaggtctcctgcaggacgtg 

 P  E  V  V  Q  K  I  E  A  E  L  E  E  E  G  L  L  Q  D  V  

gggaaggagctcacctacgacgtcctggagagactgcgctacgtgcagggctgcaacagt 

 G  K  E  L  T  Y  D  V  L  E  R  L  R  Y  V  Q  G  C  N  S  

gaggtgctccgcctctacccgcccgccggggccgtcttcaggaaagccacccgcaccttg 

 E  V  L  R  L  Y  P  P  A  G  A  V  F  R  K  A  T  R  T  L  

cagataggggactaccaggtgcccaaagactgggtggtggcctgcagtatccgggagacc 

 Q  I  G  D  Y  Q  V  P  K  D  W  V  V  A  C  S  I  R  E  T  

cagcagacctccaaggccttcagcgagcccagacctgcttccatgccagagcgctgg 

 Q  Q  T  S  K  A  F  S  E  P  R  P  A  S  M  P  E  R  W    

Figure 3.2.1 Nucleotide and predicted amino acid sequence of the Cyp26 gene in N. lapillus.  
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Figure 3.2.2 Alignment of the amino acid sequence of CYP26 from the dogwhelk N. lapillus (NlCyp26) with 

CYP26 sequences from H. sapiens (HsCyp26), B. floridae (BfCyp26), S. purpuratus (SpCyp26), C. teleta 

(CtCyp26), L. gigantea (LgCyp26). 

 

We next undertook phylogenetic analysis to test the orthology of the isolated 

sequence. The phylogenetic tree shows that the doghwhelk sequence groups with one of 

the two copies found in the genome of Lottia gigantea CYP26 (Figure 3.2.3). 



Chapter 3 

 

123 

 

Figure 3.2.3 Molecular Phylogenetic analysis of CYP26 by Maximum Likelihood method. Number at nodes 

represents percentage of bootstrap values. Nodes with bootstrap values below 50% were collapsed. 

 

3.2.4.2 NlCYP26 basal tissue transcription levels 

The qPCR assays were performed to determine mRNA transcription in tissues 

common to both sexes (digestive gland, gonad, head ganglia complex, tentacle, kidney, 

and gill). Sex-specific tissues were also analyzed: male (penis and prostate) and female 

(albumen, capsule and sperm ingesting glands, and the penis-forming area). NlCyp26 is 

expressed in all tissues analyzed, with particularly high levels in the digestive gland (a 

metabolic organ), gill and the central nervous system (CNS; Figure 3.2.4).  
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Figure 3.2.4 NlCyp26 tissue expression through qPCR. Values are mean ± SE (n = 3-5). DG, digestive gland; 

G, gonad; CNS, Head ganglia complex; T, Tentacles; K, kidney; P, penis; PFA, Penis forming area; AG, 

albumen gland; CG, capsule gland; SIG, sperm ingesting gland; Pt, prostate. 

 

3.2.4.3 NlCYP26 and NlRXR transcription levels in gonads of mature and dormant 

animals 

Figure 3.2.5 displays the transcription levels of NlCyp26 and NlRXR genes in male 

and female gonads (A and B). Statistically significant differences (P < 0.05) were 

observed in NlCyp26 and NlRXR gene transcription levels in female gonads between both 

maturation stages. Whereas mature animals showed an increase in NlRXR gene 

transcription in comparison with dormant animals, transcription levels of NlCyp26 

displayed an opposite pattern, with dormant animals showing higher transcription levels 

than mature animals. In contrast, no statistically significant differences in transcription 

levels could be recorded in males for both genes.    
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Figure 3.2.5 Transcription levels of NlCyp26 and NlRXR genes by qPCR in male (A) and female gonads (B) in 

mature and dormant animals. Values are mean ± SE (n = 4-6). * p < 0.05 

 

3.2.4.4 Impact of TBT in the transcription dynamic of NlCyp26 in CNS, penis/PFA, gonad 

and digestive gland 

Given that TBT has been suggested to impact retinoid signaling in mollusks, we 

next evaluated if TBT, at environmentally relevant levels, affected the transcriptional 

dynamics of NlCyp26 in several target tissues, before (1 month) and after imposex 

induction (2 month). No differences were observed in any of the imposex indexes after 

one month exposure (data not shown). However, exposure to TBT significantly induced 

imposex in female N. lapillus after two months, if compared with the control group (5% 

imposex females in control females and 90% imposex induction in TBT exposed females; 

VDSI of 0.1 and 2.5 for, respectively, control females and TBT exposed females).  

Figures 3.2.6 displays NlCyp26 gene transcription during the course of the 

experiment in penis/PFA. NlCyp26 gene transcription in penis/PFA did not differ 

significantly between control and TBT exposed snails after one month exposure for 

females and during the entire experiment for males. In contrast, after two months of 
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exposure to TBT a significant (P ≤ 0.05) decrease in NlCyp26 gene transcription was 

observed in females with imposex VDS 3-4 in comparison with the PFA of control 

females. The impact of TBT exposure in NlCyp26 transcription levels after one and two 

months was also determined in gonads, digestive gland and CNS (Figure 3.2.7). After one 

month, both male and female CNS displayed decreased mRNA levels in the TBT exposed 

group, but significant in males only (P= 0.03). However, this decrease was not maintained 

after two months. Although differences did not reach significance for any of the other 

analyzed tissues (p > 0.05), an opposite pattern was observed in TBT exposed females at 

two months: whereas NlCyp26 transcription levels increased in digestive gland (P = 0.074; 

Figure 3.2.7B), a 1.5-fold decrease was observed in gonads from the same group (P = 

0.13; Figure 3.2.7A).  

 

Figure 3.2.6. NlCyp26 gene transcription in male penis and female penis/PFA after one and two months of 

exposure to TBT. Values are mean ± S.E. (n = 8). * p < 0.05. 
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Figure 3.2.7 NlCyp26 gene transcription in male and female gonad (A), digestive gland (B) and CNS (C). 

Values are mean ± S.E. (n= 5-8). 
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3.2.4 Discussion 

 

This study provides the first molecular characterization of a protostome Cyp26 

orthologue. Unlike other CYP gene families, Cyp26 sequences share moderate similarity 

among different Bilaterian lineages, though that could be related with the protein domains 

involved in the protein function. If only short segments of the protein are crucial for its 

function, then sequence divergence can occur rapidly in the remaining portions. The lack 

of deep sequence analysis studies precludes definitive conclusion on this observation. In 

order to fully demonstrate that the Cyp26 sequence isolated here belongs to Cyp26 gene 

family, we performed phylogenetic analysis. The phylogeny confirms that NlCyp26 

sequence groups together with one of the two putative Cyp26 sequences detected in the 

genome of L. gigantea, and outgrouped by CYP51, as has been previously demonstrated 

(Albalat and Canestro, 2008). The finding that the dogwhelk sequence clusters specifically 

with one of owl limpet Cyp26 sequences, suggests that this apparent duplication took 

place in the ancestor of mollusks. If so, a second Cyp26 should also be found in N. 

lapillus. In the course of this work we found no evidence of that, but the experimental 

approach used here cannot exclude its presence. Interestingly, Cyp26 lineage specific 

expansions are a common trend in bilaterian lineages. Besides the two putative 

sequences found in the genome of L. gigantea, four are found in C. teleta, three in 

amphioxus, two in the sea squirt and three in vertebrates. The exact functional meaning of 

these finding remains to be addressed, but divergence in regulatory processes between 

gene copies is a potential candidate to explain this evolutionary pattern. 

In order to further characterize NlCyp26, we determined its basal transcription level 

in a set of selected tissues. To our knowledge this is the first Cyp26 gene basal tissue 

transcription analyses in an invertebrate species. In contrast to most Cyp genes, that are 

expressed predominantly in liver, mammalian’s Cyp26 genes display a broad tissue 

expression (probably reflecting the central role of these enzymes in different organs), with 

complementary and overlapping expression in several tissues. Cyp26A1 expresses 

predominantly in the liver, whereas Cyp26B1 expresses mostly in brain and Cyp26C 

during embryonic development (Ross and Zolfaghari, 2011). Similarly, in adult N. lapillus, 

NlCyp26 is ubiquitously expressed, with highest levels for both males and females in the 

digestive gland, a metabolic organ, and the CNS. Additionally, high transcription levels 

were also recorded in gill and female capsule gland. Interestingly, early studies on vitamin 

A nutritional deficiencies in mammals demonstrated that reproduction and development 

required adequate levels of RA (Blomhoff and Blomhoff, 2006). Subsequent research has 

shown that both male and female reproduction is modulated by RA. Since RA is active in 
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multiple developmental systems, its synthesis, transport, and degradation must be 

regulated in different tissues. It has recently been demonstrated in mammals that CYP26 

has a central role in the control of RA at tightly levels, ultimately regulating the 

mechanisms of meiosis entry in both males and females (Bowles et al., 2006; Koubova et 

al., 2006). The study of the involvement of RA in the regulation of reproduction outside 

vertebrates has been hampered by the lack of knowledge of invertebrate’s genomics and 

functional characterization of biochemical pathways involving retinoid uptake, transport, 

storage, mobilization, activation and catabolism. However, the recent unpublished 

genome sequences hinted at the presence of several components of the RA machinery in 

Lophotrochozoans (Albalat and Cañestro, 2009). Also, it has recently been demonstrated 

the existence of retinoid metabolism in the gastropod O. lineatus (Gesto et al., 2012. 

These findings have major implications in the understanding of RA signaling, as it pushes 

back the origin of RA machinery to the last common ancestor of the Bilateria (Albalat and 

Cañestro, 2009). Furthermore, several lines of evidence point to a functional role of 

retinoids in invertebrates (Gesto et al., 2012). One of such studies has shown that RXR, 

that is present in all bilaterians, displays an expression dynamics in gonad associated with 

the maturation status in the mud snail I. obsoleta (Stemberg et al., 2008). Hence, in the 

present study, we contrasted the expression dynamic of NlRXR in the gonads of N. 

lapillus, both in mature and dormant animals, with that of NlCyp26. Similar to I. obsoleta, 

N. lapillus displays increased transcription levels of NlRXR in mature female gonads in 

comparison with dormant animals. Significantly, the expression dynamic of NlCyp26 in 

female gonads follows an opposite pattern to that of NlRXR, with a decrease in 

transcription in mature and increased in dormant animals. Taken together, these results 

suggest the coordinated action of NlRXR and NlCyp26, further supporting the hypothesis 

that the involvement of retinoids in female gonad development within Bilateria may be 

phylogenetically conserved. 

The presence of functional retinoid signaling pathways in invertebrates implies 

that, similar to their vertebrate counterparts, they can also be targets of environmental 

chemicals. Hence, we also addressed here the toxicological impact of the antifouling TBT. 

The effect of TBT over non-target organisms is the best documented example of 

endocrine disruption in aquatic ecosystems (Castro et al., 2007). Recently, imposex 

development in female prosobranch gastropods by TBT has clearly been linked with the 

modulation of RXR, although the underlying mechanisms are still not fully understood 

(Nishikawa et al., 2004; Castro et al., 2007; Lima et al., 2011). In addition to imposex, TBT 

induces a range of other effects that have been poorly studied, such as disruption of 

embryogenesis, gametogenesis and alterations of sex ratio in fish (McAllister and Kime, 
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2003; Santos et al., 2006a; Zhang et al., 2007; Zhang et al., 2009a,b; Zhang et al., 2011)  

changes in fertilization in tunicates (Villa et al., 2003), reduction of the female pallial sex 

organs of up to 25% in N. lapillus (Santos et al., 2006b) and gonad masculization 

(Horiguchi et al., 2002). Considering that TBT is known to bind RXR, we aimed here to 

investigate if the transcription levels of our recently isolated NlCyp26 are altered in tissues 

known to express this gene at high levels (digestive gland, gonads and CNS) and during 

imposex development. In fact, 9-cis RA induces imposex to the same extend as 

organotins (Castro et al., 2007). Exposure to environmentally relevant concentrations of 

TBT, with the exception of male CNS at 1 month, did not impact significantly the 

transcription levels of Cyp26 in digestive gland, gonads and CNS of males and females at 

both the analyzed time points. Since local changes at the PFA had been previously 

reported for RXR mRNA levels during imposex development (Lima et al., 2011), NlCyp26 

modulation in penis/PFA was also investigated. TBT induced a decrease in Cyp26 

transcription levels in female penis (imposex) at advanced stages of masculinization 

(VDSI 3-4) in comparison with the PFA of control females. This finding contrasts sharply 

with RXR transcription levels that have been reported to increase in the penis of TBT-

exposed females in advanced stages of imposex (VDSI 3-4; Lima et al., 2011). One likely 

explanation relates to the involvement of retinoids and their receptors in organ 

development, either during embryogenesis either in regeneration processes (Maden and 

Hind, 2003). It is long known that exposure to excess retinoids during salamanders and 

axolotl’s limb regeneration leads to ectopic growth of extra limbs and that when RA 

synthesis is inhibited in frog tadpoles, normal tail regeneration is also inhibited (Maden 

and Corcoran, 1996). In the crustacean Uca pugilator, RXR transcript levels increase 4 

days after limb loss and exposure to all-trans RA potentiates this increase, although the 

mechanism underlying this change is still unknown (Chung et al., 1998). Also, in a recent 

work using the primitive insect Locusta migratoria, it was demonstrated that RXR binds 

all-trans RA with high affinity, which indicates a potential role for the receptors in 

transducing the signal of both retinoid isomers, and suggests that all-trans RA and 9-cis 

RA could act as morphogens in these primitive species (Nowickyj et al., 2008).  

This overall pattern suggests a coordinated action between NlRXR and NlCyp26 in 

controlling local retinoid signaling requirement which will regulate the development of 

imposex in females and male penis. A similar mechanism may explain the pattern of 

transcription levels of both genes observed in mature and dormant females. These 

findings provide a fundamental glimpse into mollusk reproductive physiology and suggest 

that an active and conserved RA pathway exists in protostome mollusks. Future studies 

should determine the in vivo catalytic activity of NlCYP26. 
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3.3 Isolation and basal characterization of the Retinoic Acid Receptor 

(RAR) in the gastropod mollusk Nucella lapillus 

 

3.3.1 Abstract 

 

Here, we report the cloning and description of a RAR-like gene in the 

lophotrochozoan neogastropod mollusk, Nucella lapillus. We provide sequence and 

phylogenetic analysis that demonstrate the orthology of the reported sequence. Further, it 

confirms previous bio-informatic reports on the ancestry of RAR signaling in Bilaterian 

genomes. Even though we have not carried out binding assays, the strong conservation of 

RA contacting amino acids in the ligand binding domain suggests the ability of the 

dogwhelk receptor to bind retinoids. We find this receptor to be transcribed in all the 

examined tissues, but with higher levels in the kidney and female gonads. Male gonads 

showed a transcription downregulation in the mature period, unlike females. To our 

knowledge, the findings reported here represent the first biological characterization of a 

RAR orthologue outside deuterostomes and confirm that components of RA signaling 

appeared in an Urbilaterian ancestor. Finally, they highlight the need for further studies, 

namely those with binding assays to fully comprehend the evolution of RAR signaling in 

Bilaterians, and the potential disruption impacts caused by RAR xenobiotic exploitation. 

 

3.3.2 Introduction 

 

The origin and diversification of endocrine/hormonal systems represents a 

fundamental research issue in biology (Markov et al., 2008). Critical components of these 

systems are the Nuclear Receptors (NRs). NRs form an important superfamily of ligand-

dependent and independent transcription factors that regulate numerous biological 

processes. In particular, the retinoic acid (RA) signaling pathway plays a key role in 

several biological functions in vertebrates such as regulation of development, immune 

function, vision or reproduction (Theodosiou et al., 2010). Alterations in RA-signaling 

pathways have been reported to cause congenital malformations, fertility problems, vision 

defects, tumour and neurodegenerative disorders (Niederreither and Dollé, 2008). Signal 

transduction occurs basically through two types of NRs: the retinoid X receptors (RXRs) 

and the retinoic acid receptors (RARs). The involvement of retinoid signaling in many 

distinct biological functions probably lies in the fact that RXRs have the capability to act as 
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homodimers or to form heterodimers with several other NRs, such as RARs and thyroid 

hormone receptors (TR). While RXR is highly conserved throughout metazoan lineages 

(Bridgham et al., 2010), the phylogenetic distribution of other components of the RA 

machinery such as RAR have been more difficult to establish. RAR forms heterodimer 

complexes preferentially with RXR, and once activated by specific ligands (e.g. RA) is 

able to regulate gene transcription, through binding to retinoic acid responsive elements in 

the promoter regions of target genes. Evolutionarily, RAR (and Cyp26) were for a long 

time considered vertebrate-specific gene lineages. However, research into basal chordate 

species, such as amphioxus and ascidians showed unmistakably that a functional RAR 

emerged at least at the base of chordate evolution (Hisata et al., 1998; Escriva et al., 

2002). Further analysis into basal deuterostome lineages such as echinoderms, 

challenged the idea that central RA signaling components were chordate specific 

(Cañestro et al., 2006; Simões-Costa et al., 2008). In effect, RAR sequences were clearly 

identified in the genome of sea urchin, and less confidently in the protostome phylum of 

the platyhelminthes (Cañestro et al., 2006; Simões-Costa et al., 2008). In accordance, 

previous phylogenetic studies had suggested that the complement of NRs, including RAR, 

was already extremely diverse in the ancestor of bilaterians (Bertrand et al., 2004). 

However, the full genome sequences available at the time, ecdysozoan protostomes (e.g. 

Drosophila melanogaster), and the suggestion of massive NR gene loss in these lineages, 

precluded definitive conclusions regarding the emergence of NRs sub-families, namely 

the evolutionary origin of RAR (Bertrand et al., 2004). 

Recently, this panorama changed radically and confirmed previous suggestions 

that RAR and other RA signaling molecules had already evolved in the early stages of 

bilaterian diversification. Two simultaneous studies examined the genome sequences of 

the mollusk Lottia gigantea and that of the annelid worm Capitella teleta, with respect to 

the RA signaling molecular modules (Albalat and Cañestro, 2008; Campo-Paysaa et al., 

2008). Blast searches and phylogenetic analysis showed the clear presence of RAR, 

Cyp26 and Aldh1a gene sequences in these species, rendering their absence in other 

protostomes a secondary evolutionary event (Albalat and Cañestro, 2008; Campo-Paysaa 

et al., 2008). These findings were consistent with previous RA experiments in mollusks. In 

Lymnaea stagnalis low concentrations of RA induced a wide spectrum of deficiencies, 

including eye defects, arrested development and shell deformations (Créton et al., 1993). 

Further, RA has been found to mimic the action of TBT in gastropod imposex 

development, thus suggesting that retinoids play a central role in mollusk reproductive 

physiology (Nishikawa et al., 2004; this thesis). Moreover, RXR expression levels 

increased in the reproductive tract in the period of recrudescence in I. obsoleta (Sternberg 
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et al., 2008). Together, these observations indicate that an RA system is active in 

mollusks and suggests that other molecular modules, such as RAR, might be involved. A 

second aspect to consider is that of endocrine disruption. The NR evolutionary inherited 

capacity to be ligand-activated is of crucial relevance, since it makes them prime targets 

of endocrine disrupting chemicals (EDCs; Thornton, 2003). Numerous cases of NR-

mediated disturbance have been explored, mostly in vertebrates. Recent examples 

include the suggestion that organotins may cause obesity in mammals due to the 

activation of the Peroxisome Proliferator Activated Receptor (PPAR) and RXR (Kanayama 

et al., 2005). In invertebrates, the imposex mechanism has now been unequivocally linked 

with the specific binding to RXR (Nishikawa et al., 2004; this thesis), the heterodimer 

partner of RAR in chordates. Thus, if the presence of RAR is experimentally determined, 

we can address both its function but also the participation of RAR in mollusk reproductive 

physiology and disruption (e.g. imposex). 

In this context, we aimed at isolating and providing a first biological 

characterization of a RAR gene in the imposex-susceptible species, N. lapillus. We expect 

that the results described here should provide a solid basis for future research into the 

evolution of RAR signaling pathways, endocrine disruption and the role of RA in mollusk 

reproduction. 

 

3.3.3 Material and Methods 

 

3.3.3.1 Isolation of RAR 

Total RNA was extracted from pre-hatched juvenile dogwhelks and various adult 

tissues (e.g. ovary, testis) using the Midi column kit from Qiagen, with on column DNaseI 

digest. One microgram of total RNA was reverse transcribed with the iScript kit (Bio-Rad). 

We used a combination of PCR with degenerate primers (F1 5’ 

GGCGGTCCGTCcaraaraayatg 3’; F2 5’ TCCGTGCGGAACgaymgnaayaa 3’; F4 5’ 

CCCGGGTGTACAAGccntgyktngt R 5’ AGGCGCACTTCAGCarngtdatytg 3’; and RARR3 

5’ CGGTGAGCCTCTAACACGTCCT 3’) to isolate overlapping fragments of RAR (Figure 

3.3.1). The polymerase chain reaction was performed with 250nM of each oligonucleotide 

primer, 1U of Taq polymerase. The first round of PCR used primers F1 and R followed by 

an hemi-nest on the first product with primers F2 and R. Cycling parameters were: initial 

denaturation at 94°C for 3 minutes, followed by 40 cycles of 93°C 30 seconds 

denaturation, 50°/55°C 30 seconds annealing and 72°C extension for 30 seconds. Bands 

of the appropriate size was isolated, cloned (pGEM-T Easy Vector system) and 
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sequenced with the vector primers M13F and M13R (StabVida). Next, we used RACE 

PCR (5’ and 3’) to obtain a full open reading frame (ORF). This strategy was successful 

regarding the isolation of the 3’ of the coding sequence (RARFRace 5’ 

gtttctgtgggagaaggtgacg 3’; RARraceF2 5’ cagccatcgtaaagatcgtggactt 3’; Figure 3.3.1). 

However, various attempts were negative with respect to the isolation of the 5’. To 

circumvent this result, we defined a different approach. We extended the 5’ sequence by 

using a specific reverse primer (R3) in combination with a new degenerate forward (F4; 

Figure 3.3.1). Next, we used genomic libraries from N. lapillus produced with the 

GenomeWalker kit (Clontech). Using a specific reverse oligonucleotide primer (Figure 

3.3.1) within the coding sequence of the original putative partial RAR sequence, we have 

through PCR on genomic libraries of N. lapillus retrieved the presumed 5’ of the coding of 

RAR. The first methionine was established by comparing the coding sequence to the L. 

gigantea RAR amino acid sequence. PCR primers were designed to outflank the 

predicted full ORF, and used for PCR on cDNA, thus demonstrating the integrity of the 

assembled sequence contig (Figure 3.3.1). Although we cannot exclude that the retrieved 

sequence in longer at the 5’, the isolated ORF contains all the typical features of an RAR 

NR. 

 

 

 

 

Figure 3.3.1 Schematic representation of oligonucleotide primer strategy followed to isolate and characterize 

NlRAR. 

 

3.3.3.2 Phylogenetic analysis 

The entire putative sequence of the RAR protein from N. lapillus was aligned with 

the deduced amino acid sequences of RAR sequences from amphioxus (B. floridae), 

human (H. sapiens), western clawed frog (X. tropicalis), zebrafish (D. rerio), sea squirt (C. 
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intestinalis), sea urchin (S. purpuratus), polychaet worm (C. teleta), owl limpet (L. 

gigantea), great pond snail (L. stagnalis) and various THR NR receptor sequences as 

outgroup using the ClustalW function of MEGA5 (Tamura et al., 2011). The produced 

alignment was further edited by eye to maximise the homologous regions. Regions with 

gaps were excluded for phylogenetic analysis. A total of 315 amino acids positions were 

considered for phylogeny purposes in a total of 22 sequences. The phylogenetic tree was 

constructed using the Maximum Likelihood method from MEGA5, with the JTT model of 

amino acid variation, gamma distribution (4 gamma categories). Confidence on each node 

was assessed by 1000 bootstrap replicates. 

 

3.3.3.3 Tissue RNA extraction 

Adult N. lapillus specimens were collected in April 2008 at the Praia da Apúlia site, 

Portugal. Tissues were dissected and preserved in RNA later (Sigma) at -80°C. Between 

two and four individual tissues were pooled for RNA extraction. Depending on sample 

weight, the Midi (digestive gland, capsule gland, testis, ovary) or Mini (head ganglia 

complex, penis, imposex forming area) RNA extraction kit from Qiagen was used (animal 

tissue protocol). Samples were treated with on-column DNAseI. First strand cDNA 

synthesis was performed as described above with five hundred nanograms of total RNA. 

Mature and dormant gonads of N. lapillus were collected in the months of June and July. 

The maturation status of the animals was determined based on external morphological. 

Mature females displayed a very developed gonad and capsule gland, while dormant 

presented these organs underdeveloped and with an orange/brownish color. Males were 

classified as mature when displayed very developed gonad and sperm was present in the 

seminal vesicle, and as dormant in the absence of visible sperm and gonad not 

developed. RNA extraction and cDNA synthesis were performed as described above. 

 

3.3.3.4 Quantitative Real Time PCR assay 

A Real Time PCR assay was developed to determine basal tissue for each RAR 

isoform. iQ SYBR Green supermix (Bio-Rad). Quantitative PCR primers (NlRARRTF 5’ 

CGACCTCCGCAGCATCAG 3’; NlRARRTR 5’ GTCCAGCATCTCAATCACCAG 3’). were 

designed with the software Beacon Designer 5. Preliminary PCR reactions were run to 

determine efficiency of the assay (95 %). The PCR profile had the following conditions: 

95C of initial denaturation during 10 minutes; 95 oC 15s, 56 oC annealing 30 s, and 72 oC 

extension 30 s for forty cycles. A melting curve was generated for every run to confirm the 

specificity of the assays. Relative gene expression was calculated using the 2-∆∆Ct formula 

(Livak and Schmittgen, 2001), usign Rpl8 as the reference gene in the tissue profile. 
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Since none of the analyzed reference genes was stable in mature/dormant gonads, 

results are presented without normalization and were calculated in relation to the average 

Ct of all samples, using the using the (2-∆Ct) formula.  

 

3.3.3.5 Quantitative Real Time PCR assay 

Statistical analyses were performed using the software Statistica 7.0. Mann-

Whitney U-test was assess differences in NlCyp26 mRNA transcription levels in 

mature/dormant gonads. Differences between NlCyp26 mRNA transcription levels, for 

each tissue and sex, were tested with Mann-Whitney U-test. 

 

3. 3.4 Results and Discussion 

 

3.3.4.1 A Lophotrochozoan RAR: sequence analysis 

We used a combination of different PCR strategies to isolate the putative 

orthologue of RAR in the neogastropod N. lapillus. The dogwhelk putative RAR coding 

sequence contains 1137 nucleotides and is predicted to code for 378 amino acids (Figure 

3.3.2). The isolated sequence has all the typical elements of NRs, namely the presence of 

the DBD and the LBD (Figure 3.3.3). Comparison of the amino acids present in the DBD 

of the RAR from different species shows that there is generally a high degree of 

conservation (Table 3.3.1). For example, the N. lapillus RAR DBD displays an identity 

above 80% to the DBD of other mollusk species (Table 3.3.1). These values are lower in 

comparison to deuterostome species, but also close to 80% (Table 3.3.1). The identity in 

the LBD is lower but significantly higher between mollusks. In general, the DBD of NRs 

has three different domains, the P-box, which is involved in determining the DNA binding 

specificity (Perlmann et al., 1993), the D-box that plays a role in the heterodimerization of 

RAR and RXR on the DNA (Zechel et al., 1994a) and the T-box, which is required for the 

heterodimerization of RAR and RXR on DNA as well as for the homodimerization of RXR 

on DNA (Wilson et al., 1992; Zechel et al., 1994b). Within the DBD of RAR from N. 

lapillus, while the sequence of the P-box and of T-box is mostly identical to all P-box/T-

box sequences examined, the sequence of the D-box is more divergent as it contains 

amino acid differences in N. lapillus (and other protostomes) relative to deteurostomes 

(Figure 3.3.3). The deuterostome sequence of the D-box is H/R/D(N)/K(Q)/N(Q,K) and we 

observe that the R (arginine) is a K (lysine) in protostomes, and the N (asparagine) is a T 

(threonine) in N. lapillus, or an I (isoleucine) in C. teleta (Figure 3.3.3). These amino acid 

substitutions correspond to changes of one amino acid by another one with the same 
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charge. for example R (arginine) and K (lysine) have a positive charge and N (asparagine) 

and T (threonine) have a neutral charge. However, the chordate K (lysine; positive 

charge) corresponds to a Q (glutamine; neutral charge) in N. lapillus and S. purpuratus. In 

particular this amino acid change might affect the conformation of the RAR DBD in N. 

lapillus (and S. purpuratus) and hence modify the heterodimerization properties of RAR 

DNA binding as conferred by the D-box. 

We next undertook phylogenetics to establish the true orthology of the predicted 

RAR of N. lapillus. Thus, we have examined the relationship of the isolated RAR in N. 

lapillus to other RAR sequences, namely mollusk sequences available in databases. The 

dogwhelk RAR strongly groups with other RAR molluskan species (bootstrap of 83), and 

together forming a monophyletic assembly with the RAR from bilaterian species (Figure 

3.3.4). We can safely conclude that the dogwhelk isolated sequence is a true orthologue 

of RAR. 

 

Table 3.3.1. Pairwise % identity of the dogwhelk RAR protein sequence to other RAR genes. Pairwise identity 

determined in an alignment performed with ClustalW with the following parameters gap opening 10 gap 

extension 0.1 using a GONNET matrix. 

 DBD LBD 

NlRAR - - 

LsRAR 87.3% 64.8% 

LgRAR 87.3% 60.2% 

CtRAR 84.1% 51.0% 

SpRAR 81.0% 48.8% 

BfRAR 77.8% 45.0% 

CiRAR 76.2% 43.3% 

HsRARα 77.8% 49.4% 

HsRARβ 77.8% 46.6% 

HsRARγ 81.0% 46.6% 
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aggatctctgctggacagtgatggggggatggtggggggaggaggggcccacagccccacc 

                             M  V  G  G  G  G  A  H  S  P  T  

tccatggatcagggcctgtcgtcgccgcccccaccccgggtgtacaggccctgcgtggtg 

 S  M  D  Q  G  L  S  S  P  P  P  P  R  V  Y  R  P  C  V  V  

tgtaacgacaggtcttccggctaccactacggcgtcagctcctgcgagggatgcaagggg 

 C  N  D  R  S  S  G  Y  H  Y  G  V  S  S  C  E  G  C  K  G  

ttctttcgccgcagcgtgcagaagaacatgcagtacacgtgccacaaggaccagacgtgc 

 F  F  R  R  S  V  Q  K  N  M  Q  Y  T  C  H  K  D  Q  T  C  

cccatcaacaaggtcacccgcaaccgctgccagttctgtcggctgcagaagtgcctggcc 

 P  I  N  K  V  T  R  N  R  C  Q  F  C  R  L  Q  K  C  L  A  

atgggcatgtccaaagaagcggtgcgcaacgacaggaacaagaagcgaaagctggcccag 

 M  G  M  S  K  E  A  V  R  N  D  R  N  K  K  R  K  L  A  Q  

atggccgacagcggcggatgcggcccaggggggtctccgccagtggaggagctgacagag 

 M  A  D  S  G  G  C  G  P  G  G  S  P  P  V  E  E  L  T  E  

gacgaccagttgaccatccaggacgtgttagaggctcaccgggccaccacccctgccttg 

 D  D  Q  L  T  I  Q  D  V  L  E  A  H  R  A  T  T  P  A  L  

accaatggtcactcttcgcccatcaccactcaagtagaggttcgatccccggaccagaaa 

 T  N  G  H  S  S  P  I  T  T  Q  V  E  V  R  S  P  D  Q  K  

ggctcggagcaggtggggtttctgtgggagaaggtgacggagctgtcctcggcagccatc 

 G  S  E  Q  V  G  F  L  W  E  K  V  T  E  L  S  S  A  A  I  

gtgaagatcgtggacttcgccaagaagatcccgggcttcctcacactgtctacctcagac 

 V  K  I  V  D  F  A  K  K  I  P  G  F  L  T  L  S  T  S  D  

cagatcacgctcctcaaggcagcatgcttagaaatcatgatcttgcggatctgtgagcgg 

 Q  I  T  L  L  K  A  A  C  L  E  I  M  I  L  R  I  C  E  R  

tacagcgtggagcgggacatggtgcacttcgcggacggcacgtggctgaggcaggaggag 

 Y  S  V  E  R  D  M  V  H  F  A  D  G  T  W  L  R  Q  E  E  

gtggagcagggcgggttcggacccctcaccgccaagatcttccacctggcccgacagctg 

 V  E  Q  G  G  F  G  P  L  T  A  K  I  F  H  L  A  R  Q  L  

cacagtctgcgctgcgaccagaccgagttcgccatgctgggcagcgtctgtctcatcagc 

 H  S  L  R  C  D  Q  T  E  F  A  M  L  G  S  V  C  L  I  S  

ggagatcgttcgggtctggaagacgtggacaggatcgagcagatgcaggagccgctgtta 

 G  D  R  S  G  L  E  D  V  D  R  I  E  Q  M  Q  E  P  L  L  

gaggccctcaaacactacgtccgctccaggagacccgaccagccccaggtcttcgccaag 

 E  A  L  K  H  Y  V  R  S  R  R  P  D  Q  P  Q  V  F  A  K  

atgctgatgaagctcaccgacctccgcagcatcagcgtcaaaggtgccgagcgggtgtta 

 M  L  M  K  L  T  D  L  R  S  I  S  V  K  G  A  E  R  V  L  

cacctgaagctggagattccgggcacactgcctcccctggtgattgagatgctggaccgc 

 H  L  K  L  E  I  P  G  T  L  P  P  L  V  I  E  M  L  D  R  

gtggagaacgtctgcatcccgtgacccaggcctcccctagacacccgccctcccc 

 V  E  N  V  C  I  P  -   

Figure 3.3.2 Nucleotide and predicted amino acid sequence of the RAR gene in N. lapillus. Notations as 

follows: underlined, P-box; bold, D-box; bold italic, T-box.  
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Figure 3.3.3 Alignment of the amino acid sequence of RAR from the dogwhelk N. lapillus (NlRAR) with RAR 

sequences from H. sapiens (HsRAR), C. intestinalis (CiRAR), B. floridae (BfRAR), S. purpuratus (SpRAR), C. 

teleta (CtRAR), L. gigantea (LgRAR), and L. stagnalis (LsRAR). The 12 helixes of the LBD are indicated (H1-

H12). The P-box, T-Boc and D-Box are indicated. 
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Figure 3.3.4 Molecular Phylogenetic analysis of RAR by Maximum Likelihood method. Number at nodes 

represent percentage of bootstrap values. 
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We next analyzed the amino acids in the LBD known to contact with RA (Renaud 

et al., 1995) and to cause the active conformation of the heterodimeric complex with RXR 

(Table 3.3.2). 

 

Table 3.3.2. Amino acid residues within the ligand-binding pocket of RAR that interact with the ligand. The 

numbering is according to human RARγ. Hs – H. sapiens, Sp – S. purpuratus, Bf – B. floridae, Ci – C. 

intestinalis, Nl – N. lapillus, Ls – L. stagnalis, Lg – L. gigantea and Ct – C. teleta. 

 

Aa 219 222 225 226 260 261 263 264 267 277 278 293 382 389 

HsG Phe Leu Lys Cys Leu Met Arg Ile Arg Phe Ser Phe Gly Leu 

Has . . . . . Ile . . . . . . . . 

HsB . . . . . Ile . . . . . . . . 

Sp Val Met Arg Ala Met Ile . . . . Thr . . Met 

Bf . . Glu Thr . Ile . Leu . . Ile . . . 

Ci . . . . . Phe . . . . . . . Val 

Nl Val . Ala Ala Met Ile . . . . Ala . . . 

Ls Ile . Ala Gly Met Ile . . . . . . . . 

Lg Ile . Gly Gly Met Ile . Leu . . . . . . 

Ct Val . Ser Gly . Val . Leu . . Thr . . . 

 

Of the 14 residues interacting with RA, NlRAR has 8 conserved amino acids to 

human RARG. Other mollusk species have a similar level of conservation, though not 

necessarily in the same residues. Although some variability is observed, we find that the 

alternative amino acids have similar biochemical and biophysical properties. For example, 

in human RARG we find a phenylalanine at the position 219. When analyzing the 

homologous position in N. lapillus we find a valine. Although the phenylalanine is a large 

aromatic and hydrophobic residue, its replacement by valine or isoleucine is expected to 

be neutral given that both are hydrophobic and bulky. All alternative residues observed in 

homologous positions in the species studied here, present similar properties. 

Nevertheless, although these alterations may be neutral they may also involve fine tuning 
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ligand specificity in a given species. This may be the case of human Cys226. Cysteines are 

small very hydrophobic residues when observing the corresponding position in other 

species we find Ala, Thr and Gly. These residues are less hydrophobic. Given that binding 

and recognition of hydrophobic ligands such as lipids involves ligand binding pockets 

surrounded with hydrophobic residues, this variation at position 226 may modulate which 

type of ligands may bind to the RAR. Also, in the binding pocket of HsRARG Lys225, 

Arg263, and Ser278 directly interact with the carboxylate moiety of RA (Renaud et al., 

1995). In N. lapillus, we observed two changes, with the homologous residues being Ala, 

Arg and Ala respectively. However, these alterations are conservative. Thus, this 

comparative analysis suggests that the N. lapillus RAR, displays a conservation of the 

LBD residues known to interact with RA similar to that of amphioxus towards HsRARG 

(Escrivà et al., 2006), in accordance to that described for the RAR of L. gigantea and C. 

teleta (Campo-Paysaa et al., 2008). Although we have not performed experimental 

binding and transactivation assays, we suggest the dogwhelk RAR receptor might bind 

RA. 

 

3.3.4.2 Tissue expression and seasonal gonad expression 

The expression of NlRAR was determined in several adult N. lapillus tissues 

through Real Time PCR (Figure 3.3.5). This approach shows that RAR is ubiquitously 

expressed in all the tested tissues. However, clear differences were observed between 

tissues, with the highest levels localized to the kidney, gill and digestive gland (Figure 

3.3.5). Next, we examined the expression profiles in male and female gonads at two 

distinct stages of maturation, dormant and mature (Figure 3.3.6). In females no change 

was observed, while in testis a significant (p < 0.05) down-regulation was determined at 

the mature period. 
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Figure 3.3.5 NlRAR tissue expression examined through Real Time PCR. Values are mean ± SE (n = 3-5). 

DG, digestive gland; G, gonad; CNS, Head ganglia complex; T, Tentacles; K, kidney; P, penis; PFA, Penis 

forming area; AG, albumen gland; CG, capsule gland; SIG, sperm ingesting gland; Pt, prostate. * p < 0.05. 

 

 

Figure 3.3.6 NlRAR expression examined through Real Time PCR at mature and dormant gonad stages. P < 

0.05. 
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Figure 3.3.7 Evolution of the NRs involved in RA signaling in bilaterians. Question mark indicates absence of 

experimental data to infer binding to RA; ✓ indicates RA binding experimentally established. 

 

RA is a fundamental physiological molecule directly participating in numerous 

biological processes (see for a review Theodosiou et al., 2010). The evolutionary origins 

of RA signaling have in the recent past suffered remarkable turns. In effect, while not long 

ago central components of RA signaling were thought to be vertebrate specific, the 

sequencing of lophotrochozoan genomes changed that view. Bio-informatic approaches 

indicated the presence of molecules, such as RAR and Cyp26, in annelids and mollucs 

(Albalat and Canestro, 2008). These findings are significant as they push back the origin 

of RA signaling. Further, they coherently fit previous descriptions on the impact of RA in 

protostomes, namely mollusks. For example, exposure to RA isomers underscores the 

development defects similar to those observed in vertebrates (Créton et al., 1993). Also, 

RA (9-cis) significantly increases the length and number of neuritis in culture neurons in L. 

stagnalis (Dmetrichuk et al., 2008). Additionally, active RA isomers (9-cis, all-trans and 

13-cis) which act as ligands of RAR and RXR have been isolated in mollusk tissues 

(Dmetrichuk et al., 2008; Gesto et al., 2012). RA has also been implicated in the 



Chapter 3 

 

149 

endocrine disruption phenomenon of imposex, since exposure to 9-cis RA (but not all-

trans) mimics the effect of TBT (Nishikawa et al., 2004; this thesis). RA signaling via RXR 

has been implicated in mollusk reproductive recrudescence (Sternberg et al., 2008). In 

contrast to our data on RXR and Cyp26, RAR expression levels did not show a correlation 

with the reproductive status in females. In males, however, a significant downwards 

expression was observed in the mature stage suggesting some form of RAR regulation, 

which remains to be addressed. 

The overall data reported here provides additional confirmation that RAR evolved 

prior to the divergence of major bilaterian lineages (Figure 3.3.7). Components of the RA 

signaling pathway have been retained in most lineages but not in the edysozoans. 

Although we have not undergone experimental testing on the ability of the dogwhelk RAR 

to bind RA or in forming heterodimer complexes with RXR, the sequence conservation 

suggests that the N. lapillus RAR is a functional RA receptor. In conclusion, the work 

reported here paves the way for functional and toxicological studies with mollusk RAR, 

which should provide great insight into the evolution of endocrine systems in bilaterians. 
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4. The 17β hydroxysteroid dehydrogenase type 12 in the 

neogastropod Nucella lapillus: functional and toxicological insights 

 

4.1. Abstract 

 

HSD17B12 is a member of the HSD superfamily, a multifunctional group of 

enzymes involved in the metabolism of steroids, retinoids, bile and fatty acids. Whether 

the main role of HSD17B12 in mammals is in steroids or lipid metabolism was a subject of 

intense debate. In mollusks it has been shown that an HSD17b12 orthologue can convert 

in vitro estrone into estradiol, although its primary in vivo function remains unknown. To 

gain insight on its role in gastropods, we provide here the first molecular characterization 

of Hsd17b12 in Nucella lapillus and its detailed tissue distribution through quantitative 

PCR. Furthermore, given that the endocrine disruptor tributyltin (TBT) has been reported 

to unbalance steroid and lipid levels in gastropods, we tested its impact in NlHsd17b12 

mRNA transcription. Our results show that NlHsd17b12 is ubiquitously expressed in all 

tissues analyzed, with higher levels in high metabolic rate organs such as kidney and 

digestive gland, a pattern consistent with an involvement in lipid metabolism. Exposure to 

TBT Cl at 100ng Sn/L caused a decrease in NlHsd17b12 mRNA levels in digestive gland, 

after one and two months, while no effect was observed in gonads. Overall, these results 

suggest that in mollusks, as in mammals, this enzyme is likely to be involved in lipid 

metabolism, and emphasize the need to perform more detailed studies on its in vivo 

function, in order to understand its physiological role and the biological impact of its 

disruption by pollutants such as TBT. 

 

4.2 Introduction 

 

The 17β hydroxysteroid dehydrogenases (HSD17Bs) are a multifunctional group of 

enzymes with affinity for a large set of substrates, including steroids, bile and fatty acids, 

retinoids and xenobiotics (Prehn et al., 2009). Although the first report of an enzyme of 

this group dates from 1952 (Talalay et al., 1952; Ryan and Engel, 1953), HSD17Bs were 

only successfully cloned and characterized by 1988 (Peltoketo et al., 1988). One of the 

main obstacles for the study and identification of these enzymes is the low sequence 

identity. Apart from some conserved residues that confers them substrate specificity, they 

possess an average of only 20% amino acid identity (Mindnich et al., 2004a; Luu-The, et 
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al., 2006). To date, 14 types of HSD17Bs have been described in mammals (Saloniemi et 

al., 2012), and, with the exception of HSD17B5 (which is an aldo-keto-reductase, AKR), 

they all belong structurally to the large gene family of short-chain 

dehydrogenases/reductases (SDRs) (Prehn et al., 2009), acting as monomers and using 

NADP(H) as co-factor (Jansson, 2009). Although HSDs are able to metabolize different 

substrates, their best characterized role is the involvement in the final step of androgen 

and estrogen biosynthesis, which requires the hydrogenation at the position C17 of the 

steroid backbone (Luu-The et al., 2006). This is the case of human HSD17B1, HSD17B2 

and HSD17B3. Unlike those, HSD17B12 is a multifunctional enzyme that typically shows 

a widespread tissue expression and prefers substrates other than steroids (Mindnich and 

Adamski, 2009; Saloniemi et al., 2012). HSD17B12 in vivo function is not consensual, and 

has been in the center of an interesting dispute, of whether it is involved in steroid or lipid 

metabolism (Saloniemi et al., 2012). The human HSD17B12 has the ability to convert 

estrone (E1) into estradiol (E2) in cell based assays and is significantly expressed in 

human breast cancer tissues (Song et al., 2006). However, its higher expression in liver, 

kidney and muscle (lipid metabolic tissues) suggests a distinct function (Sakurai et al., 

2006). 

Despite some controversies regarding their exact function and the existence of 

species-specific differences, the HSD family is relatively well characterized in humans and 

other mammals. As for invertebrates, this information is scarcer, but the sequencing of 

genomes from non-vertebrate organisms has allowed a greater insight into the 

evolutionary history of this important group of enzymes (Markov et al., 2009). In mollusks, 

only recently an Hsd17b12 orthologue has been cloned and functionally characterized in 

the abalone Haliotis diversicolor supertexta (Zhou et al., 2011). Although the described 

enzyme, when transfected into human embryonic kidney-293 cells (HEK-293), has the 

ability to convert E1 into E2 (Zhou et al., 2011), it is still not clear whether that is its main 

function in vivo. 

The neogastropod Nucella lapillus has long been the object of interest for 

ecological, behavioral and endocrine disruption studies. The dogwhelk is well known for 

the ability of the females to develop a penis and a vas deferens when exposed to the 

environmental contaminant TBT, a phenomenon termed imposex (Santos, et al., 2005). 

Interestingly, in imposex affected gastropods, disrupted steroid and lipid imbalance has 

also been reported but the reason for this is yet to be demonstrated (Janer et al., 2007; 

Lyssimachou et al., 2008). In this work, we have isolated an Hsd17b12 orthologue in N. 

lapillus and provide a tissue expression profile by qPCR in several female and male 

tissues. Our analysis shows that the dogwhelk Hsd17b12 transcript is expressed in all the 
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tested tissues but with remarkably higher levels in metabolic tissues such as the digestive 

gland and kidney. In addition, a toxicological study was performed to evaluate the 

potential interference of TBT with the transcription levels of this enzyme in N. lapillus, as it 

is known that organotins exert inhibitory effects on the activity of HSD17Bs in other 

organisms (Ohno et al., 2005). TBT significantly down-regulated Hsd17b12 mRNA 

transcription in the digestive gland, while no effect was observed in gonads. We suggest 

that overall our results point towards a non-steroid metabolizing role of the enzyme in vivo 

in gastropods. 

 

4.3 Material and Methods 

 

4.3.1 Field population sampling 

For the characterization of basal tissue expression levels, adult N. lapillus were 

collected at Praia da Apúlia, a site located in the North of Portugal known to display an 

imposex frequency below 5% (Santos et al., unpublished data). Specimens were collected 

at a single time point, taken to laboratory and analysed under a binocular stereoscope for 

the determination of sex and presence of imposex in females (using the imposex scheme 

of Bettin (Bettin et al., 1996). As expected, imposex frequency in these animals was below 

5%. Organs common to both sexes (digestive gland, gonads, head ganglia complex, 

tentacles, kidney, and gills), male- (prostate and penis) and female-specific tissues 

(albumen gland, capsule gland, sperm ingesting gland and penis forming area) were 

removed and stored in RNAlater at -80 oC until further analysis. 

 

4.3.2 Exposure experiment 

The experimental conditions are similar to those described in detail elsewhere 

(Lima et al., 2011). Briefly, adult N. lapillus were collected in Praia de Apúlia and brought 

to laboratory, where they were allowed to acclimate for 1 week prior to the onset of the 

experiment. About 35 specimens per replicate (three replicate per treatment) were placed 

in 30 L aquaria filled with artificial salt water and two treatment groups were set: solvent 

control (DMSO at 0.0002%) and TBT Cl at 100 ng Sn/L TBT. After one and two months of 

exposure, 16 animals (eight males and eight females) per treatment were sacrificed. Sex, 

maturation status and penis size/imposex were evaluated under a binocular microscope. 

The severity of imposex (measured as Vas Deference Sequence Index-VDSI) was 

determined using the imposex scheme of Bettin (Bettin et al., 1996). No differences in 

mortality rates were observed between treatment groups. 
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4.3.3 Tissue RNA extraction and cDNA preparation 

Total RNA extraction was performed using the Kit illustra RNAspin Mini RNA 

Isolation, GE Healthcare (animal tissues protocol), with on-column DNase I digestion 

(three to five animals of both sexes for the characterization of NlHsd17b12 basal 

transcription and eight animals for gonad and digestive gland transcription levels under 

TBT exposure). The iScript™cDNA Synthesis Kit (BIO-RAD) was used for the first strand 

cDNA synthesis, according to the manufacturer’s instructions, using five hundred 

nanograms of total RNA. 

 

4.3.4 Hsd17b12 isolation and characterization in N. lapillus 

A combination of PCR primers was used to isolate the Hsd17b12 orthologue from 

N. lapillus. A polymerase chain reaction (PCR) was performed with degenerate primers 

(HSD17F1 5’ GACGGCATCGGCaargcntaygc 3’ and HSD17R2 5’ 

GGTACTCGTAGGACATGccnacrttrtt 3’) for 40 cycles (93 ◦C 25 seconds denaturation, 55 

◦C 30 s annealing and 72 ◦C extension for 20 s), using a mixed cDNA sample (testis, 

digestive gland and ovary). A band of the expected size was cut from the agarose gel, 

cleaned (GE illustra GFX) and cloned using the pGEMT-easy vector system (Promega). 

Positive clones were sequenced with vector primers (StabVida). Race primers were then 

designed on this sequence (HSD12race3F 5’ agcgaggattgaacattgtcctgat and 

HSD12race5R 5’ agctcctgcggaatcatatcgtaga 3’) and the SMART RACE kit (Clontech) was 

used to amplify both 5’ and 3’ cDNA ends. Bands were isolated and cloned as previously 

described, and sequenced with vector primers and specific primers derived from the 

sequence. 

 

4.3.5 Sequence analysis and phylogenetics 

The retrieved cDNA sequence was assembled and the similarity to other known 

Hsd17b12 determined with the BLAST program (http://www.ncbi.nlm.nih.gov/blast). The 

predicted amino acid sequence was produced using the translate tool of the EXPASy 

Bioinformatics resource portal (http://web.expasy.org/translate/). Transmembrane 

domains were calculated using the TopPred 0.01 software (http://mobyle.pasteur.fr/cgi-

bin/portal.py?#forms::toppred). For the calculation of the phylogenetic tree sequences 

were collected from Ensembl, GenBank and JGI databases. Multiple sequence alignment 

was implemented in MEGA5 (Tamura et al., 2011) with the ClustalW function. The 

evolutionary history was inferred using the Neighbor-Joining method. Statistical support 

was determined with the bootstrap test (1000 replicates). The evolutionary distances were 

http://www.ncbi.nlm.nih.gov/blast
http://web.expasy.org/translate/
http://mobyle.pasteur.fr/cgi-bin/portal.py?
http://mobyle.pasteur.fr/cgi-bin/portal.py?
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computed using the Dayhoff matrix based method, and the rate variation among sites was 

modeled with a gamma distribution (shape parameter = 4). The analysis involved 15 

amino acid sequences. All positions containing gaps and missing data were eliminated. 

There were a total of 226 positions in the final dataset. 

 

4.3.6 Quantitative PCR Assays 

NlHsd17b12 mRNA transcription levels were determined by quantitative PCR and 

respective primers (HSD12RTF 5’ctggacatcggcacactg3’ and HSD12RTR 5’ 

cctcgcttcttggacacc 3’) were designed using the Software Beacon Designer 5. The PCR 

profile had the following conditions: 95 o C of initial denaturation during 10 min; 95 oC 15s, 

56 oC annealing 30 s, and 72 oC extension 30 s (data collection) for forty cycles. For each 

real-time reaction, 0.8 µL of cDNA, 1x iQ SYBR Green supermix (Bio-Rad), and 0.2 µM of 

each primer were used. The PCR efficiency for both the gene of interest and the reference 

gene was determined through a standard curve with 5 1:5 dilutions for NlHsd17b12 

(efficiency=108 %, slope = -3.138) and 7 standards of 1:10 dilutions for 18s 

(efficiency=94.4 %, slope = -3.464). For every run, a melting curve was performed to 

ensure the specificity of the reaction. Gene transcription in gonads from the exposure 

experiment could not be normalized, due to the absence of a stable reference gene and 

therefore results are presented without normalization, calculated using the (2-∆Ct) formula, 

in relation to the average Ct of all samples. For the experimental digestive gland, results 

were normalized to 18s mRNA transcription and relative gene expression calculated using 

the (2-∆∆Ct) formula (Livak and Schmittgen, 2001). As for the tissue profile, of the tested 

reference genes, the most stable was Rpl8 and thus results were normalized to it, using 

the same (2-∆∆Ct) formula (Livak and Schmittgen, 2001).  

 

4.3.7 Statistical Analysis 

Statistical analysis of the results was performed using the software Statistica 7.0. 

Imposex frequency difference between groups was tested with Chi-square square 

goodness of fit test, using imposex frequency of the control group as expected values. 

VDSI and female penis length differences between treatments were tested using Mann-

Whitney U-test. This test was also used to analyse, for each time-point and tissue, 

statistical differences between mRNA transcription of solvent control and TBT exposed 

groups. 
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4.4 Results  

 

4.4.1 Hsd17b12 in the mollusk N. lapillus 

In this work we were able to successfully clone the orthologue of the Hsd17b12 

gene from the TBT-sensitive gastropod N. lapillus. The complete NlHsd17b12 coding 

sequence was obtained by a combination of PCR strategies, including 5’ and 3’ RACE. 

The NlHsd17b12 transcript has 1903 nucleotides, and the largest ORF of the retrieved 

sequence encodes a putative protein of 303 amino acids (Figure 4.1). In both the active 

and the cofactor-binding sites, the sequence identity is significant between the dogwhelk 

and vertebrate Hsd17b12. The hydropathy analysis predicts the presence of at least three 

transmembrane domains which would indicate its presence in the microsomal fraction and 

not the cytosol (Figure 4.2). We next undertook phylogenetic analysis to confirm the 

orthology of the isolated sequence. The phylogenetic tree shows that the dogwhelk 

sequence robustly groups with the abalone and the owl limpet Hsd17b12 (82 bootstrap), 

thus supporting its orthology (Figure 4.3). 

 

 

ggtctaaagttcgacaagtgtaagcatggcgtcactggcgacgatgttgcaaggctacttt 

                          M  A  S  L  A  T  M  L  Q  G  Y  F  

ggcaaatctgccgatattttcaccgttattggggctgtaaccacagctttctttgctttc 

 G  K  S  A  D  I  F  T  V  I  G  A  V  T  T  A  F  F  A  F  

aaagcaacttcatccgtactgaatggcctgttttcatatgttctttccggagccctgggt 

 K  A  T  S  S  V  L  N  G  L  F  S  Y  V  L  S  G  A  L  G  

ttgtcgctgaacttagaaaacgccggttcatgggcagtggtaacgggatgtacagatgga 

 L  S  L  N  L  E  N  A  G  S  W  A  V  V  T  G  C  T  D  G  

atcggtaaagcctatgcagaacagcttgccaagcgaggattgaacattgtcctgatcagc 

 I  G  K  A  Y  A  E  Q  L  A  K  R  G  L  N  I  V  L  I  S  

cgtacccgatccaaactggatgagctggcaagagacattgagagtcggttcaaggtgaag 

 R  T  R  S  K  L  D  E  L  A  R  D  I  E  S  R  F  K  V  K  

accaaggtgattgccgcggactttacccgctctgacatctacgatatgattccgcaggag 

 T  K  V  I  A  A  D  F  T  R  S  D  I  Y  D  M  I  P  Q  E  

ctggatggactggacatcggcacactggtgaacaatgtgggcatgggctacgaccatcct 

 L  D  G  L  D  I  G  T  L  V  N  N  V  G  M  G  Y  D  H  P  

gagttctttgaccagctggagaatcgggatcaggtgataatgaacatcattaactgcaat 

 E  F  F  D  Q  L  E  N  R  D  Q  V  I  M  N  I  I  N  C  N  

tccacatctgttgctatgatgaccagcttggtgttgccgggcatggtgtccaagaagcga 

 S  T  S  V  A  M  M  T  S  L  V  L  P  G  M  V  S  K  K  R  
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ggggtcatcatcaacattgcctcggctgccggcaacagacccacccccctcctcaccctc 

 G  V  I  I  N  I  A  S  A  A  G  N  R  P  T  P  L  L  T  L  

tactccgccaccaagagttttgtggacttcttcagccgcgccttgcagcatgaatacgga 

 Y  S  A  T  K  S  F  V  D  F  F  S  R  A  L  Q  H  E  Y  G  

cctaagggtatcacggtgcaggtggtgttgccgtatttcgtggccaccaagatgagcaag 

 P  K  G  I  T  V  Q  V  V  L  P  Y  F  V  A  T  K  M  S  K  

atcaggaagggcggagtgtttgccccttaccccaacgactttgtccgcagcgccctccac 

 I  R  K  G  G  V  F  A  P  Y  P  N  D  F  V  R  S  A  L  H  

acggtggggctgcagtcgcgaaccttcggctgctggagccacgccctgcaggacaaggtg 

 T  V  G  L  Q  S  R  T  F  G  C  W  S  H  A  L  Q  D  K  V  

gctgccctactaccacgtccgtcaccatgcagatgatggagaaagccagagccaaatccc 

 A  A  L  L  P  R  P  S  P  C  R   

tcaagaagaaagcaaacaagagcgaatgactttagagtcattttcgtcctgtcagcgacc 

atttcttgtcctgtggcccacgatttgactgttcctctgattttaaaatgtttatgttcc 

caactgttaacgcaatactttgttgaagttgtgaaacactagagtttgatttttgttgtt 

gtcacatagttatttattcttttttatttatttatttttgttgttaaaaactaaacgttg 

tcttgttttctgaatatctagcaagtttgttgatactgtaagtgaatgtcttggaatgtg 

aataaatggttcaaggctaagatatccgtttctgtgatgttttattgtggccaacaacaa 

caaaaagagggcaattggtttaattttgaggtatggcaattggcttcatttttcagtaag 

actacacatagatacccaggagaatttttgaaaggaaatttttttgaaaggaaactgcct 

aactgttgtgcatgcatttgtttcatcatagtttggaatcaccatcttgttcttttaaat 

aatagaaaagattatagtgtgcatagtgcactgtgagcacttttgtatggctgctaactg 

gattgtctttcacccgtcttgactgtgaaagtgaaaacgagagggatattgaggggtttg 

ttggggttgttttgttgtttaaacttcactttagtaacttcatttgcagtttcagtggat 

ttcagtgcgaaagtattcagacgttaatcttaggtttccgatcttccattctcaaagtac 

ccatgtaaaggtaagttcatacctatgattgcttttatttcagtttttaatgattggtat 

aattgttaatgtatgtatgttgtttcctttattattggtgttgccgttatggaataaaaa 

caagtattggtcaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

 

Figure 4.1 Nucleotide and deduced amino acid sequence of NlHsd17b12. The putative catalytic site is 

indicated by bold and underlined and the predicted polyadenylation signal is underlined. 

 



Chapter 4 

 

162 

 

Figure 4.2 Transmembrane hydropathy plot of NlHsd17b12. Red vertical lines indicate the predicted 

transmembrane domains. 

 

Figure 4.3 Neighbor-joining phylogenetic tree. Values at nodes are percentage of 1000 bootstrap replicates. 

Accession numbers of the sequences:  Homo sapiens - ENSP00000278353, Mus musculus - 
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ENSMUSP0000002861, Gallus gallus - XP_003641391, Xenopus tropicalis - ENSXETP00000048094, Danio 

rerio a - ENSDARP00000014003, Danio rerio b - ENSDARP00000089612, Oryzias latipes a - 

ENSORLP00000001758, Oryzias latipes b - ENSORLP00000001233,  Branchiostoma floridae a - XP 

002608403, Branchiostoma floridae b - XP_002604240, Drosophila melanogaster - FBpp0071047, Haliotis 

diversicolor supertexta - ADF80270, Caenorhabditis elegans - NP_498386, and Nucella lapillus – JX625140. 

 

4.4.2 NlHsd17b12 basal tissue expression 

The expression pattern of HSDs has been extensively used as an indication of 

their possible function (Moeller and Adamski, 2009). Thus, a similar approach was used in 

this work to help to clarify the possible role of the retrieved NlHsd17b12 sequence. 

Therefore, quantitative PCR assays were performed to determine both enzyme’s mRNA 

transcription in tissues common to both sexes (digestive gland, gonad, head ganglia 

complex, tentacle, kidney, gill), and in male- (penis and prostate) and female-specific 

tissues (albumen, capsule and sperm ingesting glands, and the penis-forming area). 

NlHsd17b12 is expressed in all tissues analysed, with particularly high levels in the 

metabolic organs such as digestive gland and kidney (Figure 4.4). In the tissues common 

to both sexes, no sex-related differences were observed. This pattern of ubiquitous 

expression resembles those reported for mouse (Blanchard and Luu-The, 2007), human 

(Moon and Horton, 2003) and for the cynomolgus monkey (Liu et al., 2007).  

 

 

Figure 4.4  NlHsd17b12 tissue expression through qPCR. Values are mean ± SE (n = 3-5). DG, digestive 

gland; G, gonad; CNS, head ganglia complex; T, tentacles; K, kidney; P, penis; PFA, Penis forming area; AG, 

albumen gland; CG, capsule gland; SIG, sperm ingesting gland; Pt, prostate;  
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4.4.3 Gene transcription of NlHsd17b12 after TBT exposure in the digestive gland and 

the gonads 

Organotins have been shown to alter lipid homeostasis in gastropod mollusks, 

causing a decrease in lipids in the gonad/digestive gland complex (Lyssimachou et al., 

2009) and also to inhibit the activity of HSDs in vertebrates (Ohno et al., 2005). Thus, we 

next analyzed if exposure to TBT at concentrations relevant enough to induce imposex 

(and environmentally relevant in contaminated areas) would alter the NlHsd17b12 mRNA 

expression levels in the dogwhelk gonads and digestive gland. To determine the impact of 

the experimental conditions tested in the dogwhelks, several parameters were measured 

two months after the beginning of the experiment – VDSI, Imposex Frequency and male 

penis size. Imposex parameters – VDSI and Imposex Frequency- after one and two 

months of exposure to TBT are summarized in Table 4.1. Only after two months of 

exposure was TBT impact in imposex induction significant (P≤ 0.001 in all imposex 

parameters), corroborating our previous experiments (Castro et al., 2007). TBT did not 

affect gene transcription at any of the tested time points in the gonads (Figure 4.5, C and 

D). On the contrary, TBT exposure significantly (P≤ 0.05) down regulated gene 

transcription in both male and female digestive glands after one month. A suggestively like 

pattern was observed after two months, although statistically significant in females (P≤ 

0.01) but not in males (P = 0.35). 

 

Table 4.1. Imposex parameters in female N. lapillus after one and two months of exposure: VDSI (Vas 

Deferens Sequence Index, imposex frequency (%) and penis length (mm). * P≤ 0.001, significantly different 

from solvent control. 

 1 month 2 months 

 
Solvent 

control 
TBT 

Solvent 

control 
TBT 

VDSI 0 0.1 0.2 2.5* 

Imposex frequency (%) 0 8.3 10.0 93.3* 

Female penis length (mm) 0 0 0 0.7* 
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Figure 4.5. NlHsd17b12 mRNA transcription in female digestive glands (A) and gonads (C) and male 

digestive glands (B) and gonads (C), after one and two months of exposure to TBT. Values are mean ± S. E. 

(n=5-8). *P≤ 0.05;**P≤ 0.01, significantly different from solvent control. 

 

 

4.5 Discussion  

 

Here we provide the first molecular characterization of one member of the HSDs 

family in the imposex-susceptible mollusk N. lapillus. The isolated sequence contains all 

the motifs generally observed in the SDR superfamily, and shows a high similarity to 

Hsd17b12 protein sequences. To fully demonstrate that the isolated sequence belongs to 

the Hsd17b12 clade we performed phylogenetics. The phylogeny data fully supports the 

conclusion that this sequence is an Hsd17b12 orthologue. In order to gain further insight 

on the functional role of NlHsd17b12, we analysed its transcription pattern in a large 

tissue panel. To our knowledge, this is the first broad Hsd17b12 transcription analysis in a 

protostome species, since in the mollusk H. diversicolor supertexta only the digestive 

gland and ovary had been analysed (Zhou, et al., 2011). We show that, similarly to what 

has been described in most vertebrate species, NlHsd17b12 is found in a wide variety of 

tissues. This pattern of expression suggests that the enzyme might be involved in a 

distinct biological process, other than estrogen metabolism. Recently, Zhou and 
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collaborators (Zhou, et al., 2011) argued that the abalone Hsd17b12 could function as 

molecular switch controlling the relative levels of E1 and E2, given the in vitro ability of the 

abalone Hsd17b12 to convert E1 into E2 in human cell lines. Nevertheless, as seems to 

be the case of HSD17B12 in humans, some HSDs are multifunctional enzymes with the 

capacity to metabolize different substrates, depending on their availability and the tissue 

in question. Initially described as a 3-ketoacyl-CoA reductase (KAR), responsible for the 

synthesis of long-chain fatty acid in endoplasmic reticulum (Moon and Horton, 2003), 

Hsd17b12 was also shown to efficiently convert estrone into estradiol in HEK293 cells and 

was thus proposed to be the main responsible for estradiol formation in post-menopausal 

women (Luu-The et al., 2006). In humans, quantitative reverse transcription (qRT)-PCR 

and Northern blot analysis have highlighted the possible dual function of Hsd17b12, as it 

was both highly expressed in organs and tissues related lipid metabolism (such as the 

liver, kidney and muscle) and steroidogenesis  (adrenal gland, ovary and testes) (Moon 

and Horton, 2003; Sakurai et al., 2006). However, in cultured breast cancer cells, neither 

over-expression nor knocking down of Hsd17b12 expression affected the E2 levels (Day 

et al., 2008). Also, the phenotype resulting of the siRNA-mediated knockdown of the 

Hsd17b12 expression in cultured breast cancer cells is only completely rescued by the 

supplementation with arachidonic acid (Nagasaki et al., 2009; Rantakari, 2010). Compiling 

evidences from other animal models point also that, although Hsd17b12 can synthesise 

estradiol from estrone in vitro, its main function in vivo is related with lipid metabolism. 

This is the case of the enzyme encoded by the C. elegans Hsd17b12 orthologue (LET-

767). Initially described as an estradiol synthesising enzyme (Desnoyers et al., 2007), it 

was recently shown that its major function in vivo is the production of monomethyl 

branched and long-chain fatty acids, crucial for its proper growth and development 

(Entchev et al., 2008). Also, as put forward by Markov et al. (Markov, et al., 2009) 

specifically addressing Hsd17b12, caution must be taken in attributing vertebrate-like 

steroidogenic activities to homologues proteins in protostomes, since in vivo activities 

could differ from in vitro findings. In the case of N. lapillus, the higher levels of mRNA 

transcription seen in highly metabolic organs suggest that this enzyme may play a role in 

a more generic reaction, as lipid metabolism, rather than in steroid metabolism. In the 

abalone, a correlation was observed between mRNA expression levels and reproductive 

status. Indeed, Hsd17b12 transcription was found to be higher in pre-spawning and 

spawning than in post-spawning (Zhou, et al., 2011), and this observation was linked to 

steroid signaling. However, fatty acids are a major component of mollusk gonads, with 

clear differences being observed between sexes and maturation status (Brazão et al., 

2003). Also, in the gastropod mollusk Patella depressa, arachidonic acid is a major lipid 
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component in the gonads, though much more prevalent in testis than in the ovary (Brazão 

et al., 2003). Thus, it cannot be excluded the possibility that the reported variation of 

mRNA transcription observed in the abalone female gonads during the reproductive cycle, 

might be linked with lipid synthesis and not steroid signaling. A final aspect should also be 

carefully considered. While “vertebrate”-type steroid hormones (estrogens, androgens) 

have been found in bivalves, gastropods and cephalopods (Aniello et al., 1996; Janer and 

Porte, 2007), their physiological role is yet to be elucidated. Although cumulating 

evidences indicate that the estrogen receptor orthologue in mollusks is constitutively 

active and does not bind estradiol (Thornton et al., 2003; Keay et al., 2006; Bannister et 

al., 2007), a recent work suggests otherwise. De Lisa et al. (De Lisa et al., 2012) reports 

binding of estradiol to Octopus vulgaris estrogen receptor, causing conformational 

modifications, nuclear translocation and upregulation of gonadotropin-releasing hormone 

and estrogen receptor genes. These findings are consistent with previous works that 

reported increased ER mRNA levels after exposure to estradiol in Potamopyrgus 

antipodarum (Stange et al., 2012) and to an estrogenic wastewater effluent in N. lapillus 

(Castro et al., 2007). Taken together, these results suggest that this metabolic pathway, if 

present in mollusks, might operate in a distinct way to that of vertebrates (Markov, et al., 

2009).  

In our work, we also addressed the in vivo toxicological impact of TBT on the 

identified NlHsd17b12. Although TBT, which was extensively used for decades as 

stabilizer in the production of plastic, agricultural pesticides, preservatives of paper, 

textiles and antifouling paints, has been banned from ships’ hulls since 2008 (Santos et 

al., 2009), the levels used in this study, 100 ng TBT Sn/L, are still found nowadays in 

highly contaminated areas (Berto et al., 2007). Imposex is the most studied effect caused 

by TBT in mollusks and although the mechanism responsible is not fully understood, it is 

now widely accepted that TBT acts by binding to the nuclear receptor RXR (Nishikawa et 

al., 2004; Castro et al., 2007). However, there are other less studied negative impacts 

attributed to TBT exposure. These include the disruption of fertilization, embryonic 

development and larval metamorphosis in tunicates (Patricolo et al., 2001; Mansueto et 

al., 2003), reduction of the pallial sex organs of up to 25% in N. lapillus, impairment of 

spermatogenesis and oogenesis in H. reticulata (Santos et al., 2006) and alterations on 

endogenous steroid levels in imposex-affected gastropod females (Bettin et al., 1996; 

Santos et al., 2005; Lyssimachou et al., 2008; Abidli et al., 2012). Interestingly, organotins 

have also been linked with impaired lipid levels in both gastropods (Lyssimachou et al., 

2009) and vertebrates (Grün et al., 2006). Considering that TBT inhibited the activity of 

the ancient duplicate of Hsd17b12, Hsd17b3, in microsomes from pig testes (Mindnich et 
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al., 2004b; Ohno et al., 2005) we asked whether the exposure of N. lapillus to TBT would 

be accompanied by alterations on the transcription levels of the newly identified Hsd17b 

member, NlHsd17b12, in the digestive gland (metabolic organ) and the gonads. 

Surprisingly, while the mRNA transcription of Hsd17b12 in the ovary (after 1 and 2 

months) and testis (at least after 1 month) was not affected by TBT, a clear down 

regulation was observed in digestive gland of both sexes, at the tested time points. It is 

interesting to notice that although TBT at 500 ng/L caused an increase in total lipids in 

imposex affected M. cornuarietis, a significant decrease in polyunsaturated fatty acids 

(PUFAs) and highly unsaturated fatty acids was detected (HUFA) (Janer et al., 2007). 

Specifically, C20 and C22 were among those whose concentration decreased the most. 

These results are particularly relevant, as it has been demonstrated that an inhibition  of 

Hsd17b12 by RNAi lead to an accumulation of precursors for fatty acids such as  

arachidonic acid (20:4n-6) (Moon and Horton, 2003), and supplementation with  this fatty 

acid rescues growth inhibition caused by Hsd17b12 RNAi knockdown in SK-BR-3 cell line 

(Nagasaki et al., 2009). More detailed studies are therefore needed to investigate the 

possibility that the reported altered fatty acid levels in imposex affected females could be 

related with an inhibition of Hsd17b12 transcription as observed in our work. Overall, this 

highlights the need to clarify the mechanism through which TBT interferes with steroid and 

lipid profiles. In this context, the analysis of Hsd17b12 promoter should shed light in the 

regulation of this enzyme by RXR signaling pathways. In addition, the decrease in 

transcripts in digestive gland and not in gonads might also indicate a tissue specific 

mechanism of regulation and/or of action. 

Despite the absence of a clear, unambiguous pathway for steroid signaling in 

mollusks, one cannot ignore the reports of biological responses (for instance, oogenesis 

stimulation, maturation of testicular elements and precocious spermatogenesis, higher 

rates of egg development, recovery from castration, imposex induction) triggered by the 

exposure to vertebrate steroid hormones (Santos et al., 2005; Oehlmann et al., 2006). 

The results presented here and that of others emphasize the requirement of more 

comprehensive studies for the clarification of mollusk endocrinology.  
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5. Evaluation of the reproductive impact of TBT and other retinoid 

receptors agonists in the zebrafish, Danio rerio 

 

5.1 Abstract 

Both field and experimental data have highlighted the masculinizing potential of the 

environmental contaminant tributyltin (TBT). Though most studies focus on the 

development of imposex, a phenomenon that tipically affects marine gastropods, 

masculinizing effects have also been observed in fish, namely, alterations in sex ratios 

towards males (McAllister and Kime, 2003; Santos et al., 2006), inhibition of female 

sexual development (Zhang et al., 2007), increased testosterone and decreased estradiol 

levels (Zhang et al., 2007). In gastropods, it has been shown that imposex involves the 

modulation of RXR by TBT, but even though retinoids are key regulators of reproductive 

processes in mammals, the abnormal activation of retinoid signaling by TBT has never 

been adressed in fish. In order to test this hypothesis, the model teleost Danio rerio 

(zebrafish) larvae were exposed to the natural retinoids, all-trans retinoic acid (all- trans 

RA), 9-cis retinoic acid (9-cis RA) and all-trans retinol, as well as to the RXR synthetic 

pan-agonist Methoprene acid (MA) and to TBT. Larvae were exposed from 5 dpf to 

adulthood and the reproductive impact of the compounds assessed by performing 

breeding trials and determination of female fecundity, egg viability and larvae hatchability.  

TBT significantly decreased fecundity, and caused a slight (though not significant) 

decrease in egg viability and larvae hatchability. As for the other retinoids and the RXR 

agonist (MA), these indexes did not differ from control.  

Since fecundity was significantly impacted in the TBT exposed group (up to 62% 

decrease ) the hypothetical affected pathways were investigated in gonad, brain and liver 

samples. Significant decreases were observed in Cyp19a1b in female brain and in PPARγ 

mRNA levels in brain of both males and females. Unexpectedly, TBT altered zebrafish sex 

ratio towards females, contradicting previous reports. Taken together, these results 

suggest that a more complex mechanism is involved in the masculinizing potential of TBT 

towards zebrafish and emphasize the need to perform more detailed studies. 

 

5.2 Introduction 

 

Over the recent years, multiple reports have focused on the adverse effects 

caused by compounds that interfere with the endocrine systems and are generically 
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referred to as endocrine disruptors (EDCs) (Sumpter, 2005). Not surprisingly, the majority 

of these registers involve species living in aquatic ecosystems, as they are traditionally the 

ultimate fate for anthropogenic substances (Sumpter, 2005). Waste water treatment plants 

are not completely effective in the removal of such compounds. In fact, it has been 

demonstrated that treated effluents may contain both natural (estradiol - E2 and estrone - 

E1) and synthetic (ethinylestradiol - EE2) estrogens (Örn et al., 2003). Other estrogen 

mimicking chemicals result from industrial processes, such as 4-nonylphenol and 

bisphenol-A (BPA) (Tabb and Blumberg, 2006). Studies on EDCs have predominantly 

focused on the effects of estrogenic compounds, perhaps because they are responsible 

for numerous feminization events observed in fish, such as the abnormal production of  

yolk precursor protein vitellogenin (VTG) in males, presence of oocytes in testes, 

decreased male fertility and testicular development  (Sumpter, 2005; Andersen et al., 

2006).  

Proportionally, masculinization phenomena have been much less studied in fish, 

which is somewhat surprising, since imposex in marine snails is the best characterized 

example of endocrine disruption in aquatic animals (Bettin et al., 1996; Santos et al., 

2005). Imposex consists in the development of male reproductive structures (penis and 

vas deferens) in female gastropods as a result of exposure to tributyltin (TBT), a popular 

biocide agent used in antifouling paints in ships hulls. Although its use in antifouling paints 

was prohibited in 2008 (Santos et al., 2009a; Barroso et al., 2011), it is still used in 

industrial processing of wood and paper (Janer, 2005), and ecologically relevant levels in 

water have also been detected (Berto et al., 2007). In fish, other negative outcomes have 

been attributed to TBT: alterations in male sexual behavior (Nakayama et al., 2004); 

decreased sperm quality and quantity (Haubruge et al., 2000; McAllister and Kime, 2003; 

Zhang et al., 2009b); male biased populations (McAllister and Kime, 2003; Santos et al., 

2006); decrease in hatchability rates (Nakayama et al., 2005; Shimasaki et al., 2006); 

morphological abnormalities in larvae and larval eye malformations (Zhang et al., 2011; 

Nakayama et al., 2005). It has been suggested that TBT masculinizing effects are a result 

of its potential to inhibit aromatase, an enzyme responsible for converting androgens to 

estrogens. Indeed, aromatase inhibition is associated with increased levels of 

testosterone in mammals (O’Donnell et al., 2001) and development of testes in female 

chicken (Elbrecht, 1992) and turtles (Richard-Mercier et al., 1995). Aromatase inhibition in 

fish has also induced the transformation of genetically female fish into phenotypic males 

(Fenske and Segner, 2004; Uchida et al., 2004). In gastropods, the inhibition of 
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aromatase by TBT was suggested to mediate imposex induction, however, recent 

advances demonstrated that imposex induction involves the modulation of RXR receptor 

by TBT (Nishikawa et al., 2004; Castro et al., 2007).  

In mammals, RXR is an obligate heterodimeric partner for other nuclear receptors, 

such as the retinoic acid receptor (RAR), peroxisome proliferator activated receptor 

(PPAR), vitamin D receptor (VDR), among others (Dawson and Xia, 2012). The 

mammalian RAR/RXR complex mediates the biological effects of retinoids (Sonoda et al., 

2008; Theodosiou et al., 2010) and is involved in the regulation of reproductive processes, 

being essential for gonad function and to control the timing for meiosis initiation (Bowles et 

al., 2006; Koubova et al., 2006). Retinoid deficient diets interfere with reproductive 

capability in rodents, chickens and fish (Livera et al., 2002; Alsop et al., 2008). In Danio 

rerio (zebrafish), exposure to a retinoic acid synthesis inhibitor caused a 95 % decrease in 

the number of spawned eggs (Alsop et al., 2008), but the mechanisms involved have not 

been investigated. In the fish Sebasticus marmoratus, the suppression of 

spermatogenesis by TBT was accompanied by alterations in RXRs, PPARs and estrogen 

receptor (ER) mRNA transcription levels in gonads (Zhang et al., 2009a).  

Despite these reports, whether the reproductive effects observed in zebrafish after 

TBT exposure are related to disruption of retinoid signaling have never studied. In this 

work we addressed this question by exposing zebrafish (from 5 days post fertilization (dpf) 

up to 120 dpf) to TBT, to the RXR agonist methoprene acid (MA), to retinoic acid in the all-

trans (all-trans RA) and 9-cis (9-cis RA) conformation and to all-trans retinol. At 120 dpf, 

reproduction was induced and fecundity, egg viability and hatchability rates were 

determined.  In order to understand the molecular pathways associated with the disruption 

of these reproductive endpoints, qPCR analysis of gene transcripts was also conducted. 

Since reproduction in fish is controlled through the hypothalamus-hypophysis-gonad axis, 

we focused our study in target genes in adult brain and gonad. The potentially affected 

genes investigated are involved in retinoid signaling (RXR and PPAR) and in reproduction 

(ER, Cyp19 and Vtg1). Zebrafish was the animal model selected for this study due to its 

sensitivity to both androgenic and estrogenic chemicals, as well as to chemicals disrupting 

the retinoid signaling pathways. Given that this species is easy to maintain and to 

reproduce in laboratory, the assessment of D. rerio reproductive fitness can thus be used 

to estimate the ecological relevance and population impacts resulting from exposure to 

EDCs. 
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5.3 Material and Methods 

 

 5.3.1 Chemicals and concentrations used 

TBTCl (96%), 9-cis RA, all-trans RA, all-trans retinol and methoprene acid were 

obtained from Sigma–Aldrich. These compounds were dissolved in acetone and 

incorporated in the diet at the following nominal concentrations, per wet mass: 1 μg TBT 

Sn / g, 5 µg/g (for both 9-cis RA and all-trans RA), 250.000 IU/kg (retinol) and 25 µg/g 

(MA). The selection of these concentrations was based on previous studies with 

gastropods (Castro et al., 2007) and fish (Alsop et al., 2008). Normal retinol requirements 

in fish range from 20-50.000 IU/Kg (Alsop et al., 2008). Thus, our selected concentration 

aimed at studying the effects of excess retinoid administration throughout the life-cycle. 

 

5.3.2 Parental generation and larvae production  

In this experiment, D. rerio larvae were exposed to the different treatments from 

day 5 post fertilization (dpf). To produce the number of larvae needed, zebrafish imported 

from Singapore were used as breeding stock. They were maintained in a 250 L aquarium 

equipped with biological and mechanical filters, at 28 ± 1 ° C, under a photoperiod of 

14:10 h (light : dark) and fed twice a day ad libitum with commercial fish food Tetramin to 

ensure maximum fertility. The day before reproduction, 6-8 males were housed with 8-10 

females in a reproduction cage, with a net bottom with marbles, suspended in a 30L 

aquarium at 28 ± 1 ° C. The next morning, 1.5 hours after lights turned on, animals were 

removed, the eggs were collected, cleaned and the fertilized ones were placed in 5 L 

aquaria up to 5 dpf. By that time, larvae were randomly distributed among experimental 

treatments.  

 

5.3.3 Exposure conditions 

For the present study, a flow-through system consisting of 11 tanks (three 

replicates for the control and two for the other treatments) was used. From 5 dpf up to 21 

dpf, larvae were kept in 5 L aquaria, and transferred to 30 L aquaria after 21 dpf. The flow-

throw system was designed to allow daily full renewal of water, which was previously 

dechlorinated and filtrated. Water temperature was maintained around 28 ± 1 ° C using a 

200 W thermostat. Other water parameters (pH, oxygen concentration and ammonia) 

were checked every week to ensure consistency among replicates and adequate levels to 

zebrafish development: pH around 7.9 ± 0.5; O2 about 6 ± 0.6 mg / L; ammonia 
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concentration below 0.5 mg NH 4 / L. Fish were kept under a 14 h light / 10 h darkness 

photoperiod and continuous artificial aeration. The experiment started at 5 dpf with 330 

larvae per replicate, and fish density was adjusted throughout the test, to 115 and 32 fish 

at 25 and 60 dpf, respectively. Tanks were cleaned every other day by siphoning the 

bottom, to prevent accumulation of feces and deterioration of water quality. Mortality was 

registered daily and dead animals removed. Experimental mortality rate did not exceed 20 

%, which is in agreement with the literature (Hill and Janz, 2003; Santos et al., 2006).  

Fish were exposed from 5 dpf up to four months to the different treatments via 

food. Fish diet was formulated as described in Santos et al., (2006). After formulation of 

the diets, the chemicals were incorporated using acetone as vehicle, and were placed in 

an oven at 37 ° C to allow full evaporation of acetone (Pinto, 2011). This procedure was 

performed in the dark to minimize photo degradation of the chemicals. In order to confirm 

the adequacy of the methodology used to spike the diet, the actual concentration of the 

retinoids was confirmed by HPLC as described in detail elsewhere (Gesto et al., 2012). 

Concentrations of retinoids were within 80-90% of the nominal levels. A solution of TBT of 

1 mg TBT Sn/ml in acetone was used as stock to spike the diet. Actual concentration of 

this stock solution was confirmed according to the methodology describe in detail by 

Carvalho et al. (2009). Animals were fed this diet three times a day. Every other day, 

animals received a supplement of brine shrimp (Artemia spp) and two meals of the diet. 

 

5.3.4 Assessment of reproductive capacity  

As animals reached maturity, between 96 and 120 days post fertilization, 

reproduction tests were performed to assess possible reproductive effects caused by the 

treatments. Experimental aquaria were divided in two by a polypropylene plate, and in 

each division a suspended reproduction cage was placed (Fig 5.1). Animals were 

randomly assigned to each cage, but sex ratio was respected as much as possible (Smith 

et al, 2009). Thus, for each treatment there were four replicates (6 in the case of control). 

Reproduction was induced as described in “parental generation and larvae production”, 

during five consecutive days. 1.5 hours after the initiation of the light phase, eggs were 

collected and placed in clean water at 28 o C. Between 3 and 4 hpf the number of unviable 

eggs was recorded and discarded, while the remaining fertilized eggs were stored in 96 % 

ethanol at -20 o C for posterior quantification. In addition, 80 fertilized eggs were collected 

per replicate and incubated for 5 days to determine the percentage of hatched larvae. Egg 

viability rate was calculated as the percentage ratio between fertilized eggs and total egg 

number, fecundity as the average number of eggs per female per day and hatchability as 

the percentage of hatched larvae. 
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At the end of the experiment, animals were anesthetized with Ethyl 3 - 

aminobenzoate methenesulforate salt (MS-222), at a concentration of 300 mg / L. Fish 

size was measured with a millimeter ruler to the nearest mm, weight determined and body 

dissected under a stereomicroscope. Brain and gonads were excised and stored in 

RNAlater for molecular biology determinations.  

 

Figure 5.1 Schematic representation of the experimental setup used for reproductive trials. Each aquarium 

was divided in two, therefore, for each treatment, 4 replicates (R1 to R4) were considered (adapted from 

Soares et al., 2009). 

 

5.3.5 Gene transcription analysis 

RNA extraction was performed in adult brain and gonads. RNA was extracted 

using the animal tissues protocol of illustra RNAspin Mini RNA Isolation Kit (GE), with on 

column DNAse digestion. RNA was quantified using the Nanodrop spectrophotometer, by 

measuring sample absorbance at 260 nm. The cDNA synthesis was performed with the 

iScriptTMcDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions, using 

150 ng of total RNA. 

For qPCR quantifications, each reaction was prepared to a final volume of 20 µL, 

containing 0.8 µL of both primers, 4 µL of EvaGreen (Solis) and 4 µL of cDNA sample 

(dilution varied according to the gene in question). Samples were run in duplicate and in 

every plate was included a blank and a standard curve. The qPCR primers and annealing 

temperatures used in this study are detailed in Table 5.1. Primers were designed using 

the software Beacon Designer 5.  

For each gene, qPCR annealing temperatures were optimized and reaction 

efficiencies determined using standard curves, with serial dilutions of experimental 

samples cDNA. For all genes, reaction efficiencies ranged from 90 % and 105 %. 
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Amplification cycles consisted of 15 minutes denaturation at 95 ° C, followed by 35 cycles 

of 10 seconds of denaturation at 95 ° C, 30 seconds of hybridization (temperature 

depending on the primers, see Table 5.1) and 30 seconds of extension at 72 ° C. The 

expression of each gene in different tissues was normalized to the reference gene mRNA 

levels and calculated using the formula 2 -ΔΔCt (Livak and Schmittgen, 2001). Elongation 

factor was used as reference genes in brain and gonad, but it was not stable in liver. 

Therefore, β-actin was used to normalize liver Vtg1 qPCR results. 

Considering that TBT was the only treatment that impacted biological endpoints, a 

mechanistic-based approach using qPCR was followed to clarify the mode of action of 

TBT in fish. Since the aromatase enzyme is a key player in estradiol production and its 

inhibition by TBT has been suggested in fish), brain (Cyp19a1b) and gonad (Cyp19a1a) 

aromatase mRNA transcript levels were analysed by qPCR. Given the importance of 

estrogens in fish reproduction and the reported interference of TBT with fish ERβ levels in 

S. marmoratus (Zhang et al., 2009a), transcription levels of ERβa and ERβb were also 

quantified. The mRNA transcripts of Vtg1, a important gene for oogenesis that encodes 

the egg yolk precursor vitellogenin, was quantified in liver. As TBT is a mammalian and 

mollusk RXR agonist, zebrafish RXR gonadal levels were determined. Zebrafish RXRβa 

was the isoform analysed, since it was impacted by TBT exposure in S. marmoratus 

(Zhang et al., 2009a). Finally, PPARγ mRNA levels were investigated as a possible target 

of TBT exposure, given TBT’s agonistic potential towards humans PPARγ (Kanayama et 

al., 2005a). 
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Table 5.1 Primer sequences and annealing temperatures used in qPCR determinations. 

Primer Primer sequence Annealing 

temperature (oC) 

βActin F: 5′ ACTGTATTGTCTGGTGGTAC 3′ 

R: 5′ TACTCCTGCTTGCTAATCC 3′ 

60 

Elongation 

factor 

F: 5′ GGACACAGAGACTTCATCAAGAAC 3′ 

R: 5′ ACCAACACCAGCAGCAACG 3′ 

54 

Cyp19a1a F: 5′ CTCCAAACCCAATCAGTTCA 3′ 

R: 5′ GACAGCAGAGCCACCAGAATA 3′ 

60 

Cyp19a1b F: 5′ AGATACAGTCTCAGATAGG 3′ 

R: 5′ CCAATGTTCAGGATTAGG 3′ 

55 

EsR2a F: 5′ TGCTGGACTCGGTGACTG 3′ 

R: 5′ GAGGAACCATCTTCTTCATCT 3′ 

58 

EsR2b F: 5′ CCCAGAAAACCTTCACACATC 3′ 

R: 5′ TGTCTTGTTCACCGTCTCCTC 3′ 

58 

PPARg F: 5′ GGTTTCATTACGGCGTTCAC 3′  

R: 5′ TGGTTCACGTCACTGGAGAA 3′ 

60 

RXRba F: 5′ ACCGTGTCCATGTCAGGTCTGC 3′ 

R: 5′ GCTTGCCAGAGGAGCGGTCTC 3′ 

56 

Vtg1 F:  5′ CTTACGACACAGGATTCAG 3′ 

R: 5′ GTCTTCATAGGTCTCAATGG 3′ 

58 

 

5.3.6 Statistical analysis 

In order to examine treatment effects on the biological parameters studied, a one-

way ANOVA was used, followed by the Newman-Keuls multiple comparison test 

(confidence level of 95%). When data did not fit the ANOVA assumptions for normality 

and homogeneity of variance, the Kruskall-Wallis non parametric ANOVA was used, 

followed by the multiple comparisons of mean ranks for all groups. Chi-square test, using 
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the control as expected values, was used to compare the sex ratio between control and 

the other treatments. For the qPCR results, data were compared to the corresponding 

control, for each tissue and sex, by a Mann-Whitney U-test. Statistical differences and 

tests used are detailed in the results section. These analyses were performed using 

Statistica Software 7.0. 

 

5.4 Results 

 

5.4.1 Biological parameters 

 

5.4.1.1 Mortality 

The mortality was recorded throughout the experiment and no differences were 

observed among treatments (data not shown). From 5 to 25 dpf, mortality rates were all 

below 20 %, which is similar to the levels observed in other studies during this period (Hill 

and Janz, 2003; Santos et al., 2006). From 25 dpf to the end of exposure, mortalities were 

low, similar between treatments and did not exceeded 6 %. 

 

5.4.1.2 Morphometric data and condition factor 

TBT was the only treatment that significantly impacted the morphometric endpoints 

examined (Table 5.2). However, the effects on females were opposite to those observed 

in males. In comparison to control, TBT exposed females were significantly smaller (P= 

0.003, non parametric Kruskal-Wallis Anova followed by the multiple comparisons of 

mean ranks for all groups) and weighted less (P= 0.03, one -way ANOVA followed by 

Newman-Keuls multiple comparison test), while no changes in total length and weight 

were observed in males. As for gonadal weight, fish submitted to the TBT treatment 

displayed heavier testes (P= 0.05, one-way ANOVA followed by Newman-Keuls multiple 

comparison test) and smaller ovaries, though not statistically significant (P= 0.08, Kruskal-

Wallis non parametric Anova followed by the multiple comparisons of mean ranks for all 

groups). None of the other chemicals used in this study induce alteration in these 

endpoints. Condition factor was also determined, using the formula (weight/length3 x 100), 

but no statistical differences were detected in any of the groups (Kruskal-Wallis non 

parametric Anova). 
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Table 5.2 Morphometric parameters at the end of the exposure experiment. 

  Total length 

(mm) 

Total weight 

(mg) 

Gonad weight 

(mg) 

Condition 

Factor 

Female      

 Control 41.4 ± 2.2 a 828.5 ± 158.5 a 122.3 ± 64.3 1.2 ± 0.2 

 TBT 39.1 ± 2.4 b 727.8 ± 198.5 b 110.4 ± 75.2 1.2 ± 0.2 

 9-cis RA 41.6 ± 2.9 a 889.3 ± 194.4 a 169.6 ± 84.6 1.2 ± 0.1 

 ATRA 41.4 ± 2.9 a 887.7 ± 203.7 a 136.6 ± 57.8 1.2 ± 0.1 

 MA 42.5 ± 1.9 a 945.9 ± 161.2 a 142.6 ± 53.2 1.2 ± 0.1 

 Retinol 41.8 ± 1.6 a 833.1 ± 116.6 a 129.7 ± 52.2 1.1 ± 0.2 

Male      

 Control 39.4 ± 1.9 a 606.8 ± 73.1 a 6.8 ± 1.6 a 1.0 ± 0.1 

 TBT 40.5 ± 3.2 a 639.6 ± 106.1 a 8.6 ± 2.3 b 1.0 ± 0.2 

 9-cis RA 39.3 ± 2.6 a 589.3 ± 92.1 a 7.1 ± 2.3 a 1.0 ± 0.1 

 ATRA 40.5 ± 1.4 a 660.9 ± 75.5 a 7.6 ± 1.4 a 1.0 ± 0.1 

 MA 40.8 ± 1.7 a 665.7 ± 74.0 a 7.6 ± 1.8 a 1.0 ± 0.1 

 Retinol 40.0 ± 1.6 a 630.5 ± 83.4 a 7.3 ± 1.7 a 1.0 ± 0.1 

For each parameter and sex, different letters correspond to significant differences (P< 0.05). A one-way 

ANOVA, followed by Newman-Keuls multiple comparison test was used for female and male total weight, 

male gonad weight and total length. For the other parameters, a Kruskal-wallis non parametric ANOVA was 

performed, followed by a multiple comparison test. 

 

5.4.1.3 Reproductive endpoints 

The average number of eggs per female was significantly lower in TBT exposed 

fish (P= 0.03 one-way ANOVA followed by Newman-Keuls multiple comparison test), 

which corresponds to a decrease of 62 % in fecundity in comparison with the control 

group.  Retinol also caused a slight decrease in the fecundity rate, although this was not 
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significant (P= 0.09). Despite the decrease in fecundity in TBT exposed animals, no 

significant differences were observed for egg viability in any of the experimental groups 

(Kruskal-Wallis non parametric Anova). Nevertheless, eggs laid by TBT exposed females 

presented the lowest viability rate, only 84.1 %, while in control 94.9 % of the eggs were 

viable. A similar scenario was observed for larvae hatchability: even though no significant 

differences were observed between treatments (Kruskal-Wallis non parametric Anova), 

the hatchability of larvae in the TBT groups was only 80.6 %, while control was up to 92.4 

%. The overall results are displayed in Table 5.3.  

 

Table 5.3 Reproductive parameters from the breeding trials performed at the end of the experimental period. 

Treatment Fecundity Viability Hatchability 

Control 113.6 ± 27.7 a 94.9 ± 1.6 92.4 ± 4.3 

TBT 43.0 ± 19.5 b 84.1 ± 15.9 80.6 ± 7.7 

9-cis RA 111.0 ± 47.8 a 94.0 ± 4.9 95.8 ± 3.4 

All-trans RA 134.0 ± 38.3 a 92.1 ± 2.6 84.5 ± 14.4 

MA 112.6 ± 6.3 a 95.3 ± 3.2 91.9 ± 4.3 

Retinol 80.8 ± 24.3 ab 96.3 ± 2.0 89.5 ± 9.4 

For each parameter, different letters correspond to significant differences (P< 0.05). Egg viability and 

hatchability were analyzed using a non-parametric ANOVA. For female fecundity a parametric ANOVA was 

performed, followed by a Newman-Keuls multiple comparison test. 

 

 

5.4.1.4 Sex ratio 

All treatments but TBT, despite minor variations, presented male: female ratios 

similar to the control group. TBT, however, displayed a female proportion significantly 

higher in comparison with the control: chi-square = 5,769, 1 degree of freedom, p = 

0.0163, the sex ratio in the control group was used as the expected frequencies). The 

percentages for each sex and treatment are displayed in Figure 5.2. 
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Figure 5.2 Sex ratio observed for each experimental group. 

 

5.4.2 qPCR determinations 

Given that for all the morphometric and reproductive parameters assayed, only 

TBT exposure induced significant alterations, effort was put into understanding the 

possible mode of action of this compound at the molecular level. The most relevant results 

are displayed in Figure 5.3 and the remaining analyzed genes, for which no alterations 

were observed, are summarized in Table 5.4.  

Since the aromatase enzyme is a key player in estradiol production and its 

inhibition by TBT has been reported (McAllister and Kime, 2003; Shimasaki et al., 2003), 

we analyzed its brain (Cyp19a1b) and gonad (Cyp19a1a) specific variants mRNA levels 

after exposure to TBT (Fig. 3, A and C).  No differences were observed in gonads, for the 

aromatase Cyp19a1a gene (Fig. 3 C). In female brain, however, TBT exposure resulted in 

significantly decreased Cyp19a1b mRNA levels (P= 0.03, Mann-Whiney U test, Fig. 3 A).  

A clear and brain-specific downregulation in PPARg mRNA levels was observed, 

either in females (P= 0.002, Mann-Whiney U test) as in males (P= 0.007, Mann-Whiney U 

test) (Fig. 3 B). No differences were observed in gonads (Fig. 3 D). 

ER2a and ER2b levels were also determined, however, no significant alteration 

was detected in both ER2a and ER2b mRNA levels in brain and gonads of the animals 

exposed to TBT (Table 5.4). No differences were observed in gonadal RXRβa transcripts 

either (Table 5.4) (P= 0.2 in females and P= 0.8 in males, Mann-Whiney U test). As 

expected, Vtg1 levels in females were much higher than in males (Table 5.4). In males, an 
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opposite pattern was observed in the TBT-exposed group, that displayed an increase in 

transcription levels in comparison with the control group, but differences were just above 

significance (P= 0.06, Mann-Whiney U test). 

 

 

 

Figure 5.3 mRNA levels of male and female zebrafish Cyp19a1b in brain (A), Cyp19a1a in gonads (C), 

PPARγ in brain (B) and gonads (D), normalized by Elongation factor mRNA transcripts levels.  Values are 

mean ± S.E. (n = 3 – 10). * P≤0.05 and  ** P≤0.01 indicate significant differences in comparison with the 

respective control group, for each sex and tissue (Mann-Whiney U test). 
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Table 5.4 Summary of qPCR gene transcription results for zebrafish ER2a, ER2b, Vtg1 and RXRβa. 

   Control TBT 

Female     

 ER2a Brain 0.12 ± 0.01 0.14 ± 0.01 

  Gonad 0.24 ± 0.04 0.21 ± 0.02 

     

 ER2b Brain 0.25 ± 0.03 0.27 ± 0.04 

  Gonad 0.26 ± 0.05 0.18 ± 0.02 

     

 RXRβa Gonad 1.04 ± 0.12 1.17 ± 0.46 

     

 Vtg1 Liver 66.27 ± 19.77 26.67 ± 5.92 

Male     

 ER2a Brain 0.12 ± 0.01 0.09 ± 0.04 

  Gonad 0.25 ± 0.03 0.18 ± 0.08 

     

 ER2b Brain 0.26 ± 0.02 0.15 ± 0.08 

  Gonad 1.02 ± 0.05 0.57 ± 0.25 

     

 RXRβa Gonad 0.53 ± 0.05 0.63 ± 0.06 

     

 Vtg1 Liver 0.000013 ± 0.00001 0.001062 ± 0.0006 

Values are mean ± S.E. (n = 3 – 10).  
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5.5 Discussion 

 

In the present study, chronic exposure to TBT resulted in lower female length and 

body weight, whereas no impact was recorded in males. To our knowledge, sex-specific 

alterations in these endpoints have never been associated before with TBT exposure. 

However, in a recent study with juvenile salmon a 55-day exposure to low TBT levels 

increased total length and body weight, whereas an opposite pattern was observed at the 

highest doses (Meador et al., 2011). A similar effect has been reported in male mice (Si et 

al., 2011), but data from other vertebrates is scarce and the mechanisms involved are yet 

to be deciphered. The changes in total length and weight of TBT-exposed females were 

accompanied by a decrease in the female GSI, which probably explains the decrease in 

fecundity observed in TBT-exposed zebrafish. This is consistent with the observation in 

several fish species where larger females tend to show higher breeding capacity. The TBT 

concentration dosed in this study (1μgSn/g) is environmentally relevant, as it has been 

detected in aquatic animal’s tissues from several polluted urban areas, particularly in the 

vicinity of harbors (Santos et al., 2009b). 

In the gastropod N. lapillus, exposure to RXR natural ligand, 9-cis RA, and the 

specific agonist methoprene acid, at similar TBT-concentration range, led to imposex 

induction (Castro et al., 2007). Hence, in order to get more insights into the mode of action 

of TBT, we hypothesized that several negative effects of TBT in fish could also be 

associated with the modulation of RXR signaling pathways, since RXR is highly 

conserved throughout metazoans. Therefore, we followed a similar experimental design to 

that of Castro et al. (2007), exposing zebrafish to RXR agonists through most of the life-

cycle. Although 9-cis RA and MA are described, respectively, as the natural ligand and 

agonist of RXR in mammals, none of them induced changes similar to those observed in 

animals exposed to TBT. The lack of any obvious effects of 9-cis RA and MA could 

suggest that the impact of TBT in morphometric and reproductive endpoints is RXR 

independent. However, caution should be taken in such interpretations since the patterns 

of metabolism, tissue distribution, excretion and/or bioaccumulation of RXR agonists are 

unknown in zebrafish. Changes in these parameters could explain the observed 

differences between TBT and the other tested compounds. 

Whereas the inhibition of RA synthesis has been reported to decrease egg 

production in zebrafish, the effects of excess retinoids on reproduction have never been 

studied. In the present study, only TBT significantly altered female fecundity, decreasing 

egg production by 62 % in comparison to control. In addition to the impact on fecundity, in 

a previous study, parental TBT exposure also caused a decrease in egg viability and 
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larvae hatchability, (Nakayama et al., 2005). Indeed, medaka parental exposure resulted 

in TBT accumulation in the eggs, which was associated to decreased hatchability rates 

and increased larval swim-up failure (Nakayama et al., 2005). In our study, although TBT 

exposed group showed a decrease in egg viability and larvae hatchability differences did 

not reach statistical significance. Recent studies have demonstrated that exposure to TBT 

alters the structure of the gonads of male and female cuvier (Zhang et al., 2009a, 2007) 

which is consistent with the results of our work. One of the described masculinization 

effects of TBT in zebrafish is the alteration of sex ratios towards males (McAllister and 

Kime, 2003; Santos et al., 2006). Surprisingly, in our study, we observed a higher number 

of females in TBT exposed groups, in comparison with all other groups.  D. rerio is a 

gonochoristic species, with undifferentiated juvenile gonads that present immature 

oocytes that can either mature and grow into an ovary, or enter in apoptosis and originate 

testes (Hill and Janz, 2003; Maack and Segner, 2003; Segner, 2009). In zebrafish, as in 

other fish species, sex determination is a labile process that can be influenced by 

environmental factors (such as temperature, food availability and inbreeding), but also by 

exposure to hormones and EDCs (Andersen et al., 2006, 2003). Exposure to EE2 and to 

the aromatase inhibitor fadrozole during the critical period for sex differentiation has 

resulted in alteration of zebrafish sex ratio towards females and males, respectively 

(Uchida et al., 2004; Soares et al., 2009). Although TBT has been reported to disrupt sex 

ratio towards males, a recent study has highlighted the complex nature of endocrine 

disruption by this compound (McGinnis and Crivello, 2011). In an attempt to elucidate the 

mechanisms of endocrine disruption caused by TBT in zebrafish, the authors screened 

the transcription of genes typically associated with females and males and concluded that 

there was an overall masculinizing effect tempered by feminizing effects in both gonads 

and brain (McGinnis and Crivello, 2011). 

Despite the puzzling increase in female proportions observed in our study, TBT 

was the only treatment that severely diminished the reproductive parameters analyzed. 

Therefore, effort was put to understand the mode of action of TBT. 

As CYP19 is associated with sex differentiation and adult reproductive cycles in 

vertebrates (Kazeto et al., 2004) and is prone to inhibition by TBT, we investigated if TBT 

affected CYP19 transcription patterns. Zebrafish has two copies of the aromatase gene, 

Cyp19a1a and Cyp19a1b, expressed in gonads and brain, respectively (Cheshenko et al., 

2008; Diotel et al., 2010). In our study a clear downregulation was observed in Cyp19a1b 

in female brains after TBT treatment, while no differences were detected for Cyp19a1a in 
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gonads. It has been suggested that brain aromatase may be involved in the process of 

sex differentiation, but data on sex differences in brain aromatase levels is scarce and the 

exact role of locally produced estrogens is still unclear (Diotel et al., 2010). Nevertheless, 

the decrease in Cyp19a1b levels in brain after TBT exposure is consistent with that 

reported in juvenile salmon after short term TBT exposure (Lyssimachou et al., 2006). 

Given that exposure to estradiol was reported to increase brain aromatase transcripts in 

Jenynsia multidentata (Guyón et al., 2012) and in Salmo salar (Lyssimachou et al., 2006), 

the interaction of TBT with Cyp19a1b deserves further studies, as it could be related to 

the antagonizing effects between TBT and EE2 observed in zebrafish (Santos et al., 

2006). As for Cyp19a1a, no changes in gonads were detected in our study, upon TBT 

exposure, similar to the observed for the low TBT dose in (McGinnis and Crivello, 2011). 

These authors also reported an increase in gonadal aromatase transcript levels, at the 

highest TBT dose, thus emphasizing a more complex interaction between organotin 

exposure and aromatase, rather than just a simple enzymatic activity inhibitory 

phenomenon.  

Given the involvement of estrogens in reproduction and the reported inhibition of 

luciferase activity by TBT in HeLa cells co-transfected with zfERb1, and zfERb2 and a 

plasmid containing zebrafish aromatase (zfCyp19b-luc) (McGinnis and Crivello, 2011), 

ER2a and E2b transcript levels were also determined. However, no significant alteration 

was detected in both EsR2a and EsR2b mRNA levels in brain and gonads of the animals 

exposed to TBT, corroborating the results observed elsewhere, at the lowest 

concentration (McGinnis and Crivello, 2011). However, while in male mice, decreases in 

gonadal estradiol levels were correlated with decreased mRNA levels of ERs, in S. 

marmoratus estradiol levels increased but ERb decreased after TBT exposure, which 

might suggest species-specific interactions between TBT and steroid receptors (Chen et 

al., 2008). As a marked decrease in egg production was observed in the TBT group, we 

investigated if it could be related to an interference with the vitellogenesis process by 

quantifying liver Vtg1 transcripts. As anticipated, levels were much higher in females than 

males. Although Vtg1 mRNA transcripts in control females were twice as high as TBT 

exposed, this difference was not significant, probably due to high variability in the results. 

Nevertheless, it can still be an indication that oogenesis was affected in theses females. 

Vtg1 is also used as a biomarker of estrogenic exposure in males. In this study, TBT 

exposed males presented higher levels than control ones (P = 0.06), which could be 

considered a feminizing result, thus reinforcing the contradictory nature of TBT 

masculinization in zebrafish. In spite of the absence of reproductive effects observed after 

exposure to retinoid receptor agonists, we inspected if TBT itself could abnormally 
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interfere with retinoid signaling pathways. A previous study reported an increase of RXRb 

and PPARg in S. marmoratus testes after TBT treatment, along with spermatogenesis 

suppression and increased lipid droplets. Although RXRba levels did not change with TBT 

exposure, in gonads and brain of both sexes, a significant decrease in transcription levels 

of the RXR heterodimeric partner, PPARγ, was observed in female and male brain. In 

juvenile salmon interrenal tissues, PPARγ transcripts significantly increased at 1mg TBT 

and decreased at higher doses (Pavlikova et al., 2010). Further studies are needed to 

confirm if, similarly to mammals, TBT is also able to activate fish PPARγ, and the 

apparent differential tissue regulation observed in our study. The interaction between TBT 

exposure, aromatase and PPARγ levels also deserve future investigation, as it has been 

shown that the female reproductive toxicant and PPAR agonist, mono-(2-ethylhexyl) 

phthalate (MEHP), suppresses aromatase via activation of PPAR:RXR heterodimers in rat 

ovarian granulose cells (Lovekamp-Swan et al., 2003). The mechanisms underlying this 

interaction are unknown, but competition for binding sites on DNA or for coactivators 

might be involved (Lovekamp-Swan et al., 2003). Alternatively, fish CYP 19 show a 

PPARγ responsible element at the promoter region, which could imply a regulation of CYP 

19 by PPARγ/RXR (Cheshenko et al., 2008). 

Overall, the results presented in this study highlight the complex nature of TBT as 

an endocrine disruptor in fish. Although retinoid receptor agonists failed to induce the 

same reproductive impairment as TBT, additional studies, involving different 

concentrations or even other synthetic agonists would help to clarify this hypothesis. 

Evidences indicate that the impact of TBT in biological endpoints reported here could 

involve the modulation of PPARγ/RXR and brain aromatase genes. Future studies should 

focus on the modulation of TBT and other EDCs in this pathway in brain, and their relation 

with reproductive output. 
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6.1 General discussion 

 

6.1.1 General remarks 

 

The study of endocrine disrupting phenomena has largely neglected the concept of 

evolutionary processes in metazoans biological systems. Particularly glaring has been the 

unawareness of endocrine disruption involving compounds that interfere with NR, either 

by mimicking endogenous ligands or by blocking or interfering with its signaling pathways. 

The NR superfamily already possessed considerable diversification before the 

protostome/ deuterostome split, indicating that these signaling pathways are ancient, and, 

if conserved, this renders most metazoans possible targets for endocrine disruption. 

Given that the divergence of protostomes and deuterostomes dates from at least 670 

million years ago, significant evolutionary diversification had time to occur. While in some 

cases conserved functionality was lost, in others, new specific functions were probably 

acquired. Indeed, lineage-specific whole genome duplication events have contributed to 

the existence of novel receptors in vertebrates. Therefore, the light of evolution precludes 

abusive assumptions on the functionality of NR signaling systems and demands specific 

investigations on the impact of EDCs on them.  

In this context, the study of RA signaling systems has a heightened importance. 

Firstly, because of their crucial biological importance in vertebrates, as retinoids control 

complex gene networks which in turn regulate processes such as morphogenesis, cellular 

growth, differentiation and apoptosis. Secondly, with the availability of non-chordate and 

non-deuterostome sequenced genomes, the status of RA signaling as a chordate-specific 

novelty has been challenged in the last decade, which makes the study of protostome 

species particularly valuable to the understanding of its evolutionary history.  Thirdly, one 

of the most deleterious compounds ever invented by mankind, TBT, was shown to bind 

and activate RXR in both humans and mollusks. 

Since TBT is known to elicit masculinization in two distinct groups, fish and 

mollusk, and, in the latter, the process involves interference with RXR, it was 

hypothesized that TBT masculinizing processes could involve the disruption of conserved 

retinoid signaling pathways. Therefore, the present thesis aimed at investigating the 

potential of TBT to disrupt these pathways, as well as the mechanisms involved. The work 

focused on the effects of the organotin compound TBT in two evolutionary distinct 

lineages, the fish D. rerio and the mollusk, N. lapillus. Given the phylogenetic placement 
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of these two animal lineages, an insight into the evolutionary conservation and divergence 

of disruption processes was also researched. 

In mollusks, TBT causes one of the best characterized phenomena of endocrine 

disruption, the imposex. Although historically, several hypotheses have been raised to 

explain imposex, the most recent data suggest the interference of TBT with retinoid 

signaling. This compound acts as a high affinity ligand of human and gastropod RXR, and 

most importantly, the proposed natural ligand of RXR, 9-cis RA, is able to induce imposex 

at the same levels as organotins. The implication of RA signaling in imposex induction 

through RXR activation by TBT raises at least two fundamental issues. First, we must 

understand the role of retinoids in normal reproductive processes in mollusks; and 

secondly, the molecular pathways controlling RA metabolism must be established, in 

particular the composition of the genetic toolkit that allows storage, synthesis and 

signaling. However, functional RA signaling pathways have remained poorly studied 

outside chordates. Since little is known on this subject in mollusks, this thesis focused on 

isolating and characterizing genes implicated in retinoid pathways in N. lapillus. Being 

commonly used as a model in toxicological studies, this species was also chosen to 

evaluate the effects of TBT exposure in the isolated genes. A second approach followed 

in this thesis was the research on the possible interference of TBT with steroid signaling, 

historically a target of this compound in mollusks.  

In vertebrates, retinoid signaling is far better characterized. However, the interplay 

between TBT and retinoid pathways in the context of endocrine disruption has never been 

assessed in zebrafish. It is known that retinoids do play a key role in reproduction in this 

group, as blocking RA synthesis leads to severe diminished egg production (Alsop et al., 

2008). Furthermore, TBT has been involved in the disturbing of normal sex ratios towards 

males in zebrafish (McAllister and Kime, 2003; Santos et al., 2006), but whether this 

masculinizing effect could be associated with the disruption of RA signaling has yet to be 

addressed. An experiment was therefore conducted to analyze this hypothesis, and 

potential target genes were studied. 

 

6.1.2 Imposex mechanism and RXR 

 

The interplay between the three pathways (neuroendocrine, steroid and retinoid) 

potentially involved in the imposex phenomenon in N. lapillus was investigated in Chapter 
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2, with special focus on RXR. The involvement of testosterone, neuropeptides, and, 

recently, of retinoids has been suggested to explain this process (Bettin et al., 1996; 

Oberdörster and McClellan-Green, 2000; Nishikawa et al., 2004), but the biochemical and 

molecular determinants have remained vastly elusive. 

This conceptual framework was tested by exposing N. lapillus to TBT, to the 

APGWamide neuropeptide, to the RXR’s natural (9-cis RA) and synthetic agonists (MA), 

and to testosterone. In this first experiment, detailed in chapter 2.1, the RXR ligands (TBT, 

9-cis RA and MA) and testosterone significantly induced imposex development, while 

APGW failed to do so. These results confirmed previous studies, which reported imposex 

induction by 9-cis RA in the mollusk T. clavigera (Nishikawa et al., 2004) and by 

testosterone in N. lapillus (Spooner and Gibbs, 1991; Bettin et al., 1996). However, they 

contradict those reported by Oberdörster and McClellan-Green (2000), in which the 

neuropeptide induced imposex development.  

In this first work, the orthologue of N. lapillus RXR was also cloned and an initial 

determination of its basal mRNA transcription levels showed that albeit predominant in 

gonads, it is ubiquitously present in all the analysed tissues. An in vitro binding assay 

further revealed that NlRXR LBD binds efficiently to 9-cis RA (Kd = 12.9 nM, Figure 2.1.4), 

similarly to what has been described for the mollucs T. clavigera and B. glabrata 

(Nishikawa et al., 2004). Analysis of the NlRXR sequence showed that the 9 amino acids 

known to interact with 9-cis RA in the human RXRα are conserved in this gastropod. In 

addition, a recent study has demonstrated that the fundamental residue mediating the 

TBT interaction with the human RXRα, cysteine 432 (Le Maire et al., 2009), is also 

conserved in NlRXR. 

The role of NlRXR was analysed in detail in a second experiment (Chapter 2.2), in 

which animals were exposed to environmentally relevant concentrations of TBT for two 

months. The RXR transcript levels were quantified before (at 1 month of exposure) and 

after imposex development was visible (at the end of the experiment) in four tissues: 

gonad, digestive gland, CNS and penis/imposex forming area. The CNS designates the 

head ganglia complex, and a significant downregulation in RXR levels was observed in 

this tissue in females, at both time points. In males, a similar trend was registered, 

although not statistically relevant. The marked effect in the CNS is consistent with the 

accumulation of TBT in head ganglia in T. clavigera (Horiguchi et al., 2010) and with the 

key role of this organ in imposex induction, revealed by the early works of Fèral and Le 

Gall (1983a, b). However, it is in sharp contrast with the increase in RXR levels reported 

by Horiguchi et al. (2010) in the CNS of T. clavigera exposed to the organotin TPT. 
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A different pattern was observed in the penis/PFA, where higher levels of RXR 

were determined in the male penis and PFA after the penis started to develop. This 

suggests the involvement of retinoids, through RXR activation, in the development of 

gastropod’s male penis and female imposex, or a specific role in penis normal processes. 

These results were integrated with Féral and Le Gall findings (1983a, b), which 

proved that in TBT exposed O. erinacea, the PFA only developed a penis when cultured 

with the feminine nervous system. A conceptual model was therefore proposed (Fig. 

2.2.6), which hypothesizes that under normal conditions activation of RXR in the CNS 

allows the release of the PMF and consequent penis development. In females, this 

pathway would be inhibited, but could be abnormally activated by TBT. This model also 

accounts for the possibility of a local role for retinoids in normal male penis functioning 

and the interplay of steroids in reproductive processes. 

This model, however, as any other defending the abnormal activation of RXR by 

TBT as the main process responsible for the imposex induction in mollusk, requires the 

fulfillment of the following criteria: 1) the genetic machinery necessary to metabolize and 

transduce retinoid signals is present in mollusks; 2) that activation of RXR by retinoids 

elicits imposex; 3) the presence of endogenous retinoids in mollusks and 4) the 

involvement of retinoids in the control of biological processes such as penis development 

or reproduction. 

Chapter 2.1 provides strong evidences that criteria 1 and 2 are at least partially 

attained in N. lapillus. NlRXR has been cloned, sequenced and its orthology confirmed. 

Detailed analysis of its sequence revealed a high degree of sequence conservation 

compared to human RXR, much more that the insect orthologue RXR/Usp. Although a 

second variant was detected, it only differed in a 15 amino acids insertion, possibly related 

to alternative splicing, and was not further investigated. All the amino acids known to 

interact with 9-cis RA in human RXRα are conserved in N. lapillus, including cysteine 432, 

required for TBT binding in humans (Bouton et al., 2005, Le Maire et al., 2009). It contains 

all the typical features of a nuclear receptor, namely, a highly conserved DBD and LBD, 

and an intact AF2 region, necessary for receptor activation (Bouton et al., 2005). The LBD 

could effectively bind to the proposed vertebrate RXR natural ligand 9-cis RA. For a long 

time, the role of 9-cis RA as the natural ligand of RXR was questioned, as many analysis 

failed to detect its presence in endogenous tissues. Recent works, however, have 

detected its presence in biological samples, including in the mollusk O. lineatus (Gesto et 

al., 2012), thus confirming criterion 3. Although this has not been tested in the present 
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work, other studies have demonstrated that RXR of the mollusk B. glabrata activates in 

vitro a reporter gene transcription in the presence of the retinoids 9-cis RA or DHA 

(Bouton et al., 2005). Furthermore, the same authors have shown that BgRXR binds to 

DR1 response element either as a homodimer or heterodimerized with human RARα, 

LXR, FXR and PPARα. Overall, these are indications that mollusk RXRs in general, and 

NlRXR in particular, have the potential to transduce endogenous signals into biological 

responses.  

The experiment detailed in Chapter 2.1, in addition to demonstrating that 9-cis RA 

can induce imposex to the same degree as TBT, provides evidence for a functional 

retinoid signaling through RXR activation. In mammals, 9-cis RA can bind both RXR and 

RAR receptors, but MA is a specific RXR agonist. Albeit to a smaller degree, MA injection 

resulted in significant imposex induction in females. This minor bioactivity of MA in 

comparison to 9-cis RA has also been detected in LBD digestion protection assays in B. 

glabrata (Bouton et al., 2005) and can explain the observed differences.  

The pattern of RXR gene expression observed in Chapter 2.2, and the tissue 

specific modulation after a TBT insult, suggests its involvement in localized processes. 

The higher RXR mRNA levels encountered in male penises in comparison to female PFA, 

can be either related to a specific role of RXR in this male organ or to involvement with the 

morphogenesis process itself. None of these hypotheses can be discarded, as RXRs are 

dynamically expressed during mice genitalia formation (Ogino et al., 2001), crustacean 

limb development (Chung et al., 1998) and regenerative processes (Dmetrichuk et al., 

2008). In any case, both scenarios point towards a biological function of RXR in N. 

lapillus, thus suggesting that criterion 4 may also be attained in this species. 

 

6.1.3 Retinoid signaling in mollusks: Adh3, Cyp26, RAR 

 

 As mentioned above, one of the requirements implied in the hypothesis of imposex 

induction through abnormal RXR signaling is the existence of a functional retinoid 

pathway in mollusks. In vertebrates, retinoid signaling requires the existence of enzymes 

metabolizing retinol in retinal and subsequently in the more bioactive RA form. The 

classical way through which RA (in the all-trans conformation) then exerts its effects is by 

activating RAR in the heterodimer RAR/RXR (Theodosiu et al., 2010). While RXR could 

be found in almost all metazoans, RAR was considered a chordate novelty that could be 

at the basis of chordate specific features. Only in 2006, its presence was detected in non-

chordate deuterostome species (Cañestro et al., 2006). It is not surprising, therefore, the 
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very limited amount of information on the presence and functionality of RA genetic 

machinery outside deuterostomes, which is even scarcer for mollusks. Therefore, this 

thesis aimed at contributing in the clarification of the existence of retinoid signaling in 

mollusks by investigating potential genes involved in RA pathway in N. lapillus (Chapter 

3). Given that imposex seems to be related to the abnormal activation of one of its 

components, the possible impact of TBT exposure on the identified retinoid signaling 

players was also investigated and its biological significance discussed (Chapter 3.1 and 

3.2). 

 As animals cannot synthesize retinoids de novo, they need to uptake it in the form 

of retinol and retinyl-esters stored in animal tissues via food. Retinol is converted to retinal 

by the action of enzymes belonging to two distinct groups, ADHs and RDHs. Vertebrates 

possess multiple ADHs, but the most relevant role in retinal synthesis has been attributed 

to ADH3.  Adh3 presents a ubiquitous distribution pattern that was believed to provide a 

constant source of retinal to RALDH, which would spatially and temporally control RA 

levels, synthesizing it as needed (Molotkov et al., 2002). Outside vertebrates, ADH3 is 

precisely the typical and unique ADH form observed (Godoy et al., 2007). In this work, 

most of the NlAdh3 ORF was successfully isolated. Detailed analysis of the sequence 

revealed conservation of the 8 diagnostic sites (when compared to human Adh3); equally 

conserved were the residues conferring biochemical activity (only one out of 20 differed, 

Fig 3.1.1). NlAdh3 phylogenetic analysis confirms its orthology and showed that it groups 

with other invertebrates Adh3. Its mRNA distribution pattern was assessed by qPCR and 

revealed that digestive gland, followed by gonad and kidney, are the major expressing 

organs. In other invertebrates, Adh3 seems to be more restricted to digestive tract (Godoy 

et al., 2007), differing from the ubiquitous pattern observed in vertebrates (Canestro et al., 

2003). To gain more insight into the physiological role of the retrieved gene, an 

experiment was setup to expose N. lapillus to TBT and to the putative ADH3 substrate, 

retinol. TBT was reported to decrease Adh3 mRNA levels in ascidians (Azumi et al., 

2004), but, although it significantly induced imposex in N. lapillus, it did not interfere with 

Adh3 at the analysed time points (3 days and 2 months). Surprisingly, a significant 

downregulation was observed in the gonads of retinol exposed females (fig 3.1.4). Further 

clarification on the in vivo role of Adh3 in mollusks is necessary in order to ascertain the 

biological implications of this finding. In mammals, its role as the main retinal producing 

enzyme has been recently challenged (Sandell et al., 2012). Rdh10 Knockout mice 

resulted in developmental effects similar, but milder than the blockage of RA synthesis 
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(Sandell et al., 2012). In invertebrates, Adhs were suggested to be involved in xenobiotic 

metabolization, while the ability to metabolize retinoids was only acquired in the vertebrate 

lineage (Simões-Costa and Azambuja, 2008). The results described here can either be 

related to a hypothetical involvement in retinol metabolization, or alternatively, can be the 

result of a toxic effect by retinol in N. lapillus. No Rdh10 orthologue has been identified so 

far in invertebrate protostomes. 

In vertebrates, retinoid signaling pathways are involved in embryonic patterning 

and, as such, require a fine-tuned control of retinoid levels to prevent abnormal signaling 

(Samarut and Rochette-Egly, 2012). This delicate balance is maintained by retinoid 

synthesis (mostly RALDH2) and degradation (CYP26) enzymes. In humans, three CYP26 

enzymes exist, and, despite presenting different mRNA expression patterns, they all can 

metabolize RA into 4-OH-RA and other metabolites (Thatcher and Isoherranen, 2009). In 

protostomes, there is little amount of information regarding Cyp26 orthologues, and the 

existing data comes from analysis of genomic databases (Albalat and Cañestro, 2009; 

Albalat, 2009). The isolation of a Cyp26 orthologue in a protostome is described for the 

first time in this thesis (Chapter 3.2). Phylogenetic analysis confirmed NlCyp26 orthology 

and showed that it clusters specifically with one of the two putative Cyp26 sequences 

detected in the genome of L. gigantea. Furthermore, an initial characterization of its tissue 

distribution profile is provided, pointing out the digestive gland, gill and CNS as the organs 

with the highest mRNA transcript levels. Given the interference of TBT with RXR in N. 

lapillus (Chapter 2) the disruption potential of TBT towards the newly identified component 

of RA signaling was analyzed. The exposure to TBT resulted in an interesting and 

opposite pattern in Cyp26 mRNA in comparison with RXR levels in the penis and PFA of 

these animals. While male penis and VDS 3-4 PFA displayed higher levels of RXR (Figure 

2.2.4), the pattern reverted in Cyp26 (Figure 3.2.6). The same opposite pattern of 

expression between both genes was also detected in female N. lapillus gonads collected 

in the field and displaying different reproductive degrees, fully mature and dormant. The 

results presented here for RXR are coincident with those found by Sternberg et al. (2008), 

which reported a correlation between gonad recrudescence and RXR levels in I. obsoleta: 

higher levels in mature and lower in dormant animals. It is conceivable that retinoid action 

in N. lapillus may be dependent on the concerted action of NlRXR and NlCyp26, since 

they display distinct patterns in biologically different situations. The observed patterns in 

female gonad mature/dormant and penis/PFA may indicate the requirement of retinoids in 

reproductive processes and penis function, respectively. But, in penis/PFA, it may also 

reflect the involvement in the growth of a new structure, as it is long known that retinoids 
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are involved in limb regeneration (Maden and Corcoran, 1996). In any case, however, 

both results point to the existence of biological functions of retinoid signaling in N. lapillus.  

Similar to the Cyp26 case, protostome genomic databases indicated the existence 

of a RAR orthologue in mollusks, but successful cloning of a RAR was only achieved in 

the present work and is described in Chapter 3.3. NlRAR has all the typical features of this 

NR sub-family and, most importantly, a strong conservation of the RA interacting amino 

acids of the DBD is observed. Phylogenetic test confirmed that NlRAR is a true RAR 

orthologue grouping with RAR from other molluskan species (Figure 3.3.4). Although we 

have not conducted experimental assays to conclude over the binding specificities of this 

receptor, we suggest that NlRAR is a bona fide RA receptor. NlRAR displays the highest 

transcription levels in digestive gland, gill and female gonads. Unlike NlCyp26 and NlRXR, 

which displayed differences in transcription levels in female gonads but not in males, 

mature male gonads exhibited significantly lower NlRAR levels than in dormant gonads. 

This may be an indication of a specific function of RAR in male gonads and deserves 

further investigations in the future.  

 The work displayed here, with the cloning of three possible genes involved in 

retinoid signaling, NlAdh3, NlCyp26 and NlRAR, provides one of the most extensive 

characterization of the retinoid signaling in protostomes performed so far. In this context 

the characterization of other genes involved in this pathway, especially in retinoid storage 

and synthesis, would have been of utmost interest. Some effort was put in addressing the 

identification of other players, but given the time restrictions, that work is still in progress. 

In vertebrates, the key retinoid storage enzyme seems to be LRAT, but this enzyme is 

absent from invertebrates, and the most likely candidate for this function is DGAT1. 

DGAT1 was successfully cloned in N. lapillus (unpublished results). As for Aldh1, the 

enzyme suggested to play the main role in converting retinal to RA, was also investigated 

in N. lapillus, but successive attempts to isolate its full ORF failed and the retrieved 

sequence was not robust enough to confirm its identity. 

 Despite these constraints, these data suggest that N. lapillus presents at least 

some of the genetic toolkit necessary for the existence of a functional retinoid signaling 

pathway, confirming results obtained with the analysis of the mollusk L. gigantea genome 

database. Nevertheless, other species should also be tested for the presence of RA 

genetic machinery, to account for species specific genes losses or gains and allow more 

accurate understanding on the evolution of retinoid signaling in metazoans. 
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6.1.4 Other possible pathways affected by TBT in N. lapillus: NlHsd17b12 

 

The imposex induction model proposed in Chapter 2.2 embraces the possibility 

that TBT may also interfere with steroid signaling pathways. In fact, a testosterone 

unbalance, either by aromatase, sulfotransferase or ATAT inhibition by TBT, has been 

one of the models proposed to explain imposex induction. Nevertheless, steroid signaling 

in mollusks is a rather controversial subject, as no androgen receptor (AR) receptor has 

been found in this group. Additionally, the so far isolated ER was contradictorily reported 

to be constitutively active (Thornton et al., 2003; Bannister et al., 2007) and to bind 

estradiol in Octopus vulgaris (De Lisa et al., 2012). Although a fluctuation of the ER 

receptor with the reproductive cycle was observed in I. obsoleta snails, it was independent 

of estradiol, thus suggesting ligand independent function of the receptor. Therefore, 

although it may have a role in reproduction it is most likely different from what we know 

from vertebrates and thus, assumptions shouldn’t be extrapolated from one phylum to the 

other. Despite this, the elevated number of reports of biological effects caused by steroids 

in this phylum demands that at least this pathway should be carefully investigated, as 

other mechanisms of action that do not require activation of steroid receptors may be 

involved. 

While attempting to characterize the genetic machinery involved in retinoid 

signaling in N. lapillus, other possible pathways affected by TBT exposure were also 

inspected. Besides imposex, TBT is also known to reduce the development of the pallial 

sex organs in N. lapillus (Santos et al., 2006), to impair spermatogenesis and oogenesis 

in H. reticulata (Santos et al., 2006), to alter endogenous steroid levels in imposex-

affected female gastropods (Bettin et al., 1996; Santos et al., 2005; Lyssimachou et al., 

2008; Abidli et al., 2012) and to modify gastropod’s lipid profile (Lyssimachou et al., 2009). 

Though these effects are not necessarily related to the imposex development process by 

itself, their ecological significance can be quite relevant, as lipids and steroids have been 

associated with mollusks reproductive processes (Aniello et al., 1996; Brazão, 2003; 

Janer and Porte, 2007).  

In mammals, one of the described effects of TBT was the inhibition of Hsd17b3 

activity, a member of the HSDs: a heterogeneous group of enzymes involved in the 

metabolization of substrates such as steroids, fatty acids and retinoids (Prehn et al., 

2009). Given that Hsd17b3 is absent in protostomes (Markov et al., 2009), the existence 

of its ancient duplicate, Hsd17b12, was investigated in N. lapillus. Chapter 4 describes the 
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successful isolation of NlHsd17b12, an examination of its tissue distribution profile and 

effects of TBT exposure. The sequence obtained presents conservation of the active and 

the cofactor-binding sites (Fig 4.3). NlHsd17b12 also robustly groups with the abalone and 

the owl limpet Hsd17b12, thus supporting its orthology. By analysing the impact of TBT 

exposure in the newly identified NlHsd17b12, a significant decrease in its mRNA levels 

was detected in female digestive glands at all the determined time-points. In males this 

decrease was only statistically relevant at one month of exposure to TBT. The implications 

of this interference need to be interpreted carefully considering the possible function of 

Hsd17b12, which has recently been in the centre of an intense dispute. While in vitro 

studies put forward its ability to metabolize estradiol (Luu-The et al., 2006), recent data 

suggest that its main in vivo function may instead be related to lipid metabolism (Entchev 

et al., 2008). This is also suggested by the NlHsd17b12 tissue expression profile, in which 

the higher levels observed in the metabolic tissues indicate that it is most likely involved in 

a generic reaction similar to lipid metabolism, rather than in steroid processing. Although 

the abalone Hsd17b12 levels correlated with reproductive status, leading the authors to 

propose an involvement in steroidogenesis, this pattern may also be related to lipid 

synthesis, as these are major components in mollusk gonads (Brazão et al., 2003). 

Interestingly, TBT has been shown to interfere with adipogenesis in vertebrates (Grun et 

al., 2006) and alter lipid profiles in mollusks (Janer et al., 2007). While TBT increased total 

lipids in M. cornuarietis, the amounts of PUFAs and HUFAS, including arachidonic acid, 

significantly decreased (Janer et al., 2007). Recent data suggest that vertebrate 

Hsd17b12 plays a major role in arachidonic acid synthesis, as supplementation with this 

fatty acid reverted the growth inhibition observed in Hsd17b12 knockdown SK-BR-3 cell 

lines (Nagasaki et al., 2009).  

Even though one can only speculate whether the observed decrease in Hsd17b12 

mRNA transcripts in female digestive glands after TBT exposure is related to disruption of 

lipid levels, this study reflects the caveats involved in mollusk endocrinology in general. In 

fact, the lack of detailed knowledge on the endocrinology of these invertebrates is one of 

the major obstacles to the understanding of endocrine disruption phenomena. Also, 

comparisons with vertebrate endocrinology signaling need careful attention, as these 

pathways in invertebrates may be considerably different (Markov, et al., 2009). The 

molecular identification of genes potentially involved in biologically relevant pathways is 

an important, yet initial, step to further clarify the endocrinology in mollusks. A more 

detailed understanding of such mechanisms would require more complex molecular 
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manipulations, such as knocking down gene functions (by RNA interference, for instance) 

and analyzing the resulting phenotypes, together with effects of different substrate 

supplementations. However, these manipulations were out of the scope of this thesis, and 

were also out of the temporal constraints associated with it. 

 

6.1.5 Mechanisms of TBT masculinization in zebrafish 

 

Retinoid levels, at least during chordate embryonic development, are tightly 

controlled, both spatially and temporally, and disruption of RA signaling pathways can 

cause serious abnormalities, some of them even lethal (Samarut and Rochette-Egly, 

2011; Sandell et al., 2012,). Both retinoid deficiency and excess have been shown to be 

detrimental to organisms (Sandell et al., 2012, Thatcher and Isoherranen, 2009). In 

zebrafish, a widely used model for studying embryonic development, the expression of 

genes involved in RA metabolism (Raldh2 and Cyp26) and signaling (RARs and RXRs) 

has been detected in both ovaries and testes. This may be related to their involvement in 

reproductive processes: in mammals RA is involved in the timing of meiosis and the 

differentiation of germ cells (Swain, 2006; Bowles and Koopman, 2007). In addition, 

though many gaps exist on the molecular process associated to the formation of a viable 

fish egg (Lubzens et al., 2010), it appears to require the action of RA genetic machinery 

and the incorporation of retinoids (mainly retinal) during oocyte vitelogenesis (Lubzens et 

al., 2010). Fish fed a vitamin A-free diet or exposed to a RA synthesis inhibitor presented 

decreased fecundity and retinal egg content (Alsop et al., 2008). However, the effects of 

excess retinoids in reproduction have never been investigated so far. Curiously, exposure 

of fish to TBT, a strong activator of mammalian RXR, has resulted in decreased 

reproductive success in medaka (Nakayama et al., 2004). Chapter 5 describes an 

exploratory experiment on the effects of different retinoids (all-trans retinol, 9-cis RA and 

all-trans RA), an RXR agonist (MA) and TBT on the reproductive potential of zebrafish 

exposed from 5dpf to adulthood. TBT was the only compound to interfere with the 

analyzed parameters, significantly decreasing fecundity and causing a slight (but not 

significant) decrease in egg viability and hatchability. The lack of reproductive effects 

observed for the other compounds used seems to suggest that TBT effects were RXR 

independent. However, other explanations are also possible: first, zebrafish could 

hypothetically metabolize the excess of retinoids in the diet, thus minimizing its effects; 

second, although MA has been used as an RXR pan-agonist in zebrafish (Waxman and 

Yelon, 2011), its agonistic properties have never been adequately assessed in this 
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species. Knowledge on retinoid accumulation and degradation patterns in zebrafish, as 

well as a more complete experimental design, including exposure to other concentrations 

and different RXR agonists could help to clarify this question.  

Nevertheless, given the dramatic decrease in fecundity observed in the TBT 

exposed group, gonad, brain and liver samples were used to infer on the possible genetic 

pathways affected. 

Inhibition of aromatase, the enzyme considered the main responsible for the 

conversion of androgens into estrogens in vertebrates, has been suggested as the 

mechanism underlying TBT masculinization in fish (McAllister and Kime, 2003). Therefore, 

mRNA levels of the brain and gonad specific aromatase genes, Cyp19a1a and Cyp19a1b 

were qPCR determined. A female specific and significant decrease was observed for the 

brain isoform, while no changes were detected in gonads and in males. This is consistent 

with previous findings for zebrafish (McAllister and Kime, 2003) and juvenile salmon 

(Lyssimachou et al., 2006). However, inhibittion of aromatase by TBT has been 

contradicted by other studies, which detected increased or unaltered Cyp19a1a mRNA 

levels (McGinnis and Crivello, 2011), depending on the concentration used. Taken 

together, these results suggest that a complex mechanism is involved in TBT action, 

rather than a mere inhibitory effect on aromatase. An interaction of TBT with PPAR:RXR 

heterodimers is an alternative scenario for mediating its interaction with aromatase, as 

TBT is a potent agonist for mammalian RXR and PPARγ. In human granulosa cells, co-

exposure to the PPARγ and RXR agonists, troglitazone and LG100268, respectively, 

inhibited both aromatase activity and mRNA transcripts levels (Yanase et al., 2011). 

Furthermore, another PPARg agonist, MEHP, was shown to decrease aromatase activity 

in rat ovarian cells via PPAR:RXR (Lovekamp-Swan et al., 2003). In the current study, a 

decrease in PPARγ levels in brain samples was also detected in the TBT exposed group, 

but other studies reported variable effects on PPARγ levels, depending on the TBT 

concentration used (Pavlikova et al., 2010). Overall, these results demand more detailed 

studies to understand the mechanisms implied. Perhaps, similar to what has been 

suggested for MEHP, this interaction involves competition for binding sites on DNA or for 

coactivators (Lovekamp-Swan et al., 2003). As for RXRβa, no alterations were detected in 

the present work, although other studies have reported alterations in RXRβ levels in S. 

marmoratus testes after TBT treatment, along with spermatogenesis suppression. 

Zebrafish, however, possess 6 RXRs (RXRaa, RXRab, RXRba, RXRbb, RXRga and 

RXRgb), and one cannot exclude differential interactions of TBT with any of these. Future 
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analysis should focus on this question, as it is important for the understanding of the 

mechanisms underlying TBT effects in zebrafish. 

Other genes associated with reproductive processes were also quantified, but no 

significant changes in ER2a, ER2b and VTG1 transcript levels were detected. Despite the 

absence of statistically relevant differences, VTG1 levels in TBT exposed female liver 

were less than half of control. This can be relevant from an ecological point of view, as Vtg 

produced in the liver was found to transport vitamin E and vitamin A (in the form of retinal) 

to be incorporated in the egg during vitellogenesis (Lubzens et al., 2010). In teleost, the 

vitamin content of the eggs influences their quality and is affected by the nutritional status 

of the broodstock (Lubzens et al., 2010). In order to understand the decreased fecundity 

observed in this work, interference of TBT with VTG production or with internal retinoid 

levels should also be addressed in the future. 

A final aspect should also be carefully considered: though TBT is considered a 

masculinizing agent in fish, the mechanisms underlying these observations are still 

unknown and tissue specific feminizing effects have recently been attributed to TBT 

exposure in zebrafish (McGinnis et al., 2011). In this study, a puzzling alteration on sex 

ratios towards females has been observed, in opposition to what has been described in 

the literature (McCallister and Kime, 2003; Santos et al., 2006). However, other 

contradictory results have been reported depending on the TBT concentrations used 

(McGinnis and Crivello, 2011) and may reflect tissue or species-specific interferences. In 

fact, although TBT has been reported to bias zebrafish sex ratio towards males, when 

exposure encompasses the sex determination period, other species such as medaka are 

not masculinized under TBT exposure. It appears that TBT may interfere with such many 

pathways that the final observed consequences seem to sum up this plethora of affected 

pathways than just a direct cause-effect relation. In addition, recent data defend that 

zebrafish has a polygenic sex determination system and, therefore, that environmental 

variables have limited influence on sex determination (Liew et al., 2012). Hence, as the 

exact determinants involved in zebrafish sex determination are still to be ascertained, and 

given the overall sensitivity of the sex differentiation process in fish, sex ratio may not be 

the most appropriate indicator of TBT effects. More thorough studies on zebrafish basic 

biology processes, such as sex determination and differentiation, reproduction and 

behavior, are necessary to understand TBT’s impacts and predict that of other 

environmental pollutants. 
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6.2 Final considerations and conclusions 
 

The major premise of this thesis is that each animal group reflects the sum of the 

evolutionary events that contributed to their uniqueness. As such, endocrine disruption 

studies should take these specificities into account. Especially in what concerns 

compounds that interfere with NRs, as these are potentially promiscuous and bind to 

several human-derived synthetic compounds. Endocrine disruption studies have focused 

mostly on mammals, teleosts and amphibians, but given the conservation and ligand 

promiscuity of NR signaling pathways throughout Metazoans, one can anticipate that 

many more species might be affected by EDCs. However, a “metazoan-wide” endocrine 

disruption assessment would, on one hand, be time and money consuming, and, on the 

other hand, be limited by the lack of basic knowledge regarding endocrine systems and 

NR signaling outside vertebrates. The alternative way is to study specific cases of 

endocrine disruption, to assess the possible mechanism disturbed and anticipate the 

implications resulting from that interference.  

Seldom has an anthropogenic compound been reported with the potential to affect 

so many and so diverse species, and cause such harmful consequences both at the 

organism and population level, as is the case of TBT. Yet, the mechanisms responsible 

for this plethora of effects still lack full clarification. One of the accountable reasons relies 

on the lack of knowledge on the endocrinology and control of the reproductive processes 

in the most affected taxon, the Mollusca. The involvement of retinoids in gastropod’s 

biological processes, and their disruption by TBT, through binding to the RXR, is one of 

the most likely hypotheses ever posed to explain the imposex phenomenon. However, as 

mentioned before, it also requires the fulfillment of a few criteria, and results presented in 

this thesis are a valuable contribution to their clarification:  

a) Four genes involved in the retinoid signaling pathways have been isolated and 

characterized in N. lapillus: NlRXR, NlRAR, NlCyp26 and NlAdh3. As a result, one may 

conclude that N. lapillus does possess, at least partially, the genetic toolkit necessary to 

metabolize and transduce retinoid signals. 

b) The involvement of RXR in imposex induction has been experimentally 

demonstrated, since both its putative endogenous ligand, 9-cis RA, and synthetic agonist, 

MA, were able to induce imposex in N. lapillus. Plus, NlRXR mRNA levels were 

specifically and differentially modulated in the CNS and in the penis/PFA. 
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c) The distinct pattern of mRNA transcription observed for the genes isolated in N. 

lapillus suggests their involvement in different biological processes. The opposite pattern 

observed for NlCyp26 and NlRXR in mature/dormant female gonads and in penis 

development in TBT-exposed animals point to a role of retinoids in biological functions, 

such as reproductive recrudescence and penis morphogenesis. 

As a complement to the clarification of mollusk endocrinology, the isolation and 

molecular characterization of NlHsd17B12, which codes for an enzyme potentially 

involved in steroid or lipid metabolism, was also provided and was found to be impacted 

by TBT exposure in N. lapillus. 

Following the hypothesis that endocrine disruption by TBT comprises disruption of 

conserved retinoid signaling, this work also accessed whether the effects observed in 

teleost after TBT exposure could involve modulation of retinoid signaling. The 

reproductive impact of TBT and other retinoid agonists in D. rerio was therefore evaluated; 

yet, only TBT reduced reproductive success, significantly decreasing female fecundity. 

Analysis of possible affected genes revealed significant decreases in female brain 

Cyp19a1b mRNA levels, as well as in brain PPARγ transcripts, but the interplay between 

TBT, retinoid pathways and these genes deserves more thorough studies. 

Understanding the pathways that govern basic biological processes is a step 

further into the anticipation and minimization of the deleterious effects caused by 

anthropogenic compounds. Overall, the results described in this thesis contribute to the 

fulfillment of some existing knowledge gaps regarding retinoid signaling in mollusks, 

adding information to allow a better understanding of the evolution of retinoid and other 

signaling pathways in metazoans, and their potential to be disrupted by TBT or other 

compounds with similar mode of action. 
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6.3 Future perspectives 
 

This work provides a contribution to the understanding of the negative outcomes 

resulting from TBT exposure in N. lapillus and D. rerio and the associated mechanisms.  

In this thesis, it was shown that N. lapillus possesses part of the genetic machinery 

necessary to metabolize and transduce retinoid signals (NlRXR, NlRAR, NlCyp26 and 

NlAdh3). The presence, in N. lapillus, of other genes important for the retinoid cascade in 

vertebrates would add more evidence to the existence of functional retinoid in mollusks. 

Among these genes, it would be pertinent to isolate and characterize orthologues of 

storage enzymes (analogs of LRAT for instance) and the Aldh1, the enzyme required to 

transform retinal into RA. 

Data presented in this work suggest that retinoids may play a role in biological 

processes in N.lapillus, namely in reproductive recrudescence and penis functions or 

morphogenesis. Therefore, the detection of endogenous retinoid levels, and their 

correlation with the maturation status of the animals would be of valuable input to the 

confirmation that retinoids are required for these processes. 

Another line of investigation that deserves to be pursued in future studies would be 

the functional characterization of the genes described in this work, in order to clarify their 

in vivo function in mollusks. 

As for the zebrafish, the results presented here are still a preliminary assessment 

of the impacts of TBT and other retinoid agonists in reproductive processes. This work will 

be complemented by a more detailed analysis on the effects of TBT exposure in other 

genes of the RA cascade, including all RXR, RAR and PPAR isoforms, was well as genes 

coding for RA synthesis and degradation enzymes. In addition, a more detailed 

experimental framework, involving other retinoid agonists, and co-exposure with RA 

synthesis inhibitors and receptor antagonist would allow a better assessment of the 

involvement of retinoids in zebrafish reproduction, as well as the potential of TBT to 

disrupt them. 

Only after a proper assessment of the retinoid signaling pathways and their 

biological functions (not only in mollusks and fish but also in other taxonomic groups), the 

impact of compounds such as TBT and other chemicals with the potential to disrupt them 

can be estimated, anticipated and prevented.  
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