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Abstract: Estrogens play well-recognized roles in reproduction across vertebrates, but also
intervene in a wide range of other physiological processes, including mineral homeostasis.
Classical actions are triggered when estrogens bind and activate intracellular estrogen
receptors (ERs), regulating the transcription of responsive genes, but rapid non-genomic
actions initiated by binding to plasma membrane receptors were recently described. A wide
range of structurally diverse compounds from natural and anthropogenic sources have been
shown to interact with and disrupt the normal functions of the estrogen system, and fish
are particularly vulnerable to endocrine disruption, as these compounds are frequently
discharged or run-off into waterways. The effect of estrogen disruptors in fish has mainly
been assessed in relation to reproductive endpoints, and relatively little attention has been
given to other disruptive actions. This review will overview the actions of estrogens in fish,
including ER isoforms, their expression, structure and mechanisms of action. The estrogen
functions will be considered in relation to mineral homeostasis and actions on mineralized
tissues. The impact of estrogenic endocrine disrupting compounds on fish mineralized
tissues will be reviewed, and the potential adverse outcomes of exposure to such
compounds will be discussed. Current lacunae in knowledge are highlighted along with
future research priorities.

Mar. Drugs 2014, 12

4475

Keywords: endocrine disrupting compounds; endocrine disruption; estrogen receptor; fish;
mineralized tissues

1. Introduction
Estrogens are ubiquitous, small steroid compounds that function as hormones mainly in vertebrates.
The estrogen system in vertebrates is remarkably well conserved and includes steroidogenic enzymes
involved in estrogen synthesis; the estrogens estrone, estriol and 17β-estradiol (E2, the most abundant
and potent natural estrogen) (see Figure 1A), and estrogen receptors [1]. Estrogens are key regulators
of physiological changes associated with reproduction in both sexes and also regulate many other
important physiological processes, including immune function and mineral homeostasis [2–4].
Figure 1. Examples of the chemical structure of typical estrogenic compounds, including:
(A) natural animal estrogens; (B) natural plant estrogenic compounds (phytoestrogens);
and synthetic estrogenic compounds with pharmaceutical (C) or other applications (D).
The compounds were selected to show the diversity of chemical structures reported to
possess estrogenic effects, and compounds with reported effects in fish mineralized tissues
were preferentially selected (see Section 7).
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A wide range of compounds have now been identified that affect the function of the estrogen
system and are classified as endocrine disrupting compounds (EDCs), which are ―exogenous
substances or mixtures that alter the function(s) of the endocrine system and cause adverse health
effects in an intact organism or its progeny‖ [5]. EDCs may act at several different levels, and the best
studied actions are those in which compounds bind to estrogen receptors (ERs) and mimic or block
normal estrogenic actions; however, other, less studied disruptive actions include alterations in
receptor or hormone availability (affecting their synthesis, transport, metabolism and excretion), and
other more recently identified mechanisms of action include disruption caused by binding to
other receptors [6–8].
Estrogenic EDCs are structurally diverse compounds from multiple sources (see Figure 1 for
examples) that have estrogenic and/or anti-estrogenic activities, although they may also affect
other endocrine systems. Sources of estrogenic EDCs include natural estrogens produced by plants
(phytoestrogens), fungi (mycoestrogens) and cyanobacteria, synthetic therapeutic drugs (e.g., raloxifene)
and numerous synthetic compounds mainly used in industry and agriculture (e.g., polychlorinated
biphenyls (PCBs), organochlorine pesticides, phthalate plasticizers or dioxins) [9,10].
Many EDCs are of anthropogenic origin and have been accumulating in the aquatic environment for
decades, and their lipophilic and persistent nature means that they bioaccumulate and/or biomagnify
in marine organisms [6,7]. Aquatic vertebrates, such as fish, are particularly affected by aquatic
anthropogenic contaminants; exposure can be lifelong and through multiple routes, including the
skin and gills or through feeding on contaminated sediments or organisms and bioaccumulation is
frequent [11,12]. Aquatic contaminants can compromise reproduction, development, immune response
and other physiological processes, which can ultimately affect the survival of fish [10,13,14]. In
addition to the direct impact of aquatic contaminants on fish populations, the ecological importance of
fish means that they also indirectly affect the environment and, when eaten by humans and wildlife,
pose a health risk and negatively impact the economics of fisheries and aquaculture.
The estrogenicity of EDCs have mostly been evaluated in relation to their binding and/or activation
of intracellular ERs, which regulate many of estrogens’ actions in target cells [7,15]. The adverse
outcomes of exposure to estrogenic EDCs have mainly been evaluated in relation to reproductive
functions or tissues (e.g., induction of hepatic vitellogenin production, reduced gonadal growth, male
gonad feminization, altered sex ratios) [5,10,15]. In contrast, the impact of EDCs on non-reproductive
tissues is largely unexplored [7,16]. From fish to mammals, mineral homeostasis is regulated by
estrogens, and mineralized tissues are estrogen targets [1], which makes them also a target for
endocrine disruption.
The present review compares the effects and diverse mechanisms of action of estrogens on fish
mineralized tissues and the better studied mammalian bone. Evidence for estrogen responsiveness and
endocrine disruption will be reviewed for fish mineralized tissues. The possible mechanisms of action
and the impact of exposure to estrogenic EDCs on fish health and survival is discussed, in relation to
the physiological importance of the skeletal system.
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2. Mineralized Tissues and Mineral Homeostasis
The skeleton has a well-recognized role in support, protection, locomotion and mineral homeostasis
across vertebrates. Bone is a dynamic tissue maintained by continuous cycles of formation and
resorption, mediated, respectively, by osteoblasts (OSB) and osteoclasts (OSC). Mammalian bone
also contains cells embedded in the matrix, the osteocytes, that are crucial for the detection and
response to mechanical loading, regulating bone remodeling and repair. Recently, mammalian bone
has also been proposed to function as an endocrine organ that can influence reproduction and
energy metabolism [17].
The fish skeleton consists of an articulated endoskeleton, like in mammals, but they also contain an
exoskeleton formed by mineralized appendages, the fish scales. All fish mineralized tissues contain
OSC and OSB that are thought to have the same role as in mammals. Fish bone is classified as
acellular, because it lacks osteocytes [18], although salmonids and cyprinids are an exception, as they
possess matrix dwelling osteocytes in some elements of the skeleton and, therefore, are considered to
have cellular bone [19]. Due to the aquatic environment inhabited by fish, the skeleton is less exposed
to mechanical loading; nonetheless, skeletal turnover and homeostasis are just as important as in
mammals. Skeletal anomalies are a major concern in fish farms, as they can compromise fish survival
and their economic value.
Mineral homeostasis requirements and regulation differ between mammals and fish and between
marine and freshwater fish. In terrestrial vertebrates, the bone serves as a reservoir of minerals, as the
only available source is the diet, and so, if there is an increased need for calcium (Ca), phosphorus (P)
or other minerals, bone can be mobilized [20]. In marine species of fish, an abundant source of Ca is
present in the environment, and food is only essential to meet the demand for P. In contrast, in
freshwater fish species, Ca ions are in poor supply in the surrounding environment, and the diet
contributes to meet Ca and P requirements, as occurs in mammals. If Ca becomes limiting, it can
compromise reproduction, growth and development, leading to the mobilization of both Ca/P from
mineralized tissues. In fish, the scales appear to play an important role in Ca/P homeostasis and also
function as a physical barrier and improve hydrodynamics [21]. However, an important aspect to bear
in mind when considering fish is the vast number of species that exist (over 30,000) and their diversity
of habitats and adaptations. This means that caution is required when making generalizations between
fish species and even more so in relation to the results obtained in other vertebrates, such as mammals.
More studies of skeletal homeostasis and endocrine disruption are required in a greater diversity of
fish, and it remains to be established if the recent novel role of bone in energy homeostasis in
mammals also occurs in fish.
3. Estrogen Actions in Mineralized Tissues
Estrogens regulate mineralized tissues physiology and mineral homeostasis across vertebrates [1],
together with other hormones. In mammals, E2 protects the skeleton by favoring differentiation and
increasing the life span of OSB, by inducing bone mineralization and by decreasing the formation,
activity and life span of OSC. Thus, in mammals, estrogens contribute to the development and
maintenance of bone mass, in both males and females [22–26].
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In fish, E2 induces an increase in plasma Ca levels and a decrease in scale Ca content in periods of
increased demand, such as vitellogenesis in females [27–30]. This hypercalcemic effect appears to be
mediated by several mechanisms, including an increase in Ca influx from the environment [2,31] and
stimulation of Ca mobilization from mineralized tissues, especially the scales [32–34]. Indeed, in the
scales of several marine and freshwater fish species, E2 increases the activity of tartrate-resistant acid
phosphatase (TRAP), a marker of osteoclasts and scale resorption [33–38]. The results of such studies
suggest that E2-induced Ca mobilization is especially increased in scales [39], which is in line with the
protective role of E2 on mammalian bone. The effects of E2 on the fish endoskeleton remains to be
fully characterized.
In goldfish (Carassius auratus, a freshwater teleost) and wrasse (Pseudolabrus sieboldi, a marine
teleost), E2 also increased osteoblast activity (measured by the activity of the OSB marker, alkaline
phosphatase, ALP) [37,40], suggesting that estrogens could affect both mineralization and mobilization
in fish scales, two processes that are often coupled in mammalian bone [22]. Furthermore, exposure of
early-life-stage mosquito fish to E2 causes a change in hemal spine morphology indicative of delayed
development [41], while in E2 treated adult sea bream (Sparus auratus), the proteome of regenerating
skin and scales indicates that the process is accelerated [42]. However, further studies are required to
establish in more detail and in a greater number of species the effects of E2 on fish bone/scale Ca
content and turnover and if this differs across the reproductive cycle or in relation to environmental or
internal cues.
4. General Mechanisms of Estrogenic Action
The actions of estrogens are mostly mediated by specific intracellular receptors, the ERs, which
may be located in the cytoplasm, the nucleus or in other organelles [7,43,44]. While most vertebrates
have duplicate ER genes (α and β), the teleost-specific whole genome duplication means that most
have at least three ER isoforms, one ERα and two ERβs (reviewed by [45]). The ERs in teleost fish
have been detected in the nucleus and cytoplasm [46–48].
In the classical model of estrogen actions (Figure 2A), ERs regulate gene expression in the nucleus
of target cells by binding to estrogen-response elements (ERE) in the promoters of target genes [49,50].
Estrogens (as well as EDCs) can also act via alternative pathways (see Figure 2B–D for details), and
studies in mammals reveal the indirect regulation of gene expression by interaction with other
transcription factors (TFs) or by binding to membrane receptors, which may result in changes in gene
expression or in rapid non-genomic effects, such as the activation of specific enzymes [7,50,51]. The
nature of the receptors mediating membrane-initiated actions of estrogens remains controversial, but
probably includes both classical ERs and their variants, as well as novel membrane receptors, such as
the G protein-coupled estrogen receptor 1 (GPER, formerly known as GPR30), recently characterized
in mammals and fish [52–54].
In fish, different mechanisms of E2 action have also been identified and include: (1) the direct
genomic regulation of hepatic vitellogenin mRNA, a classical EDC biomarker, by intracellular ERs [55];
(2) disruption of ERα pathways by environmental contaminants through interaction with other transcription
factors [56]; (3) indirect regulation of the luteinizing hormone β gene through ERα interaction with
other TFs [57]; and (4) rapid GPER-mediated effects characterized in fish gonads [45,53].
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Figure 2. Simplified scheme presenting the possible mechanisms involved in the cellular
actions of natural estrogens (e.g., 17β-estradiol, E2) and estrogenic endocrine disrupting
compounds (EDCs). In the classical mode of action (A), an estrogenic ligand binds and
activates intracellular estrogen receptors (in fish, ERα, ERβa or ERβb), which dimerize in
the nucleus, bind to estrogen-response elements in the promoters of target genes and
regulate their transcription, through the recruitment of a range of possible cell-specific
co-regulators. Alternative mechanisms of action include: (B) indirect regulation of gene
expression by interaction of ligand-bound ERs with other transcription factors (TF); (C,D)
estrogen actions initiated by binding to membrane receptors (ERs or G-protein coupled
receptors, such as the GPER) and activation of protein kinase cascades or alterations in the
levels of secondary messengers, resulting in (C) the activation of transcription factors that
regulate gene expression or (D) rapid non-genomic effects, such as the activation of
specific enzymes. While genomic actions can take hours to days, non-genomic effects
occur in seconds or minutes. In addition, ERs can be activated and regulate gene
expression in a ligand-independent manner (E) through phosphorylation (P) in response to
growth factor binding to their membrane receptors. Natural estrogens may compete with
several EDCs (represented by different colors and shapes) for multiple receptors and
pathways, resulting in a complex response that depends on the cellular context in terms of
receptors and interacting proteins and, thus, may differ between tissues and circumstances.
cAMP, cyclic AMP; PKA, protein kinase A; PLC, phospholipase C; IP3, inositol
1,4,5-triphosphate; DAG, diacylglycerol; PKC, protein kinase C. Adapted from [50].
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5. Mechanisms of Estrogenic Action in Mineralized Tissues
The mechanism of action of E2 and other estrogenic compounds on the mammalian skeleton have
been the focus of several recent reviews [22,23,58–60]. These appear to be complex and involve the
interaction of E2 with other signaling pathways important for skeletal development and homeostasis
that are activated by other hormones and factors, such as cytokines (e.g., interleukin-6, a major
regulator of OSC formation and bone resorption), growth factors (e.g., insulin-like growth factor-I,
IGF-I, regulator of bone linear growth) and parathyroid hormone (PTH) [23,58,61]. In addition,
estrogenic effects on the skeleton include both direct actions on OSB, OSC, osteocytes and their
precursor cells, as well as indirect effects, through regulating the crosstalk between cell types and released
paracrine factors, which together orchestrate bone remodeling (for more detail, see [23,58,60]).
At the cellular level, direct actions via intracellular ERs that are localized in OSB, OSC and
osteocytes [23,25,58,62,63] may include classical effects on gene expression [64] and also involve
interaction with other TFs [23,58,65,66], and a number of bone estrogenic effects are mediated by
non-nuclear actions of ERs or related receptors [58,67–69]. In addition, ligand-independent actions of
ERs in mammalian bone were also recently identified and appear to differ between bone types [70].
There are thus multiple pathways and targets where EDCs can potentially interfere in bone, and
although from fish to mammals there is evidence for the disruption of bone physiology by EDCs (see
Section 7), the mechanisms involved are yet to be detailed [71].
Table 1. Detection of estrogen receptor isoforms in fish mineralized tissues.
Species

Tissue

Sparus auratus

Endochondral bone (jaw)

Sparus auratus

Dermal bone (skull)

Sparus auratus

Perichondral bone
(vertebral centra)

Sparus auratus

Transcript/Protein
and Detection Method

ERα

ERβa ERβb References

Transcript (qRT-PCR) √ (low)

√

√

[72]

Transcript (RT-PCR)

√

√

[46]

Transcript (qRT-PCR) √ (low)

√

√

[72,73]

Chondroid bone (gill arches)

Transcript (qRT-PCR) √ (low)

√

√

Sparus auratus

Cartilage (Intervertebral disc)

Transcript (RT-PCR)

√

√

S. auratus;
Oreochromis mossambicus;
Carassius auratus;
Oncorhynchus mykiss;

Scales

Transcript (RT-PCR);
√ (low)
Protein (IHC)

√

√

[32,40,46]

Sparus auratus

Skin with scales

Transcript (qRT-PCR) √ (low)

√

√

[42]

-

-

[73]
[46]

RT-PCR, reverse transcription polymerase chain reaction; qRT-PCR, quantitative RT-PCR; IHC, immunohistochemistry;
low, low level of expression.

In fish, the mechanisms responsible for the effects of estrogens in mineralized tissues are mostly
unexplored. Transcripts for the three fish ER isoforms were detected in different fish mineralized
tissues (Table 1), with a higher abundance of the ERβa and βb isoforms. In the scales of sea bream and
Mozambique tilapia (Oreochromis mossambicus), the three ER protein isoforms were detected in putative
OSC [46], suggesting that the E2-induced Ca mobilization and increase in scale OSC activity [34,37]
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may result from direct actions in these cells. In contrast, fish ERs were not detected in scale OSB,
despite the fact that E2 is able to alter fish scale OSB activity [37,40], raising questions about its
mechanism of action.
In sea bream, transcript levels for ERβa were upregulated by E2 in both intact skin-scale and in
regenerating skin after scale removal, while ERβb was downregulated by E2 in regenerating skin [42].
In addition, the selective ER modulator (SERM), raloxifene (an ER agonist in mammalian bone),
upregulated both ERβa and βb in dentary bone and downregulated ERβa in vertebra [72]. Taken
together, these studies suggest that estrogenic compounds most probably exert at least part of their
actions on the fish skeleton or skin-scale through the duplicate ERβs (especially the βa isoform),
rather than ERα.
In common with mammals, it appears that the expression, localization and regulation of different
ER isoform in fish differ between different types of mineralized tissues [42,46,72] (Table 1), probably
giving rise to different responsiveness to estrogens and to the potential for interaction or different
actions between ER isoforms. The relative and tissue-specific role of ER isoforms in mediating
estrogenic actions in fish mineralized tissues, as well as the expression and involvement of other
possible players (e.g., ER variants, membrane ERs, other hormones or their receptors) will need
further investigation. Recently, GPER transcripts were detected in sea bass (Dicentrarchus labrax)
scales, indicating another possible mechanism of action for E2 and EDCs (author’s unpublished
results, [74]).
Finally, evidence exists that indicates that the E2 effects on fish scales may also be in part mediated
by other hypercalcemic factors, such as members of the parathyroid hormone (PTH)/PTH-related
protein (PTHrP) family [75], shown to regulate scale OSC/OSB activities in vitro and reduce scale Ca
content in vivo [35,76]. In fact, cross-talk occurs between E2 and PTH/PTHrP, and in vivo injections of
a PTH/PTHrP receptor antagonist also partly inhibit the E2 stimulated hypercalcemic effect [77].
In vitro treatment of goldfish scales with E2 stimulates both OSB and OSC activities and upregulates
mRNA expressions of IGF-I and cathepsin K, which are respectively OSB/OSC markers, and it will be
interesting in the future to analyze the change in expression or activity of other paracrine factors in
scales or different types of fish bone in response to E2 and other estrogenic compounds.
6. Estrogenic Endocrine Disruption
In the context of the diversity of mechanisms and receptors for estrogens, it is now clear that in a
given cell context, the mode of action of a certain compound as an agonist, antagonist or a SERM
(compounds with agonist or antagonist estrogenic actions depending on the tissue) depends not only
on its structure, but also on tissue- and cell-specific factors (summarized in Table 2) [7,51]. In fish, the
existence of an additional ER isoform relative to other vertebrates [45] adds another layer of
complexity to the diversity of possible estrogenic ER-mediated mechanisms of action.
The most studied EDCs are estrogenic [7], and as previously indicated, there is a wide range of
structurally diverse compounds from both natural and anthropogenic sources that have estrogenic
effects and to which humans and wildlife may be exposed, via the diet or from the surrounding
environment (examples are given in Section 1 and Figure 1) [6,78]. The four main factors may explain
the high susceptibility of the estrogen system to disruption by diverse EDCs, namely:
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(1) The high number of natural and anthropogenic chemical compounds with structural similarity
to natural estrogens [78];
(2) The high promiscuity of ERs and the ability of their binding pocket to accommodate and be
activated or repressed by a wide range of (structurally diverse) lipophilic compounds [51,79];
(3) The different levels of the estrogen system components that can be disrupted, including the
enzymatic pathways involved in steroid biosynthesis and/or metabolism (still poorly explored),
as well as the target cell final actions [13,80];
(4) The diversity of receptors, mechanisms and signaling pathways involved in the cellular action
of estrogens, which are also targets for EDCs (see Section 4 and Figure 2) [7,51].
Table 2. Factors that influence the cellular response to an estrogenic EDC.
Factor

Influence
Determines binding to a given receptor and the resulting receptor
Structure of the chemical:
conformation (agonist or antagonist-type)
The expression, sub-cellular localization and functional
Diversity and functional
characteristics of intracellular ERs, their variants or membrane
characteristics of
ERs/GPERs determine the signaling pathways that are activated or
receptors
repressed
Cellular
The cellular context in terms of the presence and levels of
context:
Diversity of coregulators co-repressors and/or co-activators greatly influences cell-specific
effects on an estrogenic ligand
Diversity of other
The diversity of other transcription factors influences the possibility
transcription factors
of indirect actions on alternative genes

The importance of mineralized tissues for animal health and survival across vertebrates (Section 2),
makes understanding the estrogenic and/or antiestrogenic effects of EDCs on this tissue a priority
(Section 3), particularly taking into consideration the vast range of putative estrogenic EDCs and the
fact that estrogen responsiveness is tissue-specific. However, until now, the vast majority of studies of
estrogenic EDCs in fish have screened exclusively for disruptive effects on reproduction.
7. Estrogenic Endocrine Disruption in Mineralized Tissues
In tetrapods, exposure to environmental contaminants, particularly EDCs, is known to affect both
OSB and OSC functions and bone characteristics. Moreover, in mammals, exposure to EDCs during
the perinatal period may have an impact during adult life, while other effects may be a consequence of
exposure at any time during life, and different effects have been reported for different bone types
(reviewed by [71]). Several in vivo and in vitro EDC exposure studies carried out in mammals,
amphibians and reptiles support the hypothesis that the disruption of cellular actions involved in bone
formation and remodeling may have consequences for bone architecture, strength, density (mineral
content) and characteristics (hardness and elasticity) [71,81,82].
However, relatively few studies (summarized in Table 3) have evaluated the impact of estrogenic
EDC exposure on mineralized tissue in fish. The impact of these compounds was analyzed using
in vivo and in vitro approaches and mostly using as endpoints OSB and OSC activity, plasmatic Ca
levels, the incidence of bone anomalies and the expression of molecular markers associated with bone
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formation (receptor activator of the NF-κB ligand (RANKL) and IGF-I) and resorption (TRAP and
cathepsin K).
Results suggest that some EDCs can have an impact on skeletal development, morphology and
anomalies in fish, including the environmental contaminants, 17 alpha-ethynylestradiol (EE2),
bisphenol A (BPA), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), PCB 77 and the estrogen antagonist,
ZM189,154 (ZM) [83–86]. However, morphological abnormalities may be insensitive indicators,
since long exposure and high concentrations are required to have an overt effect [83], and they may
also not be related to endocrine disruption [87]. Nonetheless, the exposure of fish to polluted water
from sewage treatment plants with putative estrogenic effects caused detectable changes in hemal
spine morphology [88].
The effects of several EDCs were observed on scale TRAP and ALP enzymatic activities, used
respectively as markers for OSC and OSB activities [34,40,89]. Bisphenol A and two monohydroxylated
polycyclic aromatic hydrocarbons (OHPAHs) suppressed both osteoclast and osteoblast activity [37,90],
while tributyltin acetate (TBTA) did not affect OSC activity [91]; and PCB 118 increased it [92]
(Table 3).
The mechanisms mediating these effects were not established, although the transcript abundance of
OSB markers (IGF-I and RANKL) and OSC markers (TRAP and cathepsin K) was analyzed [37,90,92].
IGF-I transcript abundance was unaltered by exposure of goldfish scales to BPA, but was
downregulated, together with cathepsin K, by 4-OHBaA, an OHPAH. In contrast, the exposure of
goldfish scales to E2 upregulated both transcripts [37], and PCB 118 upregulated cathepsin K, TRAP
and RANKL [92]. Several of these contaminants have previously been shown or predicted to bind
and/or activate fish ERs (e.g., [87,93–95]), suggesting that part of the effect of these EDCs is via a
direct action on intracellular ER expression in fish scales.
The diverse methodology and limited endpoints measured, such as changes in enzyme activity,
morphology or targeted gene transcripts, together with the diversity of EDC doses tested in different
freshwater and marine fish species, makes it difficult to compare the outcomes of studies. A
comparison of the impact of putative estrogenic EDCs contaminating aquatic environments, using a
common methodology and a range of endpoints, would facilitate the understanding of their
mechanisms of action on OSB and OSC and their precursor cells. In fact, recent recommendations
from the scientific community and public organizations have highlighted the need to identify
molecular markers for xenoestrogen actions on target tissues, so that they can be included in risk
assessment, particularly of wildlife [13,16,78,96–98].
It is clear that, even if only the marine environment is considered, when screening EDCs for
their impact on fish mineralized tissue and on E2-regulated processes, several factors need to be taken
into consideration:
(1) The diverse fish species of ecological and commercial interest, in the wild or reared in
aquaculture units, which may have different responses;
(2) The endpoints that should be evaluated to assess EDC effects and elucidate the mode of action;
(3) The tissue-specific responses to EDCs. For example, scales are proposed to be a preferential
site for E2-induced Ca mobilization compared to bone [33,39], and they are directly exposed to
the aquatic environment and for these reasons have been preferentially studied as an EDC
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target tissue (Table 1). However, the estrogenic EDCs impacts on the fish endoskeleton and
different bone types (endochondral, dermal, chondroid) need to be studied, as they respond
differently to estrogenic compounds [46,72];
(4) The number of contaminants present in the aquatic environment both alone (in different
concentrations) or in complex mixtures that may have an estrogenic disrupting action.
In addition, it is likely that the compounds that disrupt bone metabolism in mammals [71] may also
have disruptive estrogenic actions in fish bone and/or scales, when the conservation of the estrogenic
axis in mineralized tissue between fish and mammals is taken into consideration. Moreover, many
EDCs already have identified disruptive actions on fish reproductive tissues and bind and/or transactivate
fish ERs (e.g., [16,78,87,94,99–103]), and together, these may be good starting candidates to
investigate the impact of EDCs in fish mineralized tissues.
The study of EDC effects represents an endless, but necessary task to prevent future damage to fish
species, wildlife and human welfare in general. More specifically, estrogenic disruption of mineralized
tissues may have a wide range of consequences, since an increase in skeleton anomalies, modified
bone density and mineral homeostasis may impact on swimming and capacity to capture prey and
escape from predators. In addition, the protective role of scales and their contribution to mineral
(mainly Ca/P) homeostasis may be compromised and affect wild and cultured fish fitness and
productivity in aquaculture units. An indirect impact of EDC-induced modifications in mineralized
tissue that has so far not been considered is the effect of modified Ca availability on reproductive
success, and this may reinforce the impact of EDCs on the reproductive system.
There are several EDC testing programs being implemented by non-governmental advisory bodies
throughout the world in order to identify or predict the endocrine disruptive effects of compounds and
to prioritize the screening of environmental EDCs [87,97,98,104]. Most of these tests include in vivo
assays with fish, since this is a group with clearly documented adverse impacts of EDCs. Testing tends
to use small fish species, easily reared and with a short life cycle and is mainly focused on
reproductive endpoints, e.g., the fish short-term reproduction assay (which evaluates the effects of
exposure on secondary sexual characteristics, vitellogenin levels, fecundity and gonad histopathology
in adult fish) or the fish sexual development test (which evaluates the effects of exposure during
development on vitellogenin levels and sex ratio) [11,16,97,105,106].
The acknowledged limitations of current tests are their failure to cover mechanisms of action,
the need to sacrifice fish and their time-consuming and/or expensive character [16,87,96].
Recent trends are to implement alternative in vitro, short-term assays to detect estrogenic endocrine
disruption. For the risk assessment of putative estrogenic EDCs, recommended tests include ER ligand
binding, cell-free assays, yeast reporter gene assays, cell line reporter assays, primary cell culture, as
well as embryo and organ culture tests for many fish species [87] However, the existing assays are
uninformative about EDC effects on mineralized tissues, and data about the adverse effects on these
tissues are still limited. Future studies to cover a wider range of estrogenic EDCs, doses and fish
species are required and could benefit from the inclusion of rapid test methods for mineralized tissues.
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Table 3. Selected examples of the reported effects of estrogenic disrupting compounds on fish mineralized tissues.
Species

Pimephales promelas

Fundulus heteroclitus

Compound

Effective Dose

17α-ethynylestradiol
(EE2)

0.1 to 100 μg/L

Bisphenol A (BPA)

1000 μg/L

17α-ethynylestradiol
(EE2)
ZM189,154(ZM)

1000 to 10,000 ng/L
10 and 10,000 ng/L

Exposure Type
and Period
In vivo, from 24 hpf to
25–26 dph

Degree of skeletal
development; spinal
abnormalities

In vivo, first 25 or 60 day
of life

Skeletal and soft tissue
abnormalities

Gambusia holbrooki

Sewage (two sewage
treatment plants)

n.a.

Carassius auratus

Bisphenol A (BPA)

10−6 to 10−5 M

In vitro, scale assay (6 h)

Tributyltin acetate
(TBTA)

10−9 to 10−5 M

In vitro, scale assay (6 h)

Carassius auratus
(freshwater);
Girella punctata and
Pseudolabrus sieboldi
(marine)
Carassius auratus
(freshwater);
Pseudolabrus sieboldi
(marine)

Carassius auratus

Sparus auratus

−7

n.a.

−5

Hemal spines
morphology
TRAP and ALP activity;
transcript expression

Effect
Modified skeletal developmental; vertebral
malformations in up to 62% of fish
No impairment of skeletal development or vertebral
malformations; decreased developmental score
Increased % of abnormal fish; increased number of
abnormalities per fish
Increased incidence of scoliosis; decreased overall
incidences of abnormal fish and lordosis
Modified hemal spines with one sewage source

Reference

[86]

[83]

[88]

Suppressed OSB and OSC activity; no changes in
IGF-I expression

[90]

TRAP and ALP activity

Inhibits OSB activity;
no effect on OSC activity

[91]

In vitro, scale assay
(6 and 18 h)

TRAP and ALP activity;
transcript expression

Inhibited OSB and OSC activities
4-OHBaA down-regulated cathepsin K and
IGF-I expression

TRAP and ALP activity
in scales
Ca level in plasma
transcript expression
Ca level in plasma
balance; transcript
expression in dermal and
perichondral bone

3- and 4-OHBaA

10 to 10 M

Polychlorinated
biphenyl (PCB 118)

100 ng/g BW
0.0025–2.5 ppm

In vivo, intraperitoneal
injection (2 days)
In vitro, scale assay
(6 and 18 h)

3.33 mg/kg BW

In vivo, intraperitoneal
injection (6 days)

Raloxifene

Endpoint

Increased OSC activity; hypercalcemia; increased
OSC and OBS activity; upregulated cathepsin K,
TRAP and RANKL expression
No change in Ca levels; downregulation of genes
related to bone formation and resorption in vertebra
(perichondral bone)

[37]

[92]

[72]

ALP, alkaline phosphatase; BW, body weight; dph, days post-hatch; hpf, hours post-fertilization; IGF-I, insulin-like growth factor I; OSB, osteoblasts; OSC, osteoclasts; RANKL, receptor activator of the NF-κB
ligand; TRAP, tartrate-resistant acid phosphatase; 3-OHBaA, 3-hydroxybenz[a]anthracene; 4-OHBaA, 4-hydroxybenz[a]anthracene.
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Non-invasive, less expensive and more rapid tests are essential, and the fish scale assay may
represent an interesting option that can be used simultaneously for many different fish species, but it
needs to be optimized, validated and established as a high throughput test. The use of recent
technologies based on genomics, transcriptomics or proteomics will provide insight into the
mechanisms of estrogens’ actions [14] and, if applied to fish mineralized tissues, could be used to
identify possible biomarkers representing different endpoints of EDC exposure.
8. Conclusions
Estrogens regulate calcified tissue physiology and mineral homeostasis across vertebrate, and
despite the general conservation of OSB and OSC functions, their regulation by estrogens appears to
differ between mammals and fish, presumably as a consequence of specific adaptations of their bone
structure and metabolism.
Fish mineralized tissues express intracellular ERs, although their expression and regulation appears
to depend on the tissue, and preliminary results suggest that fish scales also express plasma membrane
estrogen receptors. Further studies are required to localize receptors in different fish bone tissues and
cell types and to detail their regulation by estrogens throughout the reproductive season and in
response to environmental factors or other hormones. The expression of ERs in fish mineralized tissues
indicates that they may be targets for the direct effects of E2 and the potential disruption by EDCs
present in the environment or in the diet, and candidate compounds for testing this include those with
an effect on mammalian bone or on fish reproductive tissues. Until now, relatively few studies have
demonstrated the effects of EDCs on fish mineralized tissues, and studies of endocrine disruption on
the teleost scale (which mainly used as endpoint OSC/OSB activities, Ca levels or morphology) are
limited in the number of endpoints, species, compounds, doses and possible mechanisms investigated.
In addition, the diversity of fish species (over 30,000) and the species-specific response of fish bone to
E2 mean generalizations about the impact of EDCs are of limited usefulness.
Further investigation of the action of EDCs on fish mineralized tissue is required and should
include, amongst other things:
(1) Screening of a far greater number of EDCs, including endpoints, such as the assessment of
enzyme activities, gene expression, proteome changes and gene networks and cellular pathways;
(2) Characterization of tissue-specific responses (e.g., bone type and bone versus scale);
(3) Establishment of species-specific, season-specific and age-specific responses;
(4) Determination of the impact of estrogenic disruption on fish health and survival.
Acknowledgments
The present work was supported by the Foundation for Science and Technology of Portugal
(FCT) with Project PTDC/AAG-GLO/4003/2012, strategic Project PEst-C/MAR/LA0015/2011 and a
fellowship to PISP (SFRH/BPD/25247/2005). The authors acknowledge AndréAndrade for help in the
bibliography search.

Mar. Drugs 2014, 12

4487

Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.

5.

6.
7.

8.
9.
10.

11.
12.

13.

Bentley, P.J. Comparative Vertebrate Endocrinology, 3rd ed.; Cambridge University Press:
Cambridge, UK, 1998.
Guerreiro, P.M.; Fuentes, J.; Canario, A.V.; Power, D.M. Calcium balance in sea bream
(Sparus aurata): The effect of oestradiol-17beta. J. Endocrinol. 2002, 173, 377–385.
Lange, I.G.; Hartel, A.; Meyer, H.H. Evolution of oestrogen functions in vertebrates. J. Steroid
Biochem. Mol. Biol. 2002, 83, 219–226.
Shi, Y.; Liu, X.; Zhu, P.; Li, J.; Sham, K.W.; Cheng, S.H.; Li, S.; Zhang, Y.; Cheng, C.H.; Lin, H.
G-protein-coupled estrogen receptor 1 is involved in brain development during zebrafish
(Danio rerio) embryogenesis. Biochem. Biophys. Res. Commun. 2013, 435, 21–27.
International Programme on Chemical Safety (IPCS), Global Assessment of the
State-of-the-Science of Endocrine Disruptors. World Health Organization 2002. Available
online: http://www.who.int/ipcs/publications/new_issues/endocrine_disruptors/en/ (accessed on
1 March 2014).
Marino, M.; Pellegrini, M.; La Rosa, P.; Acconcia, F. Susceptibility of estrogen receptor rapid
responses to xenoestrogens: Physiological outcomes. Steroids 2012, 77, 910–917.
Ropero, A.B.; Alonso-Magdalena, P.; Ripoll, C.; Fuentes, E.; Nadal, A. Rapid endocrine
disruption: Environmental estrogen actions triggered outside the nucleus. J. Steroid Biochem.
Mol. Biol. 2006, 102, 163–169.
Tabb, M.M.; Blumberg, B. New modes of action for endocrine-disrupting chemicals.
Mol. Endocrinol. 2006, 20, 475–482.
De Coster, S.; van Larebeke, N. Endocrine-disrupting chemicals: Associated disorders and
mechanisms of action. J. Environ. Public Health 2012, 2012, 713696.
Iwanowicz, L.R.; Blazer, V.S. A brief overview of estrogen-associated endocrine in fishes:
Evidence of effects on reproductive and immune physiology. In Aquatic Animal Health: A
Continuing Dialogue between Russia and the United States, Proceedings of the 3rd Bilateral
Conference between the United States and Russia, Shepherdstown, WV, USA, 12–20 July 2009;
Cipriano, R.C., Bruckner, A., Shchelkunov, I.S., Eds.; Khaled bin Sultan Living Oceans
Foundation: Landover, MD, USA, 2011.
Scholz, S.; Mayer, I. Molecular biomarkers of endocrine disruption in small model fish.
Mol. Cell. Endocrinol. 2008, 293, 57–70.
United Nations Environment Programme (UNEP), World Health Organization (WHO). The
State-of-the-Science of Endocrine Disrupting Chemicals—2012. In UNEP/WHO 2013;
Bergman, A., Heindel, J.J., Jobling, S., Kidd, K.A., Zoeller, R.T., Eds.; Available online:
http://www.who.int/ceh/publications/endocrine/en/ (accessed on 1 March 2014).
Diamanti-Kandarakis, E.; Bourguignon, J.P.; Giudice, L.C.; Hauser, R.; Prins, G.S.; Soto, A.M.;
Zoeller, R.T.; Gore, A.C. Endocrine-disrupting chemicals: An Endocrine Society scientific
statement. Endocr. Rev. 2009, 30, 293–342.

Mar. Drugs 2014, 12
14.

15.

16.

17.
18.
19.
20.

21.
22.
23.
24.

25.

26.
27.

28.

4488

Kloas, W.; Urbatzka, R.; Opitz, R.; Wurtz, S.; Behrends, T.; Hermelink, B.; Hofmann, F.;
Jagnytsch, O.; Kroupova, H.; Lorenz, C.; et al. Endocrine disruption in aquatic vertebrates.
Ann. N. Y. Acad. Sci. 2009, 1163, 187–200.
Zhang, L.; Sedykh, A.; Tripathi, A.; Zhu, H.; Afantitis, A.; Mouchlis, V.D.; Melagraki, G.;
Rusyn, I.; Tropsha, A. Identification of putative estrogen receptor-mediated endocrine disrupting
chemicals using QSAR- and structure-based virtual screening approaches. Toxicol. Appl.
Pharmacol. 2013, 272, 67–76.
Ankley, G.T.; Bencic, D.C.; Breen, M.S.; Collette, T.W.; Conolly, R.B.; Denslow, N.D.;
Edwards, S.W.; Ekman, D.R.; Garcia-Reyero, N.; Jensen, K.M.; et al. Endocrine disrupting
chemicals in fish: Developing exposure indicators and predictive models of effects based on
mechanism of action. Aquat. Toxicol. 2009, 92, 168–178.
Karsenty, G.; Oury, F. Biology without walls: The novel endocrinology of bone. Annu. Rev.
Physiol. 2012, 74, 87–105.
Kardong, K.V. Vertebrates: Comparative Anatomy, Function, Evolution, 2nd ed.;
WCB McGraw-Hill: Boston, MA, USA, 1998.
Meunier, F.J.; Huysseune, A. The concept of bone tissue in osteichthyes. Neth. J. Zool. 1992, 42,
445–458.
Guerreiro, P.M.; Fuentes, J. Control of Calcium Balance in Fish. In Fish Osmoregulation;
Baldisserotto, B., Mancera Romero, J.M., Kapoor, B.G., Eds.; CRC Press: Boca Raton, FL,
USA, 2007.
Moyle, P.B.; Cech, J.J., Jr. Fishes: An Introduction to Ichthyology; Prentice Hall: Upper Saddle
River, NJ, USA, 1996.
Khosla, S. Update on estrogens and the skeleton. J. Clin. Endocrinol. Metab. 2010, 95,
3569–3577.
Khosla, S.; Oursler, M.J.; Monroe, D.G. Estrogen and the skeleton. Trends Endocrinol. Metab.
2012, 23, 576–581.
Martin-Millan, M.; Almeida, M.; Ambrogini, E.; Han, L.; Zhao, H.; Weinstein, R.S.; Jilka, R.L.;
O’Brien, C.A.; Manolagas, S.C. The estrogen receptor-alpha in osteoclasts mediates the
protective effects of estrogens on cancellous but not cortical bone. Mol. Endocrinol. 2010, 24,
323–334.
Matsumoto, Y.; Otsuka, F.; Takano-Narazaki, M.; Katsuyama, T.; Nakamura, E.; Tsukamoto, N.;
Inagaki, K.; Sada, K.E.; Makino, H. Estrogen facilitates osteoblast differentiation by
upregulating bone morphogenetic protein-4 signaling. Steroids 2013, 78, 513–520.
Oury, F. A crosstalk between bone and gonads. Ann. N. Y. Acad. Sci. 2012, 1260, 1–7.
Bromage, N.R.; Whitehead, C.; Breton, B. Relationships between serum levels of gonadotropin,
oestradiol-17β, and vitellogenin in the control of ovarian development in the rainbow trout: II.
The effects of alterations in environmental photoperiod. Gen. Comp. Endocrinol. 1982, 47,
366–376.
Carragher, J.F.; Sumpter, J.P. The mobilization of calcium from calcified tissues of rainbow trout
(Oncorhynchus mykiss) induced to synthesize vitellogenin. Comp. Biochem. Physiol. 1991, 99,
169–172.

Mar. Drugs 2014, 12
29.
30.

31.
32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.
43.

4489

Li, C.; Liu, R.; Wang, H.; Deng, R. The initial study on the relationship between vitellogenin and
calcium ion in Carassius auratus curieri. J. Fish. China 1993, 7, 297–303.
Norberg, B.; Bjornsson, B.T.; Brown, C.L.; Wichardt, U.P.; Deftos, L.J.; Haux, C. Changes in
plasma vitellogenin, sex steroids, calcitonin, and thyroid hormones related to sexual maturation
in female brown trout (Salmo trutta). Gen. Comp. Endocrinol. 1989, 75, 316–326.
Persson, P.; Sundell, K.; Bjornsson, B.T. Estradiol-17β-induced calcium uptake and resorption in
juvenile rainbow trout, Oncorhynchus mykiss. Fish Physiol. Biochem. 1994, 13, 379–386.
Armour, K.J.; Lehane, D.B.; Pakdel, F.; Valotaire, Y.; Graham, R.; Russell, R.G.; Henderson, I.W.
Estrogen receptor mRNA in mineralized tissues of rainbow trout: Calcium mobilization by
estrogen. FEBS Lett. 1997, 411, 145–148.
Mugiya, Y.; Watabe, N. Studies on fish scale formation and resorption—II. Effect of estradiol on
calcium homeostasis and skeletal tissue resorption in the goldfish, Carassius auratus, and the
killifish, Fundulus heteroclitus. Comp. Biochem. Physiol. Part A Physiol. 1977, 57, 197–202.
Persson, P.; Takagi, T.; Björnsson, B.T. Tartrate resistant acid phosphatase as a marker for scale
resorption in rainbow trout, Oncorhynchus mykiss: Effects of estradiol-17β treatment and
refeeding. Fish Physiol. Biochem. 1995, 14, 329–339.
Rotllant, J.; Redruello, B.; Guerreiro, P.M.; Fernandes, H.; Canario, A.V.; Power, D.M.
Calcium mobilization from fish scales is mediated by parathyroid hormone related protein via the
parathyroid hormone type 1 receptor. Regul. Pept. 2005, 132, 33–40.
Suzuki, N.; Hattori, A. Melatonin suppresses osteoclastic and osteoblastic activities in the scales
of goldfish. J. Pineal Res. 2002, 33, 253–258.
Suzuki, N.; Hayakawa, K.; Kameda, T.; Triba, A.; Tang, N.; Tabata, M.J.; Takada, K.; Wada, S.;
Omori, K.; Srivastav, A.K.; et al. Monohydroxylated polycyclic aromatic hydrocarbons inhibit
both osteoclastic and osteoblastic activities in teleost scales. Life Sci. 2009, 84, 482–488.
Suzuki, N.; Suzuki, T.; Kurokawa, T. Suppression of osteoclastic activities by calcitonin in the
scales of goldfish (freshwater teleost) and nibbler fish (seawater teleost). Peptides 2000, 21,
115–124.
Persson, P.; Johannsson, S.H.; Takagi, Y.; Bjornsson, B.T. Estradiol-17β and nutritional status
affect calcium balance, scale and bone resorption, and bone formation in rainbow trout,
Oncorhynchus mykiss. J. Comp. Physiol. Part B Biochem. Syst. Environ. Physiol. 1997, 167,
468–473.
Yoshikubo, H.; Suzuki, N.; Takemura, K.; Hoso, M.; Yashima, S.; Iwamuro, S.; Takagi, Y.;
Tabata, M.J.; Hattori, A. Osteoblastic activity and estrogenic response in the regenerating scale
of goldfish, a good model of osteogenesis. Life Sci. 2005, 76, 2699–2709.
Rawson, C.A.; Lim, R.P.; Warne, M.S.; Doyle, C.J. The effect of 17beta-estradiol on the
development of modified hemal spines in early-life stage Gambusia holbrooki. Arch. Environ.
Contam. Toxicol. 2006, 51, 253–262.
Ibarz, A.; Pinto, P.I.; Power, D.M. Proteomic approach to skin regeneration in a marine teleost:
Modulation by oestradiol-17beta. Mar. Biotechnol. (NY) 2013, 15, 629–646.
Bollig, A.; Miksicek, R.J. An estrogen receptor-alpha splicing variant mediates both positive and
negative effects on gene transcription. Mol. Endocrinol. 2000, 14, 634–649.

Mar. Drugs 2014, 12
44.

45.
46.

47.

48.

49.
50.

51.

52.
53.

54.

55.

56.

57.
58.
59.

4490

Gonzalez, M.; Reyes, R.; Damas, C.; Alonso, R.; Bello, A.R. Oestrogen receptor alpha and beta
in female rat pituitary cells: An immunochemical study. Gen. Comp. Endocrinol. 2008, 155,
857–868.
Nelson, E.R.; Habibi, H.R. Estrogen receptor function and regulation in fish and other
vertebrates. Gen. Comp. Endocrinol. 2013, 192, 15–24.
Pinto, P.I.; Estevao, M.D.; Redruello, B.; Socorro, S.M.; Canario, A.V.; Power, D.M.
Immunohistochemical detection of estrogen receptors in fish scales. Gen. Comp. Endocrinol.
2009, 160, 19–29.
Tingaud-Sequeira, A.; Andre, M.; Forgue, J.; Barthe, C.; Babin, P.J. Expression patterns of three
estrogen receptor genes during zebrafish (Danio rerio) development: Evidence for high
expression in neuromasts. Gene Expr. Patterns 2004, 4, 561–568.
Wu, C.; Patino, R.; Davis, K.B.; Chang, X. Localization of estrogen receptor alpha and beta
RNA in germinal and nongerminal epithelia of the channel catfish testis. Gen. Comp. Endocrinol.
2001, 124, 12–20.
Bjornstrom, L.; Sjoberg, M. Mechanisms of estrogen receptor signaling: Convergence of
genomic and nongenomic actions on target genes. Mol. Endocrinol. 2005, 19, 833–842.
Laurentino, S.S.; Pinto, P.I.; Correia, S.; Cavaco, J.E.; Canario, A.V.; Socorro, S.
Structural variants of sex steroid hormone receptors in the testis: From molecular biology to
physiological roles. OA Biotechnol. 2012, 1, 4.
Watson, C.S.; Alyea, R.A.; Jeng, Y.J.; Kochukov, M.Y. Nongenomic actions of low
concentration estrogens and xenoestrogens on multiple tissues. Mol. Cell. Endocrinol. 2007, 274,
1–7.
Soltysik, K.; Czekaj, P. Membrane estrogen receptors—Is it an alternative way of estrogen
action? J. Physiol. Pharmacol. 2013, 64, 129–142.
Thomas, P. Rapid steroid hormone actions initiated at the cell surface and the receptors that
mediate them with an emphasis on recent progress in fish models. Gen. Comp. Endocrinol. 2012,
175, 367–383.
Thomas, P.; Alyea, R.; Pang, Y.; Peyton, C.; Dong, J.; Berg, A.H. Conserved estrogen binding
and signaling functions of the G protein-coupled estrogen receptor 1 (GPER) in mammals and
fish. Steroids 2010, 75, 595–602.
Nagler, J.J.; Davis, T.L.; Modi, N.; Vijayan, M.M.; Schultz, I. Intracellular, not membrane,
estrogen receptors control vitellogenin synthesis in the rainbow trout. Gen. Comp. Endocrinol.
2010, 167, 326–330.
Bemanian, V.; Male, R.; Goksoyr, A. The aryl hydrocarbon receptor-mediated disruption of
vitellogenin synthesis in the fish liver: Cross-talk between AHR- and ERalpha-signalling
pathways. Comp. Hepatol. 2004, 3, 2.
Melamed, P.; Koh, M.; Preklathan, P.; Bei, L.; Hew, C. Multiple mechanisms for Pitx-1
transactivation of a luteinizing hormone beta subunit gene. J. Biol. Chem. 2002, 277, 26200–26207.
Centrella, M.; McCarthy, T.L. Estrogen receptor dependent gene expression by osteoblasts—direct,
indirect, circumspect, and speculative effects. Steroids 2012, 77, 174–184.
Manolagas, S.C. Steroids and osteoporosis: The quest for mechanisms. J. Clin. Investig. 2013,
123, 1919–1921.

Mar. Drugs 2014, 12
60.
61.
62.
63.

64.
65.

66.

67.
68.

69.

70.

71.
72.

73.

74.
75.

4491

Zallone, A. Direct and indirect estrogen actions on osteoblasts and osteoclasts. Ann. N. Y.
Acad. Sci. 2006, 1068, 173–179.
Marie, P.J. Transcription factors controlling osteoblastogenesis. Arch. Biochem. Biophys. 2008,
473, 98–105.
Eriksen, E.F.; Colvard, D.S.; Berg, N.J.; Graham, M.L.; Mann, K.G.; Spelsberg, T.C.; Riggs, B.L.
Evidence of estrogen receptors in normal human osteoblast-like cells. Science 1988, 241, 84–86.
Komm, B.S.; Terpening, C.M.; Benz, D.J.; Graeme, K.A.; Gallegos, A.; Korc, M.; Greene, G.L.;
O’Malley, B.W.; Haussler, M.R. Estrogen binding, receptor mRNA, and biologic response in
osteoblast-like osteosarcoma cells. Science 1988, 241, 81–84.
Spelsberg, T.C.; Subramaniam, M.; Riggs, B.L.; Khosla, S. The actions and interactions of sex
steroids and growth factors/cytokines on the skeleton. Mol. Endocrinol. 1999, 13, 819–828.
Pottratz, S.T.; Bellido, T.; Mocharla, H.; Crabb, D.; Manolagas, S.C. 17 beta-estradiol inhibits
expression of human interleukin-6 promoter-reporter constructs by a receptor-dependent
mechanism. J. Clin. Invest. 1994, 93, 944–950.
Ray, A.; Prefontaine, K.E.; Ray, P. Down-modulation of interleukin-6 gene expression by
17 beta-estradiol in the absence of high affinity DNA binding by the estrogen receptor. J. Biol.
Chem. 1994, 269, 12940–12946.
Banerjee, S.; Chambliss, K.L.; Mineo, C.; Shaul, P.W. Recent insights into non-nuclear actions
of estrogen receptor alpha. Steroids 2014, 81, 64–69.
Bartell, S.M.; Han, L.; Kim, H.N.; Kim, S.H.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S.;
Chambliss, K.L.; Shaul, P.W.; Roberson, P.K.; Weinstein, R.S.; et al. Non-nuclear-initiated
actions of the estrogen receptor protect cortical bone mass. Mol. Endocrinol. 2013, 27, 649–656.
Kousteni, S.; Bellido, T.; Plotkin, L.I.; O’Brien, C.A.; Bodenner, D.L.; Han, L.; Han, K.;
DiGregorio, G.B.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S.; et al. Nongenotropic,
sex-nonspecific signaling through the estrogen or androgen receptors: Dissociation from
transcriptional activity. Cell 2001, 104, 719–730.
Almeida, M.; Iyer, S.; Martin-Millan, M.; Bartell, S.M.; Han, L.; Ambrogini, E.; Onal, M.;
Xiong, J.; Weinstein, R.S.; Jilka, R.L.; et al. Estrogen receptor-alpha signaling in osteoblast
progenitors stimulates cortical bone accrual. J. Clin. Invest. 2013, 123, 394–404.
Agas, D.; Sabbieti, M.G.; Marchetti, L. Endocrine disruptors and bone metabolism.
Arch. Toxicol. 2013, 87, 735–751.
Vieira, F.A.; Pinto, P.I.; Guerreiro, P.M.; Power, D.M. Divergent responsiveness of the dentary
and vertebral bone to a selective estrogen-receptor modulator (SERM) in the teleost Sparus
auratus. Gen. Comp. Endocrinol. 2012, 179, 421–427.
Vieira, F.A.; Thorne, M.A.; Stueber, K.; Darias, M.; Reinhardt, R.; Clark, M.S.; Gisbert, E.;
Power, D.M. Comparative analysis of a teleost skeleton transcriptome provides insight into its
regulation. Gen. Comp. Endocrinol. 2013, 191, 45–58.
Pinto, P.I.S.; Estêvão, M.D.; Andrade, A.; Santos, S.; Power, D.M. Centre of Marine Sciences,
University of Algarve, Faro, Portugal. Unpublished work, 2014.
Canario, A.V.; Rotllant, J.; Fuentes, J.; Guerreiro, P.M.; Rita Teodosio, H.; Power, D.M.;
Clark, M.S. Novel bioactive parathyroid hormone and related peptides in teleost fish. FEBS Lett.
2006, 580, 291–299.

Mar. Drugs 2014, 12
76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

4492

Suzuki, N.; Danks, J.A.; Maruyama, Y.; Ikegame, M.; Sasayama, Y.; Hattori, A.; Nakamura, M.;
Tabata, M.J.; Yamamoto, T.; Furuya, R.; et al. Parathyroid hormone 1 (1–34) acts on the scales
and involves calcium metabolism in goldfish. Bone 2011, 48, 1186–1193.
Fuentes, J.; Guerreiro, P.M.; Modesto, T.; Rotllant, J.; Canario, A.V.; Power, D.M. A PTH/PTHrP
receptor antagonist blocks the hypercalcemic response to estradiol-17beta. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2007, 293, R956–R960.
Birnbaum, L.S. State of the science of endocrine disruptors. Environ. Health Perspect. 2013,
121, A107.
Blair, R.M.; Fang, H.; Branham, W.S.; Hass, B.S.; Dial, S.L.; Moland, C.L.; Tong, W.; Shi, L.;
Perkins, R.; Sheehan, D.M. The estrogen receptor relative binding affinities of 188 natural and
xenochemicals: Structural diversity of ligands. Toxicol. Sci. 2000, 54, 138–153.
Waring, R.H.; Ayers, S.; Gescher, A.J.; Glatt, H.R.; Meinl, W.; Jarratt, P.; Kirk, C.J.; Pettitt, T.;
Rea, D.; Harris, R.M. Phytoestrogens and xenoestrogens: The contribution of diet and
environment to endocrine disruption. J. Steroid Biochem. Mol. Biol. 2008, 108, 213–220.
Lind, P.M.; Milnes, M.R.; Lundberg, R.; Bermudez, D.; Orberg, J.A.; Guillette, L.J., Jr.
Abnormal bone composition in female juvenile American alligators from a pesticide-polluted
lake (Lake Apopka, Florida). Environ. Health Perspect. 2004, 112, 359–362.
Lundberg, R.; Jenssen, B.M.; Leiva-Presa, A.; Ronn, M.; Hernhag, C.; Wejheden, C.; Larsson, S.;
Orberg, J.; Lind, P.M. Effects of short-term exposure to the DDT metabolite p,p'-DDE on bone
tissue in male common frog (Rana temporaria). J. Toxicol. Environ. Health A 2007, 70,
614–619.
Boudreau, M.; Courtenay, S.C.; MacLatchy, D.L.; Berube, C.H.; Parrott, J.L.; van der Kraak, G.J.
Utility of morphological abnormalities during early-life development of the estuarine
mummichog, Fundulus heteroclitus, as an indicator of estrogenic and antiestrogenic endocrine
disruption. Environ. Toxicol. Chem. 2004, 23, 415–425.
Olufsen, M.; Arukwe, A. Developmental effects related to angiogenesis and osteogenic
differentiation in salmon larvae continuously exposed to dioxin-like 3,3′,4,4′-tetrachlorobiphenyl
(congener 77). Aquat. Toxicol. 2011, 105, 669–680.
Teraoka, H.; Dong, W.; Ogawa, S.; Tsukiyama, S.; Okuhara, Y.; Niiyama, M.; Ueno, N.;
Peterson, R.E.; Hiraga, T. 2,3,7,8-Tetrachlorodibenzo-p-dioxin toxicity in the zebrafish embryo:
Altered regional blood flow and impaired lower jaw development. Toxicol. Sci. 2002, 65,
192–199.
Warner, K.E.; Jenkins, J.J. Effects of 17alpha-ethinylestradiol and bisphenol A on vertebral
development in the fathead minnow (Pimephales promelas). Environ. Toxicol. Chem. 2007, 26,
732–737.
Scholz, S.; Renner, P.; Belanger, S.E.; Busquet, F.; Davi, R.; Demeneix, B.A.; Denny, J.S.;
Leonard, M.; McMaster, M.E.; Villeneuve, D.L.; et al. Alternatives to in vivo tests to detect
endocrine disrupting chemicals (EDCs) in fish and amphibians-screening for estrogen, androgen
and thyroid hormone disruption. Crit. Rev. Toxicol. 2013, 43, 45–72.
Rawson, C.A.; Lim, R.P.; Warne, M.S. Skeletal morphology and maturation of male Gambusia
holbrooki exposed to sewage treatment plant effluent. Ecotoxicol. Environ. Saf. 2008, 70,
453–461.

Mar. Drugs 2014, 12
89.

4493

Witten, P.E.; Bendahmane, M.; Abou-Haila, A. Enzyme histochemical characteristics of
osteoblasts and mononucleated osteoclasts in a teleost fish with acellular bone (Oreochromis
niloticus, Cichlidae). Cell Tissue Res. 1997, 287, 591–599.
90. Suzuki, N.; Hattori, A. Bisphenol A suppresses osteoclastic and osteoblastic activities in the
cultured scales of goldfish. Life Sci. 2003, 73, 2237–2247.
91. Suzuki, N.; Tabata, M.J.; Kambegawa, A.; Srivastav, A.K.; Shimada, A.; Takeda, H.;
Kobayashi, M.; Wada, S.; Katsumata, T.; Hattori, A. Tributyltin inhibits osteoblastic activity and
disrupts calcium metabolism through an increase in plasma calcium and calcitonin levels in
teleosts. Life Sci. 2006, 78, 2533–2541.
92. Yachiguchi, K.; Matsumoto, N.; Haga, Y.; Suzuki, M.; Matsumura, C.; Tsurukawa, M.; Okuno, T.;
Nakano, T.; Kawabe, K.; Kitamura, K.I.; et al. Polychlorinated biphenyl (118) activates
osteoclasts and induces bone resorption in goldfish. Environ. Sci. Pollut. Res. Int. 2014, 21,
6365–6372.
93. Matthews, J.; Zacharewski, T. Differential binding affinities of PCBs, HO-PCBs, and aroclors
with recombinant human, rainbow trout (Onchorhynkiss mykiss), and green anole (Anolis
carolinensis) estrogen receptors, using a semi-high throughput competitive binding assay.
Toxicol. Sci. 2000, 53, 326–339.
94. Passos, A.L.; Pinto, P.I.; Power, D.M.; Canario, A.V. A yeast assay based on the gilthead sea
bream (teleost fish) estrogen receptor beta for monitoring estrogen mimics. Ecotoxicol. Environ.
Saf. 2009, 72, 1529–1537.
95. Shyu, C.; Cavileer, T.D.; Nagler, J.J.; Ytreberg, F.M. Computational estimation of rainbow trout
estrogen receptor binding affinities for environmental estrogens. Toxicol. Appl. Pharmacol. 2011,
250, 322–326.
96. Hutchinson, T.H.; Ankley, G.T.; Segner, H.; Tyler, C.R. Screening and testing for endocrine
disruption in fish-biomarkers as ―signposts,‖ not ―traffic lights,‖ in risk assessment. Environ. Health
Perspect. 2006, 114 (Suppl. S1), 106–114.
97. Organisation for Economic Co-Operation and Development. Information on OECD Work Related
to Endocrine Disrupters, 2012. Available online: http://www.oecd.org/chemicalsafety/testing/
50067203.pdf (accessed on 1 March 2014).
98. U.S. Environmental Protection Agency (EPA). Endocrine Disruptor Screening Program (EDSP):
Universe of Chemicals and General Validation Principles—White Paper, 2012. Available online:
http://www.epa.gov/endo/pubs/edsp-chemical-universe-and-general-validations-white-paper-1112.pdf (accessed on 1 March 2014).
99. Ankley, G.T.; Gray, L.E. Cross-species conservation of endocrine pathways: A critical analysis
of tier 1 fish and rat screening assays with 12 model chemicals. Environ. Toxicol. Chem. 2013,
32, 1084–1087.
100. Benninghoff, A.D.; Bisson, W.H.; Koch, D.C.; Ehresman, D.J.; Kolluri, S.K.; Williams, D.E.
Estrogen-like activity of perfluoroalkyl acids in vivo and interaction with human and rainbow
trout estrogen receptors in vitro. Toxicol. Sci. 2011, 120, 42–58.
101. Hawkins, M.B.; Thomas, P. The unusual binding properties of the third distinct teleost estrogen
receptor subtype ERb are accompanied by highly conserved amino acid changes in the ligand
binding domain. Endocrinology 2004, 145, 2968–2977.

Mar. Drugs 2014, 12

4494

102. Latonnelle, K.; Fostier, A.; Le Menn, F.; Bennetau-Pelissero, C. Binding affinities of hepatic
nuclear estrogen receptors for phytoestrogens in rainbow trout (Oncorhynchus mykiss) and
Siberian sturgeon (Acipenser baeri). Gen. Comp. Endocrinol. 2002, 129, 69–79.
103. Tollefsen, K.E.; Mathisen, R.; Stenersen, J. Estrogen mimics bind with similar affinity and
specificity to the hepatic estrogen receptor in Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss). Gen. Comp. Endocrinol. 2002, 126, 14–22.
104. European Chemical Agency (ECHA). Guidance on Information Requirements and Chemical
Safety Assessment Chapter R.7b: Endpoint Specific Guidance. 2008. Available online:
http://echa.europe.eu (accessed on 1 March 2014).
105. Ankley, G.T.; Johnson, R.D. Small fish models for identifying and assessing the effects of
endocrine-disrupting chemicals. ILAR J. 2004, 45, 469–483.
106. Hutchinson, T.H.; Pickford, D.B. Ecological risk assessment and testing for endocrine disruption
in the aquatic environment. Toxicology 2002, 181–182, 383–387.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

