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Abstract

Organic pollutants exhibiting endocrine disrupting activity (Endocrine Disruptors—EDs) are prevalent over a wide range in the aquatic
ecosystems; most EDs are resistant to environmental degradation and are considered ubiquitous contaminants. The actual potency of EDs is low
compared to that of natural hormones, but environmental concentrations may still be sufficiently high to produce detrimental biological effects.
Most information on the biological effects and mechanisms of action of EDs has been focused on vertebrates. Here we summarize recent progress
in studies on selected aspects of endocrine disruption in marine organisms that are still poorly understood and that certainly deserve further
research in the near future. This review, divided in four sections, focuses mainly on invertebrates (effects of EDs and mechanisms of action) and
presents data on top predators (large pelagic fish and cetaceans), a group of vertebrates that are particularly at risk due to their position in the food
chain. The first section deals with basic pathways of steroid biosynthesis and metabolism as a target for endocrine disruption in invertebrates. In
the second section, data on the effects and alternative mechanisms of action of estrogenic compounds in mussel immunocytes are presented,
addressing to the importance of investigating full range responses to estrogenic chemicals in ecologically relevant invertebrate species. In the third
section we review the potential use of vitellogenin (Vtg)-like proteins as a biomarker of endocrine disruption in marine bivalve molluscs, used
worldwide as sentinels in marine biomonitoring programmes. Finally, we summarize the results of a recent survey on ED accumulation and effects
on marine fish and mammals, utilizing both classical biomarkers of endocrine disruption in vertebrates and non-lethal techniques, such as non-
destructive biomarkers, indicating the toxicological risk for top predator species in the Mediterranean. Overall, the reviewed data underline the
potential to identify specific types of responses to specific groups of chemicals such as EDs in order to develop suitable biomarkers that could be
useful as diagnostic tools for endocrine disruption in marine invertebrates and vertebrates.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Endocrine disruptors (EDs) are a structurally diverse group of
compounds that may adversely affect the health of humans, wildlife
and fisheries, or their progenies, by interaction with the endocrine
system (Colborn et al., 1993; Colborn, 1998; EEA Report, 2002;
Gillesby and Zacharewski, 1998). They include organic chemicals
used heavily in the past, specifically in industry and agriculture,
such as polychlorinated biphenyls and organochlorine pesticides.
EDs also include chemicals currently used, such as plasticizers and
surfactants. Many known EDs are estrogenic, affecting particularly
reproductive functions. Because of the lipophilic and persistent
nature of most xenobiotic estrogens and their metabolites, many
bioaccumulate and biomagnify in different environmental compart-
ments, including marine biota (Colborn, 1998; Arukwe et al., 1996;
Matthiessen, 2003; Langston et al., 2005; Lye, 2000).

Most data on the biological effects and mechanisms of action of
EDs on marine organisms come from studies on vertebrates. A
review of the wide and complex field of endocrine disruption in
marine vertebrates, including the vast literature on fish, as well as
the recent data emerging from the application of the -omics ap-
proach is outside the scope of this work, and the reader is referred to
a number of excellent papers on these subjects (Gokseyr et al.,
2003; Matthiessen, 2003; Langston et al., 2005).

In this work selected aspects of endocrine disruption on which
limited information is available will be reviewed, in particular those
concerning invertebrates. These aspects emerged during the 22nd
Conference of the European Society of Comparative Physiology
and Biochemistry—ESCPB, held in Alessandria, Italy, in 2003,
where contributions to the section “Biological effects of organic
pollutants—endocrine and signalling disruption”, underlined the
potential for development of studies on endocrine disruption by
organic chemicals in marine invertebrates, such as molluscs, and
vertebrate top predators (pelagic fish and cetaceans).

The importance of developing invertebrate studies is largely due
to the limited knowledge on the endocrine physiology of many
invertebrate groups that represent important components of marine
ecosystems; moreover, little is known on the molecular targets for
the action of EDs in these organisms and only in few marine
invertebrate species the genomics and proteomics approach is being
developed. With regards to marine top predators, that play a key
role in food chains, the role of endocrine disruption among the
factors contributing to the general decline of predatory fish com-
munities as well as cetaceans, is still largely unexplored.

2. Steroid synthesis and metabolism in invertebrates:
potential targets for endocrine disruptors

It is now generally accepted that endocrine-disrupting chemicals
(EDCs) or endocrine disruptors (EDs) are at least partially res-

ponsible for disruption of reproduction and development in wildlife
populations (Vos et al., 2000), and that both vertebrates and inver-
tebrates are susceptible to the action of EDs. In fact, the deve-
lopment of imposex in gastropods exposed to tributyltin (TBT) is
considered one of the clearest examples of chemically induced
endocrine disruption. However, progress on understanding endo-
crine disruption and the mechanisms of action of EDs in inver-
tebrates has been hampered by the lack of detailed knowledge on
their endocrinology.

Although the role of steroid hormones in invertebrates is still
under debate, key steps of steroidogenesis leading to androgens or
estrogens have been described in species from different phyla
(Fig. 1). Thus, in some invertebrate species the metabolism of
cholesterol to pregnenolone by cytocrome P450 side chain clea-
vage is followed by conversion of pregnenolone to progesterone
by 3p/A%-A*-hydroxysteroid dehydrogenase (3R3-HSD-A’-A*
isomerase). This yields an active vertebrate-type steroid, which is
also the precursor of other sex steroids, and is metabolized by
various cytochrome P450s to cortisol, but also to 17a-hydro-
xyprogesterone and androstenedione, a precursor of active
androgens and estrogens in vertebrates. In molluscs and echino-
derms, androstenedione is also formed from dehydroepiandros-
tenedione (DHEA), a A steroid; and it is aromatized to estrone by
cytochrome P450 aromatase. 17B3-Hydroxysteroid dehydro-
genases (173-HSDs) catalyze the formation of testosterone
from androstenedione and estradiol from estrone. Thus, similarly
to vertebrates, a combination of cytochrome P450s and steroid
dehydrogenases catalyze the conversion of cholesterol to sex
steroids in echinoderm and molluscan species (Fig. 1). Some of
those steroidogenic pathways have not been demonstrated in
crustaceans, where ecdysteroids (the molting hormones) play a
key role in the control of reproduction and embryogenesis (La-
font, 2000).

Despite the existence of common steroidogenic pathways in the
different invertebrate species studied so far, an in-depth study of
those catalytic activities evidences significant differences between
phyla. For instance, androstenedione is actively oxidized to
testosterone in crustaceans and echinoderms, similarly to ver-
tebrates, but reduced to Sa-androstanedione in molluscs (Janer et
al., submitted for publication). Also, the activity of cytosolic
sulfotransferases using testosterone as a substrate was found to be
much higher in echinoderm species than in molluscs or crustaceans,
which suggest the existence of different steroid-inactivating
enzymes in different invertebrate groups (Janer et al., 2005).

Within this context, several studies have assessed the ability of
endocrine disruptors to alter steroid hormone metabolism in
invertebrates. In vitro studies have demonstrated the ability of TBT
to inhibit P450-aromatase activity in Crassostrea gigas and Rudi-
tapes decussata (Morcillo et al., 1998; Le Curieux-Belfond et al.,
2001), and testosterone sulfotransferase and palmitoyl-CoA-
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Fig. 1. Principal steroidogenic pathways for echinoderms, molluscs and crustaceans, and comparison with those described in humans—top figure adapted from
Normand and Litwack, 1998. [1] Voogt et al., 1990; [2] Schoenmakers, 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 Dessi’ 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] Oberdorster et al., 1998b; [15] Swevers et al., 1991; [16] Blanchet et

al., 1972; [17] Verslycke et al., 2002; [18] Baldwin and LeBlanc, 1994b.

testosterone transferase in Paracentrotus lividus (Janer et al., 2005).
The data obtained indicates that Sa-reductases and HSDs are
probably not specific targets for organotin compounds in
invertebrates, whereas they are strongly inhibited in subcellular
fractions isolated from human or rat tissues (Doering et al., 2002;
Loo etal., 2003; McVey and Cooke, 2003). Also the imidazole-like
fungicide fenarimol did not alter the metabolism of testosterone in
the mollusc Marisa cornuarietis and the crustacean Hyalella az-
teca, but strongly enhanced the synthesis of DHT and Sa«-
androstanediol in P /ividus gonad microsomes (Janer et al., sub-
mitted for publication). This might have relevant physiological
effects, if, similarly to mammalian species, DHT behaves as a
potent androgenic steroid in echinoderms.

Exposure experiments and even field studies have often
associated exposure to TBT with an inhibition of P450-
aromatase activity in several molluscan species (Morcillo et
al., 1999; Santos et al., 2002), and with induction of 173-HSD
in the crustacean Neomysis integer (Verslycke et al., 2003). In
addition, exposure to TBT resulted in a decrease in testosterone
sulfation in Littorina littorea (Ronis and Mason, 1996), and a
decrease in testosterone esterification in [lyanassa obsoleta
(Gooding et al., 2003). Metabolic androgenization, defined as
an increase in the ratio between reduced and dehydrogenated
metabolites of testosterone—preferentially retained in the
organism—to hydroxylated and conjugated metabolites—prefer-
entially eliminated—was reported in N. integer and Daphnia
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magna exposed to TBT (Verslycke et al., 2003; Oberdorster et
al., 1998a). Other compounds have also been shown to interfere
with the metabolism of testosterone in invertebrates. Namely,
the organophosphorous pesticide malathion caused a decrease
in testosterone hydroxylases in D. magna (Baldwin and Le-
Blanc, 1994a), and nonylphenol polyethoxylates and pentachlo-
rophenol led to a decrease in polar testosterone conjugates
(glucosides and sulfates) (Baldwin et al., 1998; LeBlanc and
Bain, 1997).

Some studies have additionally assessed whether xenobiotic
exposure can affect endogenous steroid levels, which may in turn
be an indication of altered steroid synthesis and/or metabolism.
Thus, increased tissue testosterone levels have been observed after
exposure of clams to TBT (Morcillo et al., 1998). Exposure to
cadmium or PCBs (Clophen A50) led to a decrease in testosterone
and progesterone levels in the pyloric caeca, but not in gonads of
Asterias rubens (den Besten et al., 1991).

Exposure to model steroids, such as estradiol, may help to better
characterize the response of invertebrates to endocrine disrupting
chemicals (estrogenic, androgenic), and to identify key biochemical
pathways that can be altered by exposure, as well as the
physiological consequences for the organism. In a recent work,
exposure of mussels to different concentrations of estradiol
evidenced the existence of mechanisms that allow mussels to
maintain their hormonal levels stable, and the important role that
fatty acid esterification may play within those mechanisms (Janer et
al., 2004).

Finally, it should be mentioned that the endocrine system has
complex feedback signalling pathways that act as homeostatic
mechanisms, therefore, an alteration observed in a specific
endpoint might not be due to a direct interaction of the xenobiotic
on that level, but the result of indirect regulatory mechanisms.
Nonetheless, several lines of evidence suggest that steroidogenic
enzymes, steroid-inactivating enzymes, and even steroid recep-

tors (Thornton et al., 2003) may have an important functional role
in invertebrates, and that they are modulated by endogenous
compounds, are potential targets for some xenobiotics, and cer-
tainly deserve further research.

3. Effects of natural and environmental estrogens on
kinase-mediated cell signalling in Myfilus immunocytes

EDs include a variety of natural and synthetic steroid
estrogens, as well as of estrogen-mimicking chemicals. These
compounds can bind mammalian intracellular estrogen recep-
tors (ERs); ERs, after estrogen binding and nuclear transloca-
tion, directly act as ligand-inducible transcription factors
specifically regulating the expression of target genes; this is
generally referred to as genomic or ‘classical’ pathway of
estrogen action (Fig. 2). In vertebrates, the activity of most EDs
is weak, due to their interactions with the ER; moreover, ERs
from different species exhibit different ligand preferences and
relative binding affinities for estrogenic compounds (McLa-
chlan, 2001; Witorsch, 2002; Rotchelle and Ostrander, 2003).
However, ER binding per se can have limited influence on
endocrine disruption, and the nature (estrogenic or antiestro-
genic) and magnitude of the response can be a function of other
factors (Witorsch, 2002). In fact, estrogens can also act through
‘alternative’ pathways (Fig. 2), involving either membrane ERs
or receptor-independent mechanisms that can result in both
direct local effects (such as modulation of ion fluxes) and
regulation of gene transcription secondary to modulation of
kinase cascades (Nadal et al., 2000; Driggers and Segars, 2002;
Segars and Driggers, 2002; Losel et al., 2003). In this light, the
mechanisms of action of EDs can include complex cross-talk
between ER and other signalling pathways and alternative
modes of estrogen action, involving both kinase- and Ca®'-
mediated signalling (Nadal et al., 2000; Witorsch, 2002).

| lon channels | |

Membrane receptors and receptor complexes

| ESTROGEN

— i:ﬁ:;g:ﬂ:

INTRACELLULAR MESSENGERs
Ca?*, cAMP, cGMP

ALTERNATIVE
PATWAYS

Target proteins
(kinases, phosphatases, transcription factors)

P

CYTOSOLIC KINASE
CASCADES
PKA,PKC,MAPKs

DIRECT NUCLEAR
EFFECTS

Target genes

Fig. 2. Possible signalling pathways involved in the cellular action of natural and environmental estrogens. ER=estrogen receptor; PKA =Protein kinase A;

PKC=protein kinase C; MAPKs=mitogen-activated protein kinases.
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In comparison to vertebrate systems, a limited number of
studies have examined the effects of EDs in invertebrates
(Depledge and Billinghurst, 1999; Rotchelle and Ostrander,
2003). This is largely due to lack of knowledge on basic endocrine
physiology of most invertebrate groups, the presence of estrogen
and steroid receptors, and the mechanisms of action of natural
hormones. In different molluscan species ER-like proteins have
been described (Di Cosmo et al., 2002; Stefano et al., 2003; Osada
et al., 2003; Canesi et al., 2004a). Sequences highly homologous
to human ERs are present in Aplysia; however, the transcriptional
activity of this ER seems to be constitutive, and independent of
estrogen activation (Thornton et al., 2003). In analogy with
mammalian cells, the effects of estrogenic compounds in inver-
tebrate cells may be also independent of intracellular receptors,
and due to both activation of membrane ER forms and cross-talk
with other signalling pathways.

We have recently investigated the possible effects and the
mechanisms of action of the natural estrogen 173-estradiol (E;) in
the hemocytes of Mytilus galloprovincialis (Canesi et al., 2004a).
The results showed that nanomolar concentrations of E, rapidly
induced cell shape changes, lysosomal destabilization and hydro-
lytic enzyme release, and stimulation of bactericidal activity; these
effects were related to transient activation of MAPK- (Mitogen
Activated Protein Kinases) and STAT- (Signal Transducers and
Activators of Transcription) like proteins that are involved in the
immune response (Canesi et al., 2002, 2003a). In the same cells, the
immunotoxic effects of certain PCBs congeners were also asso-
ciated to increased phosphorylation of MAPKs and STATs (Canesi
etal., 2003b). In Mytilus edulis ganglia, E, induced Ca®"-dependent
NO production through activation of a signalling pathway at the
cell surface (Stefano et al., 2003). In both hemocytes and ganglia,
most of the effects of E, were prevented by the classical anti-
estrogens tamoxifen and ICI 172780, indicating a role for ER-like
proteins (Stefano et al., 2003; Canesi et al., 2004a). Overall, these
data are apparently consistent with the hypothesis that estrogen
mechanisms of action involving alternative pathways are also pre-
sent in invertebrate cells and that they may also modulate functions
other than reproduction. In particular, the results obtained with
mussel hemocytes indicate that, like in mammalian immunocytes
(Ansar Ahmed, 2000), estrogenic compounds can also affect im-
mune function.

Different synthetic estrogens and other estrogenic chemicals
were subsequently shown to rapidly affect mussel hemocyte
lysosomal function in vitro through modulation of kinase-mediated
cascades (Canesi et al., 2004b). Like for PCBs, the effects of DES
(diethylstilbestrol), BPA (bisphenol A) and NP (nonylphenol) were
observed at concentrations about 1000 times higher than those of E,
(Table 1). Each compound showed a distinct effect on the phos-
phorylation state of MAPK and STATs members. Interestingly,
both BPA and NP induced a persistent decrease in the level of p-p38
MAPK and of p-STAT members (Canesi et al., 2004b). MAPKs
exert their effect directly, by phosphorylating substrates as trans-
cription factors, or indirectly, by activating downstream kinases
which in turn phosphorylate their own substrates. P38 MAPK plays
multiple roles in an array of cellular responses to environmental
stress in different organisms (Cowan and Storey, 2003). STAT
proteins are activated by a variety of extracellular stimuli (cy-

Table 1

Changes in the phosphorylation state of MAPK- and STAT-like members in
mussel hemocytes incubated in vitro with 17p3-estradiol and estrogenic
chemicals for different periods of time

% Change vs. controls

Treatment 5 15’ 30/ 60’

E2 (17B-estradiol) (25 nM)

p-ERK, MAPK +100* +80* +50%* —
p-p38 MAPK +400* +250* +100* +100*
p-STAT3 +100%* +300%* +80%* -
p-STATS +300%* +200* +100* +20

PCB 47 (2,2'-4,4'-tetrachlorobiphenyl) 3 uM

p-ERK, MAPK - - - -
p-p38 MAPK - +50* +100* +260*
p-STAT3 - - - —
p-STATS - - +40* +30%*
DES (diethylstilbestrol) 25 uM

p-ERK; MAPK =20 +40* +20 —65*
p-p38 MAPK +300* +580* +610* +260*
p-STAT3 =20 —40 —60%* —80*
p-STATS +100* +120* +80* —40*
BPA (bisphenol 4) 25 uM

p-ERK, MAPK +100* +50%* -10 —
p-p38 MAPK - —50* —50* —50*
p-STAT3 +50* +210* +210* -
p-STATS —-15 -25 —55% —80*
NP (nonylphenol) 25 uM

p-ERK, MAPK +40 +60* +10 —
p-p38 MAPK —40* 0 -15 —50*
p-STAT3 —60* —60* -90* —50%*
p-STATS —40* —60* —55% —40*

Data, obtained by SDS-PAGE and Western blotting of hemocyte protein extracts
with specific anti-phospho-antibodies, represent the results of densitometric
analyses (mean of three independent experiments). Relative band optical
densities (arbitrary units) were normalised for the control band in each series and
results are expressed as mean % change vs. controls; *P <0.05.

tokines, growth factors, hormones) and they are involved in many
physiological processes, including apoptosis, proliferation and
immunity; they take part in tumorigenesis by deregulating the
signal transduction pathways in which they are implicated (Calo et
al., 2003). Our data indicate that both MAPK and STAT members,
that play a key role in activation of the immune response of mussel
hemocytes (Canesi et al., 2002, 2003a), represent a target for the
action of both natural and environmental estrogens in vitro. Overall,
the results demonstrate that different EDs may act through disrup-
tion of kinase mediated signalling pathways and suggest that, like in
mammalian cells, also in mussel cells both natural and environ-
mental estrogens may affect the phosphorylation state of trans-
cription factors; this, in turn, possibly leads to changes in gene
expression secondary to modulation of cytosolic kinase cascades.

The possibility that EDs may affect hemocyte function and
kinase-mediated pathways has been further investigated in vivo in
mussels injected with more realistic environmental concentrations
of NP or BPA. In particular, BPA in vivo was shown to induce a
dramatic decrease in the phosphorylation level of the stress-
activated p38 MAPK and of a CREB-like (cAMP-responsive
element binding protein) transcription factor (Canesi et al., 2005).
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The results confirm the in vitro data (Canesi et al., 2003c, 2005);
moreover, they are consistent with the observation that exposure
to BPA induces changes in protein tyrosine phosphorylation in
mussel cells (Berti et al., 2003). This suggests that determination
of changes in the phosphorylation state of critical signalling
components (both cytosolic kinases and transcription factors) in
mussel tissues might be utilized in evaluating the effects of
environmental exposure to EDs.

Modulation of kinase-mediated pathways does not represent
the only possible effect of EDs on cell signalling in mussels. Both
E, and EDs have also been shown to affect Ca?" homeostasis in
different cells and tissues, although at higher concentrations
(Burlando et al., 2002; Canesi et al., 2004a, c; Canesi et al., in
press). Further studies are needed in order to recognize the distinct
mechanisms of cellular signalling by endogenous steroids and
estrogenic chemicals in invertebrates. Our data address to the
importance of investigating full range responses to estrogenic
chemicals and may help understanding their basic mechanisms of
action in ecologically relevant invertebrate species.

4. Biomarkers of exposure to endocrine disruptors in
marine bivalve molluscs and their use in marine pollution
assessment

Biomarkers could be defined as measurements of body fluids,
cells or tissues that indicate in biochemical or cellular terms the
presence of contaminants or the magnitude of the host response
(Livingstone et al., 2000). Biomarkers indicating exposure to
pollutants and their effects are increasingly applied to assess the
health of estuarine and marine ecosystems. However, there is a
limited number of well-established “core” biomarkers used rou-
tinely in marine environmental programmes (Cajaraville et al.,
2000) and still a need exists to develop new biomarkers that could
be useful as diagnostic tools for specific groups of chemicals or
specific types of responses. A wide spectrum of potential bio-
markers could be applied to the study of endocrine disruption in
the aquatic environment. In fish, these include changes in hor-
mone titres (steroid hormones, thyroid hormones), abnormal
gonad development, low gamete viability, alterations in some
enzyme activities (i.e., aromatases) and protein levels (i.e., vitel-
logenin, zona radiata proteins, spiggin) (WHO/IPCS, 2002;
Matthiessen, 2003; Kleinkauf et al., 2004; see also other sections
in this review). Induction of vitellogenin (Vtg), the precursor
molecule of yolk proteins, in oviparous males or juveniles is a
well known effect of xenoestrogenic contaminants in fish, and has
been extensively used as biomarker both in laboratory and field
studies (Matthiessen and Sumpter, 1998; WHO/IPCS, 2002;
Arukwe and Gokseyr, 2003; Gokseyr et al., 2003; Ortiz-Zar-
ragoitia and Cajaraville, 2005a).

Several methodologies have been developed for determination
of Vtg: immunotechniques based on the use of specific antibodies
such as radioimmunoassays, enzyme-linked immunosorbent
assays (ELISAs), western blot and immunohistochemistry, mole-
cular tools such as RNA protection assays and transcript analysis
by Northern blotting or various variants of polymerase chain
reaction (PCR), and protein expression studies by proteomic
approaches (Denslow et al., 1999; Arukwe and Gokseyr, 2003;

Marin and Matozzo, 2004). Most of these methods have been
used in vertebrate aquatic organisms such as fish, but little is
known in aquatic invertebrate species, such as bivalve molluscs
used worldwide in biomonitoring programmes (Cajaraville et al.,
2000). There are few specific antibodies developed against bi-
valve Vtg or Vtg-like molecules, and these antibodies usually
show low cross-reactivity across species (Li et al., 1998; Blaise et
al., 1999; Kang et al., 2003; Osada et al., 2003; Park and Choi,
2004). Therefore, indirect methods could be used to study
alterations provoked by EDs, such as increase in RNA contents,
lipid deposition, glycogen depletion, increase in protein levels,
calcium, magnesium and phosphoproteins contents (Verslycke et
al., 2002; Arukwe and Gokseyr, 2003; Marin and Matozzo,
2004). Among these methods, the measurement of phosphopro-
teins by the alkali-labile phosphate (ALP) method has been
widely used in different aquatic organisms such as fish and
bivalve molluscs (Kramer et al., 1998; Blaise et al., 1999; Vers-
lycke et al., 2002; Marin and Matozzo, 2004). In fish, ALP levels
have been shown to associate with Vtg levels measured using
specific immunotechniques and gene expression tools (Versonnen
et al., 2004; Robinson et al., 2004). In a recent international
intercalibration study using adult male zebrafish exposed to 17-3-
estradiol for 2—9 days (Porcher, 2003), we found a significant
positive correlation between Vtg levels measured by specific
ELISA and ALP methods (Spearman’s correlation index 0.925,
p<0.05), although the ELISA technique was more sensitive than
ALP (Ortiz-Zarragoitia, 2005). As far as we know, specific anti-
bodies for Vtg-like proteins are not available in marine mussels
M. edulis and M. galloprovincialis. Thus, the ALP method could
have potential as a simple cost-effective biomarker of endocrine
disruption in mussels and other widely used molluscan sentinel
species. Seasonality studies in different bivalve molluscs have
shown that ALP levels follow the same trend of the gametogenic
cycle in females (Blaise et al., 1999, 2002; Ortiz-Zarragoitia,
2005). ALP levels in female M. galloprovincialis increased du-
ring active gametogenesis reaching maximum levels at gonad
maturation.

Synthesis of Vtg-like proteins in bivalve molluscs occurs in
gonads (Li et al., 1998; Matsumoto et al., 2003) and its regulation
is not well understood even if estrogenic steroids seem to play an
important role (Matsumoto et al., 2003; Osada et al., 2003, 2004).
Injection of soft shell clams (Mya arenaria) and freshwater
mussels Elliptio complanata with estradiol elevated Vtg-like
protein levels measured as ALP levels (Blaise et al., 1999; Gagné
et al., 2001a,b, 2002b, 2005). Furthermore, E. complanata
injected with estradiol showed increased expression of Vtg co-
ding gene and ALP levels in gonads (Gagné et al., 2005). Pacific
oyster (C. gigas) injected with estradiol also showed high vitellin
levels in gonads (Li et al., 1998). These results suggest that
estradiol is an important hormone in the regulation of vitel-
logenesis in bivalve molluscs. However, Riffeser and Hock
(2002) did not observe any change in ALP levels of blue mussels
(M. edulis) and freshwater mussel Anodonta cygnea exposed to
and injected with estradiol. Therefore, more detailed studies are
needed to elucidate the function of estrogenic hormones in bi-
valve reproduction, gonad development and vitellogenesis. The
possible role of other steroid hormones has to be also considered.
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Injection of the androgenic hormone testosterone provoked
elevated Vtg-like protein levels in E. complanata (Gagné et al.,
2001a).

In comparison with the extensive literature about effects of EDs
on Vtg levels in fish, studies in bivalve molluscs are scarce. Only
effects of few potential xenoestrogens, such as alkylphenols,
polybrominated compounds, phthalates and bisphenol A, on Vitg-
like protein levels have been evaluated in molluscs. Female soft
shell clams injected with nonylphenol and pentachlorophenol
showed elevated ALP levels (Blaise et al., 1999; Gagné et al.,
2001b, 2002b). Exposure of Manila clam (7apes philippinarum) to
nonylphenol provoked elevated Vtg-like protein levels both in
females and males, with estrogenic effects more evident in male
clams (Matozzo and Marin, 2005) and endocrine disrupting effects
were also noted in zebra mussel (Dreissena polymorpha) (Quinn et
al., 2006). Accordingly, exposure of blue mussels to a combination
of North Sea oil, alkylphenols and polycyclic aromatic hydro-
carbons (PAHs) simulating produced water, increased significantly
Vtg-like protein levels in male mussels but not in female mussels
(Ortiz-Zarragoitia and Cajaraville, 2005b). In the same experiment,
female mussels showed a high percentage of atretic oocytes. In the
marine prosobranch Nucella lapillus exposed to octylphenol,
enlargement of accessory pallial sex glands and massive
stimulation of oocyte production in females and reduced length
of penis and prostate gland in males were described (Ochlmann et
al., 2000). Similarly, alterations in the accessory pallial sex glands
of female V. lapillus and in the length of penis and prostate gland of
males were described after exposure to bisphenol A (Oehlmann et
al., 2000). Exposure of blue mussels to bisphenol A, tetrabromo-
diphenyl ether congener 47 (TBDE-47) and diallyl phthalate did
not cause changes in Vtg-like protein contents both in male and
females but gamete resorption occurred upon exposure to bisphenol
A (Ortiz-Zarragoitia and Cajaraville, 2005b). The lack of changes
in Vtg-like proteins in mussels exposed to these potential xeno-
estrogens could be attributed to the relatively low doses used or,
most probably, to the fact that exposure took place when gamete
maturation was complete.

Estrogenic effects have also been described in bivalve wild
populations. Male mussel M. galloprovincialis from Venice
Lagoon, an area with high urban and industrial contamination,
showed high Vtg-like protein levels (Pampanin et al., 2005). Soft
shell clams inhabiting downstream of a domestic sewage effluent
showed elevated Vtg-like proteins in gonads (Blaise et al., 2002;
Gagné et al., 2002b). Estrogenicity of sewage and domestic
effluents in bivalve molluscs were confirmed after transplant
experiments (Blaise et al., 2003; Gagné et al., 2001b, 2002a; Quinn
etal., 2004) and in in vitro experiments (Gagné et al., 1999, 2001b).
These effects could be due to the presence of hormone mimicking
compounds (Gagné et al., 2001a) or modulators of neuropeptides
such as serotonin and dopamine (Gagné and Blaise, 2003; Gagné et
al., 2004). Furthermore, changes in biochemical composition of
Vtg-like proteins have been described in bivalve molluscs from
polluted environments (Gagné et al., 2002b) indicating the
importance of characterizing Vtg-like proteins in bivalves.

Anti-estrogenic effects have been reported in soft shell clams
inhabiting PAH contaminated sites, which showed low Vtg-like
protein levels (Gagné et al., 2002b). Similarly, female blue

mussels exposed to North Sea oil showed significantly lower Vtg-
like protein levels and gamete development than controls (Ortiz-
Zarragoitia and Cajaraville, 2005b). These females also showed a
high percentage of atretic oocytes in comparison with control
females, in agreement with earlier studies with mussels exposed
to diesel oil and PAH derivatives (Lowe and Pipe, 1987; Lowe,
1988). No effects were found in male mussels. These results agree
with the idea of a possible anti-estrogenic effect of PAHs
described in other aquatic organisms such as fish (Johnson et al.,
1997; Gagné et al., 1999; WHO/IPCS, 2002; Matthiessen, 2003).
The anti-estrogenic effect of PAHs in fish appears to be mediated
by activation of the Ah receptor (Navas and Segner, 2000).
Mussels M. galloprovincialis exposed to three different oils
showed accelerated spawning at high doses, but at low and
medium doses retarded gonad development and severe haemo-
cytic infiltration in the gonads were observed in both sexes
(Cajaraville etal., 1992). Soft shell clams collected from a harbour
polluted by PAHs and heavy metals also showed delayed
gametogenesis (Gauthier-Clerc et al., 2002).

In summary, evidences are slowly growing which indicate that
gamete development and vitellogenesis of marine bivalve
molluscs are targets of EDs. Nevertheless, further studies are
needed before changes in Vtg-like proteins measured by ALP
could be used as a biomarker of endocrine disruption in bivalve
molluscs. First, a great research effort should be devoted to gain
more knowledge on the functioning of molluscan endocrine
system and its role in controlling reproduction. Second, additional
laboratory studies are needed to test potential EDs at a range of
environmentally realistic concentrations. Most importantly, field
studies should be conducted to determine basal levels of Vtg-like
proteins in indigenous male and female bivalve molluscs and their
seasonal variation. Measurements of Vtg-like proteins should be
combined with histological examination of gonad (mantle)
sections in order to monitor possible alterations in gamete deve-
lopment. Finally, innovative proteomic approaches that could
identify specific protein expression signatures (Mi et al., 2005)
and genomic approaches, such as the use of DNA arrays
(Dondero et al., in press), could give important clues for deci-
phering mechanisms of action of EDs and for developing novel
biomarkers of endocrine disruption in bivalve molluscs. Recently,
genes encoding Vtg-like proteins have been cloned in M. edulis
(GenBank AY679116), scallop Patinopecten yessoensis (Gen-
Bank AB055960, Osada et al., 2004), Pacific oyster C. gigas
(GenBank AB084783, Matsumoto et al., 2003) and Eastern
oyster Crassostrea virginica (GenBank CD647526), providing
the opportunity of investigating regulation of vitellogenesis and
interactions of EDs with this process.

5. Toxicological hazard due to endocrine disruptors in
marine top predators

Recent alarm regarding rapid worldwide depletion of
predatory fish communities raised serious concern about the
ecological effects of industrialized fishing. Myers and Worm
(2003) estimate that large predatory fish biomass (including
swordfish and tuna) today is only about 10% of pre-industrial
levels. In this context, serious concern about Mediterranean
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pelagic longlines has been recently expressed by both the public
and the scientific community. Pelagic longlines catch a wide
range of species in a systematic way and over a vast spatial scale.
The Mediterranean swordfish population is particularly affected
by this industrialized fishing technique. However, there is another
unexplored factor that could drastically interfere with the stability
of populations of Mediterranean top predators, including large
pelagic fish: the toxicological effects of EDs.

Man-made EDs range across all continents and oceans; some
geographic areas, such as the Mediterranean Sea, are potentially
more threatened than others. This basin has limited exchange of
water with the Atlantic Ocean, and is surrounded by some of the
most heavily populated and industrialized countries in the world.
Levels of some xenobiotics are therefore much higher here than in
other seas and oceans (Aguilar et al., 2002). Mediterranean
marine fauna could therefore be a target for EDCs. In this peculiar
environment, top predators, such as large pelagic fish and marine
mammals, tend to accumulate large quantities of organochlorine
contaminants (OCs) and toxic metals (Corsolini et al., 1995;
Marsili, 2000). The levels of OCs in a top predator of the
Mediterranean, the striped dolphin (Stenella coeruleoalba), are
1-2 orders of magnitude higher than in Atlantic and Pacific
dolphins of the same species (Marsili, 2000). This suggests the
hypothesis that Mediterranean top predator species are potentially
“at risk” due to EDs contamination.

Here we summarize the final results of a project in which the
potential estrogenic effects of polyhalogenated aromatic hydro-
carbons on Mediterranean top predators is investigated using
sensitive biomarkers such as vitellogenin (Vtg), zona radiata
proteins (Zrp) and CYPIA activities in order to evaluate the
toxicological hazard in swordfish (Xiphias gladius) and bluefin
tuna (Thunnus thynnus thynnus). Non-lethal techniques, such as
non-lethal biomarkers (BPMO (CYP1A) activities in skin biopsy)
are also used in order to carry out hazard assessment of threatened
species exposed to EDs, such as cetaceans (S. coeruleoalba, Tur-
siops truncatus, Delphinus delphis and Balaenoptera physalus).

The first warning about toxicological risk to large Mediterranean
pelagic fish due to EDs was pinpointed by the results of Fossi et al.
(2001) in swordfish and Fossi et al. (2002) in bluefin tuna. Dramatic
induction of typically female proteins (Vtg and Zrp) was detected
by ELISA and western blot in adult males of the two species. In a 4-
year survey on the Mediterranean population of swordfish (Fossi et
al., 2004), the potential toxicological effects of some PHAHs
(organochlorines) and trace elements (Hg, Cd, Pb) on 192 spe-
cimens of swordfish, caught in the spawning seasons from 1999 to
2002 in the Straits of Messina, Sicily (Italy), were investigated
using Vtg, Zrp (Goksoyr, 1991), and cytochrome P4501A
(CYPIA) activities (Kurelec et al., 1977; Lubet et al., 1985)
(EROD, BPMO). These present results confirmed the finding of
dramatic induction in adult male swordfish of Vtg and Zrp. It is
interesting to see that several Mediterranean male specimens show
values of Vtg and Zrp (Fig. 3A-B) that are higher than average
male values and/or in the same range as those of reproductive
females, which suggests that this species is exposed to xenoestro-
gen in the Mediterranean Sea. A role of organochlorines (PCBs in
liver ranged 128—-22847 ppb d.w.) in this induction phenomenon is
suggested by the statistically significant correlations between Zrp

levels in plasma and PCB concentrations in muscle (Kendal’s Tau
b=0.312; p<0.032) and Vtg levels in plasma and PCB
concentrations in liver (Kendal’s Tau 5=0.618, p<0.034) of
male specimens. Organochlorine levels (PCBs in liver) were also
correlated with total length of male specimens (Kendal’s Tau
b=0.377, p<0.021). These results confirm that induction of Vtg
and Zrp can be used as a diagnostic and prognostic tool for
exposure assessment of Mediterranean swordfish stocks ex-
posed to OCs with ED capacity (Fossi et al., 2004). These data,
and those recently published by De Metrio et al. (2003)
demonstrating a high percentage of intersex in Mediterranean
swordfish, sound a warning about potential reproductive
alterations in large pelagic fish and suggest the need for
continuous monitoring to avoid reductions in their populations.
Surprisingly, if we compare levels of OCs in swordfish with
levels found in free-ranging striped dolphins, we find levels 10 to
20 times higher in cetaceans. Four types of organochlorine en-
docrine disruptors (Adami et al., 1995; Hilscherova et al., 2000;
Fossi and Marsili, 2003) are commonly found in Mediterranean
cetaceans (Aguilar et al., 2002; Marsili, 2000; Fossi et al., 2003):
1) environmental estrogens, 2) environmental androgens, 3) anti-
estrogens and 4) anti-androgens. The relative estrogenic power of
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Fig. 3. (A) Zona radiata proteins (Zrp) and (B) vitellogenin (Vtg) of male and
female swordfish (Xiphias gladius) captured in the Mediterranean Sea (Straits of
Messina, Sicily, Italy) in summer 1999, 2000, 2001, 2002, during the spawning
period. Circles indicate male specimens showing values higher than average
male values (line) and/or in the same range as those of reproductive females
(Fossi et al., 2004, modified).
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Table 2

Pearson produced-moment correlations between OCs with endocrine disruptors capacity and BPMO (CYP1A1) activity in the different cetacean species (Fossi et al.,

2003, modified)

BPMO

Balaenoptera physalus Stenella coeruleoalba

Tursiops truncatus Delphinus delphis

n r p n r p n R p n r p
DDTs 27 —0.2875 0.146 7 0.6685 0.101 7 —0.3741 0.408 11 0.8040 0.003*
pp'DDT 27 —0.2700 0.173 7 0.6147 0.142 7 —0.2175 0.639 11 —0.0411 0.905
op’DDT 27 -0.2777 0.161 7 0.8210 0.024* 7 —0.6360 0.125 11 0.7610 0.007*
op’'DDE 27 —0.2110 0.291 7 0.1408 0.763 7 0.1434 0.759 11 0.3248 0.330
pp’DDE 27 —0.2746 0.166 7 0.6648 0.103 7 —0.3681 0.417 11 0.8371 0.001*
PCBs 27 —-0.2115 0.290 7 0.6766 0.095 7 —0.3784 0.403 11 0.6529 0.029*
95 27 —0.0968 0.631 7 0.0168 0.971 7 —0.2125 0.647 11 0.3506 0.290
99 27 —0.2432 0.222 7 0.6891 0.087 7 0.0539 0.909 11 0.4223 0.196
101 27 —0.1717 0.392 7 —0.0770 0.870 7 —0.2331 0.615 11 —-0.0013 0.997
153 27 —0.1642 0.413 7 0.8665 0.012* 7 —0.5592 0.192 11 0.7239 0.012*

these chemicals, identified by in vitro and in vivo screening
methods (Safe, 1995, 2000) is rather weak (10> or less)
compared with the reference of 17-estradiol or DES (Miyamoto
and Klein, 1998). However, the high levels of organochlorine
compounds detected in marine mammals, particularly in pin-
nipeds and odontocetes, and consequently, the high levels of
organochlorines with ED capacity, cannot be ignored.

Some general considerations on potential hazard to these
Mediterranean species can be drawn from comparison of the data
commonly detected in Mediterranean cetaceans and that of other
cetacean species with known reproductive impairment (Fossi and
Marsili, 2003). Several examples suggest that exposure to OC
insecticides and PCBs has affected endocrine function and repro-
duction in marine mammals. Here, it is worth noting that levels of
PCBs found in Mediterranean free ranging odontocetes (Fossi et al.,
2003) are similar to those detected in the population of beluga
whales of the St. Lawrence estuary where a hermaphrodite
specimen was detected (PCBs mean value=78900 ng/g lipid
mass (Lw.)) (Muir et al., 1996); levels of PCBs detected in
Mediterranean free ranging fin whales in the same period (mean
value=7331 ng/g l.w.) (Fossi et al., 2003) are approximately 10
times higher than those found in the population of bowhead whales
(Balaena mysticetus) where pseudohermaphroditism and other
reproductive dysfunctions have been detected (PCBs mean
value=610 ng/g l.w.) (Tarpley et al., 1995). This observation
suggests the potential hazard that these species are exposed to in the
Mediterranean Sea.

The hypothesis that some Mediterranean cetaceans (S. coer-
uleoalba, D. delphis, T. truncatus and B. physalus) are “potentially
at risk” due to organochlorines was investigated using “diagnostic”
non-lethal tools. We used benzo(a)pyrene monooxygenase
(CYP1A1) activity in skin biopsies (Fossi et al., 1992) as a poten-
tial indicator of exposure to organochlorines, with special reference
to the compounds with endocrine disrupting capacity.

Subcutaneous tissues (skin and blubber) were obtained from S.
coeruleoalba, T. truncatus, D. delphis and B. physalus from the
western Ligurian Sea, between Corsica and the French—Italian
coast, and from the Ionic Sea using biopsy darts launched with a
crossbow (Fossi et al., 2003). Organochlorine concentrations
(HCB, DDTs and PCBs) and BPMO activities, confirmed lite-

rature data and results obtained in our lab before 1994 (Fossi etal.,
1992; Marsili, 2000), indicated that marked differences in levels
of all contaminants exist between fin whales and odontocete
species. The same was found for BPMO activity induction in
which some odontocete species, such as the striped dolphin,
having CYP1A1 activities four times higher than the mysticetes,
binded with levels of OCs one order of magnitude higher in
odontocetes (Fossi et al., 2003). The difference in organochlorine
bioaccumulation and consequently in BPMO induction between
the two groups is obviously related to their different positions in
the marine food chain with odontocetes as terminal consumers
and fin whales as macroplanktophages.

There was a linear correlation between OCs known as endocrine
disruptors and CYP1A1 (BPMO) activity (Pearson test) in striped
dolphins and common dolphins (Tab. 2) (Fossi et al., 2003) sug-
gesting the exposure of these species to a potential hazard of OC-
EDs. Gender differences in BPMO induction were also investigat-
ed. In striped dolphins a linear correlation was found between
op’DDT/BPMO and PCB153/BPMO. In the common dolphin
there were identified five linear correlations with the BPMO
activity: DDTs, pp’DDE, op’DDT, PCBs and PCB153. The main
result in this species was non-induction of BPMO in females with
increasing levels of contaminants (Fossi et al., 2003).

These results suggest that CYP1A1 (BPMO) induction in skin
biopsy may be an early sign of exposure to EDCs such as OCs and a
potential alert for transgenerational effects. It is therefore a powerful
“prognostic” indicator of the health of cetacean populations (Fossi
and Marsili, 2003) (Table 2).

6. Conclusions

Studies on endocrine disruption in marine invertebrates are
important because invertebrates represent more than 95% of the
known species in the animal kingdom and large groups are of
ecological relevance in the marine ecosystem. Although
examples of endocrine disruption in marine invertebrates are
known, the best documented of which is TBT-induced imposex
in gastropods, the limited evidence for the action of EDs in
invertebrates is partially due to the fact that their endocrine
system is poorly understood compared to that of vertebrates,
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with large diversities among groups and some of them being
unique to specific phyla; in particular the presence, role and
mechanisms of action of different hormones is largely unknown
compared to those of vertebrates. The introduction of
invertebrates in toxicity testing of EDs, although useful,
consists of studies on growth and development that are based
on putative mechanisms of action of both natural hormones and
EDs similar to those of vertebrates, but whose existence and
role has not yet been demonstrated in most invertebrate species.
Therefore, in invertebrates, for most EDs a clear cause—effect
relationship between exposure and specific responses is far
from being established, this making the mechanistic approach
utilized for vertebrate systems unfeasible. On the one hand, this
aspect has been addressed in the present review, underlying the
need for a critical use of biomarkers of endocrine disruption in
invertebrates, like the induction of Vtg-like proteins, that is
currently utilized in analogy with vertebrate systems. On the
other hand, studies on steroid synthesis and metabolism and on
the possible effects of EDs on functions other than reproduction,
such as the immune response, may help identifying specific
targets for endocrine disruption in invertebrates.

Similarly, the possible effects of EDs on certain marine
vertebrates such as marine top predators represent a serious
concern, especially in those areas, like the Mediterranean Sea,
characterized by a high impact of contaminants and limited water
exchange. The relationship between observed accumulation in
large pelagic fish and cetaceans of well established EDs in
vertebrates and significant effects on the endocrine system has been
only recently investigated. The identification of specific biomarkers
of endocrine disruption will clarify the role of ED exposure in
determining worldwide depletion of these endangered species.

Acknowledgements

Work in the laboratory of L. Canesi was supported by the
Italian Ministry of Scientific and Technological Research (fondi
Ateneo quota ex 60%). We would like to thank Dr. C. Ciacci
and Dr. M. Betti for their invaluable technical assistance. Work
in the laboratory of Miren P. Cajaraville was funded by the EU
BEEP project (contract no. EVK3-CT2000-00025) and by the
University of the Basque Country through a grant to consolidated
research groups. Work in the laboratory of C. Fossi was partially
financed by grants from the Italian Ministry for the Environment
and ICRAM (Istituto Centrale per la Ricerca Scientifica e
Tecnologica Associata al Mare). We would like to thank Dr. S.
Casini, Dr. L. Marsili, Dr. A. Ausili and Dr. G. Mori for scientific
and technical support in the project activities. We would also like
to thank Dr. S. Ancora and Dr. T. Romeo, for technical support in
the sampling activities in the Large Pelagic Fish Project and all the
researchers of the Thetys Research Institute for technical support
in the sampling activities in the Marine Mammals Project.

References

Adami, H.O., Lipworth, L., Titus-Ernstoff, L., Chung-cheng, H., Hamberg, A.,
Anhlborg, U., Baron, J., Trichopoulos, D., 1995. Organochlorine compounds
and estrogen-related cancers in women. Cancer Cause Control 6, 551-566.

Aguilar, A., Borrell, A., Reijnders, P.J.H., 2002. Geographical and temporal
variation in levels of organochlorine contaminants in marine mammals. Mar.
Environ. Res. 53, 425-452.

Ansar Ahmed, S., 2000. The immune system as a potential target for environmental
estrogens (endocrine disrupters): a new emerging field. Toxicology 156,
191-206.

Arukwe, A., Gokseyr, A., 2003. Eggshell and egg yolk proteins in fish: hepatic
proteins for the next generation: oogenetic, population, and evolutionary im-
plications of endocrine disruption. Comp. Hepatol. 2, 4.

Arukwe, A., Knudsen, F.R., Gokseyr, A., 1996. Fish zona radiata (eggshell) protein: a
sensitive biomarker for environmental estrogens. Environ. Health Perspect. 105,
418-422.

Baldwin, W.S., LeBlanc, G.A., 1994a. Identification of multiple steroid hydroxylases
in Daphnia magna and their modulation by xenobiotics. Environ. Toxicol. Chem.
13, 1013-1021.

Baldwin, W.S., LeBlanc, G.A., 1994b. In vivo biotransformation of testosterone by
phase I and II detoxication enzymes and their modulation by 20-hydroxyecdy-
sone in Daphnia magna. Aquat. Toxicol. 29, 103—117.

Baldwin, W.S., Graham, S.E., Shea, D., LeBlanc, G.A., 1998. Altered metabolic
elimination of testosterone and associated toxicity following exposure of Daphnia
magna to nonylphenol polyethoxylate. Ecotoxicol. Environ. Saf. 39, 104—111.

Berti, E., Burlando, B., Viarengo, A., 2003. Effects of pollutants on tyrosine phos-
phorylation in mussel cells. Abstracts 22nd ESCPB Conference, 14—18 Sep-
tember, Alessandria, p. 147.

Blaise, C., Gagné, F., Pellerin, J., Hansen, P.D., 1999. Determination of vitellogenin-
like properties in Mya arenaria hemolymph (Saguenay Fjord, Canada): A po-
tential biomarker for endocrine disruption. Environ. Toxicol. 14, 455-465.

Blaise, C., Gagné, F., Pellerin, J., Hansen, P.D., Trottier, S., 2002. Molluscan shellfish
biomarker study of the Quebec, Canada, Saguenay Fjord with the soft-shell clam,
Mya arenaria. Environ. Toxicol. 17, 170—-186.

Blaise, C., Gagné, F., Salazar, M., Salazar, S., Trottier, S., Hansen, P.-D.,
2003. Experimentally-induced feminisation of freshwater mussels after
long-term exposure to a municipal effluent. Fresenius Environ. Bull. 12,
865-870.

Blanchet, M.-F., Ozon, R., Meusy, J.J., 1972. Metabolism of steroids, in vitro, in the
male crab Carcinus maenas linné. Comp. Biochem. Physiol. 41B, 251-261.
Burlando, B., Marchi, B., Panfoli, I., Viarengo, A., 2002. Essential role of Ca®™-
dependent phospholipase A, in estradiol-induced lysosomal activation. Am. J.

Physiol., Cell Physiol. C1461-C1468.

Cajaraville, M.P., Marigomez, J.A., Angulo, E., 1992. Comparative effects of
the water accommodated fraction of three oils on mussels—1. Survival,
growth and gonad development. Comp. Biochem. Physiol. C 102, 103—112.

Cajaraville, M.P., Bebianno, M.J., Blasco, J., Porte, C., Sarasquete, C., Viarengo, A.,
2000. The use of biomarkers to assess the impact of pollution in coastal envi-
ronments of the Iberian Peninsula: a practical approach. Sci. Total Environ. 247,
295-311.

Calo, V., Migliavacca, M., Bazan, V., Macaluso, M., Buscemi, M., Gebbia, N., Russo,
A.,2003. STAT proteins: from normal control of cellular events to tumorigenesis.
J. Cell. Physiol. 197, 157-168.

Canesi, L., Betti, M., Ciacci, C., Scarpato, A., Citterio, B., Pruzzo, C., Gallo, G.,
2002. Signalling pathways involved in the physiological response of mussel
hemocytes to bacterial challenge: the role of stress-activated p38 MAPK. Dev.
Comp. Immunol. 26, 325-334.

Canesi, L., Betti, M., Ciacci, C., Citterio, B., Pruzzo, C., Gallo, G., 2003a. Tyrosine
kinase mediated cell signalling in the activation of Mytilus hemocytes: possible
role of STAT proteins. Biol. Cell. 95, 608—618.

Canesi, L., Ciacci, C., Betti, M., Scarpato, A., Citterio, B., Pruzzo, C., Gallo, G.,
2003b. Effects of PCB congeners on the immune function of Mytilus hemocytes:
alterations of tyrosine kinase-mediated cell signalling. Aquat. Toxicol. 63,
293-306.

Canesi, L., Ciacci, C., Betti, M., Lorusso, L.C., Marchi, B., Gallo, G., 2003c. Effects
and mechanisms of action of nonylphenol in Mytilus immunocytes. Abstracts
22nd ESCPB Conference, 14-18 September, Alessandria, p. 150.

Canesi, L., Ciacci, C., Betti, M., Lorusso, L.C., Marchi, B., Burattini, S., Falcieri, E.,
Gallo, G., 2004a. Rapid effect of 17beta-estradiol on cell signalling and function
of Mytilus hemocytes. Gen. Comp. Endocrinol. 136, 58—-71.

Canesi, L., Lorusso, L.C., Ciacci, C., Betti, M., Zampini, M., Gallo, G., 2004b.
Environmental estrogens can affect the function of mussel hemocytes



C. Porte et al. / Comparative Biochemistry and Physiology, Part C 143 (2006) 303315 313

through rapid modulation of kinase pathways. Gen. Comp. Endocrinol. 138,
158-165.

Canesi, L., Betti, M., Lorusso, L.C., Ciacci, C., Zampini, M., Gallo, G., 2005.
‘In vivo’ effects of Bisphenol A in Mytilus hemocytes: modulation of kinase-
mediated signalling pathways. Aquat. Toxicol. 71, 73—84.

Canesi, L., Ciacci, C., Lorusso, L.C., Betti, M., Guarnieri, T., Tavolati, S., Gallo,
G., in press. Immunomodulation by 17p3-Estradiol in bivalve hemocytes,
Am. J. Physiol. Regul. Integr. Comp. Physiol.

Colborn, T., 1998. Building scientific consensus on endocrine disruptors.
Environ. Toxicol. Chem. 17, 1-2.

Colborn, T., Vom Saal, T., Soto, A.M., 1993. Developmental effects of
endocrine-disrupting chemicals in wildlife and humans. Environ. Health
Perspect. 101, 378-384.

Corsolini, S., Focardi, S., Kannan, K., Tanabe, S., Borrel, A., Tatsukawa, R.,
1995. Congener profile and toxicity assessment of polychlorinated
biphenyls in dolphins, sharks and tuna collected from Italian coastal
water. Mar. Environ. Res. 40, 33-53.

Cowan, K.J., Storey, K.B., 2003. Mitogen-activated protein kinases: new
signalling pathways functioning in cellular responses to environmental
stress. J. Exp. Biol. 206, 1107—1115.

De Longcamp, D., Lubet, P., Drosdowsky, M., 1974. The in vitro biosynthesis of
steroids by the gonad of the mussel (Mytilus edulis). Gen. Comp.
Endocrinol. 22, 116—127.

De Metrio, G., Corriero, A., Desantis, S., Zubani, D., Cirillo, F., Deflorio, M.,
2003. Evidence of high percentage of intersex in the Mediterranean
swordfish (Xihias gladius). Mar. Pollut. Bull. 46, 358—483.

den Besten, P.J., Elenbaas, J.M.L., Maas, J.R., Dieleman, S.J., Herwig, H.J.,
Voogt, P.A., 1991. Effects of cadmium and polychlorinated biphenyls
(Clophen A50) on steroid metabolism and cytochrome P-450 monooxygen-
ase system in the sea star Asterias rubens L. Aquat. Toxicol. 20, 95-110.

Denslow, N.D., Chow, M.C., Kroll, K.J., Green, L., 1999. Vitellogenin as a biomarker
of exposure for estrogen or estrogen mimics. Ecotoxicology 8, 385-398.

Depledge, M.H., Billinghurst, Z., 1999. Ecological significance of endocrine
disruption in marine invertebrates. Mar. Pollut. Bull. 39, 32-38.

Di Cosmo, A., Di Cristo, C., Paolucci, M., 2002. An estradiol-17beta receptor in
the reproductive system of the female of Octopus vulgaris: characterization
and immunolocalization. Mol. Reprod. Dev. 61, 367-375.

Doering, D.D., Steckelbroeck, S., Doering, T., Klingmiiller, D., 2002. Effects of
butyltins on human Sa-reductase type 1 and type 2 activity. Steroids 67, 859—-867.

Dondero, F., Dagnino, A., Jonsson, H., Capri, F., Gastaldi, L., Viarengo, A., in press.
Assessing the occurrence of a stress syndrome in mussels (Myfilus edulis) using a
combined biomarker/gene expression approach. Aquat. Toxicol.

Driggers, P.H., Segars, J.H., 2002. Estrogen action and cytoplasmic signalling
cascades. Part II:the role of growth factors and phosphorylation in estrogen
signalling. Trends Endocrinol. Metab. 13, 422—-427.

EEA Report 2002 n.22: Late lessons from early warnings: the precautionary
principle 1896-2000. Edited by: Poul Harremo (Chairman), David Gee
(EEA editor), Malcolm MacGarvin (Executive editor), Andy Stirling, Jane
Keys, Brian Wynne, Sofia Guedes Vaz. Project managers: David Gee and
Sofia Guedes Vaz, European Environment Agency. http://reports.eea.eu.int/
environmental_issue_report_2001_22/en.

Fossi, M.C., Marsili, L., 2003. Endocrine disrupters in aquatic mammals. Pure
Appl. Chem. 75, 2235-2247.

Fossi, M.C., Marsili, L., Leonzio, C., Notabartolo di Sciara, G., Zanardelli, M.,
Focardi, S., 1992. The use of non-destructive biomarker in Mediterranean
cetaceans: preliminary data on MFO activity in skin biopsy. Mar. Pollut.
Bull. 24, 459-461.

Fossi, M.C., Casini, S., Ancora, S., Moscatelli, A., Ausili, A., Notarbartolo di
Sciara, G., 2001. Do endocrine disrupting chemicals threaten Mediterranean
swordfish? Preliminary results of vitellogenin and zona radiata proteins in
Xiphias gladius. Mar. Environ. 477-483.

Fossi, M.C., Casini, S., Marsili, L., Mori, G., Neri, G., Ancora, S., 2002. Biomarkers
for endocrine disruptors in three species of Mediterranean large pelagic fish. Mar.
Environ. Res. 54, 667-671.

Fossi, M.C., Marsili, L., Neri, G., Natoli, A., Politi, E., Panigada, S., 2003. The
use of non-lethal tool for evaluating toxicological hazard of organoclorine
contaminants in Mediterranean cetaceans: new data ten years after the first
paper published in MPB. Mar. Pollut. Bull. 46, 964-971.

Fossi, M.C., Casini, S., Marsili, L., Ancora, S., Mori, G., Neri, G., 2004.
Evaluation of ecotoxicological effects of endocrine disruptors during a four-
year survey of the Mediterranean population of swordfish (Xiphias gladius).
Mar. Environ. Res. 58, 425-429.

Gagné, F., Blaise, C., 2003. Effects of municipal effluents on serotonin and dopamine
levels in the freshwater mussel Elliptio complanata. Comp. Biochem. Physiol. C
136, 117-125.

Gagné, F., Pardos, M., Blaise, C., 1999. Estrogenic effects of organic environmental
extracts with the trout hepatocyte vitellogenin assay. Bull. Environ. Contam.
Toxicol. 62, 723-730.

Gagné, F., Blaise, C., Lachance, B., Sunahara, G.I., Sabik, H., 2001a. Evidence of
coprostanol estrogenicity to the freshwater mussel Elliptio complanata. Environ.
Pollut. 115, 97-106.

Gagné, F., Blaise, C., Salazar, M., Salazar, S., Hansen, P.D., 2001b. Evaluation of
estrogenic effects of municipal effluents to the freshwater mussel Elliptio com-
planata. Comp. Biochem. Physiol. C 128, 213-225.

Gagné, F., Blaise, C., Aoyama, ., Luo, R., Gagnon, C., Couillard, Y., Campbell, P.,
Salazar, M., 2002a. Biomarker study of a municipal effluent dispersion plume
in two species of freshwater mussels. Environ. Toxicol. 17, 149-159.

Gagné, F., Blaise, C., Pellerin, J., Gauthier-Clerc, S., 2002b. Alterations of the
biochemical properties of female gonads and vitellins in the clam Mya arenaria
at contaminated sites in the Saguenay Fjord. Mar. Environ. Res. 53, 295-310.

Gagné, F., Blaise, C., Hellou, J., 2004. Endocrine disruption and health effects of
caged mussels, Elliptio complanata, placed downstream from a primary-treated
municipal effluent plume for 1 year. Comp. Biochem. Physiol. C 138, 33—44.

Gagné, F., André, C., Blaise, C., 2005. Increased vitellogenin gene expression in the
mussel Elliptio complanata exposed to estradiol-17(3. Fresenius Environ. Bull.
14, 861-866.

Gauthier-Clerc, S., Pellerin, J., Blaise, C., Gagné, F., 2002. Delayed gametogenesis
of Mya arenaria in the Saguenay Fjord (Canada): a consequence of endocrine
disruptors? Comp. Biochem. Physiol. C 131, 457-467.

Gillesby, B., Zacharewski, T., 1998. Exoestrogens: mechanisms of action and
strategies for identification and assessment. Environ. Toxicol. Chem. 17,3—14.

Goksoyr, A., 1991. A semi-quantitative cytochrome P450IA1 ELISA: a simple
method for studying the monooxygenase induction response in environmental
monitoring and ecotoxicological testing of fish. Sci. Total Environ. 101, 255-262.

Gokseyr, A., Arukwe, A., Larsson, J., Cajaraville, M.P., Hauser, L., Nilsen, B.D.,
Lowe, D., Matthiessen, P., 2003. Molecular/cellular processes and the impact
on reproduction. In: Lawrence, A., Hemingway, K. (Eds.), Effects of pollution
on fish. Blackwell Publishing, Oxford, pp. 179-220.

Gooding, M.P.,, Wilson, V.S., Folmar, L.C., Marcovich, D.T., Le Blanc, G.A., 2003.
The biocide tributyltin reduces the accumulation of testosterone as fatty acid esters
in the mud snail /lyanassa obsoleta. Environ. Health Perspect. 111, 426-430.

Gottfried, H., Dorfman, R.I., 1970. Steroids of invertebrates V. The in vitro
biosynthesis of steroids by the male-phase ovotestis of the slug (Ariolimax
californicus). Gen. Comp. Endocrinol. 15, 120—138.

Hilscherova, K., Machala, M., Kannan, K., Blankenship, A.L., Giesy, J.P., 2000.
Cell bioassays for detection of Aryl Hydrocarbon (AhR) and estrogen receptor
(ER) mediated activity in environmental samples. Environ. Sci. Pollut. Res. Int.
7, 159-171.

Janer, G., Lavado, R., Thibaut, R., Porte, C., 2004. Effects of 17p-estradiol exposure
in the mussel Mytilus galloprovincialis. Mar. Environ. Res. 58, 443—-446.

Janer, G., Sternberg, R.M., Leblanc, G.A., Porte, C., 2005. Testosterone conjugating
activities in invertebrates: are they targets for endocrine disruptors? Aquat.
Toxicol. 71, 273-282.

Janer, G., Le Blanc, G.A., Porte, C., submitted for publication. Identification of
vertebrate-type steroid metabolism in three invertebrate species: a comparative
study on androgen metabolism. Gen. Comp. Endocrinol.

Johnson, L.L., Sol, S.Y., Lomax, D.P., Nelson, G.M., Sloan, C.A., Casillas, E.,
1997. Fecundity and egg weight in English sole, Pleuronectes vetulus, from
Puget Sound, Washington: Influence of nutritional status and chemical con-
taminants. Fish. Bull. 95, 231-249.

Kang, S.-G., Choi, K.-S., Bulgakov, A.A., Kim, Y., Kim, S.-Y., 2003. Enzyme-
linked immunosorbent assay (ELISA) used in quantification of reproductive
output in the pacific oyster, Crassostrea gigas, in Korea. J. Exp. Mar. Biol.
Ecol. 282, 1-21.

Kleinkauf, A., Macfarlane, C., Yeates, S., Simpson, M.G., Leah, R.T., 2004. A
biomarker approach to endocrine disruption in flounder-estrogen receptors,


http://reports.eea.eu.int/environmental_issue_report_2001_22/en
http://reports.eea.eu.int/environmental_issue_report_2001_22/en

314 C. Porte et al. / Comparative Biochemistry and Physiology, Part C 143 (2006) 303-315

hepatocyte proliferation, and sperm motility. Ecotoxicol. Environ. Saf. 58,
324-334.

Kramer, V.J., Miles-Richardson, S., Pierens, S.L., Giesy, J.P., 1998. Reproductive
impairment and induction of alkaline-labile phosphate, a biomarker of estrogen
exposure, in fathead minnows (Pimephales promelas) exposed to waterborne
17p-estradiol. Aquat. Toxicol. 40, 335-360.

Kurelec, B., Britvic, S., Rijavec, M., Muller, W.E.G., Zahn, R.K., 1977. Benzo
(a)pyrene monooxygenase induction in marine fish—Molecular response to
oil pollution. Mar. Biol. 44, 211-216.

Lafont, R., 2000. The endocrinology of invertebrates. Ecotoxicology 9, 41-57.

Langston, W.J., Burt, G.R., Chesman, B.S., Vane, C.H., 2005. Partitioning,
bioavailability and effects of oestrogens and xeno-estrogens in the aquatic
environment. J. Mar. Biol. Assoc. U.K. 85, 1-31.

LeBlanc, G.A., Bain, L.J., 1997. Chronic toxicity of environmental
contaminants: sentinels and biomarkers. Environ. Health Perspect. 105,
65-80.

Le Curieux-Belfond, O., Moslemi, S., Mathieu, M., Séralini, G.E., 2001.
Androgen metabolism in oyster Crassostera gigas: evidence for 173-HSD
activities and characterization of an aromatase-like activity inhibited by
pharmacological compounds and a marine pollutant. J. Steroid Biochem.
Mol. Biol. 78, 359-366.

Le Guellec, D., Thiard, M.C., Remy-Martin, J.P., Deray, A., Gomot, L., Adessi,
G.L., 1987. In vitro metabolism of androstenedione and identification of
endogenous steroids in Helix aspersa. Gen. Comp. Endocrinol. 66,
425-433.

Li, Q., Osada, M., Suzuki, R., Mori, K., 1998. Changes in vitellin during
oogenesis and effect of estradiol 17-f3 on vitellogenesis in the Pacific oyster
Crassostrea gigas. Invertebr. Reprod. Dev. 33, 87-89.

Livingstone, D.R., Chipman, J.K., Lowe, D.M., Minier, C., Mitchelmore, C.L.,
Moore, M.N., Peters, L.D., Pipe, R.K., 2000. Development of biomarkers to
detect the effects of organic pollution on aquatic invertebrates: recent
molecular, genotoxic, cellular and immunological studies on the common
mussel (Mytilus edulis L.) and other mytilids. Int. J. Environ. Pollut. 13,
56-91.

Loo, S., Alléra, A., Albers, P., Hembrecht, J., Jantzen, E., Klingmiiller, D.,
Steckelbroeck, S., 2003. Dithioerythritol (DTE) prevents inhibitory effects
of triphenyltin (TPT) on the key enzymes of the human sex steroid hormone
metabolism. J. Steroid Biochem. Mol. Biol. 84, 569-576.

Losel, R.F., Falkestein, E., Feuring, M., Schultz, A., Tillmann, H.-C., Rossol-
Haseroth, K., Wehling, M., 2003. Non genomic steroid action: controver-
sies, questions, and answers. Physiol. Rev. 965-1016.

Lowe, D.M., 1988. Alterations in cellular structure of Mytilus edulis resulting
from exposure to environmental contaminants under field and experimental
conditions. Mar. Ecol. Prog. Ser. 46, 91-100.

Lowe, D.M., Pipe, R.K., 1987. Mortality and quantitative aspects of storage cell
utilization in mussels, Mytilus edulis, following exposure to diesel oil
hydrocarbons. Mar. Environ. Res. 22, 243-251.

Lubet, R.A., Nims, R.W., Mayer, R.T., Cameron, J.W., Schechtman, L.M., 1985.
Measurement of cytochrome P450 dependent dealkylation of alkoxyphe-
noxazones in hepatic S9s and hepatocyte homogenates: effects of dicumarol.
Mutat. Res. 142, 127-131.

Lupo di Prisco, C., Dessi’ Fulgheri, F., 1975. Alternative pathways of steroid
biosynthesis in gonads and hepatopancreas of Aplysia depilans. Comp.
Biochem. Physiol., B 50, 191-195.

Lye, C.M., 2000. Impact of oestrogenic substances from oil production at sea.
Toxicol. Lett. 112—113, 265-272.

Marin, M.G., Matozzo, V., 2004. Vitellogenin induction as a biomarker of
exposure to estrogenic compounds in aquatic environments. Mar. Pollut.
Bull. 48, 835-839.

Marsili, L., 2000. Lipophilic contaminants in marine mammals: review of the
results of ten years work at the Department of Environmental Biology, Siena
University (Italy). “The Control of Marine Pollution: Current Status and
Future Trends”. IJEP 13, 416—452.

Matozzo, V., Marin, M.G., 2005. Can 4-nonylphenol induce vitellogenin-like
proteins in the clam Tapes philippinarum? Environ. Res. 97, 43—49.

Matsumoto, T., Nakamura, A.M., Mori, K., Kayano, T., 2003. Molecular
characterization of a cDNA encoding putative vitellogenin from the Pacific
oyster Crassostrea gigas. Zool. Sci. 20, 37-42.

Matthiessen, P., 2003. Endocrine disruption in marine fish. Pure Appl. Chem.
75, 2249-2261.

Matthiessen, P., Sumpter, J.P., 1998. Effects of estrogenic substances in the
aquatic environment. In: Braunbeck, T., Hinton, D.E., Streit, D. (Eds.), Fish
Ecotoxicology. Birkhduser Verlag, Basel, pp. 319-335.

McLachlan, J.A., 2001. Environmental signalling: what embryos and evolution
teach us about endocrine disrupting chemicals. Endocr. Rev. 22, 319-341.

McVey, M.J., Cooke, G.M., 2003. Inhibition of rat testis microsomal 3{3-
hydroxysteroid dehydrogenase activity by tributyltin. J. Steroid Biochem.
Mol. Biol. 86, 99-105.

Mi, J., Orbea, A., Syme, N., Ahmed, M., Cajaraville, M.P., Cristobal, S., 2005.
Peroxisomal proteomics, a new tool for risk assessment of peroxisome
proliferating pollutants in the marine environment. Proteomics 5, 3954-3965.

Miyamoto, J., Klein, W., 1998. Environmental exposure, species differences and
risk assessment. Pure Appl. Chem. 70, 1829—1845.

Morcillo, Y., Ronis, M.J.J., Porte, C., 1998. Effects of tributyltin on the phase I
testosterone metabolism and steroid titres of the clam Ruditapes decussata.
Aquat. Toxicol. 42, 1-13.

Morcillo, Y., Alabalat, A., Porte, C., 1999. Mussels as sentinels of organotin
pollution: bioaccumulation and effects on P450-mediated aromatase activity.
Environ. Toxicol. Chem. 18, 1203—-1208.

Muir, D.C.G., Koczanski, K., Rosenberg, B., Béland, P., 1996. Persistent
organochlorines in beluga whales (Delphinapterus leucas) from the St Lawrence
River estuary—II. temporal trends, 1982—1994. Environ. Pollut. 93, 235-245.

Myers, R.A., Worm, B., 2003. Rapid worldwide depletion of predatory fish
communities. Nature 423, 280-283.

Nadal, A., Ropero, A.B., Laribi, O., Maillet, M., Fuentes, E., Soria, B., 2000.
Nongenomic actions of estrogens and xenoestrogens by binding at a plasma-
membrane receptor unrelated to estrogen receptor alpha and estrogen receptor
beta. Proc. Natl. Acad. Sci. U. S. A. 97, 11603—11608.

Navas, J.M., Segner, H., 2000. Antiestrogenicity of 3-naphthoflavone and PAHs
in cultured rainbow trout hepatocytes: evidence for a role of the
arylhydrocarbon receptor. Aquat. Toxicol. 51, 79-92.

Normand, A.W., Litwack, G., 1998. Steroid hormones: Chemistry, biosynthesis,
and metabolism. In: Norman, A.W., Litwack, G. (Eds.), Hormones. Academic
Press, San Diego, CA, pp. 49-86.

Oberdorster, E., Rittschof, D., LeBlanc, G.A., 1998a. Alteration in [14C]-
testosterone metabolism after chronic exposure of Daphnia magna to
tributyltin. Arch. Environ. Contam. Toxicol. 34, 21-25.

Oberdorster, E., Rittschof, D., McClellan-Green, P., 1998b. Testosterone
metabolism in imposex and normal Ilyanassa obsoleta: comparison of
field and TBT Cl-induced imposex. Mar. Pollut. Bull. 36, 144—151.

Ocehlmann, J., Schulte-Oehlmann, U., Tillmann, M., Markert, B., 2000. Effects of
endocrine disruptors on prosobranch snails (Mollusca: Gastropoda) in the
laboratory. Part I: bisphenol A and octylphenol as xeno-estrogens. Ecotox-
icology 9, 383-397.

Ortiz-Zarragoitia, M., 2005. Effects of endocrine disruptors on peroxisome
proliferation, reproduction and development of model aquatic organisms,
zebrafish and mussel. Ph.D Thesis, University of the Basque Country, 164.

Ortiz-Zarragoitia, M., Cajaraville, M.P., 2005a. Effects of selected xenoestro-
gens on liver peroxisomes, vitellogenin levels and spermatogenic cell
proliferation in male zebrafish. Comp. Biochem. Physiol. C 141, 133—144.

Ortiz-Zarragoitia, M., Cajaraville, M.P., 2005b. Biomarkers of exposure and
reproduction-related effects in mussels exposed to endocrine disruptors.
Arch. Environ. Contam. Toxicol. 49, 1-9.

Osada, M., Takamura, T., Sato, H., Mori, K., 2003. Vitellogenin synthesis in the
ovary of scallop Platinopecten yessoensis: control by estradiol-17)3 and the
central nervous system. J. Exp. Zool. 299A, 172—179.

Osada, M., Harata, M., Kishida, M., Kijama, A., 2004. Molecular cloning and
expression analysis of vitellogenin in scallop, Patinopecten yessoensis
(Bivalvia, Mollusca). Mol. Rep. Dev. 67, 273-281.

Pampanin, D.M., Marangon, 1., Volpato, E., Campesan, G., Nasci, C., 2005.
Stress biomarkers and alkali-labile phosphate level in mussels (Mytilus
galloprovincialis) collected in the urban area of Venice (Venice Lagoon,
Italy). Environ. Pollut. 136, 103-107.

Park, K.-I., Choi, K.-S., 2004. Application of enzyme-linked immunosorbent
assay for studying reproduction in the Manila clam Ruditapes philippinarum
(Mollusca: Bivalvia) I. Quantifying eggs. Aquaculture 241, 667—-687.



C. Porte et al. / Comparative Biochemistry and Physiology, Part C 143 (2006) 303315 315

Porcher, J.M., 2003. Draft Report on Intercomparison of Zebrafish Vitellogenin
Quantification Methods. INERIS, France, p. 44.

Quinn, B., Gagné, F., Costello, M., McKenzie, C., Wilson, J., Mothersill, C.,
2004. The endocrine disrupting effect of municipal effluent on the zebra
mussel (Dreissena polymorpha). Aquat. Toxicol. 66, 279-292.

Quinn, B., Gagné, F., Blaise, C., Costello, M., Wilson, J., Mothersill, C., 2006.
Evaluation of the lethal and sub-lethal toxicity and potential endocrine
disrupting effect of nonylphenol on the zebra mussel (Dreissena
polymorpha). Comp. Biochem. Physiol. C 142, 118—127.

Riffeser, M., Hock, B., 2002. Vitellogenin levels in mussel hemolymph—a
suitable biomarker for the exposure to estrogens? Comp. Biochem. Physiol.
C 132, 75-84.

Robinson, C.D., Brown, E., Craft, J.A., Davies, .M., Moftat, C.F., 2004. Effects
of prolonged exposure to 4-tert-octylphenol on toxicity and indices of
oestrogenic exposure in the sand goby (Pomatoschistus minutus, Pallas).
Mar. Environ. Res. 58, 19-38.

Ronis, M.J.J., Mason, A.Z., 1996. The metabolism of testosterone by the
periwinkle (Littorina littorea) in vitro and in vivo: effects of tribultyltin.
Mar. Environ. Res. 42, 161-166.

Rotchelle, J.M., Ostrander, G.K., 2003. Molecular effects of endocrine
disrupters in aquatic organisms. J. Toxicol. Environ. Health 6B, 453-495.

Safe, S.H., 1995. Environmental and dietary estrogens and human health: is
there a problem? Environ. Health Perspect. 103, 346-351.

Safe, S.H., 2000. Endocrine disruptors and human health—is there a problem ?
An update. Environ. Health Perspect. 108, 487—493.

Santos, M.M., ten Hallers-Tjabbes, C.C., Vieira, N., Boon, J.P., Porte, C., 2002.
Cytochrome P450 differences in normal and imposex-affected female whelk
Buccinum undatum from the open North Sea. Mar. Environ. Res. 54,
661-665.

Schoenmakers, H.J.N., 1979. In vitro biosynthesis of steroids from cholesterol
by the ovaries and pyloric caeca of the starfish Asterias rubens. Comp.
Biochem. Physiol., B 63, 179-184.

Segars, J.H., Driggers, P.H., 2002. Estrogen action and cytoplasmic signalling
cascades. Part I: membrane-associated signalling complexes. Trends
Endocrinol. Metab. 13, 349-354.

Stefano, G.B., Zhu, W., Mantione, K., Jones, D., Salamon, E., Cho, J.J., Cadet,
P., 2003. 17p-estradiol downregulates ganglionic microglial cells via nitric
oxide release: presence of an estrogen receptor 3 transcript. Neuroendocri-
nol. Lett. 24, 130-136.

Swevers, L., Lambert, J.G., De Loof, A., 1991. Metabolism of vertebrate-type
steroids by tissues of three crustacean species. Comp. Biochem. Physiol., B
99, 35-41.

Tarpley, R.J., Jarrell, G.H., George, J.C., Cubbage, J., Stott, G.G., 1995. Male
pseudohermaphroditism in the bowhead whale, Balaena mysticetus.
J. Mamm. 76, 1267-1275.

Thornton, J.W., Need, E., Crews, D., 2003. Resurrecting the ancestral steroid
receptor: ancient origin of estrogen signalling. Science 301, 1714—1717.
Verslycke, T., De Wasch, K., De Brabander, H.F., Janssen, C.R., 2002.
Testosterone metabolism in the estuarine mysid Neomysis integer
(Crustacea; Mysidacea): identification of testosterone metabolites and
endogenous vertebrate-type steroids. Gen. Comp. Endocrinol. 126,

190-199.

Verslycke, T., Poelmans, S., De Wasch, K., Vercauteren, J., Devos, C., Moens,
L., Sandra, P., De Brabander, H.F., Janssen, C.R., 2003. Testosterone
metabolism in the estuarine mysid Neomysis integer (Crustacea; Mysida-
cea) following tributyltin exposure. Environ. Toxicol. Chem. 22,
2030-2036.

Versonnen, B.J., Goemans, G., Belpaire, C., Janssen, C.R., 2004. Vitellogenin
content in European eel (Anguilla anguilla) in Flanders, Belgium. Environ.
Pollut. 128, 363-371.

Voogt, P.A., den Besten, P.J., Jansen, M., 1990. The As-pathway in steroid
metabolism in the sea star Asterias rubens L. Comp. Biochem. Physiol. 97B,
555-562.

Vos, J.G., Dybing, E., Greim, H.A., Ladefoged, O., Lambre, C., Tarazona, J.V.,
Brandt, 1., Vethaak, A.D., 2000. Health effects of endocrine-disrupting
chemicals on wildlife, with special reference to the European situation. Crit.
Rev. Toxicol. 30, 71-133.

Wasson, K.M., Watts, S.A., 2000. Progesterone metabolism in the ovaries and
testes of the echinoid Lyfechinus variegatus Lamarck (Echinodermata).
Comp. Biochem. Physiol. C 127, 263-272.

Wasson, K.M., Hines, G.A., Watts, S.A., 1998. Synthesis of testosterone and
Sa-androstanediols durign nutritionally stimulated gonadal growth in
Lytechinus variegatus Lamarck (Echinodermata: Echinoidea). Gen. Comp.
Endocrinol. 111, 197-206.

WHO/IPCS (World Health Organization/International Petroleum Chemical
Society), 2002. In: Damstra, T., Barlow, S., Bergman, A., Kavlock, R., Van
Der Kraak, G. (Eds.), Global assessment of the state-of-the-science of
endocrine disruptors. WHO/IPCS/EDC/02.2. World Healh Organization,
Geneva, Switzerland. Available from: http://ehp.niehs.nih.gov/who/.

Witorsch, R.J., 2002. Endocrine disruptors: can biological effects be predicted?
Regul. Toxicol. Pharmacol. 36, 118—130.


http://ehp.niehs.nih.gov/who/

	Endocrine disruptors in marine organisms: Approaches and perspectives
	Introduction
	Steroid synthesis and metabolism in invertebrates: potential targets for endocrine disruptors
	Effects of natural and environmental estrogens on kinase-mediated cell signalling in Mytilus im.....
	Biomarkers of exposure to endocrine disruptors in marine bivalve molluscs and their use in mari.....
	Toxicological hazard due to endocrine disruptors in marine top predators
	Conclusions
	Acknowledgements
	References


