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1. GENERAL INTRODUCTION

1.1 Global framework in endocrine disruption research and origin of the COMPRENDO

project

Global concerns have been raised in recent years over the adverse effects that may result from
exposure to chemicals that have the potential to interfere with the endocrine system (endocrine
disruptors, ED). Wildlife and human health effects of EDs were first proclaimed by Rachel Carson
in 1962, and based on growing body of knowledge, those concerns have increased. As a
consequence of it, in the late 90s, national and international organizations established a series of
programs to investigate and monitor the effects of ED, and to develop screening tests to evaluate
new chemicals (WHO, 2002).

In 1996, a European workshop organized in the UK brought together scientists and policy-makers
from the EU, USA and Japan, international organizations such as the OECD and the WHO, and
several NGOs. They concluded that (i) there was evidence that testicular cancer rates were
increasing; (ii) the apparent decline in sperm counts in some countries was likely to be genuine; (iii)
endocrine-disrupting effects observed in birds and mammals could be due to the use of chemical
substances with endocrine-disrupting properties, (iv) exposure to endocrine disrupters should be
dealt with measures in line with the “precautionary principle”

(http://europa.eu.int/comm/research/endocrine/ index_en.html).

As a result of the workshop findings and due to increasing public concern, in 1998, the European
Parliament adopted a report and a resolution calling upon the European Commission to take
specific actions to improve the legislative framework, reinforce research efforts, and make

information available to the public (http://europa.eu.int/comm/research/endocrine/index_en.html).

In 1999, the European Commission established short-, medium- and long-term strategies to
manage the problem of ED in a rapid and effective manner. Within the actions included in the
short-term strategy, there was the establishment of a priority list of substances, the communication
to the public and international cooperation. The medium term strategies include the identification
and evaluation of EDs, and research and development. Finally, as a long-term strategy, the

information obtained from these two strategies, would be used for legislation action.
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In 2001, as part of the medium-term strategies, the European Commission launched a call focused
on endocrine disrupters that culminated in the formation of the CREDO cluster, which consists of
four projects: EDEN, FIRE, EURISKED and COMPRENDO, and seven additional associated

projects (http://europa.eu.int/comm/research/endocrine/index_en.html).

Similar to the European Union, the U.S. Environmental Protection Agency (EPA) and the Ministry
of Energy, Trade and Industry (METI) of Japan have established specific programs for the
investigation of EDs. EPA formed the Endocrine Disruptor Screening and Testing Advisory
Committee (EDSTAC) that is establishing a series of toxicological and ecotoxicological tests for the
identification and characterization of the effects of EDs (http://www.epa.gov/scipoly/oscpendo/).
The american system is based on two levels, a first screening level which uses in vivo and in vitro
tests, and a second level that includes in vivo tests and second generation studies. METI has been
developing the 3-D QSAR system, which will be used to prescreen thousands of industrial
chemicals. Additionally, in vitro and in vivo screening methods are also being developed (Oikawa
and Matsumoto, 2003).

Finally, it is worth mentioning the creation by WHO, in collaboration with other international
organisms, of a global inventory of endocrine disruption (http://endocrine.ei.jrc.it); and, in 2002, the
publication by OECD of a report that established the basis for the development of OECD
guidelines (currently used as the quality standard in most toxicological experiments) for the
evaluation of ED effects (OECD, 2001).

1.2 Evidences of endocrine disruption

1.2.1 Evidences in vertebrates

A number of adverse human health effects in which EDs may be implicated have been observed,
e.g. decreased sperm counts, increasing incidence of certain congenital malformations in children,
and increasing incidence of hormone-related cancers (such as breast and testicular cancer) (WHO,
2002). However, epidemiological studies have not established a causal relationship between these

observations and exposure to EDs.

In contrast to the uncertainty of cause-effect relationships in humans, studies on wildlife and
laboratory animals have provided stronger evidence that EDs have the potential to interfere with

the development of the endocrine system, including the reproductive tract.

Male fish living downstream of sewage treatment plants were reported to have high concentrations
of the female egg-yolk protein, vitellogenin, not normally present in males (Figure 1.1A). Some
male fish also had female-like oocytes within their testis resulting in gonads that are intermediate

between male and female (Figure 1.1B). These effects probably resulted from natural and
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synthetic estrogenic chemicals (e.g. estradiol excreted in urine, alkylphenolic compounds and birth
control pills synthetic hormones), which are released into the aquatic environment via sewage

treatment plant effluents (Vos et al., 2000).

Pulp and paper mill effluents are another identified cause of reproductive alterations in fish. In this
case, the exposure is related to reduced gonad weight, dysfunction of steroid synthesis and
metabolism, decreased plasma steroid levels, masculinization (including secondary sex
characteristics and behavior; Figure 1.1C), altered sex ratio, reduced egg production and
hatchability, delayed sexual maturity, reduced capability to spawn, and increased vitellogenin

expression (Munkittrick et al., 1998).

Amphibian declines have been documented in many parts of the world. Environmental
contamination probably accounted for the historical and geographical trends in the gonadal
alterations (intersexuality) observed in frogs and likely contributed to the decline of the species
(Reeder et al., 2005).

Despite the fact that most of the evidences come from aquatic environments, endocrine disruptors
are also suspected to be related to the observed decreased fertility in birds and mammals (Colborn
et al., 1993); reproductive impairment of panthers (Facemire et al., 1995); reduced hatching
success in birds and turtles; and the feminization and masculinization of birds (Colborn et al.,
1993).

1.2.2 Evidences in invertebrates

Invertebrates represent approximately 95% of all animal species. The current knowledge about
endocrine regulation of development and reproduction in aquatic invertebrates is limited, and
progress on understanding endocrine disruption in invertebrates has been hampered by the lack of
detailed insights in their endocrinology. In spite of this, there are several evidences that

environmental pollutants are interfering with the endocrine system of invertebrates.

A widespread development of male sexual organs in female marine gastropods, such as the dog
whelk, has been attributed to the exposure to tributyltin (TBT) and other organotin compounds
such as triphenyltin (TPT), constituents of marine anti-fouling paints (Fent, 1996). The imposition of
male sexual organs on females is known as ‘imposex’ (Figure 1.1D), and often results in
sterilization of females, leading to population declines in many harbors and coastal waters. TBT
initiates the induction of imposex at a seawater concentration of 1 ng/L. Besides the effects on
gastropods, organotin compounds are known to induce morphological abnormalities in oyster
shells at concentrations as low as 2 ng/L, and to be responsible for dramatic declines of oyster

populations during the late 1970s in Arcachon Bay (Fent, 1996).
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Figure 1.1. Examples of endocrine disruption in wildlife. (A) Mean concentrations of plasma VTG in male
flounder (Platichthys flesus) from various U.K. estuaries sampled in 1997. Asterisks indicate significant
difference from the clean reference estuary, Alde (extreme left) (WHO, 2002). (B) Testis section from a male
flounder (Platichthys flesus) sampled in the U.K. Mersey estuary in 1996, showing several large secondary
oocytes alongside abnormal sperm cell tissue (ovotestis) (WHO, 2002). (C) Tail fins of female guppies
exposed to increasing concentrations of pulp mill effluent and showing increasing levels of redness (% red
area); the last two are exposed to methyltestosterone (Larsson et al., 2002). (D) Imposex in the common
whelk (Buccinum undatum L) (WHO, 2002).
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In contrast to molluscs, there is minimal evidence of the impact of TBT on crustaceans. Effects
reported are enhanced testosterone metabolism, retardation of regenerative limb growth,
retardation of molting, and inhibition of calcium resorption from the exoskeleton (Mathiessen et al.,
1999). Crustaceans appear to have greater ability than molluscs to metabolize TBT (Fent, 1996),
and probably, the target for the effect of TBT has a greater physiological relevance in molluscs

than in crustaceans.

TBT and TPT showed sperm and embryo toxicity in echinoderm species at concentrations of few
mg/L, affecting embryo growth at concentrations as low as 10 ng/L (Marin et al., 2000; Novelli et al.,
2002). In addition, the regeneration of ophiods has been reported to be altered by low
concentrations of these organotins (Walsh et al., 1986). Apart from the effects on regeneration and
embryo growth, the information on the endocrine effects of organotin compounds in echinoderms is

limited by the lack of studies looking at developmental or reproductive parameters.

In addition to organotin compounds, other groups of compounds have been related to physiological
disturbances in invertebrate species that might be endocrine-mediated. A brief overview of the
disturbances linked to some chemical groups: namely heavy metals, herbicides, and

xenoestrogenic/phytoestrogenic compounds is offered below.

Heavy metals have been shown to have significant impacts on crustaceans (molting, growth, and

reproduction) and echinoderms (oogenesis and gonadal development) (Mathiessen et al., 1999).

Various pesticides disturb endocrine processes in invertebrates at concentrations considerably
below those that are overtly metabolically toxic. For example, triazine herbicides disturbed the
fecundity and growth in Daphnia pulex, impaired reproduction and development in the
malacostracan Gammarus fasciatus, and reduced frequency of molting in D. pulex (Mathiessen et
al., 1999). The organochlorine 1,1,1-trichloro-2,2-bis[4-chlorophenyllethane (DDT), an insecticide,
caused a substantial reduction in fecundity in the snail Lymnaea stagnalis (Mathiessen et al., 1999).
The pesticide heptachlor affected ecdysis by an alteration of ecdysteroid levels (Snyder and
Mulder, 2001). Vinclozolin, a fungicide, caused similar effects as the antiandrogen cyproterone
acetate in three snail species. Both vinclozolin and cyproterone acetate reduced the length of the
penis and of accessory male sex organs, and an advancement of the sexual repose phase
(Tillmann et al., 2001). Deformities of the mouthparts and other head capsule features of
chironomid larvae have been suggested to arise as a consequence of exposure of the organisms
to pesticides and heavy metals. The underlying mechanism for these deformities remains elusive,
but they appear to originate in relation to developmental processes, and this has led to their
consideration as indicators of EDs exposure (Mathiessen et al., 1999). Additionally, it should be

noted that some insecticides have been purposely synthesized to disrupt the endocrine system of
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a number of insects to aid their control, and apart from the target species, it is likely that they will

alter the endocrine system of closely related species.

A range of estrogenic compounds also affect the reproductive system of invertebrates. Thus,
nonylphenol decreased the fecundity in Daphnia magna (Baldwin et al., 1997), induced cyprid
major protein, which resembles vitellin, in the juvenile barnacle Balanus amphitrite (Billinghurst et
al., 2000), delayed the development of the oyster Crassostrea virginica (Nice et al., 2000), and
increased the production of eggs in the polychaete Dinophilus gyrociliatus (Price and Depledge,
1998). Diethylstilbestrol (DES) and endosulfan, inhibited molting in juvenile Daphnia magna
(Mathiessen et al., 1999). The exposure to the xeno-estrogen bisphenol A (BPA) stimulated
ovarian maturation in the copepod Acartia tonsa (Andersen et al.,, 1999), induced asexual
reproduction while suppressing sexual reproduction in Hydra oligactis (Fukuhori et al., 2005), and
caused alterations in molting and embryonic development in Daphnia magna (Mu et al., 2005).
BPA and octylphenol at the lowest concentrations tested (1 mg/L) induced a series of alterations in
female snails, namely the formation of additional female organs, an enlargement of the accessory
pallial sex glands, gross malformations of the pallial oviduct section resulting in increased female
mortality, and a massive stimulation of oocyte and spawning mass production (Oehlmann et al.,
2000). Similarly, BPA, nonylphenol and octylphenol, affected development, including sexual
maturity, in the copepod Tigriopus japonicus (Marcial et al., 2003). Phytoecdysteroids also
demonstrated hormonal activity in insects, thus, effluents from pulp and paper mills, which contain
phytoecdysteroids, and effluents from a tannery were shown to influence molting in aquatic insects
(Mathiessen et al., 1999; WHO, 2002). Chlordane-treated shrimps (Neocaridina denticulate)
showed an induction of vitellogenin-like proteins (Huang and Chen, 2004). In D. magna,
disturbances in testosterone metabolism and the development of secondary sex characteristics,
occurred after exposure to different endocrine active substances (Baldwin and LeBlanc, 1994a;
Baldwin et al., 1995, 1997; Olmstead and LeBlanc, 2000). Similarly, Neomysis integer exposed to
nonylphenol and methoprene (a synthetic insect juvenile hormone analog) displayed alterations in
testosterone metabolism (Verslycke et al., 2004). Some of these effects might not be associated to
an estrogenic activity of the xenobiotics, but to interferences with ecdysteroid/juvenoid regulated
processes. For instance, the effects of BPA on daphnids were mediated through an enhancement

of the activity of the crustacean juvenoid hormone methylfarnesoate (Mu et al., 2005).

Additionally, reproductive and morphological abnormalities have been described in invertebrates
inhabiting polluted sites. For example, intersexuality and demasculinization was observed in
Echinogammarus marinus collected from a site characterized by high levels of polychlorinated
biphenyls (PCBs), heavy metals and receiving the effluent from a paper mill (Ford et al., 2004);
disturbed gametogenesis and exoskeleton integrity was observed in Gammarus sp. collected at
polluted sites (harbours and areas with ferry traffic) (Gagné et al., 2005); abnormal sex ratios were

noted in harpacticoid copepods collected in the vicinity of sewage discharges (Moore and
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Stevenson, 1991); and an increased incidence of embryonic malformations was found in the
amphipod Monoporeia affinis from sites receiving industrial effluents (Sundelin and Eriksson, 1998).
In these cases, it is difficult to discriminate the causal factor for the abnormalities observed, and
most likely the effects are mediated through multiple actions of the mixture of xenobiotics to which

the animals are exposed.

These evidences suggest that several groups of substances might cause endocrine-related
disturbances in invertebrates. However, the mechanisms underlying most of the effects described

above are not known.
1.3 Endocrine disruptor compounds: definition and examples.

An environmental endocrine disruptor may be defined as an exogenous agent that interferes with
the synthesis, secretion, transport, binding, action, or elimination of natural hormones in the body,
that are responsible for the maintenance of homeostasis, reproduction, development, and/or
behavior (EPA, 1997).

Numerous substances are suspected of acting as endocrine disruptors. Several national and
international institutions are currently trying to establish a list of priority substances. The EU draft of
substances with endocrine disruptor properties includes 564 chemicals, to which several other
chemicals (e.g. flame retardant and cosmetics such as UV-filters; Schlecht et al., 2004; Kuriyama
et al., 2005) should be added in the view of new evidences. A simplified list of the compounds
included in priority groups 1 and 2 in the EU draft, together with production, persistence and
availability of endocrine disruption data, is shown in Table 1.1. It should be noted that some of the
chemicals included in the table (e.g. PCBs, phthalates, or organotin compounds) actually represent
groups of substances with similar chemical structure, but that can have different potency as
endocrine disruptors. Some additional details are summarized below for the chemicals included in
Table 1.1 that have attracted more attention during the last years, as indicated by the high number
(>100) of studies published in scientific journals that were retrieved from the SciFinder® database
containing the concept of endocrine disruption (search performed on March 14™ 2005). These
substances or groups of substances were, ordered from highest to lowest number of journal
papers retrieved: BPA, PCBs, phthalates, dioxins, DDT, alkylphenols, atrazine and lindane. In
addition, a special emphasis will be focused on the chemicals investigated in this thesis: the

organotin compounds and fenarimol.
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Table 1.1. Substances classified by the European Commission as prioritary for further evaluation of their role

in endocrine disruption (Adapted from BKH, 2000 and Olea et al., 2002). See acronim list for abreviations.
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Lindane * 1 | Iprodione * 2 1l | Alkylphenols * 1 Il
Linuron * 1 | Zram * 2 1l | PCBs * 1,2 L
Atrazine * 1 | Diuron * 2 1l | PBBs * 1,2 L
Alachlor * 1 1 Diazinon * 2 Il | Furans * 1,2 Ll
Kepona * 2 | Dimethoate * 2 Il | Phthalates * 1,2 Ll
DDT * 2 | Malathion * 2 Il | Chlorophenols * 2 Il
Vinclozolin * 2 | Parathion * 2 1l | o-phenylphenol * 2 Il
Dieldrin * 1 Il Simazine * 2 Il | Carbon * 2 Il
dishulphide

2,4-D * 1 I Triadimefon * 2
Dicofol * 1 I Bromomethane * 2 Il | Perchloroethylene * 2 Il
Aminotriazol * 1 I Propanil * 2 1

Cathegory 1: evidence of endocrine disruption in an intact organism. Cathegory 2: potential for endocrine
disruption (in vitro evidences, in vivo effects that may, or may not, be ED-mediated, structural analyses).

2Group 1: Cathegory 1 + high concern in terms of human and wildlife exposure. Group 2: Cathegory 1 +
medium concern in terms of human and wildlife exposure; or Cathegory 2. Both, groups 1 and 2 contained

only substances highly persistent and/or high production volume.
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Bisphenol A. Bisphenol A (BPA, Figure 1.2) is an industrial chemical, used to manufacture
polycarbonate and numerous plastic articles. However, recent studies have shown that it can leach
from certain products, including the plastic lining of cans used for food, polycarbonate bottles and

tableware, and white dental fillings and sealants.

The estrogenic activity of BPA has been demonstrated in vitro and in vivo. BPA binds to the
estrogen receptor, and can act as an antiandrogen by blocking the action of dihydrotestosterone in

a yeast screen containing a human androgen receptor (Sohoni and Sumpter, 1998).

Low levels of BPA (2 mg/Kg/day) induced increases in prostate weight in male mice (Nagel et al.,
1997). In addition, it was suggested that BPA could cause greater effects at low dose levels than at
higher doses. This launched the debate on the “low dose theory” or the inverted U-shaped dose
response curve. Afterwards, several studies examining the low level effects of BPA have been
published, some have replicated the findings and some have not (usually financed by the industry).
Two explanations of the difficulties to replicate the effects of BPA were suggested by Ashby et al.
(2003): first, it might be that BPA possesses subtle low-dose ED toxicities that only become
evident under certain undefined experimental conditions, which are not yet understood; second,
natural variability among control parameters monitored in ED studies allows artefactual positive
results (Ashby et al., 2004). In addition to the effects observed in rats, other studies have reported
effects at low levels of BPA in wildlife, supporting the first of the two explanations mentioned.
Indeed, sex ratios were altered (skewed to females) in frog tadpoles (Xenopus laevia) exposed to
23 pg/L (Levy et al., 2004); and egg production was stimulated (up to sterilization) in freshwater

ramshorn snails exposed to 1 mg/L (Marisa cornuarietis) (Oehlmann et al., 2000).

PCBs. Polychlorinated biphenyls (PCBs, Figure 1.2) are a family comprising of 209 chemically
related compounds that were widely used more than 25 years ago in a variety of industrial
applications due to their insulating and fire retardant properties. Thereafter, the concern over
possible adverse effects on the environment and on human health resulted in the cessation of PCB

production and an ultimate ban on manufacture in most countries.

The effects of PCBs are complex because the different congeners differ in their activity. Indeed,
there are both estrogenic and antiestrogenic congeners, and their hydroxylated metabolites have
the ability to interfere with sex steroid and thyroid hormone metabolism (Morse et al., 1993; Kester
et al., 2000).

Rats exposed to PCB mixtures early in life developed reproductive effects similar to those caused
by DES exposure (Birnbaum, 1994; Li and Hansen, 1996). Epidemiologic studies have also
associated PCB exposure to deficits in neurodevelopment (Schantz et al., 2003), and delayed

pubertal development (genital development and public hair growth) (Den Hond et al., 2002).
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Phthalates. Phthalates (Figure 1.2) are synthetic chemicals that are widely used as plasticizers in
the production of plastics, and as solvents in inks used in food packaging and in certain cosmetics
(Fisher, 2004).

Some phthalate esters (e.g. butylbenzyl phthalate —-BBP-, diethylhexyl phthalate —-DEHP-, and di-
isononyl phthalate) are able to induce reproductive tract abnormalities after in utero exposure in
rats (Gray et al., 2000). The abnormalities observed (i.e. reduced anogenital distance, nipple and
areola retention, cleft phallus, hypospadias, and undescended testes) are suggestive of under-
virilisation of the Wolffian duct and urogenital sinus (Fisher, 2004). Recently, a study reported that
some of these reproductive abnormalities observed in rats, are also observed in babies of mothers

with high levels of phthalates in their urine (Swan et al., 2005).

BBP, DEHP and dibutyl phthalate (DBP) stimulate the proliferation of MCF7 and ZR-75 cells and
bind to the estrogen receptor (Jobling et al., 1995; Zacharewski et al., 1998; Blom et al., 1998),
however, they do not seem to be estrogenic in vivo (Zacharewski et al., 1998). Phthalates do not
interact with the androgen receptor, but interfere with the transcription of several key genes

involved in both, cholesterol transport and the biosynthesis of testosterone (Thompson et al., 2004).

Dioxins. Dioxins (Figure 1.2) are unwanted by-products generated during the synthesis of other

compounds and in incomplete combustion processes.

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and its related compounds induce pleiotropic
biochemical and toxicological effects, such as induction of drug-metabolizing enzymes,
teratogenesis, immunosuppression due to thymic involution, tumor promotion, and liver damage
(Fujii-Kuriyama and Mimura, 2003). The major AhR (arylhydrocarbon receptor) is a receptor type
transcription factor and has been believed to mediate these effects as a cellular factor. Extensive
studies of AhR have revealed that most, if not all, of the toxic effects of TCDD are mediated by
AhR (Fujii-Kuriyama and Mimura, 2003). Several cross-talk interactions between the AhR and
steroid receptors, mostly estradiol receptor, have been described (reviewed in Pocar et al., 2005)

and might explain the antiestrogenic effects of dioxins.

DDT. Dichlorodiphenyltrichloroethane (DDT, Figure 1.2) is no longer used in developed countries,
though it is used in various parts of the developing world, particularly for mosquito control, but also
in general agriculture. DDT is metabolized in the body to dichlorodiphenyldichloroethylene (DDE),
and both these compounds persist in the body fat. Numerous epidemiological studies have
investigated the association between DDT levels and risk of breast cancer; however, there is no

clear evidence yet for such an association (Mendez and Arab, 2003).
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Several isomers of DDT, including o,p’-DDT and p,p'-DDT, are estrogenic in MCF-7 breast cancer
cells (the E-SCREEN assay) (Soto et al., 1995). In addition, the major and persistent DDT
metabolite, p,p'-DDE, inhibited androgen binding to the androgen receptor, androgen-induced
transcriptional activity, and androgen action in developing, pubertal and adult male rats (Kelce et

al., 1995), and accordingly it is also anti-androgenic in the Hershberger assay (Kang et al., 2004).

Alkylphenolic compounds. Alkylphenols such as nonylphenol (Figure 1.2) and octylphenol are
mainly used to make alkylphenol ethoxylate (APE) surfactants (detergents), though alkylphenols
themselves can be used as plasticizers, and its derivatives (alkylphenol phosphites) can be used
as UV stabilizers in plastics. It is estimated that 60% of the APEs find their way into the aquatic
environment as nonylphenol and octylphenol, the major degradation products. APEs are not
persistent and do not accumulate in food chain, nevertheless, the production levels are high and
they are detected at relatively high levels in the aquatic environment (up to ~50 mg/L; Petrovic et al.,
2002; Zoller et al., 2004). This explains why most studies assess the effects of these compounds
on aquatic organisms. Rainbow trout exposed to environmentally-relevant concentrations of 4-
nonylphenol (0.1 to 1 pg/L) showed a reduction of semen production, alterations in embryo
development (Lahnsteiner et al., 2005), and the induction of vitellogenin in juveniles (Ackermann et
al., 2002). Few studies have investigated the effects of alkylphenolic compounds in rodents, and
they showed that they stimulated estrogen-dependent uterine growth in prepubertal rats, but had
no effect on sex differentiation of rat brain (Bicknell et al., 1995). In adult male rats, chronic
administration of 80 mg/kg octylphenol caused shrinkage of the testes and male accessory sex
organs, spermatogenesis was disrupted, sperm deformities were seen and luteinizing hormone,
follicle stimulating hormone, prolactin, and testosterone secretion were altered in these animals
(Boockfor and Blake, 1997). In another study (Nagao et al., 2001), octylphenol caused significant
delays in acquisition of puberty in male and female rats (50 mg/Kg octylphenol) and decreased

relative prostate weight in males (12.5 mg/kg).

Alkylphenolic compounds bind to the estrogen receptor and elicit estrogenic responses (Soto et al.,
1991; Jobling and Sumpter, 1993; White et al., 1994). Estrogenic effects are observed at tissue
concentrations of 0.1 pM for octylphenol and 1 uM for nonylphenol (Soto et al., 1995). Octylphenol,
stimulates vitellogenin gene expression in trout hepatocytes, estrogen receptor transcription in
mammalian and chicken cells, and growth of breast cancer cells in cultured cell lines (White et al.,
1994). In addition, they are potent inhibitors of sulfotransferase activity, probably leading to a

reduction in the sulfation of endogenous estrogens (Harris et al., 2000).

Atrazine. The 2-chloro-s-triazine family of herbicides (Figure 1.2) is used in large amounts to
control weeds, particularly on maize crops, in North America and Europe. It is relatively persistent

to abiotic and biotic breakdown. Epidemiological and laboratory (female rats) studies have
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associated long-term exposures to triazine herbicides with increased risk of ovarian and breast
cancer (Sanderson and van den Berg, 2003). Numerous studies have investigated the effects of
atrazine in gonadal abnormalities in frogs and in secondary sex characters (e.g. size of laryngeal
dilator muscle), however, results are not consistent between studies and there is no consensus in
the scientific community on whether exposure to atrazine is related to the abnormalities observed

in the environment in frogs (e.g. Hayes et al., 2002; Carr et al., 2003; Coady et al., 2004).

Initially, investigations into the mechanism of this apparently estrogenic effect were directed
towards the estrogen receptor. However, consistent interactions of triazine herbicides with the
estrogen receptor or effects on receptor-mediated responses were never demonstrated. In
contrast, several 2-chloro-s-triazine herbicides (atrazine, simazine, and propazine) and a number
of their common metabolites (atrazine-desethyl and atrazine-desisopropyl) induced human
aromatase activity and gene expression in vitro in H295R adrenocortical carcinoma cells

(Sanderson and van den Berg, 2003).

Lindane. Lindane (Figure 1.2) is an organochlorine insecticide and fumigant mainly comprised of
the gama-isomer of hexachlorocyclohexane (HCH) that has been used on a wide range of soil-
dwelling and plant-eating insects. It is commonly used on a wide variety of crops, in warehouses, in
public health to control insect-bone diseases, and as seed treatment. Lindane is also presently
used in lotions, creams, shampoos for the control of lice and mites in humans (extoxnet, 1996;

http://extoxnet.orst.edu/pips/lindane.htm). Lindane is absorbed through respiratory, digestive or

cutaneous routes and accumulates in fat tissues.

Several studies have demonstrated that lindane disrupts the reproductive function in male and
female animals. In male rats, chronic exposure to lindane markedly reduces serum testosterone
levels, epididymal sperm counts, and sperm motility, whereas in guinea pigs, it damages
seminiferous tubules and completely arrests spermatogenesis. Similarly, in female mice and
rabbits, lindane reduces serum estrogen and progesterone levels, whereas in pregnant mice and
minks, it decreases whelping rate and litter size (Walsh and Stocco, 2000). The decline in serum
steroid levels likely contributes to the pathogenesis of lindane-induced infertility. Lindane blocks the
conversion of cholesterol to pregnenolone (Sircar and Labhiri, 1990) without affecting P450scc,
probably by reducing the expression of the StAR protein (Walsh and Stocco, 2000).

TBT. TBT (Figure 1.2) is an organotin compound used primarily as a biocide and as a biocidal
preservative for wood, cotton, textiles, paper, and paints and stains for residential homes. TBT
gained widespread application as an effective antifouling paint biocide on pleasure boats, large
ships, and docks in the 1970s and 1980s. In the late 1970s, antifouling paints were found to cause
detrimental environmental impacts. As TBT leaches directly from paints into water, high
contamination of harbors and coastal areas resulted. The studies by Alzieu and co-workers (e.g.
Alzieu, 1991) and Bryan and Gibbs (1991) showed the detrimental impact of this toxicant to oyster
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and gastropods, and contributed to the adoption of regulatory standards for TBT in antifouling
paints. The International Maritime Organization decided in autumn 2001 to ban the application of
TBT-based paints on all boats by January 2003 and the presence on ship hulls by January 2008.
Antifouling alternatives are needed in order to prevent an increase in fuel consumption and an
associated increase in atmospheric emissions, as well as the transportation of invasive species
(Abbott et al., 2000). Chemical substitutes of organotin compounds include copper and organic
biocides (e.g. irgarol and diuron) but mechanical and biological (extracts of the natural repellents
used for marine organisms as antifouling) are also being considered.

TPT has also been employed as a cotoxicant with TBT in some antifouling paints. However, the
major employment of TPT compounds lies in agriculture, where they are used as fungicides in crop
protection. TPT compounds enter the aquatic environment via leaching and runoff from agricultural
fields, but it was also suggested that a proportion of TPT applied in agriculture is volatilized.

Organotin compounds are bioaccumulated in biota. They are not metabolized or slowly
metabolized by organisms, although this varies among species. Of aquatic organisms, bivalves

showed the highest accumulation of TBT and TPT, probably due to their low metabolic capacity.

Lethal concentrations of organotin compounds are around 1 pg TBT/L (Table 1.2). Histological
studies have shown that the toxicity of organotin compounds is based on their eye-and skin-
irritating activity, on their activity against the immune system, renal and neuronal tissues (Fent,
1996). Growth rate is reduced at lower concentrations (~0.1 pg/L), and imposex is the most
sensitive response being already observed at concentrations as low as 1 ng TBT/g w.w (Bryan et
al., 1987; Gibbs et al., 1988).

Organotins exert a number of important cellular, biochemical, and molecular effects (Table 1.2)
that may lead to the physiological consequences described. Nevertheless, there is not a clear

understanding yet, of the mechanisms of toxic and endocrine disruption action of organotins.

Fenarimol. Fenarimol [(a-(2-chlorophenyl)- a-(4-chlorophenyl)-5-pyrimidenemethanol)] (Figure 1.2)
is a systemic fungicide widely used in the industrialized world within horticulture and agriculture, on
a wide range of fruits, vegetables, hops, and wheat (WHO, 1995). It is rapidly adsorbed onto soil
and sediments and is highly persistent, but not mobile in the environmental matrices (WHO, 1995).

However, fenarimol bioaccumulates to a very limited degree.
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Table 1.2. Toxicological effects of tributyltin. Data was

otherwise indicated™.

extracted from Fent (1996) and ESI (1999), except

Organism Concentration / Effect
Dose?
Algae, zooplankton, 0.4 -5.5mg/L Acute and chronic toxicity (LC50)
amphipods, mollusks,
crustacean, fish
Bivalve mollusks, crustacean 0.12 -1.2 ug/g Growth rate inhibition

Fish
Fish
Fish
Fish
Fish
Fish
Several mollusk species
Several mollusk species
Several mollusk species

Polychaete worm

Pacific oyster
Pacific oyster
Fish hepatoma cell line

Thymocytes

Rats, bacteria, chloroplasts
Fish gills; thymocytes;
erythrocytes

Fish; rats (in vitro and in vivo)

Mammals, fish, molluscs

Mollusc RXR ligand binding
domain

Mollusc

0.09 t0 0.5 pg/L
1 ug/g diet
1 pg/g
1.8 pug/g
0.1 ng/L
11.2 ng/L
0.5-21 ug/g
5 to 300 ng/g
244 nglg

1.2 pg/g

2.1 pg/g ovaries
2 ng/L
10" M

107 M
107 M
10° M

10° M/ 16 mgl/kg
10° M/ 24 ng/L

10° M

10° M

Growth rate inhibition

Masculinization of females [1]

Altered male sexual behaviour [2]

Reduced gonadal development in male fish
Male-biased population with low quality sperm [3]
Decrease in sperm counts [4]

Sterilization due to imposex

Imposex

Intersex [5]

Significant reductions in fecundity and juvenile
production

Reduced rate of fertilization and development
Shell thickening
Cytotoxicity

Disturbance of Ca2+ homeostasis and induction
of apoptosis

Inhibition of mithocondrial oxidative
phosphorylation and ATP-synthesis

Inhibition of ion pumps and cell membrane
damage

Inhibition of Cyt P450 system
Alterations in steroid metabolism®

Binding to RXR [6]

Abnormal release of penis morphogenic factor [7]

! References: [1] Shimasaki et al., 2003; [2] Nakayama et al., 2004; [3] McAllister and Kime, 2003; [4]
Haubruge et al., 2000; [5] Bauer et al., 1997; [6] Nishikawa et al., 2004; [7] Féral and Le Gall, 1983.

% Dose/concentrations of TBT are expressed in levels of TBT as cation versus fresh body weight. The
following conversion factors have been used in order to homogenize the units at which concentration/dose
data were expressed in the different studies: wet weight = 5 x dry weight (Stephan et al., 1985); TBT(g): 290 /
325.5 TBTCI(g); TBT(9): (290 x 2) / 596.1TBTO(g); TBT(g): 290 / 119 Sn(g).

3Further details will be included in section 1.5.4.
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The effects of fenarimol are summarized in Table 1.3. Fenarimol has shown estrogenic,

androgenic and antiandrogenic properties in vitro; and inhibits P450 aromatase activity as well as

other enzymes of the CYP gene family involved in the metabolism of steroids. The in vivo effects of

fenarimol include reproductive, teratogenic, and oncogenic effects in experimental animals. The

alterations observed in the reproductive parameters in rats are characteristic of antiandrogenic

compounds.

Table 1.3. Toxicological effects of fenarimol

Species (experimental
design)

Dose/
Concentration

Effect

Ref

Intact and castrated
testosterone-treated
male rats*

Castrated testosterone-
treated male rats*

Microsomes of Sprague-
Dawley rats exposed in
Vivo

MCF7 cell proliferation
assay

MCF-7 cells

ER-transactivation
assay

Yeast estrogen screen
AR-transactivation
assay

AR reporter gene assay
in CHO cells

Rats (in vivo)
Rats (microsomes)

Human placental
microsomes

JEG-3 human
choriocarcinoma cells

Fungi

200 mg/kg

200 mg/kg

200mg/Kg

3mM
5mM

84 and 85 mM
151 and 212 mM

5mM

13 mM

10 mM

19 mM

350 mg/kg (diet)
4.1 mM

10 mM
50 mM

2 mM

3mM

Reduced weight of seminal vesicles, musc.

levator ani/bulbocavernous, and
bulbourethral glands

Serum T4 level decreased

Induction and decreases of a range of
CYP-dependent reactions

Estrogenic activity (IC50)
Estrogenic activity (LOEC)

ERa and ERb mRNA (LOEC)
Decrease of estrogen-like effects on the
ERa mRNA level

Estrogenic activity (LOEC)

Estrogenic activity (IC50)

Androgenic activity (LOEC)

Androgen receptor inhibition (IC50)

Inhibition of aromatase
Inhibition of aromatase (IC50)

Inhibition of aromatase
Inhibition of aromatase (83% inhibition)

Inhibition of aromatase (IC50)

Inhibition of ergosterol synthesis by
blocking sterol C-14 demethylation

Vinggaard et al., 2005

Vinggaard et al., 2005

Paolini et al., 1996

Vinggaard et al., 1999
Andersen et al., 2002

Grinfeld and Bonefeld-

Jorgersen, 2004

Andersen et al., 2002

Vinggaard et al., 1999;
Andersen et al., 2002

Andersen et al., 2002

Vinggaard et al., 2005

Hirsch et al., 1987
Hirsch et al., 1987

Vinggaard et al., 2000
Andersen et al., 2002

Vinggaard et al., 2000

Henry and Sisler, 1984

*Hershberger assay
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1.4 Endocrine disruption escapes from classical toxicology
After a decade of intensive research efforts, endocrine disruption has proved to be a very complex
matter to evaluate and to manage, due to several intrinsic characteristics, which differ from

classical toxicology. Some of these aspects will be pointed out in this section.

Atypical dose-response relationships. Toxicological research and policies are based on the

principle that dose makes the poison, introduced by Paracelsius (1491-1541). Thus, regulatory
toxicology is based on the establishment of monotonic dose-effect curves to determine thresholds
(or acceptable risks for non-threshold chemicals such as mutagenic compounds) followed by the
application of safety factors and usually has different considerations for short and long term
exposures. Nevertheless, when it concerns endocrine disruptors, low-dose effects and transient
exposure can be as dangerous as higher doses and prolonged exposure. One of the reasons is
that EDs often act by mimicking or antagonizing the actions of naturally occurring hormones, which
are already at physiologically functional concentrations. In addition, the increasing exposure to
some EDs swamps the endocrine system and prevents or reduces dysfunction (i.e. an inverted U
dose-response), while other EDs exhibit effects at both high- and low- doses, but not in between
(i.e. a U- or J-shaped dose-response) (e.g. Alsmtrup et al., 2002). In classical toxicology low doses
are rarely included in the experimental design, and the expected effects at those low doses is
extrapolated from those observed at the high doses. The finding that endocrine disruptors can be
effective at very low doses (e.g. Melnick et al., 2002) and that those effects can not be inferred
from the effects of higher doses by using monotonic dose-effect curves, challenges both the
toxicological designs (which are forced to increase the experimental doses) and the exposure
assessment.

Critical windows of exposure and complexity of feedback mechanisms. Timing of exposure is also

critical to understanding the effects of EDs. Exposure to EDs during the period when
“programming” of the endocrine system is in progress may result in a permanent change of
function or sensitivity to stimulatory/inhibitory signals. For example, endocrine disruption of the
developing brain can permanently alter behavior, whereas similar exposures to a fully differentiated
brain could have no effect. Exposure to the same level of an endocrine signal during different life
history stages or during different seasons may produce different effects (e.g., effects in wildlife are
critical during the breeding season). The complexity of the endocrine system, with numerous
feedback mechanisms and environmental signals that might interfere with it, hampers the
development of predictive biomarkers, slows down the scientific understanding of the cause-effect
relationships, and might be responsible for the non-linear dose-response relationships and for the
conflicts in the scientific community raised because of the inability to replicate the findings of some
studies. In addition, because of cross talk between different components of the endocrine system,
effects may occur unpredictably in endocrine target tissues other than those predicted to be

affected (WHO, 2002). Thus, for most associations reported between exposure to EDs and a
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variety of biologic outcomes, the mechanism(s) of action are poorly understood. This makes it
difficult to distinguish between direct and indirect effects and primary versus secondary effects of

exposure to EDs.

Causality is difficult to be established by classical epidemiological studies. Epidemiological studies

have frequently failed to find causal associations in the field of endocrine disruption. Several
factors explain why elucidating the presence/absence of such causality relations is not a
straightforward process. First of all, environmental endocrine disruptors are ubiquitous, and
therefore epidemiologists face difficulties in defining control and exposed groups. Second of all,
they have usually attempted to relate exposure to endocrine disruptors to diseases of multifactorial
causes, transgenerational, and usually of delayed appearance. However, causative agents might
not be present any longer in the tissues when the disorders become manifest. Finally, there is
almost no information on the combined effect of chemical mixtures (e.g., synergy, additivity, or
antagonism) to which the human population is widely exposed. Therefore, the regulations need to

be set under the umbrella of the precautionary principle and not the epistemological evidence.

Multiple mechanisms of action require multiple screening systems. The screening of the potential

endocrine disruptors is extremely complex and expensive due to the multiple mechanisms by
which endocrine disruptors can exert their effects. In vitro screening systems have been developed
although usually they only provide information for a specific mode of action, e.g. the estrogen-
receptor binding assays provides information on the binding affinity of xenobiotics for the estrogen
receptor, but not on other mechanisms of action (further details in section 1.5). In vivo systems, are
more integrative, the uterotrophic assay for (anti)estrogenicity, and the Hershberger assay for
(anti)androgenicity, and the so-called “enhanced subacute test” (TG 407) for (anti)estrogenicity,
(anti)androgenicity, and (anti)thyroid effects, have been developed by the OECD and are currently
undergoing validation studies (Gelbke et al., 2004). However, these in vivo studies might not
include the critical windows of exposure to ED. It is believed that ED can act during the
development and affect the hormonal homeostasis in critical periods, and that the alterations in the
endocrine function can be manifested in any organ at any time of the life of the individual. Although
the definition of such critical windows of exposure and the establishment of the critical lenght of the
tests is still under debate, two generation studies are undertaken in order to encompass all critical
life stages and processes in the testing of endocrine disruptors. Finally, the selection of the
endpoints that will be assessed in these tests is also complex, because ED might induce several
possible dysfunctions: e.g. cancer susceptibility, birth defects, and many subtle effects such as
immunological dysfunction, suppression of secondary sex characteristics, decreased fertility,
increased aggression, decreased mental capacity and focus, disrupted brain development, etc...
The need for multiple in vitro and in vivo studies leads to important cost and time limitations to

assess the extensive list of compounds considered as potential endocrine disruptors.
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1.5 Potential pathways of endocrine disruption

Steroid hormones are synthesized in the gonadal cells. Hormones are then secreted into the blood
and become available to the cell through diffusion or may be transported bound to sex-hormone
binding globulin (SHBG). The free steroid hormone diffuses into the perinuclear region of the cell,
where unoccupied receptors are located. In some cases, the chemical secreted into the blood is a
prohormone that is metabolized in the cell to the active hormone. For example, in some tissues,
testosterone is metabolized by aromatase to E2, whereas in others the enzyme 5U-reductase
converts it to DHT. The hormone binds the receptor, which undergoes a conformational change,
exposing key protein binding sites, and forms homodimers. The homodimers accumulate
transcriptional factors (tf), forming a transcriptional complex, which binds to specific sequences on
the DNA of hormone-dependent genes, known as hormone response elements (HRE). The
transcriptional complex then initiates MRNA synthesis (MRNA), which is transported out of the cell
into the cytoplasm. In association with amino acids bound to specific tRNAs and ribosomes,
proteins are synthesized from the mRNA template. In addition, steroids can bind the membrane

receptors and initiate intracellular signalling cascades, known as steroid non-genomic actions.

The complexity or this hormone action cascade enables several possible targets and mechanisms
of action of environmental contaminants (Figure 1.3). EDs can bind to the steroid hormone
receptors and either mimic (i.e. estrogenic or androgenic compounds) or antagonize (i.e.
antiestrogenic or antiandrogenic compounds) the effect of endogenous hormones; interfere with
sex steroid binding proteins; modify hormone receptor levels; and alter the pattern of synthesis and
metabolism of endogenous hormones (Danzo et al., 1997; Sonnenschein and Soto, 1998). In
addition, xenobiotics can interfere with the non-genomic responses of steroid hormones (Bulayeva
and Watson, 2004).
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Figure 1.3. Action of steroid hormones and possible mechanisms of action of endocrine disruptors: 1) Binding
to steroid receptors; 2) Binding to steroid human binding globulin; 3) Alteration of steroid receptor levels; 4)
Alterations in the synthesis or metabolism (by the target cell or the liver); 5) Interaction with the hon-genomic
action of steroid hormones. Adapted from WHO (2002) and Falkenstein et al. (2000).

1.5.1 Binding to steroid receptors

Hormones elicit genomic responses through direct interactions with nuclear receptors. Nuclear
receptors regulate gene transcription in a ligand-dependent manner through their interaction with

specific DNA sequences (response elements).

A large number of environmental agents and phytochemicals interact with steroid hormone nuclear
receptors either as agonists or antagonists. Hydroxylated PCBs, DDT, alkylphenols, bisphenol A,
methoxychlor, and chlordecone, as well as phytoestrogens such as coumestrol or genistein,
compete with 17b-estradiol (E2) binding to the estrogen receptor (ER). Other chemicals, vinclozolin
and the DDT metabolite p,p’-DDE, act as antiandrogens by binding the androgen receptor and

blocking testosterone-induced cellular responses (Kelce et al., 1994, 1995). Complexity increases
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when EDs bind to more than one type of receptor. E.g. nonylphenol and the metabolite of
methoxychlor, 2,2-bis[p-hydroxyphenyl]-1,1,1-trichloroethane (HPTE), have the ability to inhibit
binding of estrogen, progesterone, and androgen to their receptors with similar affinities (Laws et
al., 1995).

1.5.2 Interference with sex steroid binding proteins

In most vertebrate species, sex steroid hormones circulate bound to a specific high affinity sex
steroid-binding protein (SHBG) and low affinity proteins such as corticosteroid-binding proteins and
albumin. In the blood, typically 97-99% of the estrogens and androgens are bound to these

proteins (Rosner, 1990).

Xenobiotics can bind to the sex steroid binding proteins and modulate the bioavailability of
endogenous steroids. Thus, synthetic estrogens (e.g. EE2, DES) and industrial chemicals (e.g.
octylphenol, nonylphenol, bisphenol A) are able to displace endogenous sex steroids from the sex
steroid-binding site of the SHBG (Danzo et al., 1997; Tollefsen, 2002). The binding affinity of
SHBG for industrial compounds is about 10° to 10° lower than for endogenous sex steroids
(Déchaud et al., 1999; Tollefsen, 2002), nevertheless if xenobiotics are present at high enough
concentrations they can displace endogenous sex steroid hormones from SHBG binding sites as
shown by Déchaud et al. (1999).

1.5.3 Alteration of receptor levels

Steroid hormone receptor activation can be modified by indirect mechanisms such as a down-
regulation of the receptor as seen after TCDD exposure (Safe et al., 1991, Safe and Krishnan,
1995). TCDD does not inhibit the ER synthesis at the transcriptional level, but enhances the

expression (via xenobiotic response element, XRE) of enzymes that degrade the ER.

The inhibition of ER binding to the estrogen response element (ERE) is another mechanism for the
anti-estrogenic effect of TCDD, PCBs, and PAHs. These compounds bind to the arylhydrocarbon
receptor (AhR), which thereafter binds to sequences adjacent or overlapping to the ERE that are
similar to the XRE (Klinge et al., 1999). Thus, binding of xenobiotics to the AhR may inhibit ER
transactivation by a competition of the binding between AhR-agonist/AhR and E2/ER to DNA, and
alter the levels of functional steroid receptors. This type of interaction may provide an explanation

for the antiestrogenic activity of AhR agonists (Ramamoorthy et al, 1999; Navas and Segner, 2000).
1.5.4 Changes in hormone biosynthesis and metabolism

Most metabolic pathways can act upon both exogenous and endogenous compounds, including

steroid hormones. Xenobiotics can regulate P450 isozyme expression (e.g., induction or inhibition
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of gene expression) and/or can cause reversible (e.g. acting as substrates) or irreversible inhibition
of reductases and phase Il enzyme systems, leading to changes in the metabolism of endogenous
steroids (You, 2004). In addition, other less direct effects on steroidogenic enzyme activities, such
as modulation by the hypothalamic-pituitary-gonadal axis, may also occur (Sanderson and van der
Berg, 2003).

Various methods are available to investigate effects on steroidogenic enzymes, starting with the
choice of a biological system. This can be the simple isolated enzyme, if available, or a microsomal
fraction of tissues that express the enzyme of interest. On an increasingly more complex level, cell
lines, primary cells in culture, tissues slices, or whole animals may be used. To answer the
straightforward question on whether a compound can inhibit a specific enzymatic reaction, simple
systems, such as purified enzyme, microsomes, or cell lines, may suffice. For questions regarding
the effects of chemicals on the expression of steroidogenic enzymes, more complex systems are
required. Cell lines and primary cultures may provide information on intracellular regulation, co-
cultures may shed light on intra and intercellular regulation, and in vivo studies will be necessary to
investigate possible effects of chemicals on steroidogenesis by affecting the hypothalamic-

pituitary-gonadal/adrenocortical axes (Sanderson and van der Berg, 2003).

Several studies have assessed the ability of EDs to alter steroid hormone metabolism. Table 1.4
presents a brief overview of such studies. Organotin compounds inhibited steroid biosynthesis and
metabolism in a variety of organisms in vitro, except when cell lines were used, where an induction
of different enzymes was observed. In vivo studies were only found for molluscs and showed
decreases of several steroid metabolizing enzymes. Plasticizers and surfactants, such as
bisphenol A, phthalates and alkylphenolic compounds inhibit some steroidogenic pathways,
evidenced in studies with purified enzymes or cell fractions, but some of them, possibly through
interactions with the hypothalamic-pituitary-gonadal axis, also were able to induce key enzymes,
such as aromatase or 5a-reductase. Other industrial chemicals, such as PAHs, PCBs, and
pharmaceuticals, such as DES, lead to inhibition of certain steroidogenic pathways. A whole range
of responses are observed in animals exposed to pesticides. Thus, triazine pesticides (e.g.
atrazine) induce aromatase activity, whereas imidazole fungicides decrease aromatase activity in

vertebrate cell lines.

In addition to the data presented in Table 1.4, numerous studies have reported that exposure to
some xenobiotics led to alterations in sex steroid levels. It is likely that most of these xenobiotics

acted upon steroidogenic or steroid metabolic pathways, and consequently altered steroid levels.
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Table 1.4. Steroid metabolic pathways affected by environmental agents.1
In vitro
Compound/ Exposure Organism used? Metabolic pathway and effect Ref
Organotins (TBT, TPT Human arom + P450 P450-arom C  Cooke, 2002
and/or DBT) reductase supersomes
Human choriocarcinoma P450-arom g Nakanishietal., 2002
cell lines
Human: adrenal / testis / 3b-HSD2, 17b-HSD3, 17b-HSD1 C geidr_ich et all.,22gg§_;L
placenta /liver / prostate  DHEA-SULT, P450-arom, 5a-R 22005, Allra ot 29004
/brain
Rat: testis 3b-HSD, 17-hydroxylase C McVey and Cooke, 2003
Fish: testis / liver 5a-R, T-UGT, E2-UGT, E2- C Thibaut and Porte, 2004
SULT
Mollusc: gonad+digestive P450-arom, 17b-HSD C Morcillo etal., 1998;
land LeCurieuxBelfond et al.,
9 2001
PAHs Fish: ovary P450-17,20-lyase C Rocha Monteiro et al.,, 2000
OH-PAHs, OH-PCBs Human SULT1E1 E2-SULT C Kteslterzt(e)tozl., 2000; Kester
etal.,
Aroclor 1254 Mammal/Ave/Reptile: Progesterone 21-hydroxylaton ~ €  Goldman and Yawetz, 1991
adrenal glands
p,p’-DDE Human: placenta / prostate P450-arom, 5a-R C Aléraetal, 2004
chlordecone, 4-NP, OH- Fish: testis 11-KT synthesis C Loomis and Thomas, 2000
PCB
Dicofol Fish: testis / liver 17b-HSD, 5a-R C  Thibaut and Porte, 2004
Fish: ovary 20b-HSD a
Alkylphenols Fish: liver E1-SULT C Kirketal, 2003
Nonylphenol Fish: testis E2-UGT, T-UGT, E2-SULT C Thibaut and Porte, 2004
DEHP, DBP Fish: testis 5a-R C Thibaut and Porte, 2004
DES Fish: testis 11-kT synthesis C Loomis and Thomas, 2000
Imidazole fungicides H295R Human P450-arom C sanderson etal., 2002
adrenocortical carcinoma
Vinclozolin / atrazine cells P450-arom g Sanderson etal., 2000;
/Zimazine/ propazine 2002
Atrazine Fish: gonads 5a-R, 20a-HSD C Thibaut and Porte, 2004
GST-TS Turtle cell lines P450-arom g Keller and McClellan-
Green, 2004
Letrozole Human: placenta P450-arom C Aléraetal, 2004
Fenarimol Human: placenta / prostate P450-arom, 5a-R; DHEA-SULT C Alléraetal., 2004

/ liver

Fish: testis

E2-UGT, T-UGT

0O

Thibaut and Porte, 2004



-26 -

Chapter 1

Prochloraz

Roundup / Lindane/
Dimethoate

Lindane / Malathion

Human: placenta / prostate P450-arom, 5a-R, DHEA-SULT C

/ liver

Mouse MA-10 Leydig
tumor cell line

Rat: prostate

StAR C

Alléra et al., 2004

Walsh and Stocco, 2000;
Walsh et al., 2000a; 2000b

Simic et al., 1992.

Cadmium Porcine granulosa cell line  P450scc Iz-iggjon and Chedrese,
Manganese Primary Leydig cells StAR, P450scc, 3b-HSD > Chengetal., 2003
In vivo

Compound/ Exposure

Species used?

Metabolic pathway and effect

Ref

TBT/organotin polluted
sites

Bisphenol A

Nonylphenol
polyethoxylate

Octylphenol

DBP

DEHP

Aldrin
Endosulfan

Malathion

Contaminated lakes

Cadmium

Crustacea: whole body

Mollusc: digestive gland

Mollusc: visceral coil

Fish: brain

Crustacea: whole body

Rats: testis

Rats: testis

Rat: testis

Mouse: tesis
Rat: liver
Fish: brain

Mouse: testis

Mice: liver

Crustacea: whole body

Reptile: liver

Rats: testis

17b-HSD, metabolic a
androgenization®

T-SULT C

P450-arom C

ATAT, T-SULT, Metabolic C
androgenization®

P450-arom mRNA a
T UDP, T-SULT c
P450c17 mRNA / protein c
StAR, P450scc, 3b-HSD, c
P450c17 mRNA and protein

levels

5a-R; T 16a and 6b- a

hydroxylases

O\

P450-arom mRNA; 17b-HSD

O\

P450scc mRNA / protein

DHEA-SULT Cc
P450-arom mRNA a
StAR protein; P450c17 c

3b-HSD, 17b-HSD c
T hydroxylases a
T hydroxylases c

o

T hydroxylases,
oxidoreductases, UDP-
glucuronyl transferase

StAR protein C

Verslycke et al., 2003

Morecillo et al., 1998; 1999;
Santos et al., 2002

Gooding et al., 2003; Ronis
and Mason, 1996;
Oberdorster et al., 1998

Kishida et al., 2001

Baldwin et al., 1998

Majdic et al., 1996

Lehmann et al., 2004;
Thompson et al., 2004

Kim et al., 2003
Akingbemi et al., 2001

Fukuzawa et al., 2004

Boles and Klaassen, 1998

Kishida et al., 2001

Guyot et al., 2004

Chatterjee et al., 1988

Wilson and LeBlanc, 1998

Baldwin and LeBlanc,
1994a

Gunderson et al., 2001

Gunnarsson et al., 2004
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'studies that did not use steroids as the metabolic substrate when assessing the effects of xenobiotics have
not been included, despite steroids being possible substrates for the studied enzymes. See acronim list for full
names.

Tissue used is specified, otherwise metabolism was assessed in vivo.

“Metabolic androgenization is defined as the ratio between reduced and dehydrogenated metabolites (which
are preferentially retained in the organisms), and hydroxylated and conjugated metabolites (which are
preferentially eliminated) (Baldwin et al., 1998).

®Altered sexual dimorphism

1.5.5 Interactions with the non-genomic action of steroid hormones.

Increasing literature is underlying the importance of the rapid, non-genomic action of steroids
(reviewed in Falkenstein et al., 2000). The exact pathways for this form of steroid signaling are not
fully elucidated, and few studies have reported on the ability of xenobiotics to mediate nongenomic
steroid actions. Buleyava and Watson (2004) demonstrated that several xenoestrogens (i.e.
dieldrin, endosulfan, DDE, and p-nonylphenol) can rapidly activate extracellular-regulated kinases
(ERKS) in the pituitary tumor cell line GH3/B6/F10, which expresses high levels of the membrane
receptor for ER-U (mER). Similarly, Canesi et al. (2004) showed that DES, bisphenol A, and
nonylphenol affected the phosphorylation state of signal transducers and activators of transcription
suggesting that these chemicals may lead to changes in gene expression as a consequence of the

modulation of kinases/phosphatases.

1.6 The endocrine system in invertebrates

Hormonal regulation of biological functions is common to both vertebrates and invertebrates. While
a basic endocrine strategy to regulate biological processes has been widely conserved, individual
components intrinsic to the endocrine system have undergone significant evolutionary divergence
resulting in distinct strategies of the endocrine systems of various taxa. Evolutionary biologists
generally agree that animals diverged into two discrete lineages, protostomes and deuterostomes,
during early evolution of the animal kingdom. Accordingly, significant divergences in endocrine
strategies would be expected between deuterostomes (vertebrates and echinoderms) and
protostomes (most invertebrate groups). Furthermore, through evolution, invertebrate species have
developed a huge diversity of life histories and hence a multitude of unique approaches to growth,
development and reproduction. These approaches include processes of metamorphosis, diapause,

and pupation, which are life history traits not evident in vertebrates (LeBlanc et al., 1999).



-28 - Chapter 1

In general, the available information on invertebrate endocrine systems is more limited than that on
vertebrates, and has resulted from two opposite approaches: a classical approach, which starts
from a biological function and a putative endocrine gland, and results in the isolation and
identification of a hormone; and a reverse approach, which takes profit of the classical work
performed in vertebrates to investigate the presence of similar molecules in invertebrates; then
what has to be determined is the source of such substances and their biological functions (Lafont,
2000). The classic approach has advanced in the characterization of neuropeptide signaling, and
of ecdysone and juvenile hormone, which are important hormones in a number of invertebrate
phyla. On the other hand, the reverse approach has focused mainly on sex steroid hormones. This
is reflected in Table 1.5, which presents a list of hormones identified in molluscs, crustaceans, and
echinoderms, together with their source and their possible function. As it can be observed in this
table, the information that we have on the synthesis and role of steroid hormones is much more
limited than that for peptide hormones, which seem to be the most common hormones in
invertebrates (Lafont, 2000).

Table 1.5 Hormones in crustaceans, molluscs and echinoderms. Data was extracted from LeBlanc et al.
(1999) and Barrington et al. (1996).

Hormone Neurosecretory body Controlled functions

Molluscs

Peptide hormones

Egg-laying hormone

Dorsal body hormone(s)

Molluscan insulin-like
peptides

FMRFamide
APGWamide
Somatostatin-like*

Vasotocin- and vasopressin-
like"

Gonadotropin hormone

Terpenoids

Steroids

Sex steroids

Ecdysteroids

Abdominal ganglia

Light-green cells (caudo-
dorsal cells) of the cerebral
ganglion

CNS

Nervous system [1]
Cerebral ganglia
Unknown

Unknown

Dorsal bodies [3]

Unknown

Unknown

Unknown

Gonad maturation, egg mass production
and egg-laying behaviour

Development of female accessory sex
organs, gonad maturation and ovulation

Growth, development and metabolism

Regulation of heartbeat

Male sexual behaviour [2]

Growth

Fluid balance

Control of reproduction and brain functions
[4]

Questionable role

Reproduction in prosobranchs

Questionable role
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Peptide hormones

Gonad stimulating
substance

1-Methyl adenine

Maturating promoting factor
Steroids

Progesterone

Testosterone

Estradiol

Peptide hormones
Molt inhibiting hormone

Vitellogenesis inhibiting
hormona

Mandibular organ inhibiting
hormona

Androgenic hormone

Retinal pigment hormones
Retinoic acid
Limb autotomy factor

Methyl farnesoate

Terpenoids
Juvenile hormone
Steroids

Ecdysteroids

Testosterone
Progesterone

Estradiol

Radial nerve cords

Gonads

Unknown

Pyloric caeca and gonads
Pyloric caeca and gonads

Pyloric caeca and gonads

Eyestalk

Eyestalk

Sinus gland

Androgenic gland (terminal
region of male gamete
ducts)

Eyestalk

Unknown

Eyestalk

Mandibular organ

Unknown

Y-organ

Unknown
Unknown

Unknown

Stimulation of spawning

Maturating promoting factor

Oocyte germinal vesicle breakdown

Reproduction
Reproduction

Stimulation of vitellogenesis and ovarian
growth

Regulation of the synthesis of ecdysteroids

Inhibition of vitellogenesis

Inhibition of the secretion of methyl
farnesoate

Sexual differentiation

Inhibition of vitellogenesis

Control of coloration

Limb regeneration

Regeneration and molting

Stimulation of reproduction
Molt cycle

Questionable role

Molting; Vitellogenesis; Embryo
development

Sex differentiation
Maturation and spawning

Questionable role

References: [1] Croll et al., 2003; [2] de Lange and Van Minnen, 1998; [3] Lafont, 2000; [4] Iwakoshi-Ukena et

al., 2004
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1.6.1 Neuropeptides

Neuropeptides act on membrane receptors and therefore stimulate various types of second
messengers within the cell. Invertebrates are likely to have much in common with vertebrates in
what relates to peptide hormones (Barrington, 1986). Thus, positive results have been obtained for
a wide range of vertebrate-like peptide material in the alimentary tract and cerebral ganglia of the
ascidian Ciona. Cells in the alimentary epithelium of Branchiostoma (amphioxus) react to antisera
against a number of mammalian peptides, including insulin, glucagon, pancreatic polypeptide,
somatostatin, secretin, vasoactive intestinal polypeptide, pentagastrin and neurotensin, and show
specific distribution patterns. Monoaminergic and peptidergic neurons have been identified, while a
central neurohaemal area is thought to be comparable to the median eminence and
neurohypophysis of vertebrates. There is ample evidence that many vertebrate neurotransmitters
are also active in insects (the invertebrates that have been most closely studied). E.g.
acetylcholine, glutamic acid, somatostatin, insulin, glucagon and gastrin. Even in molluscs,
immunoreactive somatostatin was found in two species of pond snail and has been thought to be a
growth factor, but it does not seem to be chemically identical to synthetic somatostatin. Again, the
ganglia of the mollusc Aplysia contain a neurohypophysial peptide-like material which resembles
vasotocin and vasopressin, but is actually neither. It is suggested, although quite hypothetically,
that this material might act as a neurotransmitter or neurohormone in the regulation of fluid balance
(Barrington, 1986).

Strong evidence for insulin-like material in a number of invertebrates does exist. The function of
insulin-like materials in invertebrates remains to be discovered. They have been thought to be
involved in the regulation of carbohydrate metabolism in bivalve molluscs, but probably they do not

have a glucostatic role in the lobster Homarus americanus (Barrington, 1986).

In addition, to the vertebrate-like peptide hormones, a series of peptide hormones exist, regulating
functions specific for some invertebrates (e.g. the molt inhibiting hormone in crustaceans). Some of

the peptidic hormones reported in invertebrates are summarized in Table 1.5.

Finally, it is worth mentioning, that one of the characteristics of peptide hormones, in contrast to
other classes of hormones, is their interspecific variation. Thus extraction and characterization of
potent hyperglycaemic hormones from several crustaceans have shown them to be peptides with
50-58 residues. Cross-reaction studies have shown in this case that the receptors have evolved

side by side with the hormones (Barrington, 1986).
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1.6.2 Ecdysteroids and juvenoids

Ecdysteroids are the molting hormones of insects and crustaceans. Ecdysone is secreted by the Y-
organ and rapidly hydroxylated to 20-hydroxyecdysone by several tissues. In addition to the

regulation of molting, ecdysteroids have been implicated in vitellogenesis (LeBlanc et al., 1999).

The juvenile hormone (JH) regulates metamorphosis and reproduction in insects. Current data
indicates that JH is probably not present in crustaceans. It appears that the precursor to the insect
JH, methyl farnesoate may be acting as the crustacean JH. Methyl farnesoate seems to have a
permissive or stimulatory effect upon reproduction in both female and male crustaceans.

Ecdysteroids and juvenoid hormones have been reported in a few mollusc species but remain

unconfirmed in the majority of molluscs and in echinoderms (LeBlanc et al., 1999).

1.6.3 Sex-steroid hormones

There is no doubt that vertebrate-like sex steroids, e.g. testosterone, androstenedione, and
estradiol, occur in several groups of invertebrates (Table 1.6). However, occurrence is not enough
to conclude that sex steroids function as hormones in invertebrates. First, those molecules are
widespread. Many plant species contain vertebrate-like sex steroids (Milanesi et al., 2001) and it
was initially thought that sex steroids in invertebrates were taken up via the diet. However, several
studies have demonstrated that some groups of invertebrates are able to synthesize sex steroids

from precursors such as cholesterol or pregnenolone (further details are given in section 1.7.3).

In vertebrates, sex steroids act via genomic (binding to steroid hormone receptors) and non-
genomic processes. Nuclear receptors are found in vertebrates and invertebrates. Genetic and
phylogenetic analyses suggest that vertebrate steroid receptors arose in a deuterostome (Escriva
et al 1997, 2000; Baker 1997, 2001a) and evolved from an ancestor steroid receptor gene, which
would be similar to an estrogen receptor (Baker, 2003). This is supported by the fact that no
androgen- or progestin-like receptors have been found in invertebrates (Baker, 2003), and by the
recent identification of an estrogen-like receptor in the mollusc Aplysia californica reported by
Thornton et al. (2003). The isolation of this estrogen receptor ortholog indicates that steroid
receptors are extremely ancient and widespread, and that, except for ecdysozoans, many other
invertebrates also have steroid receptors resembling that of estradiol. Aplysia californica estrogen
receptor did not specifically bind estradiol, and its ligand binding domain activated transcription
constitutively (while human ERa-ligand binding domain requires the presence of estrogens to
activate expression). However, the authors predicted that the loss of estrogen-dependent
activation is recent and unigue to the estrogen receptors of the Opisthobranchs (Thornthon et al.,
2003).
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Despite the limited genetic evidence for steroid receptors in invertebrates, binding proteins for
vertebrate steroids have been described in several invertebrates, including nematodes,
echinoderms, crustaceans, and molluscs (Kiser et al 1986; de Waal et al 1982; Paesen and De
Loof 1989; Di Cosmo et al., 1998, 2002; Keshan and Ray, 2001; Stenberg and LeBlanc, personal
communication). However, it has not yet been demonstrated that this binding is coupled to a

biological response.

Recent studies have shown that estradiol can act through nongenomic mechanisms in molluscs.
Nongenomic action of steroid hormones gene transcription is regulated through cell surface
receptors in association with steroid hormone-binding proteins located in the blood, using signal
transduction pathways analogous to those used by peptide hormones. In contrast to genomic
action, nongenomic steroid effects are principally characterized by their insensitivity to inhibitors of
transcription and protein synthesis, and by their rapid onset of action (within seconds to minutes).
These rapid effects may be initiated at either membrane or cytosolic locations and can result in
both direct local effects (such as modification of ion fluxes) and regulation of gene transcription
secondary to activation of kinase cascades (involvind cAMP, MAPKs, PKC and PKA, PI-3K, etc.)
(Falkenstein et al., 2000). This nongenomic steroid action is likely to be mediated through
receptors with pharmacological properties distinct from those of the intracellular steroid receptors.
Elicited responses depend upon the cell type studied and the conditions used; however, rapid
changes in phosphorylation state of mitogen activated protein kinases (MAPKs) and in cytosolic
Ca’* are among the most common events observed in nongenomic effects of E2 (Falkenstein et al.,
2000). The nongenomic effects of estradiol have been investigated in the mollusc Mytilus
galloprovincialis. Canesi et al. (2004) reported that E2 caused a rapid and significant increase in
hemocyte cytosolic ca®, and affected the phosphorylation state of the components of tyrosine
kinase-mediated signal transduction MAPK- and STAT-like proteins (signal transducers and
activators of transcription). Stefano et al. (2003) reported that E2 (and also BSA-E2) induced an

immediate concentration-dependent release of NO by the pedal ganglia.

Whether the action of sex steroids is receptor-mediated or not, a number of studies suggest that, at
least in some invertebrate phyla, e.g. molluscs and echinoderms, sex-steroids might have a role in
reproduction and sex differentiation. Thus, temporal variations in steroid titers and some steroid
biosynthetic pathways that coincide with reproductive stages have been reported (De Longcamp et
al., 1974; LeGuellec et al., 1987; Reis-Henriques and Coimbra, 1990; Xu and Barker, 1990; Voogt
et al., 1991; den Besten et al., 1991; Hines et al., 1992; Bose et al., 1997; Siah et al., 2002, Pernet
and Anctil, 2002), and alterations in sexual characteristics or reproduction have been observed due
to exposure to exogenous testosterone in molluscs (Takeda, 1979; Spooner et al., 1991; Sakr et
al., 1992; Bettin et al., 1996; Oberdoerster et al., 1998), and crustaceans (Nagabhushanam and
Kulkarni, 1981). Exposure to estradiol has been associated to an induction of female gonad

maturation in echinoderms (Takahashi and Kanatani, 1981) and in molluscs (Mori et al., 1969).
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However, much more information is needed to fully understand the physiological function of these
steroid hormones. The most common approaches used in vertebrates to study the role of sex
steroids have been manipulating the receptors (e.g. observing the physiological differences
associated to genetic alterations or polymorphisms, or using knock-out animals) or blocking
specific steroid biotransformation pathways (e.g. finasteride and letrozole are potent inhibitors of
5a-reductase type Il and aromatase, respectively). In order to use similar approaches in
invertebrates, further research on their steroidogenic pathways and the presence and

characteristics of the putative steroid receptors is still needed.

In summary, while there is no doubt about the presence of sex steroids in invertebrates, the
evidence gets weaker when we consider more relevant levels necessary to consider sex steroids

as functional hormones in invertebrates (Figure 1.4).

Presence
Endogenous synthesis
Basis for a mechanism of action

Physiological function

Figure 1.4. Evidence for existence and function of sex-steroids in invertebrates

1.7 Sex steroids

1.7.1 Steroid structure and classes

Steroid hormones are derivatives of cholesterol that are synthesized by a variety of tissues, most
prominently the adrenal gland and gonads. Steroids have a common structure consisting of four
fused rings, named A, B, C and D. The first three rings (A, B and C) resemble phenanthrene to
which a cyclopentane (ring D) is attached. This basic perhydrocyclopentanophenanthrene ring
structure and carbon numbering system of all steroid hormones is shown in Figure 1.5. Steroid

hormones and their precursors and metabolites differ in number and type of substituted groups,
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number and location of double bonds, and stereochemical configuration. Atoms or groups attached
to the ring are termed a, if they lie below the horizontal plane, or b if they lie above the horizontal
plane. At each ring junction of the steroid molecule, there is a single hydrogen atom attached to
each of the carbon atoms forming a junction. These hydrogens may be orientated on opposite
sides of the plane of the ring (a, b), in which case the junction is referred to as trans, or they may
both be on the same side of the ring plane (a,a or b,b), which is referred to as cis. A trans junction
results in a planar molecule, whereas a cis junction gives a bent molecule. In all naturally occurring
vertebrate hormones, the ring junction B/C and C/D are trans so that rings B, C, and D always form
a planar structure. Junction A/B, however, can be either cis or trans, directing the final shape of the
hormone (Butt et al., 1975).

There are three sex steroid classes: the progestins, the androgens and the estrogens.

The progestins are C,; steroids (Figure 1.5). Progesterone is the active progestin in mammals and
is responsible for the maintenance of pregnancy and milk secretion, whereas 17a,20b-dihydroxy-4-
pregnen-3-one is the active progestin in fish and is responsible for the maturation of occyte and
germinal vesicle breakdown. The presence of progesterone has been reported in invertebrates

(see section 1.6.3).

All androgens have the basic Cig ring configuration, and the differences occur in the type and
position of the moieties which are attached to the basic Cjg unit (Figure 1.5). Androgens are
responsible for male sexual differentiation, spermatogenesis, and the development of secondary
sexual characteristics. The main active androgens in vertebrates are testosterone,
dihydrotestosterone and 11-keto-testosterone (11-kT). Testosterone was initially considered to be
the most biologically active androgen, but it is now generally accepted that the androgenic potency
of T occurs as a result of its very active conversion to DHT in target tissues. In teleost fish, 11-kT is
considered the major androgen. These three androgens: testosterone, 11-kT and DHT have also

been found in invertebrate tissues (see 1.6.3).

All estrogens have a basic Cig structure with an oxygen substituent at C;; and a characteristic
aromatic A ring (Figure 1.5). Estrogens influence the growth, development differentiation and
function of peripheral tissues of the female and male reproductive system such as the mammary
gland, uterus, vagina, ovary, testis, epididymis and prostate. It has also been known that estrogens
play an important role in bone maintenance, in the cardiovascular system and in the central
nervous system. Estrogens are synthesized from androgenic precursor (androstenedione and
testosterone) by demethylation and aromatization. Estrogen metabolism has been implicated in the
risk of hormone-dependent diseases and has demonstrated physiological significance. Estradiol is
the most potent naturally occurring estrogen in all vertebrate species. Its presence has been

described in invertebrates (see 1.6.3).
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21 22 24 _26

Figure 1.5. Chemical structure of steroids. A: perhydrocyclopentanophenanthrene ring structure; B:
progestins; C: androgens; D: estrogens.

1.7.2 Steroidogenesis in vertebrates

The synthesis of steroid hormones is a complex process involving a parent compound, cholesterol,
from which biologically active steroids are derived (Figure 1.6). All steroid transformations are
catalyzed by enzymes, which are members of either the cytochrome P450 superfamily or members
of the steroid dehydrogenase family (reviewed in Miller, 1988; Norman and Litwack, 1998, Payne
and Hales, 2004).

The P450 enzymes are membrane-bound proteins associated with either the mitochondrial
membranes or the endoplasmic reticulum (microsomal). These P450 enzymes are members of a
superfamily of heme-containing proteins found in bacteria, fungi, plants, and animals. They derive
their name from the characteristic that, when complexed in vitro with exogenous CO, they have a
maximum absorbtion of light at 450 nm. In the biosynthesis of steroid hormones from cholesterol,
cytochrome P450 enzymes catalyze the hydroxylation and cleavage of the steroid substrate. They
function as monooxygenases utilizing reduced NADPH as the electron donor for the reduction of

molecular oxygen.
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The hydroxysteroid dehydrogenases (HSDs) belong to the same phylogenetic protein family,
namely the short-chain alcohol dehydrogenase reductase superfamily. They are involved in the
reduction and oxidation of steroid hormones requiring NAD'/NADP® as acceptors and their
reduced forms NADH/NADPH as donors of reducing equivalents. One of the major differences
between the P450 enzymes and the HSDs is that each of the P450 enzymes is a product of a
single gene, whereas there are several isoforms for the 3bHSDs and for the 17bHSDs, each a
product of a distinct gene. The number of isoforms or isozymes varies in tissue distribution,
catalytic activity (whether they function predominantly as dehydrogenases or reductases),

substrate and cofactor specificity, and subcellular localization.

The rate-limiting step in the biosynthesis of steroid hormones is the transport of free cholesterol
from the cytoplasm into the mitochondria. The transport of cholesterol is facilitated by the binding
of gonadotropins (follicle stimulating hormone and luteinising hormone) to their receptors on the
membrane of the steroidogenic cells, which results in the activation of adenylate cyclase, followed
by an increased production of cAMP. Within mitochondria, cholesterol is converted into
pregnenolone by CYP11Al (also called P450-linked cholesterol side chain cleaving enzyme
(P450scc), or desmolase). Pregnenolone itself is not a hormone, but the immediate precursor for
the synthesis of all of the steroid hormones. Pregnenolone diffuses across the mitochondrial
membranes and may be then further metabolized by enzymes that are associated with the smooth
endoplasmic reticulum to yield either mineralcorticoids, glucocorticoids or sex steroids. The
conversion of pregnenolone into one of those groups of steroids is dependent on which of the two
biosynthesis pathways, e.g. the D5-3-hydr0xyl pathway or the D*-3-0x0 pathways, is activated. One
of the two enzymes responsible for determining the followed pathway is 3b-hydroxysteroid
dehydrogenase/D>-D*  isomerase (3b-HSD). 3b-HSD catalyses the 3b-hydroxysteroid
dehydrogenation, and 5-ene-4-ene isomeration of the double bond from the B ring to the A ring of
steroids. Thus, in the presence of 3b-HSD -activity, pregnenolone is converted into progesterone, a
steroid of the D*-3-oxo pathway. While the production of mineral- and glucocorticoids is strictly
dependent on the activation of the D*-3-0x0 pathway, there are alternative routes for the synthesis

of sex steroids (Figure 1.6).

Pregnenolone can be hydroxylated at its C;; position by the action of cytochrome P450 17a-
hydroxylase,17,20-lyase (P450c17). The product of this catalysis is 17a-hydroxypregnenolone, a
steroid of the D°-3-hydroxyl pathway. This can then undergo cleavage of the C;,-Cy, carbon bond
to yield dehydroepiandrosterone. This reaction is also catalyzed by P450c17 and it leads to the
formation of C19 steroids (e.g. androgens). P450cl17 can also act on the D*-3-0x0 pathway,
converting progesterone into 17a-hydroxyprogesterone (17a-hydroxylation) and subsequently into
androstenedione (Ci7, lyase activity). Having both 17a-hydroxylase and Ci;,o lyase activity,
P450c17 is positioned at a key branch in steroid hormone synthesis. Pregnenolone is converted

into mineralcorticoids when P450c17 remains inactive and pregenolone is used as a substrate by
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3b-HSD instead. Pregnenolone is converted into glucocorticoids when P450c17 only displays 17a-
hydroxylase activity, or into sex steroids when P450c17 displays both activities, 17a-hydroxylation

and C,7.5 Cleavage.

HO

cholesterol
P450scc oy e,
= ¢=o0 o
(;@50 P450cl17 Oigj:&w P450c17 O;Sjﬁ
HO HO HO
pregnenolone 17a-hydroxypregnenolone dehydroepiandrosterone
3b-HSD 3b-HSD 3b-HSD
CHg CHg
c=0 c=0 o OH
_—
o o o HO
progesterone 17a-hydroxyprogesterone androstenedione estradiol
17b-HSD 17b-HSD
mineralcorticoids glucocorticoids OH P
thjj P450arom ©:5j§
_—
o HO
testosterone estrone
5a-R

OH

o5

5a-dihydrotestosterone

Figure 1.6. Sex steroid biosynthesis pathway in vertebrate gonads/adrenal glands. P450scc: P450 side-chain
cleavage; P450cl17: P450 17a-hydroxylase and Ci7.20-lyase; 17b-HSD: 17b-hydroxysteroid-dehydrogenase;
P450arom: P450 aromatase; 3b-HSD: 3b-hydroxysteroid-dehydrogenase.
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Dehydroepiandrosterone and androstenedione can be converted into androstenediol and

testosterone, respectively by 17b-HSD.

The conversion of C;9 androgens into C;g estrogens is mediated by aromatase, a cytochrome
P450 enzyme (P450arom). Aromatase converts aromatisable androgens into estrogens by three
subsequent hydroxylations at the C;g-methylgroup, which leads to the aromatization of the A-ring
of these steroids.

1.7.3 Steroidogenesis in invertebrates

Most steps of the steroidogenic pathways described above for vertebrates have been
demonstrated to occur in invertebrates by exposing/incubating animals/homogenates to steroid
precursors (Figure 1.7). Thus, the key steps of steroidogenesis leading to androgens and
estrogens have been found in echinoderm (Schoenmakers, 1979; Voogt and Rheenen, 1986;
Voogt et al., 1990; Hines et al 1992; Wasson et al., 1998; Wasson and Watts, 2000) and mollusc
species (de Longcamp 1974; Krusch et al., 1979; Lupo di Prisco and Dessi'Fulgheri, 1975; Le
Guellec et al., 1987; Hines et al., 1996; Ronis and Mason., 1996; Morcillo et al., 1999; le Curieux-
Belfond et al., 2001; Morcillo et al., 1998; Oberdérster et al., 1998). Crustacea have also been
subject of numerous studies, however, it can be observed in Figure 1.7 that several steroidogenic
pathways remain to be demonstrated (Swevers et al., 1991; Blanchet et al., 1972; Baldwin et al.,
1998; Verslycke et al., 2002). An interpretation of this could be that crustaceans are not actively

synthesizing vertebrate-type steroids.

Figure 1.7. (next page) Basic mammalian steroidogenic pathways present in different invertebrate
phylogenetic groups: echinoderms, mollusks, and crustacea. *Although no reports of aromatase activity in
echinoderms were found, studies in our lab suggest that aromatase is present in these organisms. **The
formation of dihydrotestosterone has not been reported in echinoderms, but 5a-androstan-diols (DHT
metabolites). P450scc: P450 side-chain cleavage; 17b-HSD: 17b-hydroxysteroid-dehydrogenase; P450arom:
P450 aromatase; 3b-HSD: 3b-hydroxysteroid-dehydrogenase. References: top figure adapted from Norman
and Litwack, 1998; [1] Voogt et al., 1990; [2] Schoenmakers et al., 1979; [3] Wasson and Watts, 2000; [4]
Wasson et al., 1998; [5] our group, unpublished results; [6] Gottfried and Dorfman, 1970; [7] De Longcamp et
al., 1974, [8] Lupo di Prisco and Lessi’Fulgheri, 1975; [9] Le Curieux-Belfond et al., 2001; [10] Morcillo et al.,
1999; [11] Morcillo et al., 1998; [12] Le Guellec et al., 1987; [13] Ronis and Mason, 1996; [14] Oberddrster et
al., 1998; [15] Swevers et al., 1991; [16] Blanchet et al., 1972; [17] Verslycke et al., 2002; [18] Baldwin and
LeBlanc, 1994b.
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1.7.4 Androstenedione and testosterone metabolic pathways.

Steroid metabolism plays an important role in the regulation of active steroids. Most of the
enzymes involved in steroid metabolism can metabolize a variety of steroids and, some of them
(e.g. hydroxylases, phase Il enzymes) can also metabolize a wide range of structurally unrelated
molecules. Because of its chemical structure, testosterone can be a substrate for most of these
metabolic pathways and has been extensively used as model substrate. An overview of the major
pathways involved in metabolism of sex steroids (depicted in figures 1.8 and 1.9) is described
below. For each of them, the existing information on the invertebrate groups considered in this

thesis is presented.

(6] O
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17b-HSD 17b-HSD
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E2 T OH-T
' P450- )
HO P450-arom g hydroxylases | © T
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Figure 1.8. Main pathways of Testosterone phase | metabolism. E1l: estrone; AD: androstenedione; E2:
estradiol; T: testosterone; DHT: dihydrotestosterone; 5a-A-diol: 5a-androstan-3a/b,17b-diol; 6b-OH-T: 6b-

hydroxytestosterone.
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5a-Reductase. The enzyme acts upon steroids containing a 4-en,3-keto configuration by reducing
the double bond in the A ring. Thus testosterone can be converted to 5a-dihydrotestosterone
(DHT), which is the most potent of the human male steroid hormones, with an androgenic activity
that is 10 times that of testosterone (Wilson, 2001). The reaction exhibits an absolute cofactor
requirement for NADPH, which provides the hydride ion for carbon-5, and a proton from water
attaches to carbon-4 (Wilson, 2001). Reversal of the reaction does take place in some bacteria
(Florin et al., 1996), but not in mammals. Two 5a-reductase genes have been described. The
enzymes codified by these genes differ in pH optimum, substrate affinity and in their response to
finasteride, which inhibits type 2 but not type 1. The enzyme activity has been located in a wide
variety of tissues including liver, prostate, sweat and sebaceous glands, and genital skin fibroblasts
(Wilson, 2001).

The 5a-reduction of 4-en,3-keto steroids plays a role in the action of testosterone, brassinolides,
androstaneol/androstenol and, in some species, progesterone (Wilson, 2001). Evidence is clear
that testosterone and DHT act via a single androgen receptor, and that DHT binds more tightly
than testosterone to the hormone-binding domain of the androgen receptor. However, it is not clear
whether conversion of testosterone to DHT results in the formation of a different hormone or simply
amplifies a hormonal signal; that is, whether the DHT—receptor complex is sufficiently different to
perform unique function(s). In addition, 5a-reduction precludes the aromatization of androgens to

estrogen and promotes intracellular accumulation of androgen (Wilson, 2001).

5a-reductase has been reported in echinoderm, molluscs, and crustacea. In echinoderms, 5a-
reductase has been found in incubations with gonads, pyloric caeca and body wall of asteroids or
echinoids species (Voogt and Rheenen, 1986; Hines et al., 1992; Wasson et al., 1998). In studies
using androstenedione or progesterone, 5a-reductase was one of the major metabolic pathways
(Voogt et al., 1986; Hines et al., 1992; Wasson et al., 1998). However, it should be mentioned that
DHT has never been reported within the 5a-reduced metabolites produced. In molluscs, 5a-
reductase has been found in in vivo metabolism experiments with the gastropods Clione antarctica
or llyanassa obsoleta (Hines et al., 1996; Oberdorster et al., 1998), and in in vitro incubations of
digestive gland microsomes from the bivalve R. decussata (Morcillo et al., 1998), the gastropod L.
littorea (Ronis and Mason, 1996), and in gonad whole homogenates of the gastropod H. aspersa
(Le Guellec et al., 1987). In contrast to echinoderms, DHT was observed in most studies. In
crustacea, DHT has been found in in vivo metabolism experiments (Baldwin and LeBlanc, 1994b;

Verslycke et al., 2001), but not in in vitro incubations (Swevers et al., 1991).

5b-reductase. Similar to 5a-reductase, this enzyme acts upon 4-en-3-oxosteroids reducing the
double bond in the A ring. 5b-reductase is a NADPH-dependent cytosolic enzyme and has been
purified in mammals and avian species (Okuda and Okuda, 1984; Sugimoto et al., 1990). It has

been suggested that 5b-reductase is more important in bile acid biosynthesis than steroid
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metabolism (Kondo et al., 1994), however, the physiological role of 5b-reductase has not been
thoroughly studied. In invertebrates, 5b-reductase has been reported in pyloric caeca of Asterias

vulgaris (Hines, 1992).

Hydroxysteroid dehydrogenases (HSD). HSDs convert keto-steroids into hydroxy-steroids or

viceversa.

17b-HSD. The last steps of steroid synthesis and its primary metabolism are catalyzed by 17b-
hydroxysteroid dehydrogenases (17b-HSD). These enzymes convert inactive 17-keto-steroids into
their active 17b-hydroxy-forms or vice versa. In vertebrates, androgens and estrogens with C17
alcohols are active steroids, while those with C17-ketones have substantially less activity (Labrie et
al., 1997). Thus, testosterone is formed by dehydrogenation of androstenedione by 17b-HSDs. At
least eight distinct 17b-HSD isoforms have been described in mammalian species (Baker, 2001b).
Although in principle each 17b-HSDs can catalyze oxidation or reduction of substrates, in vivo
each enzyme is either an oxidase or a reductase. Some 17b-HSDs have a preference for reduction
of androgens (type 3); others for reduction of estrogens (type 1 and type 7); and yet others for
oxidation of androgens and estrogens (type 2) (Blomquist, 1995; Baker, 2001b). In addition, they
differ in tissue distribution, subcellular localization, and mechanisms of regulation. Thus, in gonads,
the enzymes catalyze the reduction of steroids to active metabolites, while an oxidative process to

inactivate steroids metabolites is favored in peripheral tissues (Luu-The, 2001).

The presence of 17b-HSD has been reported in the three invertebrate phyla discussed here (see
Figure 1.7). This is not surprising, since most 17b-HSD belong to the short chain
dehydrogenase/reductase family of enzymes, which are known to be present in bacteria, fungus,

plants and animals (Baker, 2001b; Lanisnik-Kizner and Zaeklj-Mavric, 2000).

3b-HSD. In contrast to the other HSD enzyme families, 3b-HSD are enzyme complexes that
catalyze both the reduction/oxidation of the 3-keto/hydroxyl and the D*-B*-isomerization. Thus,
they catalyze the transformations of all 5-ene-3b-hydroxy-steroids (that is with a double bond
between carbon 5 and 6, the D° steroids) into 4-ene-3-oxosteroids (double bond between carbons
4 and 5, the D* steroids) and are involved in the synthesis of all classes of active steroids (Peng et
al., 2002). Several 3b-HSD isoforms have been described in mammals (Simard et al., 1991; Peng
et al., 2002) and have different tissue distribution. E.g., 3b-HSD (type 1) is found in placenta, and
skin, and 3b-HSD (type 2) is found in adrenals and gonads. The 4-ene-3-oxosteroids are involved

in gonad development and differentiation processes (Labrie et al., 1994).

The presence of 3b-HSD has been reported in the three phyla of invertebrates discussed here.

Most reports found 3b-dehydrogenation in ‘androstane’ or ‘pregnane’ steroids, which do not have a
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4-ene structure (Wasson et al., 1998; Wasson and Watts, 2000; Ronis and Mason, 1996;
Oberdorster et al., 1998). Other reports, described the 3b-dehydrogenation in 5-en steroids,
however, the product obtained was also a 5-en steroid (Hines et al., 1996; Morcillo et al., 1998).
The D°-B3%isomerase activity associated to 3b-HSD has only been demonstrated using
pregnenolone as the substrate in a few studies including species of the three phyla we are
interested in (De Longcamp et al., 1974; Lupo di Prisco and Dessi'Fulgheri, 1975; Schoenmakers,
1979; Swevers et al., 1991).

3a-HSD. This family of enzymes catalyzes the reduction/oxidation of the keto/hydroxyl group at
the 3- position. They generally act upon 5-reduced steroids, thus, they have an important
regulatory function by inactivating DHT to the 3a-A-diol. There are 4 soluble 3a-HSDs described in

humans (Penning, 2003).

3a-HSD are possibly present in the invertebrate species discussed here. Thus, 3a-OH metabolites
have been described in molluscs and echinoderms (Morcillo et al., 1998; Wasson et al., 1998;
Wasson and Watts, 2000). Other studies have identified 3a/b-OH metabolites in invertebrates,
however, have not distinguished between 3a and 3b isoforms (Ronis and Mason, 1996;
Oberdorster et al., 1998).

Cytochrome P450 dependent biotransformations: aromatization and hydroxylations.
Cytochrome P450 monooxygense enzymes (CYP) comprise an ancient and widely distributed
protein superfamily. P450-type enzymatic activities have been reported in crustaceans, molluscs
and echinoderms (Livingstone et al., 1989; Livingstone, 1991; James and Boyle, 1998). The
highest P450 activity is found in digestive gland, pyloric caeca, and hepatopancreas of mollusc,
echinoderm and crustaceans, respectively (Snyder, 2000). Typically, total P450 protein and
associated enzymatic activities in invertebrates are found to be 10-fold lower than in mammals
(Livingstone, 1991). In addition, several studies have failed to measure P450-catalyzed activities in
vitro in crustacea (Singer et al., 1980; James and Little, 1984; Baldwin and LeBlanc, 1998) possibly
because of the presence of endogenous inhibitors in microsomal preparations (James, 1989).
Therefore, the in vitro detection of both aromatase and hydroxylation activities in crustaceans is
also expected to be affected by similar problems.

Aromatase. The conversion of the C19 steroids to estrogens is catalysed by a CYP450 enzyme. It
is expressed in a variety of tissues including ovarian granulosa cells, placenta, testicular Sertoli
and Leydig cells, brain and adipose tissue. This enzyme requires NADPH as cofactor, and its
action involves hydroxylations and dehydrations that culminate in aromatization of the A ring of the
androgens (Simpson and Davis, 2001).
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Aromatase activity has been reported in molluscs (Morcillo et al., 1999; Le Curieux-Belfond, 2001;
Horiguchi et al.,, 2004), and studies in our laboratory have detected aromatase activity in
echinoderms (unpublished results). However, the aromatization rates reported are rather close to
the detection limit of the methods used to assess the activity. The tritiated water release assay,
which is based on the quantification of the tritiated water released during [*H]-androstenedione
aromatization (Morcillo et al., 1999; Le Curieux-Belfond, 2001), and analysis by GC-MS of the
differential estradiol levels before and after incubating tissue slices with testosterone have been

used to measure aromatase activity in molluscs (Horiguchi et al., 2004).

Hydroxylases. Hydroxylation is one of the possible pathways to render testosterone inactive.
Testosterone is a substrate for many P450s, and it is hydroxylated in a regiospecific and
stereospecific manner by different P450 isozymes, allowing simultaneous analyses of multiple
P450 enzymes (Waxman et al., 1983). For example, in rat CYP3A1l predominantly hydroxylates
testosterone at the 6b position, whereas CYP2A1 hydroxylates testosterone at the 6a and 7a
positions. Mammalian and fish hepatic microsomes generally produce six or more

hydroxytestosterone metabolites (Wilson and LeBlanc, 1998; Parks and LeBlanc, 1998).

Testosterone hydroxylation has been studied in vivo in the crustaceans Daphnia magna, and
Neomysis integer. At least 10 polar metabolites of testosterone were excreted by daphnids
exposed to testosterone (Baldwin and LeBlanc, 1994b). Similarly, at least 11 polar testosterone
metabolites were produced by N. integer (Verslycke, 2002). In molluscs, testosterone hydroxylation
has been demonstrated in incubations of digestive gland microsomes. At least 5 OH-metabolites
were found in R. decussata incubations (Morcillo et al., 1999), and at least 3 OH-metabolites in L.
littorea (Ronis and Mason, 1996). We are not aware of any report on hydroxylations in
echinoderms, in fact, as far as we know, testosterone has never been used as a substrate in

studies with species of this phylogenetic group.

UDP-(glucuronosyl or glucosyl) transferases (UGTs). The UDP-glucuronosyl transferases are a
family of membrane-bound isozymes that catalyze the transfer of UDP-glucuronic acid to a variety
of endogenous (including steroid hormones) or exogenous aglycone compounds, and constitute a
major pathway for their metabolic degradation and excretion. In humans, steroid UGT activities are
found in the liver and several extrahepatic tissues including the prostate, mammary gland and
ovary (Hum et al, 1999). Different isozymes have been described including a 17b-hydroxysteroid

UGT and a 3a-hydroxysteroid UGT.
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Despite the recent report showing that the polychaete Nereis diversicolor conjugated 1-
hydroxypyrene to its glucuronide (Giessing and Lund, 2002), several studies suggested that
glucosidation is a more important pathway than glucuronidation in invertebrates (James, 1987). It
has been shown that phenolic compounds are conjugated to polar metabolites with sulfate and
glucosyl moieties in invertebrates (Dutton, 1966; Elmamlouk and Gessner, 1978; Foster and
Crosby, 1986; Schell and James, 1989; de Knecht et al., 2001), suggesting that polar conjugates
of steroid hormones are also formed by sulfation and glucosidation. However, we have not found
any report on the formation of steroid glucosides in invertebrates, except for those where
glucosides were identified based on their hydrolysis by glucosidases (e.g. Baldwin and LeBlanc,
1994b).

Sulfotransferases. Sulfate conjugation is a major pathway of detoxification or bioactivation of
foreign compounds and it is important in modulating the metabolism and biological activity of
endogenous substances, including steroids (Strott, 1996). Sulfonation of low molecular weight
compounds such as hydroxysteroids, estrogens and catecholamines is catalysed by cytosolic
sulfotransferases belonging to a gene superfamily designhated as SULT (Weinshilboum et al.,
1997). These cytosolic enzymes utilize 3’ phosphoadenosine 5’-phosphosulfate (PAPS) as the
sulfuryl donor in sulfonation reactions (Strott, 1996). Mammalian SULTs are classified into two
major families, the phenol (SULT1) and the hydroxysteroid sulfotransferase (SULT2) (Coughtrie
and Johnston, 2001). Estrogens are sulfated by a SULT1E1, while androgens and other hormones
are sulfated by isozymes from the SULT2 family, DHEA being the most rapidly conjugated steroid
(Strott, 1996).

The sulfation of steroids is considered to have an important role in inhibiting their biological activity
and increasing their excretion. The sulfated form of the steroids may also serve as a soluble,
inactive transport form, from which the active steroid may be regenerated by sulfatase activity
(Strott, 1996).

Sulfate conjugates have been frequently identified as the major metabolites of hydroxylated
xenobiotics in invertebrates (James, 1987). Sulfate conjugates of steroid hormones have been
observed in crustaceans (Swevers et al.,, 1991; Baldwin and LeBlanc,1998), and in molluscs
(Hines et al., 1996; Ronis and Mason, 1996). However, their identification was only based on their
susceptibility to hydrolysis by sulfatases. Few studies have measured in vitro sulfation in
crustaceans (Li and James, 2000; de Knecht et al., 2001). Sulfonation of steroid hormones has not

been studied in molluscs and echinoderm species.

Fatty acid acyl-CoA acyltransferase. Fatty acid conjugation (or esterification) renders steroids to
an apolar form, which is retained in the lipoidal matrices of the body, while reducing their bioactivity,
bioavailability, and susceptibility to elimination (Borg et al., 1995). Thus, esterification might have a
regulatory function by inactivating steroids or preventing the formation of biologically active steroids.
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Steroid esters do not bind receptors, but they can be hydrolyzed by esterases liberating again the
active steroid. Thus, they are considered to be long-acting steroids (Hochberg, 1998). The fatty
acid esterification of testosterone by mammals typically represents a minor process in the

biotransformation of testosterone (Borg et al., 1995).

Esterification is known to occur in both, vertebrates and invertebrates. Several studies have
focused on ecdysteroid esterification (Connat et al., 1984; Slinger et al., 1986; Slinger and Isaac,
1988; Whiting and Dinan, 1989; Zhang and Kubo, 1992). Sex-steroid esters have also been
reported in molluscs (Gooding and LeBlanc, 2001) and echinoderms (Voogt and Van Rheenen,
1986; Voogt et al., 1990). It has been suggested that esterification is the major biotransformation
pathway for testosterone in snails, based on the report that exogenously-provided testosterone is
converted to fatty acid esters by the mud snail Ilyanassa obsoleta and retained in the tissues of the
organism (Gooding and LeBlanc, 2001). In addition, steroid esterification might be implicated in
the regulation of free steroid levels. Gooding and LeBlanc (2004) observed that, irrespective of the
amount of testosterone administered to the snails, the amount of free testosterone measured in the
tissues of the organism remains relatively constant and all excess of testosterone is converted to

the fatty acid ester.

1.8 Investigating steroids and steroid metabolism. A methodological remark.

An important part of this thesis will be based on the determination of steroid levels and steroid
metabolism in invertebrate tissues. The methodologies that can be used for both purposes will be

briefly described below.

1.8.1 The identification and quantitative determination of sex steroids

The first step in analyzing sex steroids is to extract them from their matrix. Several extraction and
purification steps are usually necessary prior to the identification and/or quantification. The
complexity of the extraction and purification procedures will depend on the matrix studied and the
identification technique to be applied (table 1.7). Haemolymph, because of its resemblance to
vertebrate plasma, is an attractive matrix to measure steroid levels in invertebrates. However,
obtaining haemolymph is not possible in some animals, particularly in very small species, and

sometimes tissues extracts are the only possibility.

Tissues are usually homogenized in an agueous or organic phase. Thereafter, the haemolymph or
the tissue homogenates are further extracted with an organic solvent (table 1.7). To quantitatively
extract the analyte(s) in a liquid-liquid extraction system (LLE), the chosen solvent should
completely dissolve the compounds of interest, and also be capable of breaking associations to
proteins. These requirements are seldom satisfactorily met in practice and low extraction

efficiencies are often seen (Appelblad and Irgum, 2002). Moreover, other non-steroidal lipids are
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co-extracted and may well cause interference in the ensuing operations (Appelblad and Irgum,
2002). Despite these drawbacks, LLE extraction procedures are still widely used (Table 1.7). New
techniques are emerging, such as solid phase extraction, molecular imprinted polymers or
restricted access materials (Appelblad and Irgum, 2002). To the best of our knowledge, these
techniques have not been applied to extract steroids from animal tissues, although solid phase

extraction is commonly used in later steps as described below.

After LLE, purification procedures can be applied to reduce the lipid content, salts and other
possible substances in the extract that might interfere with the detection method. Thus, additional
LLE steps are sometimes introduced, however, these methods are time consuming, use large
quantities of organic solvents, furthermore their recoveries for steroids may be low (Appelblad and
Irgum, 2002). Alternatively, several chromatographic techniques can be applied for sample
purification. Thin layer chromatography (TLC) and high-pressure liquid chromatography (HPLC)
allow the isolation of the steroids of interest from other possible interfering compounds. Over the
last two decades, the use of SPE has gained in popularity, and is today considered as the
technique of choice for sample work-up. Despite the wide variety of sorbents available, the SPE
material most commonly used for clean-up of steroid samples is bonded silica with either Cg or Cyg
functionality (Table 1.7). Gels, such as Sephadex LH-20, Lipidex-5000 or Lipidex-1000, Dowex
AGI X,, and Bio-beads SX-3 have also been used in gel permeation chromatography. Briefly, the
dry extract from the previous step is redisolved and applied to a glass column filled with the
equilibrated gel, eluted with further solvent, and the small fraction, known to contain the steroid
investigated, is isolated (Wolthers and Kraan, 1999). Saponification and acid treatment have also
been applied to remove fatty components, and recently a freezing-lipid filtration method has been

described for the elimination of lipids (Seo et al., 2005).

Once steroids have been extracted and partially purified, several methods are available for
measuring steroid hormone levels. The technique most commonly used is radioimmunoassay
(RIA). The advantages of this method include availability of commercial reagents and kits, high
sensitivity, and the capacity to analyze large numbers of samples relatively quickly and
inexpensively (McMaster et al.,, 2001). Nonradioactive methods, including fluorescent
immunoassay or enzyme-linked immunosorbant assay (ELISA), are increasing in popularity. The
lack of specificity is the major problem associated to immunoassays. Thus, the cross-reactivity of
the antibodies with other steroids, and the interference of other substances with the antigen-
antibody binding should be carefully revised. This is of especial concern when working with
invertebrates, due to the limited information available on the profile of endogenous steroids in the
organisms under study, which might cross react with the antibodies used in the assay. Indeed, Zhu
et al. (2003) reported that in addition to estradiol, extracts of M. edulis gonads contained a second
molecule that had a high binding affinity for estradiol antibodies. Chromatographic techniques, on
the other hand, although not as sensitive as biological techniques, enable simultaneous screening
of free steroids, conjugates and other compounds. In addition, in contrast to immunoassays, some
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detection systems coupled to chromatographic techniques (e.g. mass spectrometry) provide a
highly reliable identification of the steroids. Thus, the use of HPLC, gas chromatography-mass
spectrometry (GC-MS), or liquid chromatography-mass spectrometry (LC-MS) has increased in
recent years. Due to its high resolving power, excellent performance, and its relative ease of use,
gas chromatography is the most commonly used separation of steroids. However, LC-MS, unlike
GC-MS, is not limited by the non-volatility and high molecular weight of analytes, and enables the
determination of both conjugated and unconjugated steroids. Derivatization is not necessary for
analysis by LC-MS, however, it can be used to enhance the ionization efficiencies of some
steroids, leading to high sensitivity and specific detection (Higashi and Shimada, 2004).
Nonetheless, the limitations of using LC- or GC-MS for the determination of steroids in tissues are
the interferences of the matrix and the high detection limits of these methods. Thus, mass
spectrometry has seldom been used to quantify vertebrate-type sex steroids in invertebrates
(Table 1.7).

In addition to unconjugated steroids, some studies require the quantification of conjugated steroids.
In these cases, steroid-glucuronids and —sulfates can be hydrolysed using preparations of b-
glucuronidase and sulfatase. Hydrolysis may also occur in solvents such as ether or ethyl acetate

(solvolysis).

1.8.2 The investigation of sex steroid metabolism

The metabolism of vertebrate-type steroids can be studied in vivo, or most frequently in vitro either
using cell lines or incubating tissue homogenates, tissue minces, tissue slices or whole isolated

organs.

In vivo methods are based on the administration of a labeled precursor and the follow-up of the

metabolites in urine (non-invasive methods), blood or tissues (invasive methods).

In vitro methods are based on the incubation of tissue minces, tissue slices or whole isolated
organs. The organs where steroidogenesis occurs can be removed from the animal and kept viable,
therefore providing an isolated organ method for assessing steroidogenic pathways. Once isolated,
these organs can be used as a whole or further processed into sections or minced organ
preparations. Although the organ has been removed from the animal, the integrity and
interrelationship of the cells and tissues within the organ remain intact. Nevertheless, in vitro
incubations, particularly when tissue homogenates are used, are carried out in artificial media
which must inevitably contain very different relative concentrations of proteins, hormones, co-
factors, etc. from those which are present in vivo. Finally, in vitro metabolism can also be assessed
in cell lines. Most of the steroidogenic pathways are found in specific cells in the ovary (ovarian

follicle cells) and testis (Leydig cells). Therefore, isolated and cultured cells can be used to assess
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steroidogenesis. Numerous cell lines are available for mammalian models, however, for most

species primary cell cultures is the only alternative.

Different results can be obtained depending on the matrix incubated (e.g. whole animal, tissue
slices, whole homogenates, or sub-cellular fractions). The aims of the study and the characteristics
of the animals will determine the most adequate approach. Higher metabolic rates have been
obtained in tissue homogenates compared to tissue pieces (Voogt et al.,, 1986), and limited
diffusion rate of the precursor into the intact tissue has been suggested to be responsible for this
difference. However, while homogenates indicate the metabolic potency of the tissue, it might not
be representative of the situation in vivo. Incubation parameters, such as time, substrate
concentration or pH, may affect the profile of metabolites obtained. This has to be taken into

consideration when different studies are compared.

After the incubation, steroids are extracted, identified and quantified, by similar procedures as the
ones described above. The complexity of the extraction and purification procedures depends on
the matrix used in the metabolic assay, the nature of the precursor used, and the identification
technique to be applied. For instance, the extraction and purification will be more complex if
metabolism is assessed in whole organ incubations than if microsomal incubations are used, and if

non-radiolabeled precursors instead of radiolabeled precursors are used.

Identification of steroids usually relies on chromatographic techniques (thin layer chromatography —
TLC- or high pressure liquid chromatography —HPLC-) coupled with radiometric, UV or mass

spectrometry detectors.
1.8.3 Thin layer chromatography

Thin-layer chromatography consists of a stationary phase (usually silica or alumina) immobilized
on a glass, metal, or plastic plate and a solvent. The sample, either liquid or dissolved in a volatile
solvent, is deposited as a spot on the stationary phase. One edge of the plate is then placed in a
solvent reservoir and the solvent moves up the plate by capillary action. When the solvent front
reaches the other edge of the stationary phase, the plate is removed from the solvent reservoir.
The different components in the mixture move up the plate at different rates due to differences in
their partitioning behavior between the mobile liquid phase and the stationary phase. When
radiolabeled precursors are used, the separated spots can be visualized by autoradiography

(either developed in X-ray film or using a Radioimager).

For a definite identification of a metabolite, comigration with standards should be tested in several
solvent systems. Some standards and non-radioactive metabolites (e.g. those that have an D*-3-

0X0 group) can be visualized by ultraviolet light, otherwise they can be visualized by placing the



-54 - Chapter 1

plate in iodine vapor or by acid spraying followed by charring. Alternatively, the metabolites can be
extracted out of the plate and processed for mass spectrometry analysis. When metabolites are
radiolabeled, recrystallization to constant specific radioactivity can also be used as a reliable
identification method.

1.8.4 High pressure liquid chromatography

High Performance Liquid Chromatography (HPLC) is an analytical technique where a liquid
permeates through a porous solid stationary phase and elutes the solutes usually into a flow-
through detector. In Reversed Phase separations organic molecules are separated based on their
degree of hydrophobicity. A radiometric, a UV, or a MS detector can be used to visualize the
metabolites. A radiometric detector has usually higher sensitivity, and fewer problems with
interferences. In addition, some metabolites can not be visualized in a UV detector. On the other
hand, MS provides definite identification of the metabolites, whereas the radiometric and UV
detection methods do not. In the later cases, in order to reach definite identification of the
metabolites similar procedures as described for the identification of TLC metabolites are required
(i.e. comigration with standards in several solvent systems, recrystallization to constant specific

radioactivity, mass spectrometry analysis).

1.9 The test species

1.9.1 Mollusca

Molluscs form a highly diverse invertebrate phylum that includes bivalves, gastropods,
cephalopods, limpets, slipper shells, and tusk shells. In this study, we have selected the marine
bivalves Crassostrea virginica, Mytilus galloprovincialis and Mytilus edulis (bivalvia), and the fresh-

water snail Marisa cornuarietis (gastropoda; Figure 1.10).

1 Bivalves such as Crassostrea virginica and Mytilus sp. are widely used in monitoring
programs to assess environmental health of coastal environments. Indeed, several
characteristics make them ideal organisms for biomonitoring programs. They are
widespread (found in littoral communities of most seas), sessile, have very low metabolic
rates for xenobiotics, which together with their feeding behavior (filtrators), leads to high

bioaccumulation factors.

1 Marisa cornuarietis naturally occurs in lakes, rivers and other freshwater bodies in
Central and North America. The snail occupies the upper water levels and tends to follow
leafy vegetation. In Puerto Rico, Marisa sp. has been found to thrive in both non-polluted

and heavily polluted waters. Eggs are laid in gelatinous clusters in the water typically



General Introduction -55-

among aquatic vegetation. M. cornuarietis is a dioic species. M. cornuarietis females
develop imposex when exposed to organotin compounds, and has been shown to be
sensitive to other mechanistically diverse endocrine disruptor compounds, such as
cyproterone acetate and vinclozolin, bisphenol A and octylphenol (Oehlmann et al., 2000;
Tillmann et al., 2001). In addition, they are large enough to allow the measurement of

steroids and enzyme activities.

1.9.2 Echinodermata

Echinoderms are a major phylum of deuterostome invertebrates that include a number of species
playing a key-role in numerous marine ecosystems. By their occurrence in coastal and estuarine
waters, they are directly exposed to anthropogenic contaminants. A number of these contaminants
have been shown to affect several aspects of their physiology, such as reproduction (den Besten
et al., 1989), or early development (Pagano et al., 2000). In this study, we selected as a model
echinoderm the sea urchin Paracentrotus lividus (echinoidea, Figure 1.10), a well-known key-
species of commercial importance in the Atlantic ocean and the Mediterranean. This organism is a

very sensitive model to a variety of pollutants during the first stages of development (Gralillet et al.,

1993; Pagano et al., 2000), and has been widely used in embryotoxicity tests.

&3

Mytilus sp. Crassostrea virginica Marisa cornuarietis

@

Paracentrotus lividus Hyalella azteca

Figure 1.10. The test species: Mytilus sp., Crassostrea virginica, Marisa cornuarietis, Paracentrotus lividus,

and Hyalella azteca.
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1.9.3 Arthropoda

Within arthropoda, crustaceans are potential indicator species of endocrine disruption due to their
economic importance, ecological significance, and extensive use as model invertebrates in
laboratory toxicity tests. Several examples of possible endocrine disruption as a consequence of
exposure to anthropogenic substances in crustacean species have been discussed in section 1.2.1.
This study selected the amphipod Hyalella azteca (crustacea, Figure 1.10), because it represents
a primary food source for fish, birds, amphibians, and other invertebrates, and is commonly used
as a test species in standardized (sediment) toxicity tests. Thus, it can also be considered
ecologically relevant for use as a sentinel species for the evaluation of environmental endocrine

disruption.

1.10. Objectives of this thesis

The aim of this thesis is to establish whether environmental pollutants can cause endocrine
disruption in invertebrate species by altering sex steroid metabolism, and consequently steroid
levels. For this purpose, the steroid metabolism was characterized and possible targets of
endocrine disruption in different invertebrate species were identified. Next, the effects of model
xenobiotics on steroid metabolism were evaluated in vitro. And finally, in a selected phylum, the
molluscs, exposures to xenobiotics were performed in order to assess alterations in steroid

metabolism and steroid levels in vivo.

The results of this research are presented in two chapters (chapters 2 and 3). The first one focuses
on the characterization of steroid metabolism and the effects of environmental pollutants in vitro.
The second chapter investigates the effects caused by the in vivo exposure to a variety of
xenobiotics in different mollusc species. The publications included in these two chapters are briefly

presented below.

Chapter 2. Characterization of steroid metabolism in invertebrate species and the effects of

environmental pollutants in vitro.

Paper 1 characterizes phase | metabolism of androstenedione and testosterone in three
invertebrate species: Hyalella azteca (crustacean), Marisa cornuarietis (mollusc) and
Paracentrotus lividus (echinoderm), and investigates the in vitro effect of organotin compounds and

fenarimol on those pathways.

Janer, G., LeBlanc, G.A., Porte, C., 2005. A comparative study on androgen metabolism in

three invertebrate species. General and Comparative Endocrinology, in press.
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Paper 2 reports on the presence of high levels of estradiol and dehydroepiandrosterone (DHEA)
acyl-CoA acyltransferase in digestive gland and gonad of the oyster Crassostrea. virginica, and
presents a basic enzymatic characterization, including kinetic parameters for different fatty acyl-
CoA.

Janer G, Mesia-Vela, S, Porte C, Kauffman, FC. Esterification of vertebrate-like steroids in

the oyster Crassostrea virginica. Steroids 69, 129-136.

Paper 3 describes the detection of low levels of sulfotransferase activity found in C. virginica, and
investigates the hypothesis that the presence of high sulfatase activity in the digestive gland of

molluscs may hamper the determination of sulfotransferase activity.

Janer G, Mesia-Vela, S, Kauffman, FC, Porte C. Sulfatase activity in the oyster Crassostrea

virginica: its potential interference with sulfotransferase determination. Aquatic Toxicology, in

press.

Paper 4 characterizes testosterone sulfotransferase and acyl-CoA acyltransferase activities in
three invertebrate species: Hyalella azteca (crustacean), Marisa cornuarietis (mollusc) and
Paracentrotus lividus (echinoderm), and investigates the in vitro effect of organotin compounds and

fenarimol on those pathways.

Janer, G., Stenberg, R.M., LeBlanc, G.A., Porte, C., 2005._Steroid conjugating activities in

invertebrates: are they target for endocrine disruption? Aquatic Toxicology, 71: 273-282.

Additional experiments on chapter 2. This section compiles additional experiments that
complement the data presented in papers 1 to 4. Particularly, it reports on the minor contribution of
common polar phase Il metabolic pathways, i.e. glucuronidation, glucosidation and sulfation, and
on the existence of new phase Il metabolites in molluscs, and investigates the specificity of acy-

CoA acyltransferase for different steroid substrates.

Chapter 3. In-vivo effects of xenobiotic exposures on steroid levels and steroid metabolism in

molluscs.

Paper 5 presents the effects of estradiol exposure on the levels of free (unesterified) and esterified

steroids and on different steroid metabolic pathways in Mytilus galloprovincialis.

Janer, G., Lavado, R., Thibaut, R., Porte, C. 2005. Effects of 17b-estradiol exposure in the

mussel Mytilus galloprovincialis: the requlating role of steroid acyltransferases. Aquatic

toxicology. in press.
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Paper 6 reports on the effects in Mytilus edulis of exposure to crude oil and the mixture of crude oil
and alkylphenols on the levels of free (unesterified) and esterified steroids and on different steroid

metabolic pathways.

Lavado, R., Janer, G., Porte, C. 2005. Steroid levels and steroid metabolism in the mussel

Mytilus edulis: the modulating effect of dispersed crude oil and alkylphenols. Aquatic

toxicology. submitted.

Paper 7 characterizes levels of free (unesterified) and esterified steroids, as well as acyl-CoA
steroid acyltransferases in Marisa cornuarietis, investigates the presence of sexual dimorphisms in
these parameters, and describes the effects of a long-term in vivo exposure to TBT on the levels of
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Absiract

A comparative approach was aken in this study o evaluate androgen (androsienedicne and tesicsierone) metabalizm in three
mnvericheale apociis: Th gastroped Marinr cormerrerie, Ch amplispod feadallr oodecn, ard the cehimandi rm Pormceniredie e, The
existenes of 1 TRGBFhydrowvaenoid dehydropenass (HS00 and Sx-reductasg ctalysed reaclions was Jemonstrated in all thres 3pe-
cies. Androsiensdione was primarily comverted 10 Sx-androesinnedione in M. aormuariens, whils it was primanily setabolized o les-
lewlerane im P Feidus and i ecfeos. In addilson, amd consistent with vertebmge findings, tissue specilic pathways and sexual
dimsarphasm m androgen metabolism were observald, Mamaely, wstosterone was metabolzeald o dihyvilrotesiesterone in B Seiohe
gonais (vin Sa-reductass), ard metabolized ted-androstens- 3[4 1P -diol in the digestve be (vin 3-hvdronyssenoid dehydropenase)
Furthermorne, the synthesis of 17redwced metabodites of androsienedione (westosterones and dibvdrodestesterone) was 3. 1o d-Tald
higher in males of M. cormwrrierds than in females. Orgamotin compounids, which have boon shown 1o interfore with some aspocts of
androgen metabolem, hal no major elfect on estostorone metabolism im any of the three speckes. Fonmrimol enbanced Sx-reductase-
medinted catnlysis in gonads of P feddus. Orverall, results demossiraee the whiguity of some androgen histransfomuation proosses in
inveriehrates and reveals interphyln differences im androgen metabolic pathways, and difzren sensitiviny of these pathways 1o some
nenohictics.

o 0% Ekevier Ine. All nghils reserved.

Aepwerdr: Testoserone, Androstencdione; Molabolisme Molhec Crstaccan: Echimcdorm

1, Infrodection brate-like sex sterouds, ag. testosterone, andrasienedi-

o, el estrachiol { R eis-Henrigues et al, 1990; Yerslvoke

Currenl knowledge on endocrne regulation of devel-
opment and reproduction in aguatic inverichrates s
rafther limated. The endocrme systems of vertebrates and
inveriehraies function similarly: it transduces signals,
either environmental or endogenous, 1o appropriate trs
gl sites o regulate gene transcripiion | LeBlamce oo al.,
19991, However, most lineages of imvertehraie phyla
divergsd from vertebrates sy inevolution and, aceond-
imgly, sipniticant divergences in cndocrine strategics with
verichrites, and among invertchrates, are likely. Verte-

" Corrapondng auihor. Fax &8 93005900,
Eiiail addvesi. opvgumdiold ches (O, Poms).

1 1 5-Fe RIS - gog Tromd maniter 8 105 Elsgvier [ne, All mphis reseread
st 10D B vpeen DHI20A0] B

ot al, 02 and proteins with spoecitic Binding 1o those
steraids (T Cosmo et al, 202 Keshan and Ray, 20901]
ocur in eeveral inverlchralbe proups.

Boew steps of steroidogenesis leading 1o the synibesis of
androgens or estrogens have heen measured in invertes
birase species. For example, pregnenalone is converied 1o
progesterene through the actien of 3-HSDYA*-A* isom-
crise in Asferiar rbews (Schoenmakers, 1979, Coweer
papirws (Swevers e al, 1900, amd Myprties eahdlis (D
Lomgeamp et al, 19745 1 TE-HEY catalyees the revershle
comversion ol androgtenedions 0 wslogerome
Crawvesrrea gigas (Le Curicux-Belfond et al, 206H ), and
Lrtecfaimer rariegatuy (Wasson ot al, 1995) The hydroxy-
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lation ol testosterone and progesterone al variows posi-
tions of the steroid rimg has been described m Daphbaie
aneony (Raldwin and LeBlane, 190401 Sudipares desuaang
{Mlorcillo et al, 15981, and A, rubens [ Voot et al, 1987
sugeeting the involwement of multiple PASD socneymes
in the metabolism. Sa-Reductass acting upon testosier-
o, bl also upon progesterene or androstenedione, ane
fownd o L. scerieprnes (Wassom et al, 198 and & devas-
i (Morncallo et al, 19985 And Fgereduced steroids ane
subsirales of 3f-hydrosystermd  dehypdropenases (3=
HATH in L. coviegarus (Wasson and Watts, 20005, 0
megna (Oberdorster et al, 1998), and Literme fidtorea
(Romis and Mason, 19%)

As evideneed above, our understanding of steroid
metabolic pathways among mverlebrale phyla s lrag-
mentary. Methadologieal differences (eg., in vivo vs, in
vitro studies) and dufferent assay conditions (eg., sub-
sbrale concentitons), prevent an adeguale comparson
af the reparted activities among inverichrate phyla, This
fragmenied knowledge on inwverlehrate endocrine sys-
terns and the variety of endocrine strategies within differ-
ent mvertehrine groups, are some ol the fucors thit
hamper the progress on understanding endecrine disrup-
tien by environmenial chemicals in these species,

The present study was designed Lo asses androgen
metabolizm in three invertchrate species representing
different phyla using both festosierone and androstene-
disie as model substrates. In addition, potential differ-
enees in susceptihility of the meiabolic pathways o
perturbation by senobiotics — tmbutyitin (THTI, iriphe-
nwltinn {TPFTY and fenarimol—were evaluated, These
comparative studies were performed vang the echimond
FPargcemiratis frkdes (Echinodermata, Deulerosionss),
ithe gastroped M cormmarfetis {Mollusca, Protostome),
and the amphipod Mrafells eorece (Arthropoda, Prolae-
stomeh The echincid and gastropod were sufficiently
large 10 allow evaluations o melaholic activities associs
abed with specific tissues, In these cases, gonads, comsid-
ered the main tissse For sercidopenesis and steroid
action, and digestive tube, myvolvad in the metabolsm of
endogenous and exopenous compounds, were evaluated.
Total tssue preparations of the amphipesd were used
the metabolbic assays due o their dimimutive s,

I, Mlethods
2.4, Chenrivals

Organobin compounds amd fenarmio] were oblained
from Sigma {Steinheim, Germany). [1-"Hndrosternedi-
o {15-MCmmol) was purchased From PerkinElmer
Life Sciences {Bosion, M A, USA]J, and (4-"Cliesiosierone
(H-G0 MmO mol) was  purchased  rom Amersham
{Buckinghamshire, England), Unlabelsd  sterols  swerne
ablained from Sigma (Seinbeim, Germany) and Siera-

koads (Wilion, MH. USAL WNADPH was obtained from

Sigma [Seinheim, Germany). All solvents and reagenis
e analurical srads froms Merck (Darmetad] Seeepuanu]
WRICHE ZraOC ITom IVICTCE LR arsELao], iy

Adult Pty (35 50 man ambatal diameter) were
collocted from the Liguran coast {laly), taken 1o the
laboraiory, and gonads and digestive tubse were immedi-
albely dmsected, deep=frozen in bgud mitrogen, and
stored at —B0C, Sex was determined by microscopic
cvaluation of gonadal smears. Adult M. cormuarieris
werg oblained from Live-Aquana [Rhiscdander, W,
LISA) and scclimated 1o laboratory conditions For m
keast 1 oweek proor W dissection. Gorad-digestive glans
comples was dssected, deep-lrozen in liguid nitregen,
and stored an =R, Sex was determinsd macroscopi-
Gtlly by the presence of the albumen gland {lemales) or
the penis and testis (maks), Aduale B eseca were
ofitamed from Environmental Consulting and Testing
(superion, W1, USA) and acdimated to laboratoery con-
diticms For at least | week prior to use in experiments,

23 Sample preparriion

Sebecred tisawes of P, feidus individuaks, M. conmaries

12-3 pooled individuals), and whole tissue of B aorecw
........

I md potassinm phosphate buffer, pH 7.4, containing
T b BT (150m KO or the sea wrchan), 14bmid
EDFTA, LOmM dithiothreiol, 0.0 mM phesanthroline,
and 1 mgfmL trypsin inhibitor, Amphipod homoge-
miles were cenirifuged at 90k lor 30min, and the
supernatant {59-fraction) freshly used for the biechemi-
il assays. Snails and sea urchin homogenates were ens
trifuged at DRGMe  for 30min. After a  forber
centrifugation at 10K for 60min, the supermitant,
nerred cylosol, was eollected and storad an —80*C The
pelkt was resuspendsd in homogenization bufer and
centrifuged agam ot TOLDHEy for G0 mm. Adler centrilus
gation, the pellel, termed microsomal fraction, was
resuspended in mecrosomal buffer, consasting of 1(mA
potassium phosphate buller, pH 7.4, conlainmg 1 mbd
EDTA, LOmM dithiothreitol, 0.0 mM phenanthroline,
and 0 mgfmL trypsin inhibitor, and 2086w glycerol.
Micresomal bufler for sea urchin also contained | 5mb
KCI Microsomes were stored ai —80°C until nssays
were perlormed. Protein concentralions wene determiansd
b the method of Bradford, 1976, by using commercially
avinlable reagents (Bio-Fad, Hercules, CA) and bhovine
serum albumin as standand.

a2 i o B Fe
<., ARRTFOEET ATl e

Ancrostensdene metabolism wis pssessed by imeubai-
mg microsomsl, cvlosolie, and $9-Iraction protems (2
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gk m 10OmM potassivm phosphate boffer, pH 74,
contaiming 1mM ERTA, 10pM [Hindrostensdions
{150,000 dpm ), and 1L0Omb MADPH. in a final volume of
250pl. A concentration of 02 M ["Hndrostensdions
(LS 0 b pan p was used For the assays with M coninerie-
ot due fo i low & of ihe encymatic reaction, The reac-
tem was mibaled by the adiinen off NADFH and
incubsied in constant shaking for 1Smin (. eseca,
P fividkes) and for & mim (W, conmarieiis] at 357C, Incws
hatsns were stopped by addmg 25kl o acetometnle amd
after centrifiggation (1500, Wimin), 200 gl of superna-
tant was imjected omo the RP-HPLC column

Testoaierone meiabolism was assessed by the method
described by Baldwin and LeBlanc (1994a) with somes
modilicatens, Microsomal, L'_!.'I.lil'ﬁll.h]il.' aiwd  SU-lracisens
(B0 g prodeing were incubated in 10mb potas-
sium phisphate buller, pH 7.4, contamaing D mMd EDTA,
WM "Cliestoaterome (150 Nkdpm), and  10mM
MATHPH, in & final vislume of dMpl.. The reaction was
mrbiated by 1he additin of NADPH, and incubated m
canstant shaking for &min (20min Ffor P Jeddus) ot
359, To assess hinenniy, sampls were mcubated for
different periods of tme (3-G0mink Incubations were
stopped by adding ethyl acetate (2ml = I} the ethyl
aotate lraction was colbacted and evaporated under a
nitrogen stream, and the extract spotted onto thin byer
chromatography (TLC) plates. In addition, for a further
identiticatien of the metabolites, some of the samples
were analvioed by HPLC, In thad case, the incubation
was atopped by adding 230l acetonicride, and aler
centrifugation (1500g, Meming, 200pL of supematan
“‘ﬂh'irljl,ﬁ.‘ll.‘l,] ol the BIPF-HPLL coluaim,

To evaluate the effcet of maodel pollutants on lesios-
terome metiholism, microsomes (& feidus and M, cov-
minrietin ) and SS-fraction (I eoteca) were pre-incubated
for Smin in the presence of TPT, TRT, amd lenarimol
Chemacals wene first investigated at a concentration of
T pbd and when a sariking effect was detecied, assays
were repented at 100, 31, 1,5, and | M, The senobiot-
s were delivered o the assay solutions i absolube ¢tha-
nol. The conceniration of ¢ithanol in the assay was below
1%, and was kepd constant m all the assays. Control
mdcrosomes were incubated with the carmer alome.

25 HPLCorgalfionneirie detection

HPFLC separtions were performed on a PerkinElmer
Binary LT puimp 250 systern equipped with a 250 < 4mm
LiChrospher 100 RP-1% (Fam) reversed-phase column
{Merck, Darmstadt, Geermany ) prodected by a poard ool
un LiChrosplser |00 RP-18 (Spmb Separation of
androstenedione melabolites was performed ot 1 mLimin
with a mihale phiase composed ol (A T5% water and 25%
acetonirile and (B 23% water and T5% acetonitrile, The
run eonsisted on a lieser gradiemt from WSS A o HINES
B {030 i, Follomsd by isocratic mode [RGB (5 ming,

limszar gradient from TG B to 1SS A CSmin, and iso-
crades maxle NHFG A (Smin). Separation of lestosterone
metabolives was performed at | mlfmin with a meohibe
phiase composed o (A 75% water and 25% acetonitrile
and { By #5% water and 33% aoetonitrile. The mn was se1
as folbews: 0-40min, Fnear gradient from (00 A o 100
“a B Tolkransd by Thmm, HHES B, Radiactive metabaohie
peaks were monitored by on-line radicactivity detection
with a Radioflow detector LR 509 [Berthold Techniolis
g, Bad Wildhad, Ciermany b ustng Flo-Samit 3 {Packard
RinScience, Groningen, The Methberlonds) as scintillation
cocktail. Metabolies were quantified by mbegrting the
area under the radicactive peaks, ldemtification of the
metibolites wis based on the comparison of their refen-
ton Ui Lo those obtained o standands commercially
avpilable amd monitored an 238 nm using a UY-detector
{Knauer LC-photomseter]), and therr analyses by gas chro-
malography-mass spodrometry (GO-MEL

2. Thim laper cromamicgrapin-anoradiography

The dry residues ahtaimed after tesiosterone metabo-
lismw assays were redissolved twice in 35l of ethy] aoee-
tate and spotied with a micropipeite onde 200= 2lem
alummum-hacked sthica gel thin layer chromatography
(TLC) plates (Whatman, Maidstone, Kent, England)
hetabolites were resolved wsing methylene chlomdesape
tone (4:1 wiv) folbewed by chloroformeethyl soetateetha-
nol (LT vy (Baldwin and LeBlanc, 15940} (TLC
systern Al and visuklzed and guantied by electronie
awlaradiography  (Packard, Instamt Imeager, Downers
Cirove, IL), Metabolites were gquanbificd andavidpally,
cncepl for hvdrosylated vestosterone products, which,
due to their low formation rabes, were  guandifesd
wpether  as hydroxylaoled  metabolites  {Parks  andd
LeBlany, 1¥E, Metabolite identificniion was based omn
co=migraiion with commercial standards in different sal-
vent systeims, The solvent syarems used were as Pollows
B, two consecutive migrations in methylene chlordeace-
tone (B:2) O, chloroform wihyl acetatessthanol {4:1:007,
vivivie D, methylens chlondeacsions (1L.8:1, wivie E,
methylene chlorideethyl ether (9:1, vivi and F, rhuatyl-
et hyl-sther-henams (bod) Unlabebed ateronds wene visi-
alized under LIV light, and by spraying the TLC plabe
with sulphurc acid:methancl (1:1] and charring (2
dmin at WAL Unknown metabolites were exiracted
from the TLO plates, and analysed by gas chramaiog-
raphiy—mass spectreamsery (GC-MSL

2.7 Gy clramatograpliy-nmss spectromeiry

The meiaboliies were analyred by gas chromatogs
raphy mass spectrometry (GO MS) (E14+) as tnmethyls-
Iyl (TME) derivatives and the chemical structures were
slentilied by compansen of the relention tmes and the
mass spectra with authenti stamdards. Silylation was
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achieved using  100pL  bis(irimethykilvlrifleeroaceia-
mxle (BESTEA ) and alliowed 1o stand 1 h at TOC, Aler the
reacticon, the samples were evaporated 1o drymess under a
nitrogen stresm, andd redissalved in Bocctane before mjec-
ton, Mass spocira were obtamed on a Fisens GO 8K
Series chromatograph coupkad 1o a Fisons MIDE0 mass
spectrometer fitted with o HP5MS (30m x 0. 25mm id,
crosalinked 5% PH ME silosane) column (Hewleo—Pack-
wrd) The carmier Hks WS helivm at 1 mbLfmin. The oven
lemperature was programmed as follows: 901405 at
125 mim and from |40 e 32050 at 6°Cémin, The imjec-
for lemperaiure was 280°C and the son sowrce and dhe
analyzer were maintaivid at 200 amd 230°C, respoctively,

28 Do awen pres

The Michaclis benten parameters (K, and 0
wor estimated by analysng Lineweaver-Burk plols,
Stndistical signiticance for inhibition studies was assessed
by using ome way ANOVA (Dunnctt’s test for daffer-
ences Trom controll Sex differences were assessed by
Student’s 1 test, Level of significance: was P <05,

3. Resulis
B Androgen reefafolism in P, luds

Subcellular fractions (eytosol and microsomes) so-
Latedd from dhe gonacd and digestive tube of P, fivides

Endevrivalsgy T4 2008 ) 2§ 20F

readily comverted androstenedione 1o testosterons in the
presence of MADPH. Androsienedione was  more
actively metabolized by digestive ke than by gonads
Alter 15min incubation, 924+ 8% (micresomes) and
U5 £ 1% deytosal) of the androstimedione was mstabo-
liwed to estosterons in the digestive tube, and 32 = 100
(microsomes) and 54 £ 11 (eytosel) in gonads (n = 3L
Due vo the rapid conversion of androstemedione 1o tes-
tosterane, further studies were performed using testos-
Lerome as a subslrale.

Geenad micresomal Fractions metabolized 1estoster-
e ko severn] oxdioereduced and hydrosylated metabos
lites im the presence of MADEH. The major nsstabaoline
detected  was  Sweandroston-3517f-diol (e A-dial),
together with minor amounls ol dibydrotestosierone
(DHT], androstensdions (AD), and several hydroxyl-
afed metabholives (T=C3Hs) (Table 11 The formaton of all
metabolibes was MADPH-dependent, and umder the
assny comditions, product formation ccearred af a linssar
ritbe [ up b 60 min.

Cyrosolie fractions metabolized testosterons 1o an
unknown metabolite (LME 1 and AT in the presence of
BADEFH (Table 1L Mo metabolites were formsed m Ui
ahsence of MADPH. The rate of formation of AD was
lnsir For up o 80min, while the lformation rate of
UMK decreased afer 20min incubation, When LINEKI
wits extracted from the TLC plate, and incubated with
cytosolic proteins, either in the presence or in the
ahsence of MADPLH, testosterone was Fformed, indicating
Lhat the pathway was reversible Betention laclors (8

Table |
Wetaboliz=n of lesicstorone by the three irverichrate species Tesiod
P ks M. PR RS H. azweea”
ionged Chigeslive fube honasd-dipestive glarnd W hale animal
A feroios
SaDitd rede st nslerons Sk L nd” . nd. w14
Sl rostame- 4,17 fi-diol el T k nd nd.
4-Aradrosiana-1f, 1 Ti-dicl b TTEY nd T i
Androalenedions LE+04 LT ] EEESIN Tzl
E Hydlrem yleninsteroms: X4+ 12 4T7= 15 I4+035 £ =112
Toial meiabolizm Mas 141 4 15 ESES ] 1542
Cyroeal
Arsliosteiedion: LT N e LT=17 [LEE 1N
Acredrosienedi one il n ] | fid.
A Mradrostene=3 L | TP=did” 1512 1342 nid.
A= Aurdrosiens-3a. | T-diol . £2209 nd.
Polair metabalite {LIMKD) md nid. 4ol
Toial membolism i FY ] M1z 48000

Values e mesn 4 SEM [n = 4-6) expresnd as pmediminfmg prodgin

 Belraction instead of microsnmal Teaction was used. Data wers obiained Team Pwa pooks ol 10-15 copanises,

" Sy Andrestane-3L1 TR-diol pamially comigrapes with d-andicsienc-33 17 f-diol in the TLC system A and vales glven in e 1eble inchade the
sum of both metabolites. HPLC analysss showed that d-andnos iene-31, 1T f=diol wis the major metabolee s digestive tube microsomes (90051 and
chan 3oandrosiane: 31 T=diol was ihe major metabolie o gonad meorosomess | =G

fond - noi deloosed
4 Dtermingd in the absence of BALPH
" Farsl mentioned m the ex) g UNKI
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for LIMECL in the different TLC solvent systems (see Sec-
Liom I Foor details) wene as Follows: (066 in solvent syslem
A 056 in B, 08 in C, 047 in [, 014 in E. and .19 in F.

The wdentitication of UNK]D was accomplished by
CC-MS, and e apectrum oblained is shown in Fig. 1,
The sz 434 ion indicates that the metabolite had a
mileculor werght of 290 (434 — {2 = T3]+ 2, The o'z 344
and 354 bens onginated from loss of the TMS-0H
Eroups [ =40y the oz 2% and 320 ion: indicate the los
ol the CHy group. The maost abundant wons, miz 73 corre-
spond 1 the TMS group [(CH;)551], and on's 143 origi-
nated from the fregmentation at the A ring (Fig. 1) The
Fermation of this ion requires both, the presence of a 4-
ene sirpciure, and a hydroayl group ot the 3-position,
Thus, -ﬂ-amdnn-:l.rrlu-}:r_l?[:l-diul and  d-androslene-
APATE-diol were analyeed as possible candidates. The
miss spectria of both somers were almast identkzal, bul
the retention tme allvwed o discriminate between th
3o anedl 3 isoform, amd the identification of the metabo-
e Formed in gomad cylosel as d-androstene- 30 7j[-
diol,

Testosterone was alsa nctively melabolized by diges-
tive tube miceosomal fractions of £ fvids, the specific
activity was up to 4.5-Fold higher than that measured in
ponads {Table 1) The ma._iur melabalite formed was 4-
A-dicl, together with minor amounts of Ja-A-diol, AD,
and T=0Hs The metabolism was BNADFH dependent,
and linear up te Shmin for AD. although the synthesis
of d-A-diod and T-CrHs decreased after 30 and Hmin

imcinbaiiamn remremdnely Sleolasle  culmmple Peasidone
miuiaElon, noEpEsnely. simaany, oylismoes nacinns

isclated from digestive fube metabelized testosterons o
d=A=thial, ATE and an adiditeenal metabohie whech was
identificd a8 d-andrmtene-32 ] T-diol These melabo-

lites were formed in the presenes of WATPH, but in the
thsence only ALY was formed (Table 1) This pathwiy
(bestoatcrone — AL, that was reversed when NADPH
wils idded to the ncuhaiion misiore, was not detected in
gonad cylosel, wihers no metaboliles where Tormed s
the absence of NADFH.

The metabolism ol lestosterone wis assessed sepa-
rately i malkes and females, and e statstically signifi-
cant differences were observed in the rade of metabaoliles
Frmizd.

1.2, Awdragen metmbaiism f W aztesa

S8-Tractions isclated from & azieca and incubated in
thee presenee of MADPH readily mwlabolized ALY 1o Les-
tosterone, which was further converbed 1o several mecah-
plres. In Fact, 734 6% of the amlrosternslione  wis
melabolssd Lo testosterome alter 15mm  meubation,
Therelore, further assays were performed using lestos-
terone as subsirate, which in the presence of NADFPH,
was metabolized to AL and 4-A-diol—than represemed
47 amd 3% of the metabolites Tormed, respectively
and mmanor amounts of T-0OHs and dibydrotesiosicron
(Table Ik The tmal iestosterone metabolism was of
15 pmoltmin'mg protemne Mo metabohtes were formed in
the absenee of MADFH.

32, Awdrogen metabadlon d M. conmarieniy

swlame] Heanmrs The oeumvacloclosuee
EL U R o R R s

tive pland comples of M cormurieis metabolized
undrosienediong to Sw-androstanedione, Sx-dihydroies-
Losterone, lestosterone, and  hydroxylaoed  metabolives

143

.

§su: " 142
5

E

] L k] e) 0 2
i

a
261 ma azgMA amp

o ke A0n axmn g

Fig. | Macs spectin of 1he gonad ctosd melabolive alter devivatization kentiBed as d-andiosiens-I[, 1 TPl and proposed Gagmicnlalion.
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(Tuble Xk The meiabolism of androstensdione was
MADPH=lepemndent and linear up 1o 60 min. Significant
differences betwesn sexes wene observed: malss produced
T¥AT and festosterone at a significantly greater rmte thin
femaks {33 poesclhimg protein vs 9 pmolflamg peotein ),
whereas Femnles produced So-androssanedione an a sig-
nificantly greater rabe than makss (25 pmol/himg praodem
wa, Ipmollmg protsn (Takle 25 Whes Sa-androstane-
dione wis isclated and further incubated with digestive
gland-gonad  mecrisomal  rachons, we observed the
formation of DHT, suggesting that sexunl dimor-
phism in the metabalism of androstenedione was
mainly due o higher 1TR-HSD activity in males (5
androstanadione — [HT; AT} — festosterome), Mo
mctabolibs were observed whin asdrostesedione was
incubated with cviosolic fractions,

Testosterons was metabolized 10 ALY and hydroayl-
aled metabolites by digestive gluond-gonad micrasemal
fractions at an average rate of 2 pmol'minimg protein
(Tahble 1L whale L-_|.'L-:m:n]i|.' fractions (ormed AD, and an
additicnal metabolite, whose formation was NADFA-
dependent, and proved to be highly polar, bui coubd naod
b identified (UMK 2L

A Effects af erganeting and feamrimal an fesfosterone
metabaliog

TPT and TET. at concentrations of 100 uM. did no
significanily affsct the metabolism of testosterons in
any ol the organsms tested, excepl Tor a 12% inhibition
af P fivkdws gonad Se-reductase cavsed by TPT (Fig
Ih In contrast, 1M Fenarimed  significantly
mcreased the formation of Sx-reduced metabolites in
micrasomil fractions iselated rom gonads of £ bk
dhis. The formation of DHT and Sm-A-diol was signifi-
canily imereased (122£ 11 and 200+ 4%, respectively;
m=3) when P lidis gonad microsemes were incu-
biated in the prescice of 100 pM Fesarimol. The activa-
tien of Sx-reductase, the enzyme catalyzing ihe
comversion of westosterone 1 dihydrotestosterone, was
ewident at concentrations as low as 10pM fenarimol,
and increased i o4 concentration=dependent manner
iFig. 31 Kimete sbwdies dicated  that  femaremol

Table T

PMgiabolsm off androsienedione By mak and frale W carmarieni
Meinhokitg Male Femala
Fp-Amlresluncdhone A3£07 MA+22"
e Do lsoslerang Ra434 B2 11"
Tesmtercne” TAL0E L7202
Hydrosylaied meinbodibes® L7 03 Ik £33

Vihaes are i £ SEM (a = 120 expicissd as pinolTemig peolein,

* Those samples thal wen: Below Sstection Bmil wene asipsed the
wvialibz of 01 pmolhiieg prodsin, which & e devsstion Mmil divided
by 2

* Indicases signiticast differences with males 4/ < L05)

imgreased the ¥, of Sx-reductase from 230+£4 1o
MTE£4 pmolminfmeg (F<D005) without a major
change in the K (6% = SuM va 538 £ 2 pM). Fenarimol

didl not alter the metabalism of festosterome in M sors
airarieiis mor B azieca (Fig 2).

4, Dhiscussion

Different androgen metabahic pathways were detected
in micrasemal fractions isclated From gonads and diges-
tive tube of the echinoderm P fivddiee. Thus, Sa-redosc-
tase, |TP-HSD, 3-HSD, amd several P430 soforms
citalyzing different hydrogylations were observed in
macriaomal frachons, whersas | TR-HS0, and 3a'f=-HS13
citalveed activities were detacted in the eytosol {Figs 44
and B1 Some ol those pathways, Seereductase, [Tf-
HS, amwd 3:|.I'ﬂrHEIJ'-L'.J.1a.'I:|-a'|:1] reactions, hivve boon pre-
vionsly reposried for other achinoderm species (FHines @1
al, 1992 Yaoogl ol al, 1986, Wasson et al., 199%; Wasson
and Wais, HHO) Howewer, the identification of 4-
androstene-3EITR-diol, a5 the major  estosterons
mctabohite detceted in dipestive tobe and gonads {oyto-
sel), had not been presiously reported in echinoderms
1% Fa-zsoliorm. n!-arlllrl.ulur.u:—."i:l.lTE-ﬂi-JL wirs formad by
catfish imtestinal and hepatic micreaomes incubated with
testostierone [Lou et al, 2002y bt it is still unknown
whether any of the two Bomers play a physiobogical roks
in fish nnd echinoderms,

Androgen melabolizing encymes were found 10 have
a differemt tissue distribution im £ Sividus This, engyimes
bending 1o the baosynihesss ol active steroids were mainly
o in the gonads, whene Wslosteromne was melabolied
o Se-dibydrotestosterone {Sxe-reductose cafalyveed path-
wayl, amd farther melabolized (o Se-anmdrostane- 31,1 Tf=
dicd (3E-HSD) (Fig 4A), while in the digestive tube, no
DT was detected, and tesiosterome was readily metab-
aligsd 1o 4-androstenc- 31 T=diol of o amdrostemsdi-
o in the absence of MADPH (Fig. 4Bk DHT is a
potent andragen m humans {Wikson, 2005 and m most
vertehrates,  including  fish  (Sperry and  Thomas,
19%3a,h). However, up 10 now, there is not information
avaalabde on whether DDHT might have & somilar rode m
echinnderms. This study shows that DHT, synthesized
hy gonad mecrisomal Fructions, was further metahbolized
o Sx-andrestane-3f, 0 Tf-diel, o strong festropgen recep-
tor aganist in vertebrates (Pak et al, 2003; Weihua et al,
22 Wasson ¢ al (2000) fousd that cchinoid ovaries
symthesized more Ja-A-diols than testes Tndeed, the
same trend was observed an this study (2RE5 amd
1T dpmolfmintmg  peodem o femakes and  males,
respectivelyl, although differences were not statistically
significani.

For H. azecs, the medabaliom of androstenedions
and lestosterone by 59 fmactions indicated the presence

aof 17-HS0DL 3ai-HSD, amd Se-reductase eatalyeed
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Medmatios of faqaldicnd  mdabolites (DHT Gnd Sa-A-diol) by
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pathways, wogether with several PdSl-aolorms catalye-
ing different hydroxylations (Fig. 33 This is in agree-
ment, with previcus work that described HSDs as very
active enzymes in steroid metabslism i several crusta-
cean species (Baldwin amd LeBlanc, 1994h; Blancher @i
al, 197, Swevers et al., 1991).

A different andropen metabolic profile was detecied
for M. cormumrieris [ Frg. §) The major metabolic pithes
way was the Sx-reduction of androstenedsone 1o Torm
Sy-androstunedione, which was Turther reduced in
postion 17 s lorm DXYHT. This pathway and the formis-
tien of lew levels of testosierone from andrestencdi-
one, suggestied the presence in the microsomal fractions
af 1TE-HSDs with higher affinity for S2-androstanedi-
ong than Tfor androstenadione, In addition, the forma-
teen of dihydrolestosterone and lestoslerone was &= Lo
-fxld higher in makes than in females, indicating sex-
witl dimorphism in androgen metabolism, The low met-
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osterone: Al androstened lons; THHT. dibpdrosestoanerone; Sa=Acdiol Seandrostane: 55 17 fdiol OH-T, bydrosslated metabalites

abohic actvitees evilenced m M cormareieiiy (Tor both
androstenedione and wstosterone) in comparison with
the other species tested, are supported by the fact that
no hydroaylated nor redoced melabohives, and only
riner amaants of oxidated metabolites (<1 were
ohzerved in the incubation medin alter in vivo expios
sure of M. coemareiens o [MC estosterone (data not
shownh Indeed, W cornmariedls bioaccumualated maost
ol the radioactivaty as faiy acid conjugates (54-95%),
simnilarly 1o what was earlier observed in the gastropod
Myvamaser atseleta (Gooding and LeBlanc, 20003
Fmally, the podentzal effecis of organoim compounds
and Fenarinol on the in vitro metabolism ol tesiosterome
were fested, TRT and TPT, af concentryisns s high as
00 b, i miod camse mnjor changes in phase | metabao-

lwm of pestosterome on mecrosomal fructions of P friday

and M. corsirielis, oF S8-lraction ol & azreca. Organatin

compounds, amd particutardy TET and TPT, have been
shosn 1o mhbibie Sa-reductases, 3P-HSD and 17E-HSD in
vitro im subcelluler fructions isolated fromo human or mat
Lisanes (Doermg e al, 303 Lo et al, 3003; MeVYey and
Cooke, 2005) Monetheless, steroid subsirale concenina-
tioms usmed in those mammualien studies were 1-8 orders ol
magnitusde lower than the ones repored in this sy
Hobd-1phd s 10ph, that were selecied afler kimetic
stuclies were performed, aml a higher rato senobioi
endegenous substrate might have resubted in higher sensi-
Livity b mbibition m the mammalian studes. Bul also, sr-
lier  studies  on molloscs eporied o effacts,  or
contradictory results for the effec of THT on Se-reduc-
tsis or hydroopsteroid dehydrogenases. Both an incnese
ardd p decrease of festesierane oxidation fo androstenedi-
omie were reporiad i LRttt dinioren | Rons and Mason,
1900 and 8 averensaten [ Morcillo et al., 199850 3a-reductase



Steroid metabolism in invertebrates and in vitro effects of xenobiotics

-71 -

i Jower er gl § Gemvrad amd’ Canigaranive Enfevrivalogy T63 (208 210120 29

CH-T H O
| T
CH TH
| -
(r Hycronylasa
i
= 3j-HED
d-Andd rosi ene-
ApATP-dind cu

1'.'||-I-l3[:||l
O HT T

Ga-RAaduciasa

Fig. % Androsensdion: and vesioserons meabolic paihsays in B azieos. Width of the anrows indicass relalive metabole rates, Abbreviations

sime as in Fig 4.

AlY

B So-Anddresiane- e

e .
—

Soe-reucipes

[= i
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—
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Frg. i Amadrostenedioms: and lesloslerone metabaelic pafhways in W coraniviie goroad i

live: mietabalic mies. Abbreyialmons: s as in Fig 4.

wits mhbibibed in Lo divren exposed o TRT (Bomis and
Mason, 19960 bui not in R deewssara (Morcillo ¢t al,
1598]. Omly P=450 aromatase was consstently inhibited by
THT i all the studies reported so far | Le Curssas-Bellond
i al, JHH; Morgillo and Porie, 1998 Ronis and Mason,
1996). Thus, Seraluctase amd hysdronystermd dehpdnoe-
penases, are probably not specific wrpets for organotin
compounds ininveriehnnes

Fenarimed did not alver metabelism ol westosterone in
M. cornwarienis or B, azéeca, but had a strong effect on
P N embancimg the synthesis of DHT and 5a2-A-
diol. This activation was evident al coneeniratiens
higher than 10p8d. In vitro activation of steroid<metabs
oliwing enzymes has been reported previously {Boree-
kwa et al, 19981, The mechanism by which fenarimasl
enhances  Sw-reduclas:  achivily 5 nol known, and

e ghol gl Width of e arnows induzile: nela-

reguires Turther imvestigatsn. Ongoing in vives exposume
caperiments of P fividus 1o fenarimaol will revenl whether
the increase in Sw-reductase activity, and consequently in
the lewvels of DHT, i also observed in vive, and the
poteniial physiologicnl consequences i any, For com-
parative purposes, Lhe efect of feranmol on Sa-redue-
tion of androstenedione by M cormaureieris was
imvestigated. Im comtrast to the results ohiained m Pl
oy, Jo-reductase was mol activated by fenammol, but
inhihatesd in the snnil {data niot shawn ),

Tor summarese, the metabolsm of androstenedione
revealed the existence of significant differences between
M carraeiedis [Fige 61 amd the other two inverichrabe
gpecies, P Jieddhes and B azeeca (Figs. 4 and 3). which
similarly 1o vertebrades readily converted androstenedi-
o Lo lestosterone. Regarding testosterone metabolism,



-72 -

Chapter 2

bl . damier o gl | drvnenat and Comiparavlee Badoesisdogy J00 {2008 200120

P fyidus had a rather active and complex: metabolism,
mviolving a wienety of pathways, while W, cormuarieiiy
hiad a linsited ability 1o metaboliee testosterene, and an
imermedinge siguation (metabolic rate and number of
el bsadives formsed p was Found Tor & azeeca. One of the
major diferences between the androgen metabaelic pro-
files detected m this stedy and those reported for verie-
braws s the rather low  lewvels of  hydrexylated
festosterome metabolites  detected  in invertebrates,
whersas Lhey are wsually major metabalites of Lestostir-
ong in mammalks and fish teg., Parks amd LeBlane, 1998,
Wilson and LeBlamc, 1%98) Apart From this, strong sime
ilarities were found between the species usad in this
study and vertebrate species. Most of the metaboelites
slemtificd in this study are common vertebrale metabo-
lives, with the exception of 4-androstene- 3, | 7h-diol,

Altogether, these results indicate the existence of (a)
Both  similarites  and  difaences in the  pathways
involved in the metabolism of androgens in the three
mvertehrile species Lested, (b Ussue spoctic pathways i
androgen metabolism in P Sesdes, and (e sex differences
m androsienedimne metaholizm im W, oormaarieidn, led-
g Lo a higher formaton of lestosterone and dibydre-
festosterome in males than in females. Moreover, despite
the lmuited number of chemicals tegted in vatro, the
ohtained data suggest the existence of further differences
i sensitivity among different inverichrate groups, Thus,
from a risk assessment point of view, species represent-
ing different phyla and thus showing different pathwiys
ol steroid metabolism should be moluded when lesting
endocring dismupting substances,
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Abstract

Chamcteristics of acyl-comzyme & (acylCodcsterod soyloransferase from the digestive gland of the oyster Cramasims wirginica wens
detarmined by using estmadiol | E2) ond dehypdroepiandrosterane | DHEA) as substrmtes. The apparent £ and Fee, vnlues for esterifention
afl E2 with the =ix fatty acid acy|-Cods feded (C2004, CIET, CIS: 1, Cl6: 1, CIEO, and ClG6A0) were m the mnge of 917 M E2 and
AT provel mundmg protein, respectively. Kmetic parameters. Tor catenlicason of DHEA (K #5130 uM; Fop s 30-102 prealmanm
perezim) showed s kewer affinity of the enzyme for this siereid. Formation of endogenous Tty acid esters of stercids by microsomes
af digestive pland and gomads incukabed im the presence of ATF and Cod wias assessed, and ot beast seven E2 fatty acid esters and five
DHEA Faiky acid eoters were observed, Sorne peaks élalal al the same melintion lemés as palmstoleoy]-, indeoy -, oleoy P palmitay]-, and
stearnyl-E2; and pabmitcbeoyl-, oleosbpetmitoyl-, sd stearoyl-DHEA. The same endogenous esters, althoagh in different propomions,
were produced by gonadal mecrosomes. The kietic parameters for both EX (g 10w Frgy: 38 pmelimin'mg protein} ard IHEA (£
G M Fg &0 prchmin'mg proléind were simalar to thoss obtamed mthe digesie gland, Bincte paramssters oblamed aee simmlar o thoes
trservid o mamnmials; thae, Tty s esterifieaion of sen sieroids appears T b a well-sonservd conjugation pihway during cvaltion.,
{3 2004 Elsevier Inc. All nghits reserved.

Keyworns: Dsienficaiion; Steros; Cramormmes vigisioa; Digesiive ghand: Gonad

1, Imtraduction

Vemebrate-like sex steroids, &g, testosterone, androsters-
dione, ard estradiol, have heen found in several groups of
iertchratcs [ 1-5], ancludang molluses [6,7]. Although their
origin is still a swhject of controversy, o number of sud-
1 painl G oan endogenous source and a phiysoelogical role
of these seroids in molluses, Evidesss in support of this
possthility include the following: (i) several sberoid biosyne
ihetic pathways present in vertehrates have been sdentificd
[E-00]; iy a cempaoinl varimEon in steroid titers and some
mosynihetc patbways comciding with reprocuctive apes
have heen found [B,11]; and (3ii} alierations in sexweal char-
acteristics or reproduction have been observed when mal-
luscs ape cxposed to estrogenic or androgenss compouands:
eg. l-methyl-1 d-androstadiene-1, 1 T-dione caused imposes
itz impesition of male sevual charsctenses n fomales) in

* Comesponding suthor, Tel: +38-05-8006 T4; fax: + 5493204500,
E-mal) paddress gjpgamidcid ceicoes 10, lanerh,

QIR NZEXSS - s Mo maner © 1 Ebevier Ine. All rights reserved.

iz LD 1) o 5 20003, 124001

the whelk Maszarius reticilatus [12]), and estrdiol-induced
vitellogenesis in the pacific oyster Crassosrers gigas [13].
Phase | metabodism of sex steroads, e hydnosylatson and
reduction, has been detected in sevem| protostames inverte-
brates. The presence of 20e-, 17, arml 3E-hydnosysterosd
dehydropenases have bevn demonstrated in cnsstacea, and
3T lyase was foumd in the gonads of the crab Cans-
cer pagmers |[14.15]0 Several menohydroxy-testostenone
metbolites have alse been detecied in Neowsrsls (meger
arel Dhapfreir magwa [5,06], and 17B-bodrosysteromds were
demonstrated in Mowsarws emerioanss [1T]. In mollasca,
the presemce of similar steroidogenss ereyme sysicms
b been deseribed, Steroid reductases amd  dehydroge-
nases were fourd in the gastropod Clione amdarsice 18],
while  17p-hwdroayserald  dehvdrogenase,  Se-rodictase,
M-hydroaysteroid  defpedropenase, and an aromatization
system were found in the snail Helis espersa [6)]. In bavalve
molluses, the presence of 3- amd 1 7R-hydrosysteroid de-
hydropenases, OO lyase, and Sa-redoctise were also
demonstrated in gonad honsogerates of Wunilus edwlic in-
cuhated with labeded precursors [E]. Aromainse activity
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was found in microsomal fractors isolated from the di-
geative gland of the mussel Mavilay gelflaprovincialiy [10]
and in gonad-digestive glamd bomogenmes of the ovsber
Crasvastrea pigas [9].

Drespite the available information on Phase | metaholism
of sex steroids in mverebrstes, data reganding their conje-
ganiom ane rather linvived ardd based primsarily on in vive ob-
servatians. For example, conpugated So-dihydrotestosteromne
wias detected i the ovary and the bemalymph of the de-
capodl  Megrhrops nervegions, although the natare of the
comjugale was mal deseribed [ 19]. Glucwrony] and sulfate
conjugates of progestenors: metabolines | basad on hyvdrolysis
procedunes) were abserved in the gastropod O caneicr af-
ter exposure o [FHprogeserone [15]. Several studies bave
showsm that ather phenolic compounds are conjugated 1o po-
lar metabolites with sulfate and glucosy] maoictics in mvers
tchrates [20-24], supgesting thai polar conjugaies of steroid
heirmsees are alsa formied by sulfation and glucesidation.

Apar from this, apelar conjugation may &lso play a
kew male in inverichrates. Recently, apalar conjugntion was
showm fo be the mager pathway of lestosterone metabedism
(e than T in the snail Sarpese shsofing caposed o
I phd M Jtestosterane in water [25]. In addition, several
inverebrates have been shown 1o neadily comvert sberals 1o
fatty acul conjugates, althoegh maost of the knowledge is e
stricted 1o codvateroids [26-28], Fany acwl esters ol eodys-
teraids are formed enzymatically in various insscts species
andl are commaon metabolites m krvae and adulte [Z9-31].
Also, pastropods lave been shown o estenlly sterols, such
as cholestersd, brassicasteral, campestersd, sigmasternl, and
B-sitesterod [32.33].

The present woak was designed 1o assess the esterifica-
tiea {acyl-Cod steroid acylransfisrse actvity ) of twa model
sterpidls, estradiel and dehydroepiandrosserons, by micre-
somal fractons solated From both the digestive gland and
gonads of tle Eastern oyvster Crassosiren wirgiaioe. The di-
pestive glamd was selected hecause it is the tissse with a
major metabolee role i bralves, and gonasls were chosen
beecaise they are comsidered 1o be the site for sieroid syn-
thesiz. Extradiol and dehydroepiandrosterone were selected
as mbonlel sreroids bochuss they are comjugated at different
sites: HEA i= conjugmed at the 20H pasition, and E2 is
comjugated at the 1T-0H posstion [34]. In addison, thess
steriids are normally used when assessing acyl-CoAcstenoid
acyltransferase in vertebrade species [35] and, therefore, fa-
cilitste imter-phivla companisons,

L Experimcwtal
20, Chemifeals

[2.4,6.7.06,17-"H]Esradiol {110CVmmol) and [1,2.6,7-
*H]dehydroepiandrasterone (60 Cifmmol} were purchased

from MWEN Life Science Products Ine. Estradicd, dehydroep-
idandrosserone, and the lithium sald of acyl-Cod Fatty acids

{oleoyl-CoA (C1E:1), stearayl-Cod (C1E:0), arachinoyl-
Cod (C20:4)  palmitey]-Cos (C1ea,  Nsaleoyl-Cad,
(C18:2), and palmitoleoyl-Cod (C16: 10 were purchased
from Sipma. All solvems wene of HPLE grade aml were
purchased from Fisher Scientific,

2.2 Tisswe preparation

Eastern aysters (O, wirgiaicn), 4 years old, wene obtaims
fram Prince Edward |sland (Canada), They were maingained
up 1o a month m a recirculating saltwater system and fed
Tecdervain gathasma and fish food pellets daily unnil dissec-
tiin

D gestivir glamds and goads wene dissected, Trazen in lug-
nid witrogen, and kept gt <80°C wnnl geed, Cellular frae-
tions were prepancd as described previcuosty [36]. Samples
werg homogenized in ice-cold 1mM Tris—HC), pH V.64,
cantaiming 150mbd KCl and 0.5 M sucrose, and centrifuged
a2 = g for 45min a4 °C. After centrifugation @
1060, M = g fior 00 mim, pellets were washed and centrifuged
for furber Mbman. Finally, the pellet, termed mucrosomal
fractiom, wis resuspended in XmM Tris-HCL pH 7.6, con-
taiming 207% {wiv) glycerol.

Protein content was determancd with the BCA™ Pratein
Aussay kit (Pierce Chemical Co) acconding 1o the supplicr’s
inslructions wamg boving serum albumin as a standand,

23 Enzyme axvayy

Assays for the esterification of estradiol amd dicky-
droeplandrosterons were based on b metbod described by
Xu et al. [37] with slight modifications, Briefly, microsames
(25100 pg profeiny were incubated &t 30°C for 2min m
a firal velume of 0.25ml 10 mM sodium seetate buffer,
pH 6.0, m the presence of B2 (001-50pk; 00052 pCi)
ar HEA (001-150 g0 (.52 |.|.f'i] and 100 p ool a Eﬂ[_:.'
ol @ovl-Cod, Endogenous conjugntinn was nssayed in the
proseos ol 1mbd Codamd [0mbd ATE The reactsn was
stopped by the addition of 0.5 ml of ice-cold sodivm acetate
huffer, pH &4, amd 4 ml ethiyl acemte. The samiples were vor-
texed mmmediately and ceninbfuged for 10 min ar 30600 = g,
The ethyl acetate extract was removed and evaporated to
dryniss under @ stream ol nitrogen. Each resulimg nesidue
was dissolved in 1240wl of methamed and analyzed by HFLC,

Separation and measurcment of the esterified metaboelives
werg achicved by HPLC with a Spherisorl QDS colunn
{Sepom particle size, 250mm = 4.6 mm i.d. ). The HFLC sys-
tem cormisted of a Waters MI0E salvenl gradient program-
mer, n Waters Lamhda-Max modlel 481 UV detectar, anid n
radicactive flow detector {fi=ram from 1805} ax descnbed
by X et al. [37] The selvent system consisted of aostoni-
trile. 1% acetic acid in Hy{Vmethanol. The solver gradi-
ent used for elution of the E2 esters from the column was:
1 2 myim isccrutic af MESE: Gmin with o number 10 comves
gralsent o GOANA0; 15 min asocratic al G000 2 min with
a numdber X corvex gradient o 200080; S min isocratic a
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200MRD; amd the column was then retumed o izl condi=
nons over 15 mim. The flow rate was 1.2 ml'mine DHEA &s-
ters were cluged in the isocratic mele with 109G methanol
Al ke same flow rate.

3. Resulis
A1 Optimizaetion af the ederificeiion avsoy

The activity of acyl-Cod:sternid scyltransfermse in mi-
crosonial fractions sedated from the digestive phands of O
virgindea was characterized using estradiod ard oleoyl-Cod
s substrales. The assay For E2 estenfication was linear up
1o (L1 mg micresomal prodein/ml in the presence of 200
EX {Fig. 1Ak and at beast up 1o dd mg'ml in the pres-
cnce of 25 M E2 data st shooen ), Thercafier, &)l assays
were performed using 4.1 mig microsomal protein'ml, ex-
wopl for erlogenoas sstenlication, which was studied using
high protzin coneentrations to achieve high sensftivity (up
1o Img'mll The formation of oleoyl-E2 was measured as
& functeon of the meukation e, and the rewetion e was
linear for at least 4ibmin (Fig. 1B). All subsequent incuha-
tans werd for Mbman. The reacson roe ineneasad hnearly
with temperature over the ramge of 25-37°C (Fig. 1T, An
imcubation femperature of 37C was selected for all fur-
e assayve Fimally, the pH dependence of the enzymaric
activity was stuilisd, and its profile is shown im Frg. 11
Aeyl-Codcsienmd aeyliransfenss was active overa pH range

il
L]

)

1x1

o d =510 with an optimuem around G0, Althoegh optimizas
thinih assqys wore performsed w1 pH 500 which was the opi-
mum for mammals, all subsequent 2ssays for the modluscan
aneyme wirg performed an pH 6.0,

In addition, microsemal profein was incubated in the ab-
sepce of coductors (Cod + ATF or falty acwl acyl-CoAd, amd
the formation of E2 esters was also abserved, although the
activity measured was 20-fald lower than when a fatty acid
aeyl-Cod owas added. When assays were performed using
heat-inactivated microsemes (100 °C far Smin), no esters
wizre formed.

1.2 Exterifarion of extrodiol i fhe aigertiee pland af
Crrdsustreg vimiioa

E2 was esterfbed 10 the cosmespording fairy acid ester
when incuhaled with any of the six fatty acsd soyl-Cods
usdl: arachsdomow]-CoAL palmmtodeoy-Cad, hinoleayl-Cod,
olenyl-Can, palmitay]l-Coa, and stearoyl-Ca s (Fig, 21 The
retention tinee, and the apparent K and Vo, for cach of the
different ceters are sheon in Table 1 &5, for all the esers
ranged from 9 o 17 bl Frge differed over twoefold be-
wem asatiers and ranggisd From 35 g0 74 prsol. min' mg pratein,

Rates of conjugntion wene determined using satarating
Or near sturaling amounls ol EZ (25 iy and ressls are
showm in Fig. 3. The rate of formation of lisoleoyl-E2 con-
jugates was significantly lower (ghout swoefold difference,
M= 005 than sated swith the other ssters, which securpd

at simwilar rates

1200
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=) -v’/
i /
* a0
o
m 10 :-E“w::- o 50
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Fig. |. Effect of the amoune of microsemal protem in the rescton sysiem (A, the mcubation semsperaiure {8}, the moutaion time (C), and the pH (B}
on poy e sieroid scyvlirarafomse actrerty waing [ and oleoyl-Cod as subsinics. The concerdmiion of £2 in ihe pssay was M0 nM in experimenis &

aral C anal 25 pM in experiments B oand D,
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fof I0ein with 25 phd E2 a0 307,

Table 1
Refemlion fimes. of EX culers anad kinctic pammcers G eslenScaton of
EX wsng daffercal Gy acid sopl-Cads as colacton

Esker Retenlion tatie g Foma
Agachidimy-EX 2440 P4+ 143 5+ 4
Palsiidesyl-EX 2633 IM+3 &h + 8
Lirsskeiry]-52 ] IT+ 5 kLI
eyl E2 1232 136 + 1 & 15+ 1
Palmiioyl-E2 LEH LN Tadn
Sazinnl-E2 41:32 12y + 132 d4hn+ 17

Wil iezs Jmean £ 5.0 ) were oblained from reselions ising e conceiin-
tions of EI mnging from 5 o S0 uhl

ey
arBChion
ciaoyl
paimitatecyl
paimitay
incisoyl

[ a4l

ester-E2 (pmaliminimg)

Fig 5. Esienfoaton of esirdicd o195 by with six defleroni Sy acid
acyCods, Vakies. an ibe mosm £ 5 E.M, o = 5}

i a0 100
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Fay. 4. Endop of winedioll 150 pg of degestive gland
micrmscrrnl prolen was shaled in ke pr of WHiak EX, [ Dmbd
ATE mad 1l Cod for 30min o 307, A and B enlinosn: ©: palss-
nlenyl-E2; 1N linedewwl-E2; E: olevwl padmneyl-E2; F 4 L stemoey B2,

iz ficali

Endagenaus esterification of E2 assessed by incuhation
of microsomal fractions in the presence ol ATP and Cody
resubied in the formation of up o seven peoks (Fig. 45
Peaks C, [, E, and F + 4 were fentatively wlentified as
palmitoleoyl-E2,  linoeloyl-EZ,  aleovlpalmitey-E2,  and
stearoyl-E2, respectively, by comparnizon of their netemiion
times with thase ehiamed in the presence of speeifie famy
ol woyl-CoA standards {Takle 1), Peaks A omd B oare
uiknown, Mo quakitative difforences wone observod o the
chromatogram profiks when micresemes wene ineubated
in the presence of bew (200nk ) and kigh (25 p8) E2 con-
ceniratioes, Eserification mtes inenssed lssdy with E2
concentration in the mnge of 200 nbd-25 pki_

A0 Esrerificenon of defdioeplomdrearerese e e
digestive gleed af Crasvasinea virginica

Smilady e B2, DHEA was esterified to the cormesponid-
ing fanty acwl ester when imcubated wath any of the sax Tty

= 1E A
— e}
;;am D
H
glau Al
L ﬂuLA
2 .*I‘.Ilwl |'

W @™ w4
i Tirra frrin)

A P o oo o B EE SMIRLE: POWY PR
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Tahks 2
Eetentin limgs off DHEA esters and kinctic panumesien B calenlicaling
ol DHEA wsing diffent oy ookl sovl-Cods as ool

Exter Relentian 1 K ¥oar
Aurae bedenoy |- DHE A 10:%1 1240 + 2T X+ H
Falmil o] D EMN 13:14 120 £+ 16 132 + 14
Lmokwoyl-DHEA 14:15 LU S b §1 4 8
(asd-DE A 15013 FLEL] W4
Falmioyd-DHEA 1823 LEE ] Al + 4
Stearey L ITHEA s &+ 8 AT+ 5

Valses (mean £ 5 10.) were obizined from reactions usng five conoenina:
tiors of HEA ranpng from 5 o |50k,

actd sevl-Cod subsirabes sbodved. The appanent Kq and Vo
for each of the different esters were calculated, and results
Gre shisaT in saoie I Ky valies ranged froim 45 0o 120,
aril Vi values ranged from 30 50 182 pmel'minimg pro-
tzim. Al a DHEA comcentmation of 25 b, the estenfica-
ton rale was bower than ket of EZ for all the esters 1estod
(2.7 4 0.5-fold)

Up 1o five peaks wen: observed whem microsomal protein
was incubated with DHEA in the presence of ATF and Cod,
{Frg. 5). Peaks C. I, and E were tenttively adentified as
palmitaleoyl-DHE A, sheoylpalmitoyl-DHEA, and stearoy]-
DHEA, respectively, whereas peaks A and B are unknown,

F4 Esrevificanion af estindiol and delidioeplordrosnerme
in genals af Cresyostrea wWrginiog

Cionadal microsomes incubated in the prosence of ATT
ard CoA formed the sams: number of peaks at samilar re-
tenbion mes ax those detected preveously in the dipestive
gland micrsomes. However, the profile of the esters was
different (Fig- 31

When the estencation of E2 was assayed in e presence
of palmitoy]-CoA, we foumd 6 &y of 9.7 & 000 kb and o
Fgs of 38 & 2 pmal'min'mg profein. Thas Ky, was smalar
tir that foumd in the digestive pland (Talsle 15 In conrast,
when estenfication of DHEA was assayed in the presence
af palmdtaleovl-Cod, the K, was 61 £ 22 pM and the Vi

Bl
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'{uu:-\
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ig. 8. Endogenous estertfication of debpdroepiandroseenne by dhgesiree gland (A and gonad (D) micrmosemes. B0 up of microsomal proseis was. o bosed
m ihe presmce of | phd DHES, 10 m®d TP and | ml Cof Tor Bemie it 30°C, A and B: snknesn: O palmiiobecsd-DHEA; [x oleoylpalmpod-DHES,;

E: wiearcyl-MHESA,
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wits il = 1 pmel'min'myg protein. This Ky, was ewer than
ibsan found im the digestoee phand for the same congugase, al-
thaugh it is in the range of ather DHEA esters (Tabkde 2). The
Freas vatlugs far the twa conjugalive reactions assayed in ibe
gomads were lower than thase found in the digestive glond,

£ ik SRR IRHETHE el BN,

4. Discussinn

Imthe present shady, we chamectenized the 2cv]-Codseraid
scyltransfirase activity 10 the microseenal Fraction of diges-
tive glarsds ard pomads from the oyster O, winpinica, Activity
imcreased lincarly with trme { 1020 mdin}, amount of protein
{25100 pgiml ), amd temperaiane {2537 °Ch, and was ai-
tive over a hroad range of pH walues. The prafile of the pH
depemlence of the actvity was very similar to that foand
far the fatty scvl-Codceedysteroid-22-Chaeylirmnsfemse in
the tobacco budworm Flefforkds virescens [26], with very
low getivities at pH values less than 4 and considerable
activities ot basic pH values. The optimam pH, 640, was
alsa m the same mange of those nepored carlver For the Fay
=yl-Codceeydsternid acylimansferase in M. vrescens and
the fatty acyl-CoAcestrdiol acylmnsferase inrats [26,37).

Orystor fiasus mchosomes isolated from digestive glamls
and gonads estenified E2 and DHEA with all the fatty acid
#cyl-Co substrates testod, which included rotally satured
fagty acids (C1EAF and C16:0k monounsatorated fatty acids
JOTHT and C16:0 ), @ p-ul].uru:ﬂurd[t‘d I'aII}' aculs (C1%:2
and CH04), Several sterodd fatty scid esters (a1 least seven
EZ esters and five IFHEA esters) were formed when diges-
e gland or gorad meerosomal fractions were dneubated
with ATP ard Caos, According 1o their retertion times, the
aalers Formd woere putatively palmalolesyl-, stcanoyl-, and
aleayl/palmitoyl-DHE A as well as palmitalecyl-, lirgeloyl-,
aleoyl palmitoyl-, ard stearoyl-E2. This indicates the pres-
ence of similar ereymatic systems in both fissaes, The fary
wrid esters of sterodds fourd in this stedy bave been re-
ported o be mapor Bty ackd csers in several maolluscan
species [3H-A0] Namely, palmitoy], stearoyl, palmitoleoyl,
anid oleoy] represented 179 6.2, 7.2, ard 9. 1%, respectively,
of the: rotal farty acids desected in the bivalve M. galloprovie-
ciadiz [40]. Some other esters (peaks A and B in Figs 4
and 5) wore formd i the prosesce o ATT and Cod {en-
dogenous esterficaion), but they did not coelute with any
of the six esters amalyzed in this stady, Their retenton times
sugpest that they might be polyunsatumted esters,

We demonsirated the ahility of prepambions from the di-
peative glamd amd gonads of the Eastern oyster to estenfy
hoth E2 amd [DHEA, Since DHEA can only be esterified
#l e 2E-OH posatson, ard assarmang that, simalar fe mans-
mals, E2 is esterified at the 173-0H position [34], oar re-
sulls would indicate that the oyster can esterify sex steroads
#t both the 173-0H and the 3B-0H possiions. The &5, val-
ues for DHEA were higher than those for E2. In mammals,
ilsere is sl comroversy will respect 1o whether thene ane
specific enavmes for the eserification of 3-0H and 17-CHH

positions or nol. DHEA has been shown Lo act as a compel-
itwve anbabstor of B2 esterification, suggesting that the same
emrymie estenfies both steroids [41]. A simdlar Bty acid
compasition for both sterowd esters bas alse been repanied
suppoating the hypothesis of a single enzyme isoform [35],
In gereral, the HPLC chromatograms we abtained For en-
dogenows conjugation (Figs. 4 and 5) olse showed & similar
fatty ackl composation for hoth sterpids esters aml compa-
rable rates of comjugation berween different CoA esters for
both steroids,

Apolar mitabolsm ol derids is knews e oceur inomal-
lusis, [ Souza and D Olivedra [32] repored & 154%
esterification of ["*Clcholestero] when incubated in the
hemsalvmgph of the malluse Sompheloeie globee in e
absence of codactors for 24h mt 37 °C. Seveml studies sug-
gest that the esterficaiion of cholestere] and other steroids
aeours via separate forms of aovl-Coa acyliransfemse. In
mammals, the profiles of the chelesterol esters Formed difs
fer from those of the estradiol esiers. Moseover, a poten
acyl-Cadcholesterol acyhmnsferase inhibitor had ne «ffect
an the eserificaton of E2 or BHEA [34.42)

Im contrast to the limited information on the esterification
af sex steroid metabolism in mollescs and other inverte-
brwtes thene existe an extensive literabare on esterification
af ecdysieroids in several anhropod species [26.27,45-45],
which might provide some inzight on a possible role for
ather steroid esters, In the cricket Aoheda dowestious [44]
andl the cockroach Periplamets americaea [45). the esies
are svnthesized in the ovary or transferred Wit and then
tr the egaes, where they represent a storege form ol the
malting hosmene [43] that supplics free steroid during
embryogenesis [46]. In fact, the siomge role of stervid
eslers 15 nod mestricted o omsects, Sterond gsbors have been
usad pharmacologically for decades ns potent lomg-acting
pharmaceuticals [47)] that require enzymatic hydrodysas by
eaternses b enet their endocrine actiors [48],

Froen o comparative approach, apolar conjugation of
sterodds imthse aysior O wirgimica ssturates o similar con-
certrations (viz. Ky was 13 pM versus SpM EX for E2
alecaty foemation in the eyvster dipestive gland and rat lver,
respectivelyh and occurs at g similar rate 1o the fousd in
mammals. At 25 phd EZ, 53 and 40 pmol oleoy]-EX/min'mg
prtin wiere Tormmed by ayster digestive pland and mal lver,
respectively (Mesia-Vela et al.. unpublished data). These ki-
netic parameters were alse vory smilar to these reported for
acyl-Copcecdysternid-22-Okpeyltransfemse (K 10ubM;
Fog: 85 pmol/min‘mig) m midget tissues of the wobaceo
budwaorn M. visescens [ 26,

Tie oiar knowledpe, mo physiological differences nelated
#ir the nature of the ety acsl mowty of a sterosd ester ane
knoan, IF the affinity of steroid esterasels) differed for dif-
ferend esters, the fafty acid composition of the steroid esters
could have physiological rebevance. The available informa-
tion o steroid esterases is rather restricted o mammals.
A shwly using e MOF-T bregst cancer ol line showed
that long chain esters, such as the ones studied here, ane
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hyidredyzed by specific esternses disting from those that act
upon shorer chain esiers of E2 (e.g. soiste, prophonale,
elc. ), which are nonspecific esterases [48). Certaindy, further
work 19 meeded to clucidate whether imvenobrale eslerases
act upon leng or short chain esters and fo determine the
affimities of these enzymes for the vanouws eslers.

Beth acyl-Cod acybransferases and esterases can be mosd-
ulated by drugs [37]. Compounds that alier estenfication ar
ester cleavage will subsequently medubste hormons avall-
ability and activity ard may well 21 ps eralecrine disnapting
substances. In this semse, the effect of dilferent concemtra-
i of THT on the sctivity of fatty acid acyl-Codcasenaid
acyltransfernse was explored in preliminary studies in our
laboratary. Prelimisery data showed that THT 15 the low
micrormolar range inhihited esterification of E2 and DHEA
in vitrir, with the estenfication of E2 being more senstive.
THT is an amifouling apent that causes imposes in some
gastropad species. s ability fo interact with differerd steraic
mrctabalic pathways, aromatass, amd Se-reduciass, bis al-
readdy heen shown [49-51]. However, interaction with con-
Jugabion enzymes has been hypotheseed as o mone plausible
mnde of gction to explain the increased testosterons levels
detected in some THT expozed molluses [25.52]. The imter-
ference of TET in the eerificatson of free hormones can
affect levels of active steraids within bissues amd may be
o ol the responsible mechanisns of the reported androg-
enization/feminization phenomena. In fact, esterification af
lestoslerome has alresly been consudered as a possable sine
of gction for the endogrine disrugier TET [25.53]. although
further experiments 1o test this hypothesis are warrnged.

In sumnsary, data obtained on O, virgimica shared many
simvilarities with data gvailable for vertebrate and ecdys-
teroad estenficalon in insects, sugeesting that estenfication
is 0 highly comserved congugation pethway in evolution. To-
pether with other biosynthess and conjugation pathways,
cspenfication could modulae endogenos speroids levels in
meilluses, Clearly, further research 1o gain better anderstond-
ing al the physiclogical Tunction of be estenlication of
steraids in maring arganisms is needed
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Ahstrsct

Two sulfatase soforms, a seduble one with an opiimum pH of 5.0, and a microsomal one with an optimam pH of 7.6, were
abserved in digestive gland, gonads, mantle snd gilks of the owster O vinginica. The highest sulfatase sctivity was recondad in the
digestive glamd cytosed and &5 likely 1o interfere with the in vitre determination of sulforrarsferase aerivity, Indeed, the sulfarise
inhibmor Mo S50k led o an increase of measured sulfomansferase nctivity (31 £ 9%, suggesting that those sulfainses might be
partinlly responsible for the kow sulfotransfernse actwvities found in ) wirginica,

DS Elsevier BV, AL rgiis reserved.
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Sulfation modulates the baslagical activity of many
semobiodies  aml |.-'n|:|ng-|.'ru:-u.w I.'I.'II'rI'|1-CH.II'I-I,|\ ir.u.:|1.u|ir.|g
steroid hommones. The sulfation pathway is reversible
aml comprises two enzyme systems: the sulfotrans-
fernzes, which catalyse the sulfiton reaction amd anz
located in the cvtoglasm (Kauffman, 2004, and the
sulfatases, which calalyse the hydrolysis of sulfate
esters and are located in the lvsosomes, the nucleus, the
mitachondna or the endoplasmes retsculum | Coughine
el oal, 1998 Zha et al, 1998) The determination of
sulfotransterase activity in hepatopancreas’digestive

" Corresponding author Tel: +34 01 4006175
T #3403 AN,
Eemai! oledress: glagamimcid.osie e (0. Janer).

O 56-445 38 — g Tront matser © JH05 Elapvier B Al mghis pesarid

ok LD ] oo 20 AL 5 00

gland extosel of marine mallusk and crustacean species
heas indicated low or undetectable actvitees {Schell and
James, 198 Liand James, 1993 ; Janeretal.. 20805 and
has lead to the hypothesis that mhabitors of sulfotrans-
ferase or high levels of sulfatases present in hepatopans
ereas/digestive gland interfere with the determination
of sulfoiransferase activity in vitro, [deed, bepatopan-
ereas oytosol of the lobsier Piawlirus args inhibated
sulfotranstersse achivity present in the sheepshead
iy (Crvpretnoadon vartegades ] { Schell anad lames,
1989, and digestive gland cytosol of Wynilus gallo-
pepvincialis inhibited sulformnsferase activity in red
mallet {Mrdivs berfams) liver cvtosol (G, Janer and
C. Porbe, unpublished data), Several sulfatase eneynies
amdd genes have been reported in mollusks (Spaulding
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i Loy av af, & Aguicde Tandawlagy T4 (2005) #2-UF a%

ard Morse, 19¥]; Witstock et al, 2NN, and are
possibly ivalved inthe catabolism of sulBared polyaac-
chamdes m therr herbivorous digt. Howewer, there s
=fill litile information abowt the enzyme kinetics and
subcellular distribution of sulfatases. Thus, this work
wirs designed o determine sulfatase in the cytosolic
aml microsomal fractions of the ovster Crosvosines
vikglaien, and to cxplore its possible interference
with the measurement of sulfolransferase activities in
vitro,

Digestive gland, gonads, gills and manile of East-
armn oysters (O wirglaica, 4 years old) were dissected,
trozen in liguid nitrogen, and Kept st — 3070 unti] wsed,
Subcellular fractions [cytosol, mictosomes) were pre-
pared as deserbed proviowsly (Moseill o al., 1),
with the addition of a second ultracentrifugation step
o wiash the micresomes, The prodein comtent was
determined with the BCA™ Protein Assay kit {Fierce
Chemical Co. )

Sulfatnse activity was measured as i Zha et oal,
{19498} using estrone-sulfate {Eyp 50y} as substrate, The
assay tubes contaimad 20 mM Tris-HCT buffer pH 7.6
{mecrosomes) or 20mM sodium acetale buller pH
5.0 {eveesof), 4mM MeCl, 30pM E S0y (0.2 pCi:

SOCemmed MEM Life Science Products Ing, Beaton,
MAY, amd Jik-43 g of microsomalicytosolic protein,
in g fimal volume of 130l After 20min incubation
at M0°C the reaction was stopped by adding 200 plL
of ice-cold water, and 3mL of wheene, The tubes
ware vartexed, centrifuged (2506 = g for 15 min}, and
400 pL of the supernatant was counted for [YH) in a
F-counter. Sulfatase activity was caleulatedd by the dif-
ference of radicactivity in the agueous phass in the
system icubated at M0 C comparsd to the same sys-

1403
1

B 8B

E, {pmaliminimg)

SEEE

A pH

tem kept inice, Blanks withowt proteims were included
in gach assay 1o validate the exiraction eMciency.
Zulfataze activiy towards E)50y was lingar with
up o at least (63 mg profein'ml and with fime for ai
least 3dmin. Activities alse increased lincarly with
temperatures ranging between 22 and 3770, Depen-
dence om pH owas nvestigated and different curves
were obtained for the eviosolic and micresomal forms
(Fig. 11 The cylosolic activity was oplimum at pH
5.0, decreased sharply at pH 6.0 and a very low active
ity was found at pH 7.0 (6% of that at pH 500,
In contrast, two optimal pH peaks were observed
at pH 30 and 7.6 using microsomes as a source
of sulfatase. The peak at pH 5.0 might be due to
the presence of some resudual eytosal in the micero-
somal fraction, despite of the fact that microsomes
were corefully washed. The apparent Km amd Vmnx
were 62+ 14 pM and 2,263 = 204 piol/min'mg pro-
tein{r = 4} for sul Fatase activity in the cylosolic fraction
(pH 500, and 1530+ 21 pM and 958 + 53 pmaol/min'mg
protein (=40 in the micresomal fraction (pH 765,
These activities are m the range of those reporied in
rafs Bowanils the same substrate (Zhu el al,, FO9EE and
the pH optimum found in the cytosoll and microsomal

fractions are simlar o those reported for sduble and
membrane boursd sul Fatases, respectively, i numerous
specics {Hanson ot al.. 2004 ). The identification of sul-
fatasc activity in the micresomal fraction indicates the
presence of o sulfitase isoform located in the endoplas-
matic retsculum, o5 previously reported for vertebrute
spocies, These results contrast with existing data for
imvartehrate species that indicate the existence of only
soluble isoforms (Humson ot al, 2004), Certzinly, the
highest sulfatase activity was observed in the cytosolic

13 -
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Fig. 1. pH dependenes of (A) microaomel and (B eyviosalic E1-50y suliase sclivity, Values an: mcan of duplicates,
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1000 were vortex-mixed and centrifuged at 1000600 = g for
200+ O Cyiosal Zmin. An aliguot ﬂﬁﬁh'.l'p.Lr of the supematant was
E B0 - d.ln.'l.'!l_'.r ﬂ!f!liﬂ}'l.!l;l for [7%] content by liguid scintilla-

| tion counting.
E 0 The apparent Km and Vmax for p-NP sulfotrans-
E Lt ferase in the dlgvcr.‘l'iw: g'l:lm;l i;rh:lsl_ﬂ were 1.0 =& (L5 m
:'.' 400 and T3 o 18 pmolimin‘mg protein, respectively, This
w00 B, although similar to that found in the lobster
?c::- Fareliris arges (0,73 £ 0003 mb ) (Schell amd James,
-:|I — nti_. P89y, is S00-fold higher than those reporied for

Gonad Digesive gland Gl Marig

Fig. 1. Tissue distribetion of cyiosolic and mecrcsomal sulfatase
aciiviiy {mean = 5.E.0M., &= 3],

fraction: this corresponds to a selable izoform, possi-
bly asseciated 1o lysosemes, which are very abundam
in dhgestve cells of mollusks [ Lobo-ida-Cundi, 2000),

Tesne distnbutven of mecrosomal  and  saluble
{eytosal) sulfatase activity was assessed by looking
at different tissues, namely mantle, gills, ponads and
digestrve gland, The highest sulfifase activity was
detected m digL-.divu- g|=r.u] L'_l|'|:ll:l'¢:IL falloeaved |:.|3.-' thai
of the gonad cytosel (Fig. 25 Mamtle and gill cytoso-
lic fractions had low sulfatase activity {<5% that of
digestrve gland), No significant differences. mi fissue
distnbution were observed for te microsomal iso-
form, exccpt for a lower sulfatase activity in gills com-
pared to the other tissues (thres- fo four-told, g = 0L05)
{Fig. 21,

Altogether the data mdicate that at least pao sulfa-
tase enzymes are present in O wiegiadea, One of them,
the soluble soform. 15 highly expressed in digestive
glaml, and 15 likely vo anterfiere with the determination
of sulfotransfisrases, In order o inveshigate this interac-
tion, sulfotransferase activity was determined in diges-
tivg gland, with p-nitrophenol (p-MNP) as substrate (a
micklel saibstrate For phenol sul fotransferse SULTTA m
vertehrates; Magata and Yamazoe, 20000, The PAPSS
barium precipitation assay (Foldes and Meck, 1973
was wsed o mensure sulfotransferase actnaty, The
assay tubes contained 20 mM Tris- HO buffer (pH 7,53,
dmM MgCly, S pM MS-PAPS (0,05 pCi), eytosolic
prodein {30 e and p-MP (5 b to 1.3 mb), in a final
reaction voelume of 130 pL. After a 30 min incubation
at 0T, the reaction was terminated by the addition of
L of (1 B barium acetate, X pl of 0.1 M bar-
ium hydroxide, and 200 pL of 0.1 M zinc sulfate. Tubes

vertebrtes using the same substrmte (Honma ef al.,
21y The high kKm, and the comparatively bow
Wmax obtpined for O wieginica (00T £ OUFE ver-
sus 1,5 0.5 nmolminmg protein in B argus), suggpest
that sulfotransferase is a low affinily enzyme in ool
lusks,

When sodiwm sulphite (Mo 5058 an inhibitor of
sulfatase, was added 1o the assay systems at a concen-
tratiom ol 2 mM, i inbebited B4 4 149 {m=23} ol the
digestive gland cvtosol sulfatase activity, whereas sul-
fotransferase activity increased (3 1 £+ %% 0= 3} These
results sugrgest that soluble sulfatases interfere with the
axmxmﬂun!urphunu“c sul Pistrans e risees i vrbro, Haow-
ewer, even in the presence of the sulfatase inhibitor, the
sulfotrunsferase activity measured was very low. Sddi-
tional assays were performed to evaluate the activity
of other sulfotransferase isoforms, using 50 pM 4-
methylumbelliferone, dehydrocpiandrostensdione amd
estrdiol as substrates. Similary to the results obtained
for p-NP, the sulfation rates towards these substrates
were rther low (undctectable to 14 pmol ' min'ing pro-
tein, indicating that sulfofransferases might play a
minor role in xenohietic and stereid metabolism in C.
IrTJ'gTIHI:'ﬂ'.
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Testosterone conjugating activities in invertebrates: are
they targets for endocrine disruptors?

G. Janer®, R_M. Stemhergb, G.A. LeBlanc”, C. Porte™*
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AbsIract

Testasterone comjugatian activites, micrasomal acyltransferases and cytosolic sulfofransferases, were investigabed in three
ivierlecbrate speoes, the gastropad Moy cormmaretiy, the amghpod Svalelle eotecr, amd the achimsderm Barmcemimiuy
Irvicher. The goals of the study were to charctones sserod comjugation pathways i differenl inverbebrate phyla and 1o assess
the susceptibility of those processes o disngpion by environmenta] chemicals. All three species exhibited palmitoyl-Cod;
testosterone acyltransferase activity {ATAT) in the range of 1H-510pmolmin'me protem. Despite similaribes in specific
activities, kinetic studses indicabed that ATAT had a higher affimity for estosterone bat a bewer Fege in M. cormmeriedts than
in P Wvddes, and intermeediate values were found For B amece, In contrast, the setivity of testosterone sulforansferase (SULT)
wi rather low (0LIE—E 18 pmal'manimg proteind m W coreumeetis and B azeca. The low setivaly procluded kineie analyvses
ard inhibitsan studies with these species. & itvidies digestive tube displayed high SULT activity ( 50- | 70 pmol'min/mg prodein at
mcsderate lestostertae comainiratims, bul was misbited a1 high westossrons concentrations, The imerfarenee of madel pallutms
{triphenyltin {TPFTY, inbotyltin {TETL amd fenanmol) with these conpugabion pathways was anvestigated o vitma, Bath TPT
ared TRT (100 gy imhibited ATAT in & Siviclus (68 and 42% inhibation, respectively), and appesred oo 5ot as non-competitive
inhibaters, ATAT actrvity in W covnimariens was less affected by organoting, and & sigmficant inhobation (2009 inhibiton} was
detected ooly with TBT. Fenarimal {100 wh) did not affect ATAT in amy of the species fested. Sulfaion of lestosterane was
supgressed by the onganoting as well as fermnmol when using cytosalic preparations from F vdue, Thess resulis demonsirated
e existence of imemhyla differences i wsesicrons comjugation, and revealod that these processeas can serve as targets for
endpoering disrupting chemicals.
£ WM Elsevier B.Y, All nghts reserved.

Keyvnmle: Sulfotrmedirns: Acyl-Code kestostoneni seylimnshnse; Echinoderm; Cnsstac: BMolluse

I, Imirodwction

* Cormesponding avthor, Tl #1403 20041 75; ) i
fam: #3405 043004, It is mow gencrally accepted that endocrime-

E-mall advress; cpriamigekd csic.es (O, Porie), disrupting chemucals (EDCz) are at least partelly

O (-4 5% — g Tromd atter © 200 Elsivier BV, Al rights reservsl
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responsibile for reproductive and developmental alter-
ations in some wildhife populations (Vos ef al., 2000,
Invertebrates represent 5% of all animal species, and
similar to verichrates, are susceptible to the action of
EDCs {LeBlanc ot al., ¥ In fact, the developroent
of impnwx m E:lstmrﬂ_ﬁh l,-:lcpnmﬂ Th] II'I|_'II.l:|'|l'iI1 %
considered ome of the clearest examples of chemical ly-
induced endocrimne dismuption (WHO, 2002). However,
progress in understamling the mechanisms of action
of these compounds and the relevance of the observed
effzcts has been hampered by the lack of knowledge
o inverchrabe endocrinology,

Existing evidence sugpest that steroid hommones
have @ mle i endocring signaling 0 invertehrates
{LeBlane etal., 1999, Conjugation rates of sterodds, to-
gether with biosynthetic and deconjugation rafes, peg-
wlate steroid levels, and play a key robe in endocrine
homesstasi= However, up e now, limited attenhion has
been il 1o T:-hﬂ:u.' Il metabalsm of denmds im o meer-
tebrates, and their ability to form polar (sulfated and
glucosylated conjugates) or apelar (fatty acid conju-
Eates] metahohites.

The sulfatiom of sterouds may imhabit their biolog-
cal activity by decrcasing their affinity for sterodd re-
ceptors and increasing their rate of climination (Strott,
14k, Active sterouds may be regenerated from sulfite
conjugates by the action of sulfatase enzymes (Stroti,
19k, Sulfate conjugates have boon froguently identi-
fied ms the major metabolites of hydrocoylated xenobi-
otics in invertebrates { Tnmes, FRR7 5, Sulfote conjugates
of steroid horrmeies have been observed in crustaceans
{Swievers at al, 19%91; Baldwin et al., 1998} and maol-
luzcs (Hines eq ol., 19K Bonis and Mason, 1996), The
identification of these sul fabe compugates was based on
their susceptibnlity to hydrolysis by sulfulases, Some
in vitro studies have been performed in crustaceans us-
ing phenalic compounds as substrates for sulfodrans-
ferases (Lo and James, 1993, 2000; De Knecht et al,,
20001 b, Hevwozves, to our kaowledge, the i viteo sulfa-
tion of steroid hormones has nod yet been studied in
invertchrates,

Fatty scid conjugation (or estenfication) renders
steroids to an apolar foem, which is retained inothe
lipoidal matrices of the body, while reducing their ac-
tivity, bioavailabality, amd susceptibility to elimination
{Borg et al,, 1995), Steroid esters do not bind receptors,
bt they can be hydrolyzed by esterases w liberate the
active steroid (Hochberg, [998). Several studies have

focused on codysteroid esterification ininsects (Slinger
and Isamc, 19838; Whiting and Dinan, 1989 Zhang and
Fouboy, 190020, amd sex-stermd esters have also been res
ported in molluses (Gooding and LeBlanc, 2001; Janer
et al, 2004a) and ochinoderms (Voogt and Yan
Fheenen, 1956; ".-'l_ﬂ,:-.u:l et al,, T9%0),

The imterference of xenobetics wath the symthesis
and clearance of key sex hormones may alter Bioavail-
phle amounts of active hormones within the ongan-
t=m, andd be a potentinl mechanism of endocring dis-
ruption, Studies in verlehrates have shown that several
sombiotics (PAHs, fungicides, alkylplenols) interact
with sterpid synthesis and clearance (Rocha Monteino
et al,, JEKE Bester et al,, 2000k Moaksson ot al,, 2002,
Rim'ilar]].', dudies in ivertebrates have shown that
these pathways are madulated in vive by exposure to
senobiotics, mainly organsdin compounds. Thus, P45
aromatase activity was decreased i MWyrillus galio-
m.ll.fm'r'.'.r.l'nlf.'.'.. Haceimm wrdainm, and Huu'ﬁpa]'r.'.' ol
cissaig exposed to tributviin or inhabiting crganotin
polluted sites { Morcille et al., 198, 1999 Sanos et al.,
2025 In addition, ather stedies suggrest that the con-
ilu.a,uiiun of senmds 1= a '|1-|,|-I|.-'n!i3| l:r_u:-ul fior wminok-
atic compounds. Testosterone sulfation was reduced
in Neomysis integer and Littoring littoven exposed to
TBT (Verslycke et al., HEG; Roms and Mason, 1956)
and in Daphaic magra exposed 0 pentachlorophe-
izl {Parks and LeBlanc, 1996). Testosterone-glucose
and sultate comjugation were reduced in £ magae ex-
posedl to d=nonylphensd and nonylphenol poldvethosy-
late (Baldwin et al., 1997 Baldwin et al, 1998)
The ahility of snails to accumulate testosterone-fatty
acid esters in vivo was reduced by exposure to TBT
[Ciooding et al,, 2003},

This work was destgned 1o study steroad conjugat-
ing activities in thres invertehrate species representing
different phyla, and to characterize the offect of
{ant androgenic compounds on these eneymatic path-
wavs, i an afterspd (o wlentify potential mechamisms
of endocrine dismaption. The sclected species were
the echinoid Paracenteis fvidus (echinodermata,
deuterostome ), the gastropod Marisa  cormarielis
imollisca, protostome), awd the amplapod Bafella
azfeca (arthropeda, protostome). The selected xeno-
biotic compounds for the study were the organedins
tributyltin (TBT) and inphenyliin (TPT), and the
imidazole-like fungicide femanmol. Both TPT amd

TBT induce imposex in gastropods (Spooner et al.,
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1494}, and spermatogenesis in the ovary of the female
ahalone Haliors giganten (Horiguchi e al., 20023,
amang odher effects, Several hypothess, withow
consensus, have boen postulated conceming  the
mechanism of acticn of organotin compounds in imver-
tebrates, meluding an mcrease of festosterone levels
associted with the inhibition of phase 11 metabolism
{sulfation and esterification) {Ronis and Masow, 19096,
Croanding and LeBlanc, 204010 ). Onganotin compounds
are embryotoxic m B fnadus (Movell et al, 22
and have been shown to inhibil amm regeneration in
the brttle star Ophioderma Frevispdiae (Walsh et al.,
1986 ). Fenarimol is used in agriculture as a systemic
Fungicide (HIARC, Z00H § and has shown reprodusiive,
lertogenie, sl oncogenic offects in experimental
animals (Hirsch et al., 1987; Gray and Oathy, 1908, It
inhibits P450 aromatnse achivity | Hirsch et al., 1987,
Wingpaard of al., 20KE Andersen e al., 2002, affecis
other eneymes of the CYF gene family invoedved in
the metabolism of steroids (Paolini ef al, 19%6), and
it has both estrogenic amd antiandrogenic properties
(Vinggaard et al., 1995 Andersen ¢t al., 2002),

2. Methods
21 Chemicals

Trbutyltin {chloride), tnphenyibin (chionds), amd
fenprimol  were obdained  from  Aldrch  Chemi-
cal Co. (Steinbeim. Germany). [4-'*C]Testosterone
{specific activity S0-60mCimmol] was purchased
from MEM Life Science Products, Inc. (Boston,
H.ﬁ.ll. Liiilabeled steroids were oblained from !jipnu.
(Steinbeim, Germany). PAPS (3%-phesphoadenosine
5'-phosphosulfate) was obtained from Calbiochem
{Darmstadt. Germany b and palmitoyl-Cod from Sigma
{.':ill.."in|'u.:|111.h Ciermany ). Al solvents and reagents
were  analytical grsde from  Merck  (Darmstade,
Crermany).

22 l:.l'rgrmr'.'.'.ul.:

Acdult & fddees (3550 mm ambital diameter) were
collected from the Liguman coast {Italy ), Gonads and
digestive fube were dissected, deep-frozen i higuid
nitrogen, and stored at —B0OC, Sex was determined
by microscopic evaluation of gomadal smears. Adult

M. coraueriets were obfained from Live-Aguana
{ Bhinelansder, W) and acclimatized o laboratory con-
shitions for at least 1 week prios o dissection, Gonadal-
digestive gland complex was dissected, deep-frozen in
liguid nitregen and stored at —80°C. Sex was deter-
mmed macroscopically by the presence of the albumen
ghand  fernales) or the penis and testis (mabes), Aduli &
aztera were obtained from Environmental Corsulting
and Testing {Superior, W) and acclimatized to labora-
tory conditions for at beast 1 week,

21 Bubcellulmr frectioning

Selected tissues of sen urchin (mdnadual samples),
witdl sl {3-3 [mh.'d rindividuals), and whole |!'r|:'n.|_'.- ol
amphipads (15-20 pooled individuals) wese homoge-
nized in ice-cold 1GmM potassium phesphate bufter
pH 7.4 containing HREmM KCT 01530 mM KO for sea
urchink, 10mb EDTA, LOmbd dathiotrenas], 0.1 mM
phenanthroline, and 0.1 mg'mL trypsin inhibitor, Hio-
mogenates were centrifuged at 12,06 g for 20min,
andl the supematant was collected and further cen-
irfuged at 100,000 = g for G0mn. The supermatant,
termed evtosol, was collected and stored &t —B0OC,
The pellet was resuspended 1in bomogenization buffer
amal centr fugeed agaim ot FHLER < g for 6lbman, After
centrifugation, the pellet, wermed microsomal fraction,
was resuspended in microsomal buffer, consisting on
1 mb potassiom phasphate butter (150mb KO for
sea urchin) pH 7.4 contmining 1 mM EDTA, LikmM
dithiotresied, 0.1 m*% phenanthroline, and 0,1 mg'ml
irypsin inhikitor, and 20% weoy glycerol. Microzemal
protein concentration was measured [ Brodford, 1976)
st commencially available reagents {Bio-Rad, Her-
cule, UA)Y and howine serum albumin as a standand.
Microsomes were stored at —80 °C undil assays were
performad.

2 Paloniteand=Cod : festosierome acpliransfirase
activiiy fATAT)

Erzyme wssays for the fatty acud estenfication of
testosterone were based on the methods described
by Janer et al. (200480 with some modifications.
Microsomal proteins {1D0-200 pg) were incubated
in 0.1 M sodium acetate buffer pH 5.5 wath 10 pM
["C Jtestosterone (150,000 dpm), 100 M palmitoyl-
CoA, and 5mM magnesium chloride in a final
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volume of 40bpl. The reaction was initisted by
the mbhtion of palmitoyl=CoA, and incubated for
a selected bme (M ﬁ[lmin] at 350, |'ZI:|'|_'|-'| acetale
{ZmL} was added, and tubes were vortexed to stop
the reaction. After centrifugation at 1000 = g for
1 mim, the ethyl acetate fraction was collecisl, The
extraction with ethyl scetate was repeatedd, and the two
extracis wore pooled and evaporated to drvness under
nifragen.

The dned resadues were redizsolved teace m 35 pl
of ethyl acetate and spetted with a micropipette ontoe
Miem = Mem aluminum-backed silica gel thin laver
chromategraphy (TLCH plages (Whatman Lid., Maid-
stone, Kent, England). Testosterons palmetoste and
testoslerone wene nesalved using hexamemethy -fer-
butyl-etherpalmitic acid (4:1:0.1) {Gooding et al.,
20005 b, and were visuabized and quantified by electromic
suteradiography (Packard, Instant Imager, Downers
Cirowe, 1L, The detection limit was 2 pmolimindmg
protein.

25 Sulforransierase (SULTY aciiviiy

Cytosolic proteins (50 g for £ Svidus and 150 pg
for H. azfeen and W, cormearietis) were incu-
bated in ShmM Tas—HCD buffer pH 7.4, contain-
img 4mM MgClz and 2mM Maz 505, with 2.5 gM
["*C Hestosterone (40,000 dpm), in a final volume of
180 gl The resction was initiated by the addioen of
PAPS (M), wcubated for 30men at 35°C, amd
stopped by the additson of 200 kL of ice-cold Tris-HC|
buffer (3mM, pH 873 Free steroads were immedi-
ately extracted taice with 2ml of methylene chlo-
ride. An aliguot of the agueous phase, where sulfated
testosterone remained, was counted for 4T mdioactiv-
ity 1 a seimbillation counter. The detecton hmit was
11,04 prml 'man/may '|'!-rl_:|1.|':il1.

26 Effect of renoliotics on fesfasierone
CORFHEATNE aoiiviiies

T evaluate the effect of (antijandrogenic com-
pounds on testosterone metabolism, microsomal or cy-
tosolic factions were pre<mcubated for 3min with
l1'i|1|1|..-|13,'|1'inﬂTP‘T]._tril;mlyhim:TﬁT],nr femarimiol. The
sempbiotics were delivered to the assay selutions in
absolute ethanol. Control microsomes weres incubated
with the curmer alone at the same concentrution used
in the treatments (1%,

2.7 Ikt aralvses

The Michaclis—Menten parameters  (Ky,  amd
Fae, 93% comfidence inbervals) were estimated as
Y= Fogn = XK+ X)) using  the Kinetics module
of Prism 4 (GraphPad Software, San Diego, Cali-
formia, USAL Stanstcal sgnificance was assessed
by using one way AMOVA (Dunnett’s fest for dif-
ferences from comtrol). Level of significance was
P s

1. Resulis
1L Palmirow-Ced: acyifransfeniase ackivity

ATAT was assessed in microsomal fractions iso0-
lated from & esreca (whole body), M. cormineedetis
{gonadal-digestive gland complex), and £ fividus (go-
nads and digestive be), The achvity was linear up to
(1.5 mg proven'ml, and a1 least up o G0 min incubation
in all three species. The specific activity ranged from
L 12 510 pmol/min'mg microsomal probein, snd was
rather similar among the three species (Table 1), The
highest specific activity was observed in the digestive

Tabde 1
Microsamal palmitoyl-Caf: tesiosierone scyliransferase and cyiosolic jestoaterone sulfotramsforase specific activities (pmol'minfmg protein)
Sproies Tissue Palermtoy|-Coty: lestosierone Tesiosiorone sulfiiransferse
acyierais s
Hvaliela aesva Whale organism 174 = 4 005 £ (Lo]
Afarisa coramariens Gionad-digestive complex 102+ 13 0.1% & Qi
Paracemironn fridus Gonad [0dF = |4 (.80 & QA0
Digisgive uhe 5kt 195 137+ 1

Walues ane mean < % E M, e =460, exeep for Healells oo, whene 2 pools of 1320 organisme wene grelysed
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Fig. 1. Paleasond-Cod: wsiosierone seyvhransierase activity wva
lEslreleroae cnneErtninn essured In micmenmes lsodaed from
whole body of & aoteco, ponadal-digesivee gland complex of 4
cornparietis, and gonads ol F ivider, Values asé misin ol duplicikes

tube of the sen urchin, Ky and Vi values were
16 pd and 2702+ 31 pmol'min'mg  prodein for
Hoaziecn, 42211 pM and 122 £9 pmol/min'mg
protein for M cormrartedis, and 41 £ 6 pbd and
BE2 4 46 pmol min'mg prodein for P vides (ponads)
{Fig. 1).

.2, SULT activity

SULT was assessed in oytoselic fractions iso-
lated from I, azteca (whole bodyy, M cormumrietis
{pemadal<thigestive plond complexh, aml B hodus (go-
tuadls and digestive tube). SULT specific activilty ranged
from (U050 13T prvol'min'mg cytosalic prodein, and
the digestive fube of P lividus showed highest specific
activity (Table 13,

D b the rather low specilic activities recorded
in M. cormuarteils, M. ameca, and gonads of P
fividlies, kinetic studies were only performed in 2
fiviciey |:||1._r|\-uxl'i'n: tube. The al.1|l.-'il:|r did mot fil-
lwy a typecal Michachs—Menten curve, decreasing
sharply at concentrations of testosterone higher than
M (Fig. 20 The decrease was not due to lim-
g levels of the cofactor (PAPS), since zimi-
lar activity curve was obtained even when PAPS
concentration was inereased up 1o 150 kM in the
nsEAY.

" Aguany Tovicalogy 7T (WS J73-2582

Lx
-
—

5 B

3

40

Suifotmnsferase | pmoliminimg)
g B

2

1 10 104
Testosi=rane (i}

Fig. 2 Effisct of tesiosterone coneesiration on sulfatranslense spe-
cific activity determimed m dipesite wbe cvtvandic fractions of P
Sviais. Values are mean of doplbicates.

33 Effecy of xemeduotios on tesfosterone
COIRGEN RS RCTTVITeS

ATAT activity was mhibited by organstins, however,
differences between organisms were observed. Thus,
both TPT and TBT significantly inhibited ATAT in
P fividus (6R 4 3% and 42 £ 5%, respectively), while
only TBT mhibited ATAT in M, cormumriens (22 £ 4%5)
anmdl A azteva (19 £ 3%%). Fenarimol had no inhibitory
cffect on ATAT activity in any of the organisms tested
(Fig. 3}

130~ DTPT =mTBT  mFenarimol
1|;|n|:|.|..-'....__._____..__|.._._.__..
il * :
i 1
g2 =
=
f
44
<
204
0+—

M cormuarehs P dadus H. arfeca

Fig. 2. Ishibitory effect of 100 WM iriphenyhin, tribigyiin, and fe-
aarisd of ATKT actnity o meenosoeel Mrsctions of £ Svidus (ge-
k), M, covauaredis {gonadal-digeaive ghand complexi, and T
aztecd {whoke animaly. Asterisks demote significant differences from

conitrl s [p < (L0, Walues are mean £ 5.EM (0= 24,
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The effect of TPT, the strongest imhibitor of ATAT, 08
wias further investigated using P fivides ponad mi- -
crosomes. Inhibition was ohserved al concentrstions ’
as low as 3 pbd TPT (11 = %) and increased in a o
concentration-dependent manmer {31 £ 8% at 10 wbd; -
55 16% ot MM oand TOE 1% at 100 pM.
Exparments using a range of lestosterone (Fig, 440 or 4
palmitoyl-CoA concentrations (Fig. 4B ) showed that = oa
the mhibitory effect was not ameliorsted by higher b
testasterone or palmitoyl-CoA concemtrations, whach g o=z
suggeats that TPT does net exert ais mhibition by 0.1
competing with cither substrate, ATAT reached its
maximum activity in a relafively narroee range of n.:. 0 40 &0 &0 100
palmatoyl-Cod concentrations, as previously descnbed 18] Tastostanona [jah]
for other species (X et al, 2000 b Additonally, the de-
gree of inhibitien inereased with increasing incubation 40

time {Fig. 4C). Similar resulis were obtained for TBT
when migmsemal froctions were co-incubated in the
presemnce of different concentrfms ol Tedosberone,
palmitoyl-CoA, and different incubation fimes. The
obfained resulis suggest that both organotins hawve
simitlar mechamsms of achon in 2 fvides,

All three xenobotics significantly inhibited SLULT
activity in the digestive tube of P Meldics, when tested
at concentrations of 100 wM. The percentage inhibi-
tion was of 204 11% for TPT, 43 4 9% for TET, amd
A6 = 5% for fenarnmol. The effects of TBT and fenari-
el were further evaluated at lower concentrations; amd
both compounds inhibited the sulfation of testosterone
in a concentration-dependent manner in the range of
11000 pbd (Fig. 5).

4, Discussion

ATAT specific activity was similar ameng the three
spoecies studied despite the different fissuss used.
Monetheless, the enzyme saturated at lower Eestos-
terone eoncentrations in W cormsarietis than in
azfeca of P lividus (K 4pM versus 19 b and
41 M, respecirvelyh, demonstrating that ATAT hos a
higher affinity for testosterone 1n the snal than in the
sea urchin or the amphipod. The g, and Ky val-
wes obtained for M cormuarierls were similar to the
values reported {Fegs: 74+ Spmol'min‘mg protein;
K 10£2pM) for palmitoyl-Cod; estradiol acyl-
transferase in the oyster Crassesires virginica (Janer
ot al., 2004h).

= N

e -
E m
6o
=
E &
3:"
Q
1 10 100 1000 10000
B Paiitoy-Col (M)
156
T &
100
= 1 = 8 _%
E B0
£ ®
=
E &
20
i , ;
L [+] 20 a0 40 50
ic) Incubuation S (i

Fig. 4. Inhibition of ATAT by triphenyltim in microsomal fractons
afl P fivisler {ponad ). Effect ol A ) iestosierone conceniration (Hanes
Mid; (B) palmives]-Cod concgmetion; (0] incubatiom time. Opes
clrches: eontrol; back circles: 100 pM TP In graph C, all values
areexpressed as % of comrod a2 5 min incuhatkon. Ervor hars in graph
C accouni for ange (v =211
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Fig, § Comesmranon-<epadiat inhibition of wslosierone sulli-
transfers: |dggestive tube) by THT and fenarimol in eytosolic froc-
tions of & Meidus, Yoloes are mean £ 5 EM. (&~ 3-3) Asensks
denoie significant differences from controls (< 0005}

Fativ acid estenification is recognized as o mapor
biotransformation pathway for sex stersids in some
molluscs (Ciombing amd LeBlanc, 2001; Janer et al.,
Ma), ond has also been reportesd o echimsberms. In-
decd, fatty acid conjugates of pregnenaelone and tesfos-
terone were the most abundant metabolites formed
when Asteriar rubers pylonic caeca was incubated in
the presemee of pregnenolone amd androstenedions, re-
apectively (Voogt et al., 1990 Voogt and Yan Rheenen,
1486 ]). Fatty acid comugation of ecdysteroads 1s a rel-
evant metabolic pathway in arthropods (Slinger and
Izaac, 1988), and this study suggests that, similarly o
ecdystermids, sex sterodds are conjugated fo fatty acids
in crustacean species, In fact, the affinity of acyl-Cod
acyliraisferase fortestostenone i AL esteca was similar
ter that previously reported For 22-0-eadysteronds (K
1 h in the tobacco budworm Sefiothis weescens
{Zhang and Kuboe, 19925,

[hespite the sioilanties obserosld in ATAT achivity
easured in viteo, it vive exposure o eadiolabeled
stereids suggess that the formation of fatty acid con-
Jugates might be more predominant m molluscs than
im crusteceans, A massve higtransformation of testos-
terons and cstraciel to fatty acid conjugates was found
for the gastropod Nvamessa ahaolers amd the bivalve
Mytilux gatfoprovincialis, respectively (Gooding and
LeBlanc, 2001; Janer et al., HEka), In contrust, when
M. dniteger and L. siagaea were eaposed to radiclabelled
testosterome, maost of the testosterone absorbed was ex-

creted in the form of heypdrosvlated metabolites and po-
lar comugates { Baldwin and LeBlane, 1994; Verslycke
etal, 20001, Nimpl.1|ar'rnu|!a|.'r|.1|'ibux were observed i the
organic extract of N ireger (Verslycke et al., 2002},
and althowgh the authors did not identi fy those metabo-
lites, their chromatographse properties suggest that they
were ity acul conpugates of testosterone, The higher
levels of hydroxylases amd oxidoreductases deseribed
in crustaceans in comparison to malluscs (Janer et al,
unpaiblished data), might explam why fistty acid con-
jugation has a greater comribution to the fate of twsios-
terone in molluscs tham in crustaceans.

Cytosolic sulfotrunsierase specific activity towards
testosterone was highest in the digestive tube of
P fividhes, whereas it was nearly umdeiectable in
M. covmrrictis and . azteca. SULT exhibited
high-attimity for testosterone in P fvides although,
at high concentrations of the subsirae, the conjugs-
tion rtes decreassl, suggesting that lestoslerone or
testosterone-sulfate might act as SULT inhibitors,

Lovw rates of in vivo testosterone-sulfate conjugation
have been reported in both crustaceans amd molluscs
(Mrmes ot al, 1906; Rons amd Mason, 1996: Raldwin
et al, 19981 In additien. high sulfatase activity was
measured in cytosolic preparations from the oyster O
wirginica {Janer et al., unpublished data) and lobster
[ Homurus arrericasis ) {Li and James, 20000, The high
level of sulfatase activity associated with sorme tissues
of molluses and crestacenns coupled with the fact that
SULT eneymes are typically of high-affinitylow ca-
pacity (de Knecht et al, 2000 ) might explain the low
levels of SULT activity measured i W, cormuiarietis
and . azfeca,

Orrganotin compounds altered both the eterification
of testosterane and 15 sul fation, but strong differences
amaong species were observed, TET amd TPT strongly
inhibited testosterome esterification in P fividus gonnd
microsomes, although they hasl bowoer or no eflisct in M
cormiartetis and H azfeca, Further experiments per-
formed in £ fvidies indicoted that TET and THT act as
mor-competitive and probably rmeversible mhabitors,

SULT activity was mhabited by the thnee tested
senbiotics in P fvidies digestive glamd, suggesting
that similarly te estradiol sulfation, testosterome sul-
fation might be a common tanget for endocrine dismap-
tors. Sulfation of estradiol is mhibited by 2 vanety of
acnobiotics, @2, hydrogylated FAHs amd hydrosylated
PCBs inhibited the human 1soform SULTTED {Kester
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ct al., 20 W2}, and nonydphenol. TBT and TFT in-
hibated estradiol sulfation by the lver cytosolic fracton
ol fypn'nu: n:'n'rl.-:ri-r.l |:T'I1||:.|.a|.:|l and Porbe, IIHH_F.

The inhibitory cffects observed in P Svldies con-
Jugating activities occurmed at TFT concenfrations in
the range of those reported in vertehrate species for
other steromd metabaolie |:u.|.1|1wu.3.ls. In mammals, the
following 1O were obtained: 4 pb TPT for 38-
hydroxysteroid dehydrogenase (3B-HSD), 10 wb TFT
for 1 TR-HSD (Lo et al,, 2003), 6.2 pM TET for P430
aromatase {(Heidrch et al., 20000, 20pM TRT for
So-reductasel, and 11 pbd TBT for So-reductase?
(Doering et ol 2002), Concendrations of TET and
TPT hagher than 1 mg'kg (=3 b} have been reported
in madluses eollected From contarminated sites {Fent,
19, and although in vitrs and in vivo effective con-
centrations are not directly comparable, emvironmental
cancentrations of TIT amd TBT might be sufficiently
high o affect sex steroid conjugating pathways m
inverichrates. Indeed, the obtained in vitro resulis
arg in agreement with the fact that exposure of the
snail L oobsalete o TBT reduced the accumulation
of testosterone esters and increased levels of Tree
testosterone {Gooding et al., 2003) and that expo-
sure of the molluse L Utorea, and the crustacea
N, dnteger t0 THT reduced the excretion of sulfated
metabolites (Ronis sl Mason, 1996; Yerslycke et al.,
2003 ). Aldtered testosterone metabolism might have im-
portant physielogical consequences, and is considered
o be o possible couse of the phenomena of imposex in
EETIER

The inhibition of SULT by fenarimol occurred at
comparmble concentrations fo those reported to inhibit
Pa50-arematase actvaty in microsomes of human pla-
centa or ral ovanes (Vinggaard el al, 2000; Hirsch
ctal., 19871, amd ecdysteroid 26-hydroxylase in M-
e seta midget mithocondna (Williams et al., 20007,
These in vitro effects wene reflected i experimental ex-
peanres 1o femanmol in reproductive abnomalities in
male rats { Hirsch ef al., 19871, and reduced codysteroid
levels and altered embryo development in crustaceans
(M and LeBlane, 2002,

Overall, the study shaoaws that farty acid and sul-
fate conjugation are significant contributors. to steroid
metabolism in echinoderms, molluses and crustaceans,
Theese conjugation pathways were directly inhibated by
somme ervironmantal chemicals, and right be importam
targets of ETs,
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2.5 Additional experiments within Chapter 2.

In addition to the results presented in papers 1 to 4, other data was generated during this thesis
regarding phase Il metabolism of steroids in molluscs. Despite of the fact that this data has not yet
been assembled for publication, we considered that it was worth including it in this thesis. These
additional experiments are presented in three sections: section 2.5.1 shows the results obtained in
the attempts to measure enzymatic activity for classical steroid phase Il metabolic pathways in
molluscs; section 2.5.2 reports on the existence of novel phase Il metabolites of steroids in
molluscs; and finally, section 2.5.3 investigates the specificity of acyl-CoA acyltransferase for

different steroid substrates.

2.5.1 Minor contribution of glucosyl-, glucuronyl- and sulfo-transferases to steroid

metabolism in molluscs.

The conjugation of sex steroids with polar moieties in molluscs has not yet been reported in vitro,
but metabolic studies performed in vitro in species from other phyla have shown the formation of
sulfate-, glucuronide- and glucosyl- metabolites of sex steroids (see introduction, section 1.7.4).
Moreover, in vivo metabolic studies in molluscs showed that some conjugates formed were
susceptible to hydrolysis by sulfatases, glucuronidases and glucosidases (Hines et al., 1996; Ronis
and Mason, 1996). Therefore, the objective of this work was to assess the presence of
glucosyltransferase, glucuronyltransferase and sulfotransferase activity in two mollusc species,

Mytilus galloprovinciallis and Crassostrea virginica.

Digestive glands and gonads of M. galloprovinciallis (collected from the Ebro Delta, Spain) and C.
virginica (collected from Prince Edward Island, Canada) were dissected, frozen in liquid nitrogen,
and kept at -80°C until used. Cellular fractions were prepared as described previously (Livingstone,
1988), and protein content was determined by the method of Lowry et al (1951) using bovine

serum albumin as a standard.

Two different methods were used to assess sulfotransferase activity, one that used a radiolabelled
steroid substrate and another one that used a radiolabelled cofactor. The first method was based
on the method described by Wilson and LeBlanc (2000) with some modifications. Cytosolic
proteins (25 to 200 mg) were incubated with 100 mM [*“C]testosterone/[*H]estradiol (100,000 dpm,
NEN Life Science Products, Inc) in Tris-HCI buffer (50 mM, pH 7.4), containing 10 mM MgCl,. The
reaction was started by the addition of 10-50 mM PAPS (CalBiochem). After 20 to 120 min

incubation the reaction was stopped by adding ice-cold water and dichloromethane. The second
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method for assessing sulfotransferase was based on the method of Foldes and Meek (1973), and
estradiol and dehydroepiandrosterone (DHEA) were used as substrates. In this case, cytosolic
proteins (25 to 200 mg) were incubated with 50-100 mM estradiol/DHEA in Tris-HCI buffer (20 mM,
pH 7.5), containing 4 mM MgCl,. The reaction was started by the addition of 5 mM [*S]PAPS
(30,000 dpm). After 20 to 120 min incubation the reaction was terminated by the of 200 mL of 0.1M
barium acetate, 200 mL of 0.1M barium hydroxide, and 200 mL of 0.1 zinc sulfate. Tubes were
vortex-mixed and centrifuged at 10,000 g for 2 min. An aliquot (500 mL) of the supernatant was

directly assayed for [*>S] content by liquid scintillation counting.

Glucosyltransferase and glucuronyltransferase were carried out on the basis of methods described
by Wilson and LeBlanc (2000). Microsomal proteins (25 to 200 mg) were incubated with 100 mM
[14C]testosterone (100,000 dpm) in Tris-HCI buffer (50 mM, pH 7.4), containing 10 mM MgCl,. The
reaction was started by the addition of 2.5 mM uridine diphosphate glucuronic acid (UDPGA,
Sigma) or uridine diphosphate glucose (UDPG, Sigma). After 20 to 120 min incubation the reaction
was stopped by adding ice-cold water and ethyl acetate and vortexing. The aqueous and ethyl
acetate phases were separated by centrifugation. They ethyl acetate fraction was removed and
extraction of the aqueous phase was repeated a second time with an additional 2 mL ethyl acetate.
An aliquot of the aqueous phase, containing the steroid conjugates, was counted for [14C] liquid

scintillation.

The experiments performed to determine glucuronyltransferase and glucosyltransferase using
testosterone as substrate did not result in any measurable conjugating activity, indicating that
these conjugating pathways are not present in the molluscs investigated, or that they are present
at very low levels. Sulfotransferase activity towards the sex steroids tested was found in both
molluscs, although the activities recorded were always close to the detection limits of the methods
and hampered a proper characterization of this enzymatic pathway. For comparative purposes the
assays were also performed with subcellular fractions obtained from the liver of vertebrate species
(Cyprinus carpio obtained from the Ebro River, Spain, for UGT, and Rhesus rhesus liver cytosol
obtained from CellzDirect, for sulfotransferase). The activities detected in these vertebrates, using
the same methods as in molluscs, were orders of magnitude higher than those found in molluscs
(Table 2.1). Similarly the activities found for these conjugating pathways are much lower than
those found for acyl-CoA acyltransferase, another phase Il enzyme, in the same bivalve species
(Table 2.1). Therefore, this data might suggest either that glucosyl-, glucuronyl- and sulfo-
transferases play a limited role in the metabolism of steroids in these mollusc species, or that the
formation of such metabolites cannot be adequately traced in vitro (e.g. low stability of the enzyme,

presence of hydrolytic enzymes cleaving the conjugate formed, presence of proteases...).
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Table 2.1. Sulfotransferase and glucuronyl/glucosyl-transferase activity in bivalve molluscs. Comparison with
acyltransferase, and with sulfotransferase and glucuronyl-transferase in vertebrate species. Values are

expressed in pmol/min/mg protein as mean + SEM (n=3 to 6). E2: estradiol; T: testosterone.

Molluscs Vertebrates
Sulfotransferase Crassostrea virginica; digestive gland Rhesus rhesus; liver
(10 mM E2, cytosol) 09+03 103+6
UGT Mytilus galloprovincialis; digestive gland* Cyprinus carpio; liver®
(100 mM T, microsomes) <d.l.* (1.2 £ 0.4)*10°
Acyl-CoA acyltransferase Crassostrea virginica; digestive gland3
(10 mM E2, microsomes) 29+4

'Using either UDP-glucose or UDP-glucuronid acid as cofactor.
2UDP-glucuronic acid was used as cofactor.
®Data from paper 2.

“Limit of detection of the method was 5 pmol/min/mg protein.

2.5.2 Formation of two new polar sex steroid conjugates by mollusc species.

During the experiments performed within this thesis looking at sex steroid metabolism by
subcellular fractions of digestive gland/gonads isolated from different mollusc species, two polar
metabolites were observed. These metabolites could not be unequivocally identified, however, the
experiments performed and the information that was generated on their characteristics will be
described below.

Metabolite 1

The first of these two metabolites was a major testosterone metabolite formed by cytosolic proteins

isolated from the digestive gland/gonad complex of M. cornuarietis (homogenization performed as

in paper 1).
—
Figure 2.1. HPLC chromatogram obtained
when *'C-testosterone (1 mM, 150,000 dpm) el Testosterone
was incubated with M. cornuarietis visceral coil EL \
cytosol in the presence of NADPH. HPLC %M-
chromatographic conditions were as described g Polar metabolite
in paper 1. E "
Androstenedione
" L/

| ¥
I I'-\_r\__l-\.n.ﬁ.-\.—mH ..... VO P "'HII"._ e
|': |:'\. "' :'\. q

Time (min)
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The retention time of this metabolite (Ry: 2.4 min, figure 2.1) and the fact that it remained in the
water phase when steroids were extracted with ethyl acetate or dichloromethane, suggests that it
is a highly polar metabolite. This high polarity is characteristic of steroids conjugated with polar
moieties. The formation of the metabolite depended on the presence of NADPH (1 mM),
suggesting that testosterone undergoes a first conversion that is NADPH-dependent, and the

product of this conversion is rapidly conjugated.

Among the phase Il enzymes that conjugate steroids in other vertebrate or invertebrate species,
only sulfotransferases and glutathione-transferases occur in the cytosol. Glutathione conjugates
have been described for estradiol, but they only occur after the formation of cathecol-estrogens
and quinones (Hachey et al., 2003). In order to test whether the metabolite could be a sulfate or a
glutathione conjugate, its formation was assessed in the presence of NADPH and the cofactors
involved in sulfation and glutathione conjugation: PAPS (50 mM) and glutathione (1 mM). However,
none of these cofactors increased the formation of this metabolite. This might suggest that the
metabolite is neither a sulfate- nor a glutathione-conjugate, or that the concentration of cofactor
already present in the cytosolic fraction of the organism was enough for an optimal yield of the

reaction.

The solvent system in the HPLC elution was modified by addition of 0.01% trifluoroacetic acid
(resulting in a pH ~ 2.5) in order to test whether the retention time of the metabolite could be
changed. If the metabolite had been a weak acid, such as a glucuronide, a change in retention
time would have been expected. In contrast, if the metabolite had been, for instance, a strong acid,
such as a sulfate, its retention time would be unaltered. No change in retention time was observed

in this experiment.

In an attempt to further characterize the NADPH-dependent metabolite, its susceptibility to
cleavage when submitted to different treatments, particularly, incubation with a sulfatase-
glucuronidase extract (from Helix pomatia, Merk) and saponification, was assessed. The
metabolite of interest (10,000 dpm) was isolated by removing the unconjugated testosterone with
dichloromethane extraction, evaporated, redissolved in 1 mL potassium phosphate buffer (pH 6.2)
and divided into three aliquots. One aliquote was incubated with sulfatase-glucuronidase (20 pL of
sulfatase-glucuronidase extract), the second aliquot was saponified by adding 330 pL of 2 M
potassium hydroxide, and the third aliquot was used as a control, in order to account for possible
unspecific cleavage during the incubation step. After incubation of the three tubes at 37°C for two
hours, dichloromethane was added and used to extract unconjugated steroids. An aliquot of the
organic phase was injected onto the HPLC, and two aliquots of the water phase were counted for
C content in a b-counter. Results showed that the metabolite was not cleaved by the

saponification treatment (radioactivity in the aqueous phase was 105 + 4% that of controls),



Steroid metabolism in invertebrates and in vitro effects of xenobiotics - 109 -

whereas it was partially cleaved by the sulfatase-glucuronidase treatment (32 £ 5% hydrolisis).
Therefore, the metabolite might be a sulfate or a glucuronide, and the low yield of the reaction
obtained might be due to suboptimal conditions for the enzyme in the incubation. Indeed, in a later
experiment with increased amount of sulfatase-glucuronidase extract and incubation time (40 mL
and 3 hours), the proportion of the metabolite that remained unaltered decreased to 32%. A
parallel incubation at pH 5.0 with bovine liver glucuronidase (EC 3.2.1.31; Sigma) did not result in
any detectable cleavage of the conjugate, suggesting that the sulfatase/glucuronidase extract
acted upon a sulfate moiety. The steroid liberated after cleavage by this extract was not
testosterone, but a slightly more polar steroid that could not be identified, supporting the
hypothesis that two steps take place in the formation of this conjugate from testosterone (i.e.
testosterone suffered an initial NADPH-dependent metabolic alteration to an intermediate

metabolite that is then subject to conjugation).

Attempts were performed to identify this polar conjugate by mass spectrometry. In order to do so,
approximately 100 ng of the metabolite were generated enzymatically and purified by liquid-liquid
extractions (buffer vs. dichloromethane), solid phase extraction (NH,), and HPLC. An incubation
without NADPH was performed and processed in parallel in order to be used as a blank for the
compounds present in the cytosolic extract. The purified extract was then injected into the LC-MS
system. HPLC was performed with an HP 1100 autosampler fitted with a 100 mL loop and an HP
1090 A binary pump, both from Hewlett-Packard (Palo Alto, CA, USA) equipped with a 250 x 4 mm
reversed-phase column (LiChrospher 100 RP-18, 5 mm) preceded by a guard column (4 x 4 mm, 5
mm) (Merck, Darmstadt, Germany). The chromatographic conditions consisted on a 0.8 mL/min
linear gradient from 60% MeOH containing 0.2% formic acid and 40% H,O containing 0.2% formic
acid to 100% MeOH containing 0.2% formid acid. The extraction voltage used in both negative
ionization (NI) and positive ionization (PI) modes was 90 V. Detection was carried out using an HP
1040M diode array UV-visible detector coupled in series with an LC-MSD HP 1100 mass-selective

detector, equipped with an electrospray (ESI) interface.

We could not identify any ion correspondent to sulfated testosterone ([M+H]": 370, [M+2H]**: 185,
[M+Na]": 392, or [M+2Na-H]": 414 in Pl mode; [M-H]": 368 or [M—2H]2': 183 in NI mode), or sulfated
hydroxylated metabolites of testosterone (+16), except for m/z 193 ([M+2H]Z+), which was present
in the extract from the incubation with NADPH, but not in the incubation blank. This information is
suggestive of, but does not prove, the presence of a hydroxylated-testosterone sulfate. Analysis by

MS/MS should be perfomed in order to obtain additional structural information on the m/z 193 ion.

In summary, the data obtained in all the above described experiments supports, but does not
definitely prove, that the metabolite observed is a sulfate conjugate of a metabolite of testosterone
(probably hydroxylated testosterone). Interestingly, this metabolite seems to be specific for this

species or maybe for gastropod molluscs, since it was not formed by fish (Mullus barbatus),



-110 - Chapter 2

crustaceans (Hyalella azteca), echinoderms (Paracentrotus lividus), or other non-gastropod
molluscs (Mytilus galloprovincialis).

Metabolite 2

The second polar metabolite observed, was formed by the digestive gland microsomes of the
mussel Mytilus galloprovincialis (Ebro River, Spain) when incubated in sodium acetate/acetic acid
buffer (pH 6) (Figure 2.2). This metabolite was dependent on the presence of sucrose during the
homogenization and subcellular preparation process, which had been widely used in the
subcellular fractioning of molluscs (Livingstone, 1988). Indeed, when an alternative
homogenization procedure with no sucrose was used (Gooding et al., 2003), the formation of this
metabolite was no longer observed. The conjugation of estradiol with sucrose was mediated by a

microsomal enzyme, since the metabolite was not observed in blanks without microsomes.

Figure 2.2. HPLC chromatogram obtained when _—
®H-estradiol (2 mM, 150,000 dpm) was incubated
with M.  galloprovincialis  digestive  gland
microsomes in the presence of NADPH. HPLC Estradiol
chromatographic conditions were as follows:
1ml/min linear gradient from A (water:acetonitrile;

30:70) to B (acetonitrile) in 30 minutes. E2-metabolite

Radioactivity (dpm)
g

Time (min-).

In order to further investigate the role of sucrose in this reaction, we incubated microsomes
(prepared with sucrose-free buffers) with increasing concentrations of sucrose (0.01 to 250 mM)
and 2 mM estradiol. The Km obtained was of 2.1 £ 1.1 mM sucrose, and maximal yield of the
reaction (3.4 + 0.3 pmol/min/mg) was achieved at 50 mM sucrose. The affinity of the enzyme for
estradiol was also assayed using 50 mM sucrose and increasing concentrations of estradiol (0.01
to 400 mM). The kinetic parameters were calculated to be 62 + 15 mM (Km) and of 113 + 36

pmol/min/mg (Vmax).

Further assays demonstrated that this metabolite was also formed when P. lividus and M.
cornuarietis were homogenized in sucrose buffer and incubated as described for M.

galloprovincialis. In contrast, Mullus barbatus microsomes did not form the metabolite when
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microsomes were incubated in the presence of 50 mM sucrose, suggesting that the formation of

this metabolite might be characteristic of invertebrate species.

In order to identify the metabolite, incubations with microsomes isolated from the digestive gland of
M. galloprovincialis and homogenized in the presence of sucrose were performed to generate
approximately 1 mg of unlabelled metabolite. The metabolite was partially purified by collecting its
corresponding HPLC fraction and it was analysed in full scan by ESI-MS/MS by Dr. Debrauwer in
‘Laboratoire des Xénobiotiques’ INRA, Toulouse. Sucrose is a disacharide formed by glucose and
fructose. There was no response in MS/MS for the molecular ion [M-H]: 595 (which would
correspond to estradiol-sucrose), therefore rejecting the possibility that the conjugate was with
sucrose. The MS/MS spectrum obtained for the molecular ion [M-H]: 433 (which would correspond
to estradiol-glucose/fructose) is shown in Figure 2.3. The m/z 271 ion corresponds to the estradiol
moiety [E2-H]". The difference between both ions (433-271= 162) indicates the molecular weight of
the polar moiety attached to estradiol in the metabolite. The two sugar moieties in sucrose have a
molecular weight of 180, which with a loss of a water molecule (180-18= 162) correspond to the
difference between the m/z of the conjugate and that of estradiol.. Therefore, this mass spectrum
indicates that the metabolite observed was a fructosyl- or glucosyl-estradiol. In order to know which
of the two sugar moieties (fructose or glucose) were present in the conjugate, its mass spectrum
and/or its retention time should be compared to those of standards. Nevertheless, neither of the
two conjugates are commercially available and the identification of this metabolite could not be

completed.
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Figure 2.3. MS/MS spectrum (negative ionization) of the ion m/z 433 obtained from the metabolite formed by

M. galloprovincialis microsomes in the presence of sucrose.
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Recently, Stroomberg et al. (2004) reported the formation of a glucose-malonate metabolite of 1-
hydroxypyrene by terrestrial isopods. Glucose-malonate is a known conjugating molecule in plants
(Lin et al., 2000), but had not been previously reported in animals. The authors hypothesized that
isopods could activate glucose-malonate for use as a co-factor, in the same way as glucose is
activated by UDP, which is then used to perform a conjugating reaction. Sucrose might be acting
similarly as glucose-malonate in the incubations with M. galloprovincialis microsomes, and thus be
used as a cofactor and transfer the glucose or fructose unit to estradiol. Another hypotheses is that
sucrose is used as such to form UDP-sucrose, and that one of the sugar rings is then taken up in

the conjugation reaction.

The in vivo relevance of this conjugation pathway will depend on the presence of sucrose in the
diet of the invertebrates, and on whether sucrose is incorporated and available for the enzymes

catalyzing this conjugation.

2.5.3 Substrate specificity of acyl-CoA:testosterone acyltransferase

There are some evidences that the esterification of steroids is involved in the regulation of free
steroid levels in mollusc species (Gooding et al., 2004, this thesis). In order to better understand
the role that steroid acyltransferases may play in the regulation of sex steroid levels, it is important
to know whether acyltransferases have a broad substrate affinity (conjugating a wide range of
steroids) or whether they specifically conjugate certain steroids. Mammalian acyl-CoA
acyltransferases act upon several sex steroids (Hochberg, 1998; Xu et al., 2002), and the ability of
mollusc species to esterify estradiol, dehydroepiandrosterone and testosterone has also been
demonstrated (Gooding et al., 2001; this thesis, paper 4). However, it is still under discussion

whether specific acyltransferases for some steroids do exist.

Differences in the fatty acid composition of the esters of cholesterol, corticosteroids and that of sex
steroids have been shown, suggesting that the enzymes that catalyze the esterification of
cholesterol or corticosteroids are probably different from those that esterify sex steroids (Pahuja
and Hochberg, 1989; 1995). Nevertheless, these putative sex steroid acyltransferases seem to
have a relatively broad substrate affinity, a single enzyme being able to conjugate different sex
steroids. Thus, DHEA, testosterone and 5-androstene-3b,17b-diol were shown to act as
competitive inhibitors of estradiol esterification in bovine placenta microsomes (Martyn et al.,
1988). In addition, similar profiles of fatty acid conjugates were obtained when the esterification of
estradiol and dehydroepiandrosterone was investigated in Crassostrea virginica in the presence of
Acyl-CoA and ATP (i.e., using endogenous fatty acid moieties) (this thesis, paper 4).
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In this work we investigated the substrate specificity of acyl-CoA:testosterone acyltransferase
(ATAT) present in microsomal fractions isolated from the digestive gland/gonad complex of the
gastropod snail llyanassa obsoleta. To this end, we assessed the ability of several sex steroids to
compete for acyl-CoA acyltransferase towards testosterone; and we evaluated whether the acyl-

CoA acyltransferase activities towards testosterone and estradiol were correlated.

The steroids used for the competition study were selected so that they would include different
structural features (Table 2.2). Thus, the steroids included in the study were two progestins
(pregnenolone and progesterone), two estrogens (estradiol and estrone), and four androgens
(dihydrotestosterone -DHT-, dehydroepiandrosterone -DHEA-, androstenedione -AD-, and 5U-
androstane-3b,17b-diol -5a-A-diol-). Pregnenolone, the two estrogens and DHEA have a hydroxyl
group at the C;, although the two estrogens do not seem to be esterified at this position (Mellon-
Nussbaum et al., 1982). 5-A-diol, which has two hydroxyl groups and can be esterified in both
positions by human breast tumor microsomes (Hochberg, 1998). Dihydrotestosterone only differs
from testosterone by the absence of the double bond at Cs and has a hydroxyl group at C,7, that
can only be esterified by certain tissues (Hochberg, 1998). Progesterone has a hydroxyl group at
Cy7 but in mammals is not subject to esterification (Hochberg, 1998). Similarly androstenedione
and estrone are not esterified in mammals (Xu et al., 2002). The synthesis of all these steroids
from precursors has been demonstrated in mollusc species (see Introduction, Figure 1.5),

therefore it is likely that these steroids are present in mollusc tissues.

Digestive gland/gonad complex of llyanassa obsoleta (collected from Bald Head Island Creek, Bald
Head Island, and Bird Shoals in the Rachel Carson Reseve, Morehead City, NC, USA) were
homogenized as described in Gooding et al. (2003). Protein concentrations were determined by
the method described by Bradford et al. (1976), using commercially available reagents (Bio-Rad)

and bovine serum albumin (Sigma) as a standard.

In a first experiment the ability of several sex steroids to inhibit acyl-CoA:testosterone
acyltransferase activity (ATAT) was assessed. ATAT carried out on the basis of methods described
by Gooding et al. (2003), with some modifications. Microsomal proteins (250 mg) were incubated in
100 mM potassium phosphate buffer (pH 7.6) with 50 mM [*“C]testosterone (100,000 dpm, NEN
Life Science Products, Inc.) and 150 mM palmitoyl-CoA (Sigma) in a final volume of 500 mL, in the
presence/absence of 50 mM of an additional sex steroid (Table 1). The reaction was initiated by the
addition of palmitoyl-CoA, and samples were incubated for 30 minutes at 37°C. Reaction was
stopped by adding 2 mL of ethyl acetate, and extracted twice. The extract was dried under nitrogen
and then spotted onto 20 x 20 cm aluminum-backed silica thin layer chromatography (TLC) plates
(Whatman Ltd., Maidstone, Kent, England). [**C]testosterone- and [*“C]estradiol- fatty acid ester

was resolved from free testosterone using a mobile phase of hexane:methyl-tert-butyl ether:formic
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Table 2.2. Steroids used in the competitive assay with ATAT. Data was extracted from Hochberg (1998) and

Xu et al. (2002).

Steroid

Structure

Relevant information on its esterification

C,1 steroids

Pregnenolone

Progesterone

Cig steroids

Androstenedione

Dehydroepi-

androsterone

5a-Androstane-
3b,17b-diol

5a-Dihydro-
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It is esterified by rat brain and liver microsomes.
The fatty acid composition of its esters differed
from that of testosterone esters

It is not esterified by a breast cancer cell line (ZR-
75-1)

Does not have any potential group that can be
esterified

It is esterified by microsomal fractions of several
tissues and mammalian species

A similar diol (androstenediol) can be esterified at
the two hydroxyl groups by human breast tumor
microsomes

It is esterified by rat brain microsomes but not by
a breast cancer cell line (ZR-75-1)

It is esterified by microsomal fractions of several
tissues and mammalian species only at the 17-
hydroxyl group

It is not esterified by rat liver microsomes
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acid (80:20:2 v/vlv), and quantified by electronic autoradiography (Instant Imager; Packard,

Downers Grove, IL).

ATAT follows a Michaelis-Menten curve and the concentration of testosterone used in the assay
(50 uM) is above the Km of the enzyme (4 uM in the gastropod M. cornuarietis; paper 4), therefore,
at this concentration most of the active sites of the enzyme are occupied by the substrate, and its
activity can only marginally increase in the presence of additional substrate. In order to know the
magnitude of this increase, and as a reference value, the assay was performed with additional
testosterone (100 puM total testosterone concentration). As expected only a moderate increase in
ATAT activity was observed (1.1 vs. 0.9 nmol/min/mg at 100 and 50 mM testosterone,
respectively). Figure 2.3 shows ATAT activity in the presence of other sex steroids. The area
limited by the slash-dot line (calculated as half of the ATAT activity measured using 100 mM
testosterone, with its standard deviation) indicates the expected ATAT activity if the additional
substrate had an equal affinity than testosterone for the enzyme. Thus, the presence of a substrate
able to compete for the enzyme would be expected to inhibit the measured activity above or below
the slash-dot line area depending on whether its affinity was lower or higher than testosterone,

respectively.
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Figure 2.3. Acyl-CoA:testosterone acyltransferase activity in the presence of an equal concentration of a
second sex steroid. Values are mean + SEM (n= 3). Area limited by doted line indicates expected ATAT
activity if the substrate does not compete with testosterone. Area limited by slash-doted line indicates
expected ATAT activity if the substrate competes with testosterone and both had similar affinities for the
enzyme. T: testosterone, DHT: 5a-dihydrotestosterone, DHEA: dehydroepiandrosterone, 5a-A-diol: 5a-
androstane-3b,17b-diol, AD: androstenedione, E2: estradiol, E1: estrone, Pregnen: pregnenolone, Proges:

progesterone.
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The addition of androstenedione, pregnenolone, progesterone, and estrone to the incubation
mixture, did not decrease ATAT activity, suggesting that these steroids had no affinity or much
lower affinity than testosterone for the acyl-CoA acyltransferase enzyme. Indeed, androstenedione,
progesterone and estrone were not expected to be conjugated by acyl-CoA acyltransferases
(Table 2.2). Pregnenolone could theoretically be esterified by acyl-CoA acyltransferase.
Nevertheless, the observed data suggests that its affinity for ATAT is much lower than that of
testosterone, therefore, it might either be esterified by a different enzyme than ATAT or not be
esterified in . obsoleta. Estradiol, dihydrotestosterone, dehydroepiandrosterone and 5U-androstan-
3b,17b-diol decreased ATAT activity. Estradiol, 50-androstan-3b,17b-diol and
dehydroepiandrosterone caused lower or similar decreases than those expected for testosterone,
suggesting that, despite they interact with ATAT their affinity is lower than that of testosterone. In

contrast, dihydrotestosterone showed higher affinity for ATAT than testosterone.

In a second experiment, visceral coil microsomes isolated from different individuals were assayed
for ATAT and acyl-CoA: estradiol acyltransferase (AEAT) in order to investigate whether both
activities were correlated. AEAT was assayed as described above for ATAT, but [*H]estradiol
(100,000 dpm, NEN Life Science Products, Inc.) was used as substrate. No correlation was
observed between the esterification rates for these two steroids (figure 2.4). These results might
suggest that two different enzymes are in charge of the esterification of estradiol and testosterone.
Nevertheless, it should be noticed that the interindividual variability for both ATAT and AEAT in the
subsample used for this assay was always lower than 2-fold and this hampered the assessment of
their correlation. Indeed, an experiment performed with Marisa cornuarietis with an interindividual

variability up to 5-fold showed a positive correlation (R* 0.87) between ATAT and AEAT (see

paper 7).
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Overall, the results suggest that the enzyme(s) that esterifies testosterone in I. obsoleta is also
able to conjugate/interact with other androgens and estrogens, but not to C,; steroids; and that, out
of the tested steroids, dihydrotestosterone is the one showing the highest affinity for this enzyme.
Therefore, despite that acyl-coA acyltransferases seem to be specific for certain classes of

steroids, there is an overlap in its affinity for steroid substrates.



