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What though the sea with waves continuall’
Doe eate the earth, it is no more at all.

Nor is the earth the lesse, or losesth aught,
For whatsoever from one place doth fall,

Is with the tide unto another brought.
For there is nothing lost, but may be found, if sought.

From ‘The Faerie Queene’, Book v, Canto ii
Edmund Spenser (552–599)
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Endocrine disruption: a threat for wildlife 
and humans?

In the nineties of the last century, alarming 
adverse effects on male reproduction in wildlife 
species were reported. Impaired fertility and 
associated population declines were observed 
for a wide range of wildlife species, ranging 
from seagulls (Fry and Toone, 98; Fry, 995) 
and panthers (Facemire et al., 995), to turtles, 
frogs (Palmer and Palmer, 995) and fish 
(Jobling et al., 998). Such observations were 
collectively named ‘endocrine disruption’, and 
led to the hypothesis that these could have 
arisen from exposure of wildlife animals to 
chemicals in the environment (endocrine 
disruptors) able to interfere with their 
physiological processes under hormonal 
(endocrine) control (Colborn et al., 993; Fairley 
et al., 996).

In 996, a European Union Workshop on this 
topic was held in Weybridge, uk. One of the 
main outcomes was agreement on a definition 
of an endocrine disruptor: ‘An endocrine 
disrupter is an exogenous substance that causes 
adverse health effects in an intact organism, or 
its progeny, secondary to changes in endocrine 
function.’ (European Environment Agency, 
997).

In addition to the consequences of exposure 
to endocrine disruptors for wildlife, the 
Weybridge Report also expressed concerns 
about human reproductive health (European 
Environment Agency, 997). In humans, adverse 
health trends affecting the reproductive organs 

of both males and females had been reported. 
For males, lowered sperm counts, increased 
incidences of other reproductive disorders 
related with male infertility (hypospadias 
and cryptorchidism) and testicular cancer 
were associated with exposure of children to 
endocrine disruptors prior to or after birth 
(Sharpe and Skakkebaek, 993). In women, 
a link between environmental contaminants 
and increased incidences of breast cancer 
was suggested (Wolff et al., 993). Although 
insufficient evidence was available to definitively 
establish a causal link between adverse health 
effects in humans and exposure to endocrine 
disruptors, trends were serious enough to raise 
concerns. These concerns were heightened 
further in the general public due to publication 
of the book ‘Our stolen future’, written by 
Colborn and co-workers (Colborn et al., 
996). Although a causal relationship between 
exposure to environmental pollutants and 
adverse effects on human reproductive health 
still has not been established (Safe, 995; Safe, 
2000; Daston et al., 2003), endocrine disruption 
remains a topic to which much research effort is 
dedicated (Swan et al., 2003; Hauser et al., 2003; 
Harvey and Darbre, 2004; Maffini et al., 2006; 
Carbone et al., 2006; Meyer et al., 2006).

Examples of endocrine disrupting 
compounds and their effects in wildlife

A large number of different chemicals have 
been identified as potentially having endocrine 
disrupting effects. Endocrine disruption can 

General introduction
chapter one
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occur via multiple mechanisms and in different 
life stages. For instance, contaminants have been 
shown to alter: () hormone production at its 
endocrine source, (2) the release of stimulatory 
or inhibitory hormones from adrenal glands 
like pituitary or hypothalamus, (3) enzymatic 
biotransformation of hormones, and (4) free 
hormone concentrations in serum by alteration 
of concentrations or functioning of transport 
proteins (Guillette and Gunderson, 200)

This paragraph gives a few examples of field 
observations that were linked to exposure to 
endocrine disrupting chemicals. Because they 
are the main subjects of the studies in this 
thesis, estrogenic compounds and their effects 
are discussed separately in the next section.

Organochlorine pesticides are perhaps the 
most widely known examples of endocrine 
disruption. The abundantly applied insecticide 
ddt (dichloro diphenyl trichloroethane), for 
which in 948 the Swiss scientist Paul Müller 
was rewarded with a Nobel Prize, appeared 
to cause feminization of male birds (Fry and 
Toone, 98; Fry, 995). Its metabolite p,p’-dde 
inhibited prostaglandin synthesis leading to 
eggshell thinning in birds and thus in reduced 
reproductive success (Lundholm, 997). An 
extensive spill of the same p,p’-dde into Lake 
Apopka, Florida, resulted in a wide range of 
reproductive and other abnormalities, such as 
reduced penis size and altered testis structure in 
alligators (Guilette et al., 994).

One of the most dramatic illustrations of 
endocrine disrupting effects in the environment 
concerns tributyltin. This compound, the active 
ingredient of antifouling paint used on ships, 
exhibited masculinizing or androgenic effects 
in female molluscs, particularly the growth of 
a penis and the occlusion of the oviduct by the 
development of a vas deferens (Bryan et al., 
986). The mechanism behind this condition, 
referred to as imposex, is the inhibition by 

tributyltin of the enzymatic formation of 
the female hormone estradiol from the male 
hormone testosterone, allowing high levels of 
the latter to prevail. The concomitant reduced 
fertility led to severe declines in numbers of 
molluscs in the North Sea (Birchenough et al., 
2002).

Other examples of compounds that 
can interfere with endocrine processes are 
polyhalogenated aromatic hydrocarbons 
(phahs). Acute and (sub)chronic effects of 
exposure to phahs comprise body weight loss, 
disruption of thyroid and retinoid hormone 
homeostasis, hepatotoxicity, neurotoxicity, 
immunotoxicity, teratogenicity and tumour 
promotion (Goldstein and Safe, 989; DeVito 
and Birnbaum, 994; Vos et al., 2000). In the 
field, heavily phah-exposed seals showed 
impaired reproductive success (Reijnders, 
986). In addition, the declining populations 
of mink have been associated with exposure 
to pcbs, a sub-class of phahs (Leonards et 
al., 995). Most of the toxic effects induced by 
phahs are suggested to be mediated by the aryl 
hydrocarbon receptor (see below).

Estrogenic effects in wildlife
The most notable example of endocrine 
disruption in the aquatic environment concerns 
the so-called ‘feminization’ of male fish. In wild 
fish populations, a high occurrence of ovotestis 
(or intersexuality, a condition in which oocytes 
are formed in the testicular tissue, Figure .) 
and other testicular abnormalities have been 
observed in rivers, coastal waters and estuaries 
in the United Kingdom (Jobling et al., 998; 
Allen et al., 999a; Allen et al., 999b; Kirby 
et al., 2004) and freshwaters sites in other 
countries (Sole et al., 2003; Barnhoorn et al., 
2004; Vethaak et al., 2005; Bjerregaard et al., 
2006). Remarkably, intersexuality was most 
often seen in waters receiving effluents of 
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sewage treatment plants (stp). Investigations 
further showed that e.g. male trout and carp 
produced the egg yolk protein vitellogenin 
when exposed to stp effluent (Purdom et 
al., 994; Harries et al., 2002). This protein is 
normally produced in response to estrogens 
only by mature female fish and is a very 
sensitive and specific biomarker for estrogen 
exposure (Sumpter and Jobling, 995). The 
observed estrogenic effects in fish have thus 
been associated with exposure to estrogenic 
chemicals. These compounds could be natural 
estrogenic hormones, synthetic analogues 
thereof or xenobiotic chemicals, able to mimic 
the action of the female estrogenic hormone and 

thereby disturbing internal endocrine balances 
in fish and feminization of male gonads. Indeed, 
the presence of estrogenic compounds in stp 
effluents has been demonstrated (Desbrow et 
al., 998; Jobling et al., 998). Fish exposure to 
(xeno-)estrogens in laboratory experiments, 
as extensively reviewed recently (Mills and 
Chichester, 2005), supported the hypothesis 
that estrogenic compounds in the aquatic 
environment can cause feminization of various 
fish species.

Also in The Netherlands, the occurrence 
of estrogenic effects in wild fish has been 
demonstrated. However, the causative agents 
have not been identified so far (Vethaak et al., 
2005). The research described in this thesis 
was therefore aimed at the identification of 
compounds in the environment responsible for 
endocrine disrupting effects, with the emphasis 
on estrogenic effects.

Figure .. Histological section of an intersexual 
gonad of male bream (Abramis brama). Primary 
oocytes are found in predominantly male gonadal 
tissue.
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Estrogenic hormones, functions and 
mechanism

Estrogenic hormones, also referred to as female 
steroid hormones, are steroidal molecules 
structurally based on the phenanthrene ring. 
They are produced from cholesterol primarily 
in the ovaries of females in response to 
signals from the brain or other organs and, 
albeit in lower quantities, in testes of males. 
The main naturally occurring estrogens in 
all classes of vertebrates are 7β-estradiol (β-
E2), 7α-estradiol (α-E2), estrone (E), and 
estriol (E3). Estrogens play pivotal roles in 
sexual development and are e.g. responsible 
for the development of feminine secondary 
sexual characteristics, control of reproductive 
cycles and fertility (Tyler and Sumpter, 998). 
In addition, they also have functions in the 
nervous system, vasculatory system and in the 
regulation of bone density (Sandberg, 2002).

In most fish species, sex is genetically 
determined. Sexual differentiation of the 
gonads is believed to be comparable with the 
mammalian situation, in which the presence 
or absence of a testis determining factor 
directs female or male differentiation. Steroid 
hormones are involved in the subsequent 
expression of secondary characteristics. 
However, it has long been known that exposure 
to steroid hormones at critical developmental 
life stages can reverse the sex from its genetic 
predisposition to a different phenotype 
(Arcand-Hoy and Benson, 998). This shows 
the critical role steroid hormones may have in 
these processes. Another major role of estrogens 
in oviparous (egg-laying) fish is to stimulate 
the production of vitellogenin in the liver. This 
precursor of egg yolk is subsequently stored in 
the oocytes. Normally, only in mature females 
estrogen levels are high enough to induce 
vitellogenin, but environmental exposure to 
estrogenic chemicals can trigger this response 

in male and juvenile fish as well (Mills and 
Chichester, 2005). Clearly, inappropriate 
exposure to estrogens, in the wrong animal, 
or at the wrong time in the life cycle, or at the 
wrong concentrations, may adversely influence 
critical processes.

Estrogens act by a receptor mediated 
mechanism depicted in Figure .2. They are 
transported to their target organs bound to 
transport proteins, such as albumin and sex 
hormone binding globulins. After dissociation 
from these proteins, free hormones can enter 
cells by diffusion through the cell membrane. 
In the cell, hormones can bind to estrogen 
receptors. In fish, two subtypes of estrogen 

Figure .2. Receptor-mediated mechanism 
of action of estrogenic hormones. Estrogenic 
hormones enter the cell, bind to estrogen 
receptors, which subsequently homodimerize and 
translocate to the cell nucleus. There, the complex 
binds to specific sites (eres) on the dna and 
induces transcription of estrogen-inducible genes. 
Subsequent protein synthesis eventually leads to 
the cellular and physiological response to estrogen 
action. 
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receptors have been identified, ERα and 
ERβ, with ERβ existing in the functional 
forms ERβ and ERβ2 (Menuet et al., 2002). 
Estrogen receptors differ in their ligand 
binding affinity, transcriptional capacity and 
distribution among tissue types. The main 
tissue types in which they are expressed are 
brain, pituitary, liver and gonads (Menuet et 
al., 2002). After binding of an estrogen to the 
ER, a homodimer of two receptor-estrogen 
complexes is formed and translocated into 
the nucleus, where the complex binds the 
dna at estrogen responsive elements (ere), 
the regulatory regions of estrogen responsive 
genes. Once bound to the ere, the homodimer 
complex recruits transcription factors to the 
target gene promoter, which leads to increased 
gene transcription to messenger rna. The 
production of proteins, e.g. vitellogenin, 
following translation of messenger rna, results 
in the ultimate effect estrogen action can have 
on cellular functioning and on physiology.

Estrogenic compounds
The natural estrogenic hormones have strong 
affinities for the estrogen receptor, with β-
E2 being the most potent natural estrogen. 
In addition to the endogenous ER ligands, 
affinity for estrogen receptors has been found 
for large numbers of structurally very diverse 
compounds of natural, synthetic or xenobiotic 
origin. The capacity of ER to bind a wide variety 
of ligands has been attributed to the shape of its 
ligand binding domain, which has an accessible 
volume of nearly twice that of E2 and large 
unoccupied cavities (Brzozowski et al., 997). 
Activation of estrogen receptors by chemicals 
in the environment is believed to be a major 
mechanism of estrogenic disruption.
Chemicals known to have the potential to 
bind and activate estrogen receptors include 
natural compounds such as phytoestrogens, 

mycoestrogens and synthetic estrogen 
analogues, such as the potent pharmaceutical 
7α-ethynylestradiol (the active ingredient 
of contraceptive drugs). A wide selection of 
xenobiotic, industrial chemicals, referred 
to as xeno-estrogens, have also proven 
capable of binding to the ER, although with 
binding affinities that are generally much 
lower than those of the natural hormones. 
Examples of xeno-estrogens include 
organochlorine pesticides such as o,p’-ddt 
and dieldrin, alkylphenolic compounds such 
as 4-nonylphenol and 4-tert-octylphenol 
primarily derived from non-ionic surfactants, 
diphenylderivatives such as bisphenol A (a 
synthetic chemical used in plastic production) 
and some phthalates used as plasticizers (Blair 
et al., 2000).

Dioxin-like compounds, occurrence and 
mechanisms

The group of phahs includes the major 
classes polychlorinated biphenyls (pcbs), 
polychlorinated dibenzo dioxins (pcdds) and 
polychlorinated dibenzo furans (pcdfs). Many 
phahs share comparable toxicities with their 
most potent representative 2,3,7,8-tetrachloro-
dibenzo-p-dioxin and are therefore collectively 
referred to as dioxin-like compounds.
pcdds and pcdfs are undesired byproducts 
of incomplete combustion in the presence 
of chlorine. pcbs have been used in large 
quantities in transformers, paints, lubricant 
oils etc. phahs have entered the environment 
and, due to their persistence to chemical and 
biological degradation, accumulative properties 
and long-range atmospheric transport, are 
nowadays found even in the most remote areas.

Most of their toxic effects are believed to 
be induced by binding to and activation of 
the aryl hydrocarbon receptor (AhR) (Safe, 
993; Tyler and Sumpter, 998). Upon ligand 
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binding, the AhR-ligand complex is activated 
and translocated to the nucleus where it binds 
with high affinity to specific dna enhancer 
sequences, the dioxin responsive elements 
(dre), resulting in increased or inhibited 
transcription of a variety of genes controlled 
by the AhR. A well-known response to 
AhR receptor activation is the induction of 
cytochrome P450-A and other enzymes 
involved in the metabolism of xenobiotic 
compounds.

The affinity of phahs for the AhR and 
their persistency is strongly dependent on 
their planarity and chlorination pattern. 
Although non halogenated polycyclic aromatic 
hydrocarbons (pahs) do not have persistencies 
comparable with phahs, several have been 
reported to be potent AhR agonists as well 
(Machala et al., 200a).

Most endocrine disrupting effects induced 
by dioxin-like compounds are believed to 
be mediated by the AhR, however, other 
mechanism may be involved as well. Hydroxy-
metabolites of pcbs and other phahs have 
been shown to inhibit thyroid hormone 
binding to the thyroid hormone transport 
protein, eventually resulting in a loss of thyroid 
hormone and also vitamin A (retinol) from the 
circulation.(Brouwer et al., 998). In addition, 
Hydroxylated phahs can have estrogenic effects 
by inhibiting the conjugation of estrogens by 
sulfotransfereases (Kester et al., 2002).

Bioassays for the detection of estrogenic and 
dioxin-like compounds

Several biological assays have been developed 
to screen compounds for endocrine disrupting 
activities.

In vivo assays for estrogenic activity use a 
variety of endpoints, such as organ weights, cell 
proliferation, and protein expression in different 
organisms (Zacharewski, 997). In vivo assays 

have the advantage of assessing a true impact 
of estrogenic action on a target species, but, 
on the other hand, have the disadvantages of a 
lack of specificity, high costs and unsuitability 
for large-scale screening purposes (Campbell 
et al., 2006). Furthermore, there are ethical 
objections against the large scale use of animals 

Figure .3. Molecular structures of the natural 
estrogenic hormones (a) 7β-estradiol, (b) 
estriol, (c) estrone, the synthetic estrogen 
(d) 7α-ethynylestradiol, the xeno-estrogens 
(e) bisphenol A, (f) o,p’-dichlorodiphenyl-
trichloroethane, (g) dieldrin, (h) 4-tert-
octylphenol, and the arylhydrocarbon receptor 
agonists (i) benzo(a)pyrene and (j) 2,3,7,8-
tetrachlorodibenzo-p-dioxin.
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in exposure experiments. In vitro alternatives 
include competitive ligand binding assays, cell 
proliferation assays, recombinant receptor/
reporter gene assays and yeast-based screens 
for estrogens (Zacharewski, 997). Each assay 
measures different aspects of the cascade of 
events between exposure to estrogens and 
ultimate effects. However, most assays do 
also suffer from limitations with respect to 
sensitivity (ligand binding assays), specificity 
(ligand binding assays, cell proliferation assays), 
or representation of the vertebrate situation 
(yeast-based assays) (Legler et al., 999).

Very sensitive, specific and biologically 
relevant assays for the assessment of estrogenic 
potencies of compounds are recombinant 
receptor/reporter gene assays based on stably 
transfected cell lines. One of the most sensitive 
and highly responsive reporter gene assays 
available nowadays is the Er-calux (estrogen 
responsive  chemical activated luciferase 
gene expression) assay, developed by Legler 

et al. (999). This assay is based on a human 
breast adenocarcinoma cell line containing 
endogenous ERα and ERβ (t47d) that is stably 
transfected with the luciferase gene of the 
firefly (Photinus pyralis) under transcriptional 
control of three eres. Exposure of cells to 
(xeno-)estrogens results in receptor activation 
and subsequent synthesis of luciferase. The 
amount of luciferase produced is directly 
proportional to the amount and estrogenic 
potency of the compound the cells have 
been exposed to. The amount of luciferase 
is measured by the addition of its substrate 
luciferin, which is oxidized by luciferase in a 
reaction in which light is emitted. In this way, 
the assay covers all events involved in receptor 
transactivation from uptake of the compound 
by the cell to the synthesis of protein.

A comparable assay for the measurement of 
dioxin-like activity was developed earlier. (Aarts 
et al., 995; Murk et al., 996). This Dr-calux 
assay (dioxin-responsive chemical activated 
luciferase gene expression) responds specifically 
to compounds that can bind the Ah-receptor. 
The assay is based on a hepatoma cell line of 
the rat (h4iie) that is stably transfected with 
a vector containing the luciferase gene under 
transcriptional control of the dioxin responsive 
element. The general principle of Er- and Dr-
calux assays is shown in Figure .4.

In addition to compound screening, in vitro 
bioassays like the calux assays also have shown 
their value for the analysis of estrogenic or 
dioxin-like activities in complex environmental 
samples. Whereas chemical analysis can be 
used to identify and quantify known endocrine 
disrupting compounds in environmental 
samples, assessment of total toxic activities 
in these samples is complicated, due to large 
structural differences between endocrine 
disrupting compounds, possible interactions 
between compounds and possible contributions 

Figure .4. Receptor-mediated mechanism of 
chemical activated luciferase gene expression 
(calux) assays.
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of as yet unknown compounds. In such 
cases, bioassays offer an integrated measure 
of the combined potencies of mixtures of 
compounds present in environmental samples, 
without the necessity of knowing the identity 
of all contributing compounds beforehand. 
Indeed, the applicability of calux assays for 
the assessment of total estrogenic or dioxin-
like activities has been shown in a variety of 
environmental matrices (Murk et al., 2002; 
Legler et al., 2002a; Legler et al., 2003; Hamers 
et al., 2003; Klamer et al., 2005).

Bioassay Directed Identification
Linking endocrine disrupting activities to 
the exposure to particular causative agents is 
often problematic due to the large numbers 
of different compounds present in the 
environment. Bioassays can serve to analyse 
activities in samples, but cannot identify 
compounds. At the same time, present-day 
chemical analytical techniques provide excellent 
sensitivity in the analysis of known compounds, 
but they cannot give information on potency 
and will easily miss compounds not explicitly 
looked for.

The bioassay directed identification 
approach has been introduced to overcome 
these difficulties. In this approach, analytical 
chemistry is combined with bioassay analysis to 
isolate and ultimately identify the compounds 
in a complex sample that are responsible for 
the observed effects. Originally referred to as 
toxicity identification and evaluation (tie), but 
currently also known as effect directed analysis 
(eda), bioassay directed fractionation or effect-
directed identification, this integrated approach 
was launched by the us Environmental 
Protection Agency in 988 in a handbook for 
fractionation of acutely toxic effluents (Mount 
and Anderson-Carnahan, 998). Since then, 
comparable procedures have been developed for 

various toxic activities and matrices e.g. (Boxall 
and Maltby, 995; Casellas et al., 995; Gupta 
and Karuppiah, 996; Deanovic et al., 999; 
Thomas et al., 999; Brack et al., 2000; Reineke 
et al., 2002; Ho and Quinn, 2002; Thomas et 
al., 2002). In the United Kingdom, Desbrow 
and colleagues used the approach successfully 
to identify natural estrogenic hormones as the 

Extraction/clean-up

Fractionation (rp-hplc)

Chemical screening
(gc-msd)

Target analysis
(gc-msd/itd)

er-/dr-calux

Sample pretreatment

er-/dr-calux

Figure .5. Schematic representation of bioassay 
directed identification approach for endocrine 
disrupting compounds in environmental samples. 
An extract of an environmental sample is tested 
in the calux assay for estrogenic or dioxin-
like activity. If activity is measured, the extract 
is fractionated with hplc. Each fraction is 
tested again in the calux assay to investigate 
in which fraction the active compounds are 
isolated. This is repeated until the complexity 
of the active fractions is sufficiently reduced to 
enable identification of the active compounds by 
chemical analysis with e.g. gas chromatography 
with mass spectrometric detection (gc-msd).
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main contributors to the estrogenic activity 
observed in domestic stp effluents (Desbrow et 
al., 998).

Basically, in all applications bioassay directed 
identification aims to eliminate compounds that 
do not contribute to the activity of a sample 
and isolate active compounds in a series of 
fractionation and separation steps. After each 
fractionation step, all fractions are tested in a 
bioassay to investigate in which fraction(s) the 
active compounds are isolated. This is repeated 
until the complexity of the active fractions is 
sufficiently reduced to enable identification of 
the active compounds by chemical analysis. 
Eventually, pure standards of the identified 
compounds are tested in the bioassay to 
confirm their activity and possible involvement 
in the activity of the investigated sample. The 
advantage of bioassay directed identification is 
that, as no presumptions about the identity of 
the responsible chemicals are made beforehand, 
also as yet unknown compounds with biological 
activities might be identified.

In this thesis, a bioassay directed 
identification approach is used for the 
investigation of estrogenic and dioxin-like 
activities in the aquatic environment. The basic 
bioassay directed identification scheme in these 
studies is shown in Figure .5.

The bioassay directed identification 
procedure starts with sample pretreatment, 
which may include sieving, freeze-drying, 
homogenization, pooling etc. The second step 
consists of the extraction of organic compounds 
from the matrix. In this work, accelerated 
solvent extraction (ase) and shake-solvent 
extractions were used. The main aims of 
extraction are to concentrate the compounds of 
interest and to transfer them to a solvent that is 
compatible with the used analytical detection 
techniques. Because of the diversity in chemical 

and physical properties of by now known 
endocrine disrupting compounds, extraction 
conditions are chosen in such a way that all 
possible relevant compounds in a range of 
chemical and physical properties that is as wide 
as possible will be recovered.

The obtained extract is, if necessary after an 
additional clean up, tested in a calux assay to 
investigate the presence of estrogenic or dioxin-
like activities in the total extract. Depending on 
the activity found, it is decided if the remaining 
steps of the procedure should be carried out to 
identify the compounds that are responsible for 
the activities in the sample. If this is the case, 
the extract is separated in several fractions to 
isolate active compounds.

Fractionation is undertaken using high-
pressure liquid chromatography (hplc). Two 
commonly used types of hplc systems are 
reversed phase (rp-) and normal phase (np-) 
hplc. In rp-hplc separation and isolation 
of compounds according to their polarity is 
achieved. In np-hplc, compounds are separated 
according to their chemical functionalities, such 
as planarity. In general, hplc enables efficient 
and non-destructive separation of compounds 
based on their molecular properties. Aliquots 
of eluate can be collected in separate fractions. 
Each fraction is tested in the calux assay to 
determine in which fractions activity has been 
isolated. A second fractionation, based on 
another principle than the first fractionation 
step, might be necessary before chemical 
analysis of responsible compounds in active 
fractions is possible.

If the fractionation behaviour of the activities 
fits well to the chromatographic properties of 
certain known compounds, their presence and 
contribution to the activity can be investigated 
in a targeted analysis of the concerned 
compounds. In this work, gas chromatography 
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combined with an ion trap detector in ms/ms 
mode (gc-ms/ms) has been used for the target 
analysis.

When the observed endocrine disrupting 
activity is attributed to so far unknown 
compounds, gc combined with a mass 
selective detector (msd) is used as a chemical 
screening technique. In this study, one as well 
as two-dimensional gc systems are used for 
this purpose. gc-ms can be used as screening 
tool when operated in full scan mode. 
Obtained spectra are compared with reference 
spectra from a spectral library for tentative 
identification. Despite successive rounds of 
fractionation and separation, analyzed fractions 
are often still very complex. To improve 
the chance of successful identification, the 
software program automated mass spectral 
deconvolution and identification system 
(amdis) is applied to deconvolute spectra for 
the removal of interferences due to coeluting 
peaks.

To obtain a better separation of complex 
fractions, comprehensive gas chromatography 
(gc×gc) has been applied (Dalluge et al., 
2003; Adahchour et al., 2005). For gc×gc two 
coupled columns are used, the first one (the first 
dimension) being a conventional gc column 
with boiling point as separation principle, the 
second dimension being a very short column 
in which separation is based on polarity. The 
two columns are connected by a modulator, 
which sends a heart cut of the eluate of the 
first to the second column every few seconds 
(the modulation time). In the second column, 
separation can be achieved of compounds that 
coeluted from the first column. Mass spectra, 
obtained with a fast Time-of-Flight ms, are 
compared with reference spectra in a spectral 
library. Results of a gc×gc ToF ms analysis 
are transformed to so-called contour plots, 
two-dimensional representations of retention 

times in first and second dimension, with 
peak height (a summation of the current of all 
ions simultaneously present in the detector) 
represented by colour intensity (the third 
dimension).

Testing concentration series of pure 
standards of identified compounds the calux 
assay reveals if identified compounds indeed 
could be (partly) responsible for the estrogenic 
or dioxin-like activity in the investigated 
sample. Based on the concentration found 
in the sample, its potency and knowledge on 
combined behaviour of endocrine disruptors, 
the contribution of each identified compound to 
the observed activity in the fraction can then be 
calculated.

Aims of the thesis
The research described in this thesis was 
performed to identify endocrine disrupting 
compounds and investigate the occurrence 
of estrogenic effects in the Dutch aquatic 
environment. The work served three main aims.

The first aim was to obtain an overview 
of different endocrine disrupting activities 
in the Dutch aquatic environment. Based on 
the performed survey, it was decided that the 
remainder of the project would be focused 
on estrogenic and dioxin-like activities and 
compounds.

The second aim was the development of a 
bioassay directed identification method for 
estrogenic and dioxin-like compounds in 
aquatic environmental samples.

The third aim was to identify endocrine 
disrupting compounds in the aquatic 
environment that contribute most to the 
observed endocrine disrupting activities. 
To achieve this, developed bioassay directed 
identification methods were applied to sediment 
and fish matrices (bile and gastrointestinal 
content).
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Outline of the thesis
 Chapter two presents a survey of toxic activities 
in the aquatic environment. The occurrence 
of toxic activities was performed with in vitro 
bioassays in extracts of sediments that were 
collected in the Dutch provinces of Zeeland and 
South Holland. Estrogenic, anti-estrogenic and 
dioxin-like activities were analyzed with calux 
assays. The potential of sediment extracts to 
interfere with thyroid hormone transport in 
plasma was measured in an in vitro thyroid 
hormone-transthyretin binding competition 
assay. To obtain a more complete overview of 
toxic potencies in the sediments, the panel of 
assays was supplemented with two assays for 
non-endocrine disrupting potencies: the Vibrio 
fischeri assay for general toxicity and the umu 
test for genotoxicity.

To identify compounds present in 
sediment samples that potentially contributed 
to estrogenic and dioxin-like activities, 
the Chapters three to five focused on 
the development of a bioassay directed 
identification method. Er- and Dr-calux 
assays were used to direct the analysis in this 
method. First, a sample preparation method 
was developed for the extraction and clean up 
of sediments (Chapter three). The method was 
designed in such a way that it recovered possibly 
relevant compounds in a range of chemical 
and physical properties that was as wide as 
possible. As exposure in the environment 
seldom is to one single chemical but usually to 
complex mixtures of different chemicals, special 
attention was paid to the analysis of mixtures. 
The combined estrogenic effect of mixtures of 
xeno-estrogens in sediment extracts during the 
sample preparation is described in Chapter four.

The sample preparation method developed 
was extended with successive rounds of 
fractionation, calux analyses and chemical 
analyses to obtain a full bioassay directed 

identification strategy. A sediment field 
sample collected at the harbour of Zierikzee 
was investigated using this approach and 
major contributors to estrogenic and dioxin-
like activity in this sample were identified 
(Chapter five). This chapter gives an example 
of how calux assays and bioassay directed 
identification could be applied in monitoring of 
environmental levels of estrogenic and dioxin-
like compounds in sediments.

Chapters six and seven present bioassay 
directed identification studies that were 
prompted by observations of estrogenic effects 
in wildlife with unknown cause. In 999, an 
integrated assessment of the occurrence and 
effects of estrogenic compounds was performed 
in freshwaters throughout The Netherlands. 
In this study, bream (Abramis brama), an 
abundant freshwater species, was chosen as 
investigative species, because during its life it 
is exposed to sediment-bound compounds as 
well as compounds in the water column (Van 
Emmerik and De Nie, 2006). Extremely high 
plasma vitellogenin concentrations and a high 
prevalence of ovotestis were observed in male 
bream caught at locations receiving stp effluent 
(Vethaak et al., 2005). Plasma vitellogenin 
concentration and estrogenic activity in male 
bream bile had shown to be strongly correlated 
(Legler et al., 2002b), and therefore bile was 
chosen as matrix for further investigations. 
Chapter six describes the bioassay directed 
identification of the estrogenic compounds 
responsible for the observed in vitro estrogenic 
activity in male bream bile. The study described 
in Chapter seven was performed to investigate 
the endocrine health status of breams in 
Dutch freshwaters in relation to exposure to 
estrogenic compounds. Estrogenic activities 
were measured in sediments, fish plasma, liver 
and gastrointestinal content to investigate the 
internal distribution of estrogenic activity in 
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bream after exposure to estrogens. Compounds 
contributing to the observed estrogenic 
activity were identified in a bioassay directed 
identification analysis in gastrointestinal 
content.

Chapter eight summarizes the most 

important results of the studies. Overall 
conclusions drawn from the research regarding 
the occurrence of endocrine disrupting 
compounds and activities in the Dutch aquatic 
environment and an evaluation of the use of 
bioassay directed analysis are presented.
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Abstract

In vitro bioassays are valuable tools for 
screening environmental samples for the 
presence of bioactive (e.g. endocrine disrupting) 
compounds. They can be used to direct 
chemical analysis of active compounds in 
toxicity identification and evaluation (tie) 
approaches. In the present study, five in vitro 
bioassays were used to profile toxic potencies 
in sediments, with emphasis on endocrine 
disruption. Nonpolar total and acid-treated 
stable extracts of sediments from fifteen 
locations in the Rhine Meuse estuary area in 
The Netherlands were assessed. Dioxin-like and 
estrogenic activities (using dioxin-responsive 
chemical activated luciferase gene expression 
[Dr-calux®] and estrogen responsive chemical 
activated luciferase gene expression [Er-
calux®] assays) as well as genotoxicity (umu 
test) and nonspecific toxic potency (Vibrio 
fischeri assay) were observed in sediment 
extracts. For the first time, to our knowledge, 
in vitro displacement of thyroid hormone 
thyroxine (T4) from the thyroid hormone 
transport protein thransthyretin by sediment 
extracts was observed, indicating the presence 
of compounds potentially able to disrupt T4 

plasma transport processes. Anti-estrogenic 
activity was also observed in sediment. The 
present study showed the occurrence of 
endocrine disrupting potencies in sediments 
from the Dutch delta and the suitability of the 
er- and Dr-calux bioassays to direct endocrine 
disruption tie studies.

Introduction

Organic chemicals released in the environment, 
(e.g. via industrial and domestic effluents) may 
accumulate in sediments. Therefore, sediment 
can act as a sink for many persistent chemicals 
that are released in the aquatic environment, 
and it may form a source of exposure to 
aquatic organisms. In the Netherlands, the 
Dutch delta acts as a sedimentary basin for 
the major rivers Rhine, Meuse, and Scheldt. 
Contaminants discharged upstream tend to 
accumulate here. One group of contaminants 
that has received much attention consists of 
the endocrine disrupting compounds (edc), 
xenobiotic as well as natural chemicals in 
the environment that may interfere with the 
normal functioning of human and wildlife 
endocrine systems. Exposure to edcs may lead 
to adverse health effects such as increased rates 
of specific cancers and reproductive system 
abnormalities (Tyler and Sumpter, 998; Vos et 
al., 2000). The amount of evidence that effects 
observed in mainly aquatic wildlife indeed 
are due to exposure to edcs is still growing, 
as for example for the feminizing effects of 

Toxicological profiling of sediments using in vitro 
bioassays, with emphasis on endocrine disruption

chapter two
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alkylphenolic chemicals in different fish species 
(Jobling et al., 996; Gray and Metcalfe, 997; 
Gronen et al., 999; Metcalfe et al., 2000). Also, 
several Dutch studies indicate disturbance of 
endocrine functioning of organisms exposed 
to contaminated sediments, e.g. (Janssen, 996; 
Vethaak et al., 996).

Although instrumental analysis can be used 
to identify and quantify known edcs, hazard 
evaluation based on chemical monitoring 
and known toxic potencies of compounds is 
complicated, because edcs are highly distinct 
compounds structurally, interactions between 
substances in mixtures have to be taken into 
account and responsible active compounds are 
still often mainly unknown, e.g. (Legler et al., 
2003). Mechanism-based in vitro bioassays in 
which specific biological effects are directly 
estimated can provide valuable information 
about the expected total toxic potency of 
the complex mixture of chemicals present in 
an environmental sample. Bioassays can be 
especially useful if they are combined with 
instrumental analytical approaches, such as in 
toxicity identification and evaluation (tie). In 
tie approaches, bioassays are used to direct 
fractionation and chemical analysis in order to 
elucidate compounds responsible for the toxic 
activity found in a sample. To enable direction 
of a tie for endocrine disruption, bioassays 
should meet several criteria: they should be 
sensitive, require a minimal amount of sample, 
generate response through a specific biological 
mechanism involved in endocrine functioning, 
be compatible with clean up requirements of 
chemical analysis and be biologically relevant.

In the present study we performed a survey 
of toxic potency occurring in sediment, with 
emphasis on endocrine disruption. Sediment 
samples were collected at fifteen different 
locations in the Dutch Rhine Meuse estuary. 
Although detailed information on the type 

of contamination was not available, locations 
differed in degree of exposure to agricultural 
and household discharge and vicinity to 
industrial activity. This sampling approach was 
conducted to obtain a general view regarding 
the presence of potential toxic activities in the 
Dutch Delta area. The study had three main 
goals.

Our first goal was to apply several in 
vitro bioassays to investigate four different 
types of endocrine disruption: dioxin-like 
activity, estrogenic activity, anti-estrogenic 
activity and thyroid hormone displacement 
capacity. In addition, two bioassays for non-
endocrine disrupting potency, genotoxicity 
and nonspecific toxic potency, were applied 
to obtain a more general impression of toxic 
potencies present in aquatic sediments and to 
assess if these types of toxicity possibly mask 
endocrine disruptive endpoints.

The dioxin responsive chemical activated 
luciferase gene expression (Dr-calux) 
assay was used to detect arylhydrocarbon 
(Ah) receptor mediated, dioxin-like activity. 
Although according to the traditional opinion 
this receptor does not belong to the endocrine 
system, many chemicals acting via this receptor 
do, directly or indirectly, show endocrine 
activity (Safe et al., 998). Known Ah-receptor 
agonistic compounds, such as dioxins and 
polychlorinated biphenyls (pcbs), have 
therefore been listed as suspected endocrine 
disruptors in several reports, e.g. (Olsson et al., 
998; Safe et al., 2000). The Dr-calux assay uses 
a rat hepatoma h4iie cell line stably transfected 
with firefly (Photinus pyralis) luciferase gene 
under the control of dioxin responsive elements 
(Aarts et al., 995). Exposure of the cells to 
Ah-receptor agonists induces the production 
of luciferase, which is quantified by measuring 
light production after addition of the substrate 
luciferin.
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To detect estrogenic and anti-estrogenic 
activity the estrogen responsive chemical 
activated luciferase gene expression (Er-calux) 
assay was applied. The Er-calux assay uses 
human t47d breast adenocarcinoma cells 
expressing endogenous estrogen receptor α 
and β, which are stably transfected with an 
estrogen responsive luciferase reporter gene 
(Legler et al., 999). Exposure of these cells 
to (xeno-)estrogens results in induction of 
luciferase production.

Interference with thyroid hormone (T4; 
3,3’,5,5’-tetraiodothyroxine) transport in plasma 
was measured in an in vitro T4-transthyretin 
(ttr) binding competition assay. In this assay, 
the potency of a sample to compete with the 
radioligand ¹²⁵I-T4 for binding the transport 
protein (ttr) is tested. Competitive protein 
binding is determined by measuring the amount 
of radioactive T4 displaced from the protein 
after incubation (Lans et al., 993).

In the umu test, expression of sos response 
umu-C genes induced by genotoxic activity 
in environmental samples was detected in 
the genetically engineered bacterial strain 
Salmonella typhimurium (ta535/psk002). 
In this bacterial strain, the induction of the 
sos repair system by genotoxic agents can be 
measured by a photometric determination of 
the β-galactosidase enzyme activity (Oda et al., 
985).

Nonspecific toxic potency was measured in 
the Vibrio fischeri assay, a nonspecific toxicity 
assay measuring bioluminescence (coupled 
to cell respiration) of the marine bacterium 
Vibrio fischeri based on the microtox assay 
as developed by Bulich (997). The assay was 
adapted to fast and small volume testing by 
Hamers et al. (200). Assays were performed 
with nonpolar total as well as acid treated 
stable extracts to get an idea of the chemical 

stability of compounds causing response in the 
bioassays.

Our second goal was to determine if the 
selected bioassays for endocrine disruption 
are suitable to direct tie research for edcs 
in sediments. The three assays for endocrine 
disruption used were evaluated according to the 
criteria outlined above.

Finally, our third goal was to determine if 
one or more of the selected locations showed 
high responses in one or more bioassays, caused 
by unknown compounds. This would identify 
possible locations for further tie research.

Materials and Methods

Environmental sampling
Surface sediments were sampled from fifteen 
locations in the Dutch Delta (Figure 2.) from 
March 9 to 22, 200, using a Van Veen grab. 
During sampling, water salinity at the sampling 
location was monitored. Sediment samples were 
stored at 4ºC, until further treatment. Samples 
were sieved (mesh size 2 mm), air-dried, 
homogenized and stored for four months prior 
to extraction in bottles of dark brown glass. 
The percentage of organic carbon in sieved 
material was estimated by elemental carbon 
measurement with FlashCombustion/gas 
chromatography (FlaschEAtm 2 Elemental 
Analyzer, ThermoQuest Italia, Milan, Italia).

Extractions
All solvents were pro analysis quality or better 
and purchased from JT Baker (Deventer, the 
Netherlands) or Merck (Darmstadt, Germany) 
unless stated otherwise. A total of 0 g of dried 
sediment from each location was extracted with 
a mixture of hexane and acetone (9: , v/v) with 
accelerated solvent extraction (3 extraction 
cycles, 00ºC, system pressure 2000 psi; ase200, 
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Dionex, Sunnyvale, ca, usa). The extracts 
were divided into two equal portions. In both 
portions, sulfur was removed using tetra butyl 
ammonium sulphite. To obtain extracts, one 
portion was evaporated with N₂ at 40°C. Just 
before dryness 60 μl of dimethylsulfoxide 
(dmso spectrophotometric grade 99.9%; 
Acros, Geel, Belgium) was added. The other 
portion was used for the preparation of stable 
extracts. This portion was further cleaned 
using a multilayer sulfuric acid silica column 
consisting of  g Na₂SO₄ on top of 3 g of dried 
silica with 20% hexane-washed H₂SO₄ and 3 g 
of dried silica with 33% hexane-washed H₂SO₄. 
The column was eluted with 40 ml of hexane: 
diethyl ether (97: 3, v/v). The eluate was dried 
with N₂ at 40°C and dissolved in 60 μl of dmso. 
Both total and stable extracts were tested in all 
bioassays, except for the umu test, in which only 
total extract was used.

Bioassays
dr-calux. The dr-calux assay was performed 
using h4iie.Luc cells in 96-well microtiter plates 
(Greiner, Frickenhausen, Germany) according 
to the method developed by Murk et al. (998) 
with the following adaptations. Extracts were 
serially diluted up to 30-fold for stable extracts 
and 0,000-fold for total extracts. Cells were 
exposed for 24 h in triplicate to extracts at a 
maximum solvent concentration of 0.4% dmso. 
Cells were harvested by lysis in 30 μl of lysis 
buffer (25 mM tris, 2 mM dithiothreitol, 2 
mM trans-,2-diaminocyclohexane-N,N,N’,N’-
tetraacetic acid monohydrate, 0% glycerol, 
% Triton X-00 [Sigma Aldrich, Steinheim, 
Germany] in demineralized water, pH 7.8) and 
stored at -20ºC until analysis. Microtiter plates 
were thawed and shaken at room temperature. 
To each well, 00 μl glowmix (20 mM tricine, 
.07 mM C₄H₂Mg₅O₁₄, 2.6 mM MgSO₄, 0. mM 

ethylenediamine-N,N,N’,N’-tetraacetic acid, 
33.3 mM dithiothreitol, 0.27 mM Co-enzyme 
A, 0.46 mM Luciferine, 0.53 mM adenosine-
5’-triphosphate in demineralized water) was 
added. Luciferase activity was measured 
in a luminometer (Lucy2; Anthos Labtec 
Instruments, Wals, Austria) for 0. min per 
well. For the calculation of induced responses 
on each microtiter plate, a concentration series 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (tcdd) 
was included. For this series, a sigmoidal 
standard curve (y=a0+a/(+exp(–(x–a2)/

Figure 2.. Sampling locations in the Rhine 
Meuse estuary (The Netherlands). For each 
location, type of location and salinity (‰) 
are given in parentheses. A=Eastern Scheldt  
and 2 (remote [Rm]; 30.; 30.7); B=Zierikzee 
outer harbour and Zierikzee inner harbour 
(Recreation [Rc], industrial [I]; 30.4); C=Lake 
Veerse Meer (Rc, I; 30.); D=Haringvliet (Rm, 
sedimentation area [S]; 23.6); E=Bruinisse 
(Agricultural [A], I; 0.23); F=Dintelmond Sluices 
(A, I; 29.6); G=Moerdijk (I, A; 0.28); H 5 Nieuwe 
Maas (I; 0.22), I 5 Nieuwe Waterweg (I; 0.24); 
J=Rotterdam Yssel harbour and Rotterdam 
Second Petrol harbour (I; 6.9); K=Biesbosch 
Spijkerboor and Biesbosch Gat van de Vissen (S; 
0.25).
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a3)); with y representing luciferase activity 
measured expressed as relative light units and 
x representing the concentration of tcdd) was 
fitted using the software program Slidewrite 4. 
(Advanced Graphics Software, Encinitas, ca, 
usa). After correction for background signal 
(dmso solvent control), luciferase activities 
of mostly diluted extracts causing response 
between that of 0.9 pM and the median effective 
concentration (ec50) of tcdd were interpolated 
on this curve and expressed as tcdd equivalents 
(teq) values per gram sediment.

er-calux. The Er-calux assay was 
performed with t47d.Luc cells according to 
Legler et al. (999). Extracts were diluted up 
to 72-fold. Cells were exposed in triplicate to 
extracts at a maximum solvent concentration 
of 0.% in 96-well microtiter plates (TC 
microwell 96F, Nalge Nunc International, 
Roskilde, Denmark). A concentration series of 
7β-estradiol (E2) was included on each plate. 
Harvesting, measurement of luciferase activity 
and calculation of estradiol equivalents (eeqs) 
of samples by interpolation in standard curves 
were performed as described above for Dr-
calux, using E2 as positive control.

Anti-estrogenicity measurements. To 
investigate the capacity of sediment extracts to 
suppress estrogen-mediated luciferase activity, 
t47d.Luc cells were exposed to a combination of 
3.5 pM E2 (~ec50) and to sediment extracts at a 
total solvent concentration of 0.2%. Distinction 
between suppression of luciferase activity 
caused by anti-estrogenicity and suppression 
caused by other nonspecific effects was made 
by exposing cells to E2 at a supermaximum 
concentration (00 pM) in combination with 
sediment extract. Extracts were judged to be 
anti-estrogenic in a estrogen receptor mediated 
manner only if this combined exposure to the 
high E2 concentration increased luciferase 

activity again. Luciferase induction after 
combined exposure to 3.5 pM E2 and sediment 
extract was expressed as percentage of induction 
after exposure to E2 alone. Tamoxifen, a known 
anti-estrogen in t47d.Luc cells, was used at 00 
nM as a positive control for anti-estrogenicity.

Thyroid hormone displacement. The capacity 
of the sediment extracts to compete with the 
natural thyroid hormone thyroxine (T4) for 
binding to the thyroid hormone transport 
protein transthyretin ttr was analyzed 
according to the method described by Meerts 
et al. (2000). After overnight incubation of 30 
nM human ttr, ¹²⁵I-labeled T4, unlabeled T4 
and 5 μl of nonpolar stable sediment extract, 
radioactivity was measured in a gamma counter 
(282 lkb Wallac, Turku, Finland) with an 
energy window of 35 to 02 and 60% efficiency 
in the protein-bound ¹²⁵I-T4 containing eluate 
fraction and compared to control incubations. 
All measurements were performed in duplicate. 
A sigmoidal standard curve was fitted for a 
concentration series of T4. Percentages of T4-
ttr binding for each sample were interpolated 
in this curve and recalculated. Reduced 
binding (inhibition) compared to controls 
was recalculated into T4 equivalents per gram 
sediment.

umu test
The assay was performed according to the 
Deutsches Institut für Normung protocol 3845-
3 (Deutsches Institut für Normung, 996) with 
the deviations as reported by Hamers et al. 
(2000). Extracts were tested in the presence 
as well as in the absence of induced S9 mix to 
assess the influence of metabolic (de)activation 
on the total mutagenic potency of the sample. 
Nonpolar total extracts were tested in triplicate 
with -, 3-, 9- and 27-fold dilutions. Responses 
of the extracts in the umu test were expressed 



tracing endocrine disruptors

26

as equivalents of 4-nitroquinolin-oxid (4-
nqo) or 2-aminoanthracene (2-aa) for those 
concentrations yielding an induction factor 
greater than .3. All measurements were 
performed in triplicate.

Vibrio fischeri assay. General toxicity of 
sediment extracts to V. fischeri bacteria was 
tested according to Hamers et al. (200) in an 
exponential dilution series (with steps of √0) 
of sediment extracts that had been diluted 
400-fold in demineralized water with a final 
concentration of 2% (w/v) NaCl and 0.45% (v/v) 
dmso. Luminescence was measured exactly 
7.5 min after injection of bacteria. From the 
dilution series from each location, luminescence 
inhibiting potency was expressed as amount of 
sediment necessary to lower luminescence by 
20% (ec20).

Statistics. Statistical analysis of the anti-
estrogenicity data using Student’s t-tests and 
linear regression calculations were performed 
with the software program SlideWrite 4..

Results

Dr- and Er-calux assays
Estrogenic, anti-estrogenic and dioxin-like 
activities were determined in sediment extracts 
using Er- and Dr-calux assays. Figure 2.2a 
shows examples of typical S-shaped dose-
response curves of t47d.Luc. and h4iie.Luc 
cells exposed to E2 (Er-calux) and 2,3,7,8-tcdd 
(Dr-calux) respectively. Maximum induction 
was found at 0 pM E2 (25-fold) and 00 pM 
tcdd (20.5 fold). For Er-calux, the average 
limit of detection in the present study (in which 
5 g of sediment was extracted and dissolved in 
60 μl dmso) was .3±.0 pg eeq/g dry weight. 
For our samples, we found an average variation 
coefficient of 9.7±5.6 (±se). Figure 2.2b shows 
an example of dose-response data regarding 
dilutions of total and stable sediment extracts 

from Zierikzee outer and inner harbour. This 
figure illustrates the method of the interpolation 

Figure 2.2. a. Concentration–response curves 
for estrogen responsive chemical activated 
luciferase gene expression (er-calux) and 
dioxin responsive chemical activated luciferase 
gene expression (dr-calux) assays after 24 h 
of exposure to 7β-estradiol (E2) for er-calux 
or 2,3,7,8-tetrachlorodibenzo-p-dioxin (tcdd) 
for dr-calux. The induction factor is the light 
production in the well expressed relative to 
the dimethylsulfoxide control. Arrows indicate 
the calculated values of the median effective 
concentrations (ec50) for er-calux (A; 4.2 pM 
E2) and dr-calux (B; 7.9 pM tcdd).
b. Estrogenic potencies in the er-calux assay of 
different dilutions of total and stable extracts of 
locations Zierikzee (Zz) outer and inner harbor. 
eeq=estradiol equivalent.
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of luciferase activity by extracts in the E2 
standard curve. As observed more often, the 
undiluted total extracts (e.g. Zierikzee outer 
harbour) show estrogenic potency lower than 
that of the eightfold diluted extract. However, 
further diluting the extract (e.g. to 24-fold) 
leads to a quantifiable response that is then 
used for the eeq calculation. For Dr-calux, the 
average limit of detection was 0.5±0.5 pg teq/g 
dry weight and the average variation coefficient 
was 7.5±4.6.

Estrogenic activity was observed in 
nonpolar total extracts from all locations. 
Calculated values ranged from 5.0±0.4 pg 
eeq/g dry weight for location Easternscheldt  
to 340.0±6.9 pg eeq/g dry weight for sediment 
from location Haringvliet, with a median 
value of 64.8 pg eeq/g dry weight (Table 2.). 
Nonpolar stable extracts treated with sulfuric 
acid did not cause any significant induction 
of luciferase activity in t47d.Luc cells, except 

for sediment from location Second Petrol 
harbour, which had some estrogenic activity 
above the limit of detection (3.8±0.5 pg eeq/g 
dry weight). Stable extracts were tested for 
anti-estrogenic properties as well, but only 
slight (~30% decrease of luciferase induction) 
anti-estrogenic activities were observed in the 
locations Rotterdam Yssel harbour, Dintelmond 
Sluices, Haringvliet and Moerdijk (Table 2.). 
Haringvliet extract showed the highest anti-
estrogenic activity, with a reduction of 37% 
of the E2-induced luciferase activity (Figure 
2.3). In the presence of 00 nM E2 (dashed 
bars), luciferase induction was restored to 
uninhibited levels, indicating the involvement 
of the estrogen receptor in the anti-estrogenicity 
observed. Total extracts were too crude to 
obtain reproducible results in anti-estrogenicity 
measurements (data not shown).

Dioxin-like activity in h4iie.Luc cells 
was observed after exposure to total extracts 
from almost all locations. Activities found 
varied between 9.6±0.4 pg teq/g dry weight 
(Easternscheldt ) up to ,305±,088 for 
location Zierikzee inner harbour, with a median 
value of 3,770 pg teq/g dry weight (Table 2.). 
Unlike in the Er-calux assay, the stable extracts 
showed Ah receptor mediated activity as well, 
varying between .6±0. pg teq/g dry weight 
(Easternscheldt ) and 62.5±9.5 pg teq/g dry 
weight (Rotterdam Yssel harbour), with a 
median value of 92.3 pg teq/g dry weight (Table 
2.). Correction for the percentage of organic 
carbon present in dried sediments (Figure 
2.4), resulted in a strong correlation between 
dioxin-like activities of total and stable extracts 
(r²=0.77).

T4-ttr binding competition assay
The in vitro T4-ttr binding competition assay 
was performed to investigate the presence of 
compounds with thyroid hormone activity 

Figure 2.3. Anti-estrogenic activity in nonpolar 
stable sediment extracts. Extracts were tested 
with coadministration of 3.5 and 00 pM 7β-
estradiol (E2). Sediment (sed.) extracts from 
Haringvliet (Hvli) and a reference sediment (ref. 
sed.; seasand) are shown. Tamoxifen (00 nM) 
was used as positive control for anti-estrogenic 
activity. *=significantly different (p<0.05) from 
E2 alone.
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in sediment. Figure 2.5 shows the calibration 
curve of competition between unlabeled T4 
and radioactive ¹²⁵I-T4 for binding to ttr. For 
this experiment, the limit of detection was 6.0 
pmol T4-equivalents/g dry weight. The average 
variation coefficient was 3.8±3.4. Inhibiting 
potencies of the stable sediment extracts ranged 
from below detection limit to 6.2±0.3 pmol 
T4-equivalents/g dry weight (Table 2.). Most 
locations failed to inhibit T4 binding to ttr, 
with the exception of sediment extracts from 
locations Zierikzee outer harbour, Second Petrol 
harbour, Haringvliet and Dintelmond Sluices. 
They showed significant ability to compete 
with T4 for binding to ttr. Sediment extract 
from location Haringvliet was the most potent 
competitor, with the undiluted extract causing 
42% displacement of T4 (Figure 2.5). As with 
anti-estrogenicity measurements, total extracts 
were too crude to be used in this assay (data not 
shown).

Non endocrine disruption assays
The umu test was carried out to determine 
genotoxic potency in total extracts of sediments, 
and was measured directly as well as following 
metabolic (in)activation with S9 mix. Only 
total extracts were tested to determine the role 
of metabolites, which are not present in stable 
extracts because of the sulfuric acid clean up. 
Induction of β-galactosidase activity increased 
proportionally with increasing concentrations 
of the mutagens used as positive controls, 
4-nqo and 2-aa. The results expressed as 
mutagenic equivalents are given for samples 
with induction factors of greater than .3 
(Table 2.). Average limits of quantification 
were 25.7±3.9 ng 4-nqo/g dry weight in the 
absence of S9 mix and 72.5±45.0 ng 2-aa/g 
dry weight in its presence. Genotoxic activity 
of the sediment extracts was generally low, with 
induction factors of undiluted extracts less 

Figure 2.4. Dioxin-like potencies of sediment 
extracts with (stable extract) and without clean 
up with acid silica (total extract) expressed as 
toxicity equivalence quotient (teq) values in the 
dioxin responsive, chemical activated luciferase 
gene expression assay. Results show a clear 
correlation between the dioxin-like activities in 
both extract types (r²=0.77). oc: organic carbon. 

Figure 2.5. Concentration–response curve of 
thyroxine (T4) binding to transthyretin. Arrow 
A indicates the calculated value of the median 
effect concentration for competitive binding of 
radioactive T4 to transthyretin (40.2 nM T4). 
Stable Haringvliet sediment extract was tested in 
various dilutions (+). The T4 equivalents were 
calculated using the undiluted extract, which was 
closest to the ec50 (arrow B).
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than .5. Average activities at locations showing 
activities higher than the limit of quantification 
were 44.4 ng 4-nqo/ g dry weight and 269.8 ng 
2-aa/g dry weight. Only for sediment extract 
from location Veerse Meer activity was found in 
the presence of S9 mix as well as in the absence 
of S9 mix. Direct activity (without S9 mix) was 
slightly higher than activity in the presence of 
S9 mix.

Luminescence of the bacteria in the 
V. fischeri assay diminished with increasing 
concentrations of both types of sediment 
extracts, indicating the presence of compounds 
with nonspecific toxic potency in the extracts. 
Instead of the ec50, luminescence inhibiting 
potency is expressed as the ec20 (Table 2.), 
because the interpolated ec50 concentration 
often did not fall in the linear part of the 
dose-response curve. For total extracts, ec20 
values varied between 6. mg dry weight/well 
(Easternscheldt ) and 0. mg dry weight/well 
(Moerdijk) with an average of .4±.9 and a 
median value of 0.5 mg dry weight/well (Table 
2.). For stable extracts ec20 values varied 
between bigger than the detection limit (26.5 
mg dry weight/well for location Easternscheldt 
2) and 0.04 mg dry weight/well (Zierikzee outer 
harbour), with undetectable low toxicities for 2 
locations (Table 2.).

Discussion

In the present study, we found different 
potentially endocrine disrupting activities 
in sediments extracts from the Dutch Delta. 
Estrogenic activity was found in relatively 
nonpolar sediment extracts. Estrogenic activity 
has been reported in other studies in both 
nonpolar extracts, for example in a non polar 
fraction of extract of pm0 air particulate matter 
(Clemons et al., 998) and polar fractions of 
extracts of sediments (Khim et al., 999b; Legler 

et al., 2002a; Legler et al., 2003), indicating the 
broad range of compounds that can bind to the 
estrogen receptor. Estrogenic activities found 
in the present study are in the lower range of 
those found in a recently undertaken Dutch 
biomonitoring study on estrogenic compounds 
in the aquatic environment (Legler et al., 2003), 
which ranged from below 6.8 pg eeq/g dry 
weight to over ,000 pg eeq/g dry weight.

Interestingly, acid silica treatment resulted 
in almost total loss of estrogenic activity, 
indicating that the estrogenic activity in our 
samples must have been caused by acid labile, 
relatively nonpolar compounds. In contrast, 
in a study that measured estrogenic activity 
in sediment from Masan Bay, Korea, Khim 
et al. found similar results between sulfuric 
acid treated and untreated extracts of mid 
polarity, suggesting that the majority of the 
activity found in their extracts probably was 
accounted for by acid stable compounds (Khim 
et al., 999b). Although chemical analytical 
determination of estrogenic compounds in 
sediment has not been carried out, several 
acid-labile (xeno-)estrogens could have been 
responsible for the effects observed in the 
Dutch sediments, such as naturally occurring 
phytoestrogens, but also certain polyaromatic 
hydrocarbons (pahs) (Clemons et al., 998; 
Machala et al., 200b; Legler et al., 2002b), and 
some of pah oxy-metabolites and azarenes 
(Machala et al., 200b).

To our knowledge, the present study is the 
first demonstration of anti-estrogenic activity 
in Dutch sediment extracts. However, anti-
estrogenic potency found was slight, and it 
occurred only in a few stable sediment extracts. 
It should be noted that anti-estrogenicity 
measurements with total extracts often 
decreased luciferase activity in such a way that 
it could not be restored by addition of high E2 
concentrations (data not shown). These results 
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indicate that clean up, such as we performed 
for the acid treated stable extracts, is necessary 
to ensure that the signal reduction observed 
is caused by receptor-mediated interactions 
instead of other causes, such as nonspecific 
matrix effects or cytotoxicity. Anti-estrogenic 
activity was found in extracts that showed 
estrogenic activity as well. This demonstrates 
the complexity in the issue of toxicity of 
environmental mixtures and the need for 
further research on the interactions of such 
mixtures with real organisms exposed to whole 
sediments. No correlation was found between 
anti-estrogenicity and dioxin-like activity (data 
not shown). Apparently, although several acid 
treated Ah-receptor agonists have been shown 
to be anti-estrogenic (e.g. 2,3,7,8-tcdd, pcb 26, 
pcb 8; (Safe et al., 998)), in the present study 
other as yet unknown compounds possibly 
account for the dioxin-like and anti-estrogenic 
effects observed.

Dioxin-like activity was observed in total 
as well as acid treated stable extracts. The 
activity observed in total extract always was 
much higher (on average 66-fold) than in 
acid treated stable extract. This suggests most 
of the dioxin-like activity in untreated total 
extract is caused by acid-labile compounds, 
such as pahs (Vondráček et al., 200). Organic 
compounds of natural origin with affinity for 
the Ah-receptor could have been present in the 
sediments and thus responsible for a major part 
of the activity observed as well. For example, 
natural organohalogens, containing chlorine or 
bromine, have been shown to be ubiquitous in 
terrestrial and marine environments (Gribble, 
998; Gribble, 2000). To enable comparison 
between dioxin-like activities in total and stable 
extracts, we had to express potencies measured 
in the total extracts as tcdd equivalents. Yet, 
because most of the compounds in these 
extracts are much more biodegradable than 

tcdd (data not shown), their toxicological 
potential cannot be equalized to that of dioxin. 
For this reason, other studies that do not 
perform comparison with stable extracts express 
unstable dioxin-like activities in benzo(a)pyrene 
equivalents (beqs) (Hamers et al., 2000; 
Vondráček et al., 200).

Dioxin-like activity in acid-treated stable 
extracts found in the present study is in the 
same order of magnitude as those found in 
the Dutch national investigation concerning 
estrogenic compounds in the aquatic 
environment (7.4 pg teq/g dry weight to 7 
pg teq/g dry weight; (Vethaak et al., 2002)) 
and those found by Vondráček et al. in acid-
treated dichloromethane: methanol extracts 
from Czech river sediments (Vondráček et 
al., 200). Based on biomagnification factors 
from sediment to fish to male otter and on 
effect concentrations, Smit et al. (996) derived 
a critical level of dioxin-like compounds in 
sediment of 7 ng teq/kg organic carbon. For 
the locations in the present study, this level 
is exceeded by an average of 540-fold. This 
indicates a certain risk for the development of 
wildlife populations at these locations. Dioxin-
like activity in acid-treated stable extracts may 
have been caused by stable compounds, such 
as pcbs, polychlorinated dibenzo-p-dioxins 
(pcdds) and dibenzofurans (pcdfs), other 
polyhalogenated aromatic hydrocarbons 
(e.g. polychlorinated terphenyls and 
tetrachlorobenzyltoluenes) and polybrominated 
diphenyl ethers, which all are AhR-active 
compounds persistent enough to survive 
sulfuric acid treatment (Murk et al., 996).

Normalization based on organic carbon 
content resulted in a strong correlation between 
dioxin-like potencies of total and stable extracts. 
A comparable constant ratio (~75) between the 
activities of acid-treated stable and unstable has 
also been reported previously for freeze-dried 
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sediment samples (Klamer et al., 2002). This 
might indicate that in the present study, similar 
substances in the total and stable extracts could 
be responsible for the dioxin-like activity we 
measured.

To our knowledge, the results of the 
present study demonstrate for the first 
time the occurrence of compounds with 
thyroid hormone displacing activity in 
sediment extracts, as was found in stable 
extract from Haringvliet sediment. In fish, 
thyroid hormones are important regulators 
of physiological functions, such as energy 
metabolism, metamorphosis and growth 
(Power et al., 200). As ttr is an important 
thyroid hormone transport protein in fish 
(Schreiber, 2002), exposure to compounds in 
sediment that may displace T4 from ttr could 
disrupt thyroid hormone transport in target 
tissues and lead to effects on thyroid hormone-
mediated processes. Among the chemicals 
known to bind to ttr in vitro and/or in vivo 
are metabolites of polyhalogenated aromatic 
hydrocarbons, such as hydroxylated pcbs 
and polybrominated biphenyls with halogen 
substitutions on 3,5 positions, hydroxylated 
pcdds, and pentachlorophenol and several 
hydroxylated brominated flame retardants, e.g. 
tetrabromobisphenol A and pentabromophenol. 
(Brouwer et al., 998). However, because most of 
these phah metabolites are unlikely to survive 
acid silica treatment, other as yet unknown 
compounds contribute to the T4-like activity.

Non-endocrine disruption related toxic 
potency in sediment extracts

Genotoxic activities observed in total sediment 
extracts with the umu test were low. In some 
extracts, the genotoxicity in the absence of S9 
mix was greater than in the presence of S9 mix. 
Possibly, direct genotoxic compounds present 
in the extracts are metabolized by the S9 mix 

into nongenotoxic compounds that have not yet 
been metabolized by the rat liver homogenate. 
In other cases, the highest genotoxicity was 
found in the presence of S9 mix, indicating the 
conversion of compounds into metabolites with 
more genotoxic capacity.

As with the Dr- and Er-calux results, the 
highest toxic potency in the V. fischeri assay 
was found in total extracts, indicating the 
responsibility of acid labile compounds. Total 
extracts were not cleaned up at all, with the 
exception of sulfur removal. For this reason, 
particles present in this type of extract could 
have been responsible, in part, for the inhibition 
of luminescence measured by quenching the 
light produced by the bacteria. Dose-response 
curves of different types of sediment extracts 
from Rotterdam Second Petrol harbour have 
different luminescence inhibiting potencies, but 
also different slopes, suggesting the presence 
of both stable and labile toxic compounds 
with different mechanisms of action. Because 
V. fischeri bacteria respond to a huge amount 
of different compounds (Kaiser and Palabrica, 
99), the assay gives a good impression 
regarding the nonspecific and acute toxic 
activity in the extract, but as we performed 
an extraction covering a broad range of 
components, the assay does not provide an 
indication regarding what classes of compounds 
could have caused the toxicity observed.

Results from the umu test and V. fischeri 
assay were compared with those from the assays 
for endocrine disruption. It can be concluded 
that the acute toxicity of the sediment extracts 
is low, as is the case for the genotoxic potential 
of the samples. However, the endocrine-based 
activities found were significant. Therefore, 
more attention should be directed towards 
possible long-term consequences of exposure to 
edcs in the aquatic environment.
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Suitable bioassays for endocrine disruption 
to direct chemical analysis with tie

To direct chemical analysis of edcs with a 
tie approach, the bioassays selected must be 
sensitive, require a minimal amount of sample, 
be specific, and be compatible with chemical 
analysis as well as biologically relevant. 
The three selected bioassays for endocrine 
disruption are applicable for testing different 
toxic potencies of sediment extract, because 
the occurrence of those activities was clearly 
demonstrated.

Both the Er- and Dr-calux assays, as well 
as the T4-ttr binding competition assay, are 
sensitive enough for application in tie analysis. 
T4-ttr binding competition assay can detect 
T4 binding at low nanogram range, whereas 
both calux assays are capable of detecting 
femtograms of teqs or eeqs, respectively. In 
all cases, a few grams of material are sufficient 
to perform the assay. All three assays can be 
used to assess the total potential of a sample 
to interfere with very specific biochemical 
pathways known to be involved in endocrine 
disrupting processes. Both calux assays are 
based on receptor-mediated mechanisms 
ultimately leading to transcription activation, 
whereas in the ttr binding competition assay, 
specific competition with T4 for binding to the 
ttr protein is measured.

For a first screening in tie analysis the 
extract should be as crude as possible, because 
every step in clean up has the risk of loss of 
relevant components. However, in working with 
crude sediment extracts, one should be aware 
of the possibility of measurement disturbance 
by matrix components. Both Er- and Dr-calux 
were successfully performed in total extracts, 
but attempts to perform the anti-estrogenicity 
test and the ttr binding competition assay 
with these extracts did not succeed, presumably 
because of the presence of disturbing factors 

in the extracts (data not shown). Therefore the 
potential of acid unstable compounds to cause 
anti-estrogenicity or ttr binding competition 
remains as yet unknown. The demands on 
sample pretreatment for these assays require 
further research before they are compatible with 
a tie analysis for acid-treated stable as well as 
unstable compounds.

Because of the use of intact cells, calux 
bioassays have high biological relevance (for 
Dr-calux, see (Seidel et al., 2000) compared to 
the ttr-assay, in which only the components 
necessary for binding the transport protein 
are present. In the calux assays, with a 24-h 
exposure period, influences of transmembranal 
transport and metabolic activation and 
degradation are included in the ultimate 
response measured, which is not the case in 
the cell-free T4-ttr binding competition assay. 
Furthermore, dr- and Er-calux assays are 
performed in the presence of, respectively, 0% 
and 5% serum in the exposure medium, whereas 
no serum is present in the assay mixture for the 
ttr assay. Proteins present in the assay mixture 
can influence toxicity found by facilitating 
transmembrane transport but also by 
scavenging compounds from the free dissolved 
bioavailable fraction. These influences together 
could contribute to a better representation of 
the real-life exposure scenario. The predictive 
value for the in vivo situation has been 
demonstrated for the Dr-calux assay by Murk 
et al. (996) by comparing Dr-calux responses 
of pore-water extracts to their biological 
responses in an early-life stage test with zebra 
fish. The predictive value of the Er-calux 
assay has been shown by comparing in vitro 
Er-calux with measurements in a transgenic 
zebrafish, which was stably transfected with the 
same construct as the Er-calux cell line (Legler 
et al., 2002c). Good correlation between in vitro 
competitive binding to ttr by 4-OH-cb07 in 
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the in vitro competitive binding assay and in 
vivo T4 transport disturbance in rats was shown 
by Meerts (200).

Possible locations for further tie research
Although toxicities were not correlated to the 
percentage of organic carbon in the sediment, 
locations with very low percentages of organic 
carbon had either no detectable or low 
toxicities. Often, attempts to derive sediment-
quality guidelines to protect sediment-dwelling 
organisms use contaminant concentrations 
corrected for the percentage of organic carbon 
in the sediment sample, because organic 
microcontaminants will be associated with this 
fraction. This approach is most suitable for the 
comparison of locations in close connection 
to each other. In the present study, a few 
sediments sampled did have very low organic 
carbon content (Table 2.), showing hardly any 
biological activity. Because most of our samples 
were taken at very different locations in a 
large area, they show large variation in organic 
carbon content, and normalization for organic 
carbon is less appropriate. For these reasons, we 
expressed all activities (with the exception of 
Figure 2.4) per gram dry weight.

Different potencies were found in sediment 
from industrial as well as remote locations. 
For example, in the locations Rotterdam Yssel 
harbour (an industrial harbour presently in 
use as port of transshipment in the Rotterdam 
port area), Zierikzee inner harbour (a small 
harbour with recreation and some old 
industrial activity), and Moerdijk (a location 
in the neighbourhood of a big chemical 
industrial plant), high dioxin-like activity was 
found, whereas highest estrogenic activities 
were found in location Lake Veerse Meer (a 
remote location influenced by agriculture and 
recreation) and Haringvliet (a brackish location 
remote from industrial activity but situated 

in a sedimentation area for Meuse and Rhine 
rivers). This shows that edcs are widespread 
throughout the environment. No correlation 
was found between potency and salinity of 
water at the sampling location. The sediment 
extract from location Haringvliet caused high 
responses in all three assays for endocrine 
disrupting potency but not in the assays for 
general toxic potency and genotoxicity. None of 
the other locations caused high responses in all 
the assays. This indicates the presence of diverse 
active compounds and their multiple sources 
and the high specificity of the effects measured, 
implicating the impossibility of evaluating 
locations using only one bioassay.

Conclusions

In the present study, all investigated types of 
endocrine disrupting toxicities (estrogenic, 
anti-estrogenic, dioxin-like and T4-ttr binding 
competition) were observed in sediment 
extracts from the Dutch delta. In Er- and Dr-
calux assays, activity found in total extracts 
was consistently higher than that found in stable 
extracts, indicating that highest contribution 
to total activity was made by acid instable 
compounds. Thyroid hormone-like activity 
and anti-estrogenic activity were measured 
in a limited number of sediment extracts. 
Generally, toxic potencies in sediment extracts 
were not mutually correlated, indicating the 
involvement of multiple (sources of) active 
compounds. Endocrine disrupting potencies 
were more present than genotoxic and general 
toxic potencies. This implies that present testing 
on acute toxicity will probably fail to predict 
potentially adverse long-term effects.
Obviously, the selected bioassays for endocrine 
disruption are applicable for testing different 
toxic potencies in sediment extracts. Because 
of their high specificity, high sensitivity, low 
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sample demands, compatibility with sample 
treatment for chemical analysis and biological 
relevance, Dr- and Er-calux assays are 
very promising and suitable tools to direct 
tie studies for acid-treated stable as well as 
unstable edcs. Future studies will focus on 
using the calux bioassay to direct fractionation 

of sediment extracts to identify (groups 
of) compounds responsible for endocrine 
disrupting potency.
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Abstract

The application of bioassays to assess the 
occurrence of estrogenic compounds in the 
environment is increasing in both a scientific 
and statutory context. The availability of 
appropriate validated methods for sample 
pretreatment and analysis is crucial for the 
successful implementation of bioassays. Here, 
we present a sample preparation method for 
the bioassay screening of estrogenic activity in 
sediment with the in vitro estrogen responsive  
chemical activated luciferase gene expression 
(Er-calux®) assay. The method makes use 
of an accelerated solvent (ase) or soxhlet 
extraction with a mixture of dichloromethane 
and acetone (3:, v/v), followed by clean up of 
the extract by gel permeation chromatography 
(gpc). Recoveries of a panel of seventeen 
pollutants differing largely in their physical-
chemical properties from spiked sediment 
were determined and appeared to be on 
average about 86%. Furthermore, the 
estrogenic potencies of all test compounds 
were individually assessed by determination 
of concentration response relationships in the 
Er-calux assay. Concentration dependent 

estrogenic potency was found for fourteen of 
the seventeen compounds, with potencies of 
about 0⁵- to 0⁷-fold lower than the natural 
estrogenic hormone 7β-estradiol. Anti-
estrogenic potency was assessed by testing 
combinations of estradiol and individual test 
compounds, but was found for none of the 
compounds. The low estrogenic activity of the 
test compounds in the spiking mixture was well 
recovered during gpc treatment of the pure 
mixture, but did not contribute significantly to 
the background estrogenic activity present in 
the spiked sediment. Application of the method 
to field samples showed that estrogenic activity 
can be found at different types of locations, and 
demonstrated that levels between locations may 
vary considerably over relatively short distances.

Introduction

Contamination with organic chemicals is 
one of the impacts human activities have on 
the aquatic environment. Compounds like 
polyhalogenated aromatic hydrocarbons, 
pesticides and herbicides, and surfactants and 
their degradation products are ubiquitous 
nowadays. Due to sorption processes, organic 
chemicals may accumulate in sediments 
leading to exposure of sediment-dwelling 
aquatic organisms. A very wide range of 
chemicals in the environment, natural as well as 
anthropogenic (so called xeno-estrogens) such 
as steroids, alkylphenols, bisphenols, phthalates 

Sample preparation method for the Er-calux 
bioassay screening of (xeno-)estrogenic activity in 
sediment extracts

chapter three
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and chlorinated hydrocarbons, have been found 
to be weakly estrogenic (Klotz et al., 996; 
Andersson et al., 999; Blair et al., 2000). These 
compounds differ greatly in physical-chemical 
properties and chemical structures. Exposure to 
compounds with an estrogenic mode of action 
is associated with the occurrence of endocrine 
disruptive effects in wild populations of male 
fish, such as high frequency of intersex gonads 
(Gray and Metcalfe, 997; Kirby et al., 2004) 
and the induction of the female yolk protein 
vitellogenin (Jobling et al., 998; Kirby et al., 
2004).

Chemical analysis of (xeno-) estrogens 
in environmental matrices is essential to 
assess exposure concentrations of individual 
compounds, e.g. for (trend) monitoring and 
for risk assessment purposes. However, with 
this type of analysis alone, biological effects 
cannot be predicted, and mixture effects and 
contributions of unknown compounds with 
similar modes of action to the overall effect 
cannot be taken into account. Therefore, several 
in vitro bioassays for estrogenicity, based on 
the mechanism of activation of the estrogen 
receptor, have been developed as tools to 
address the above mentioned issues (Routledge 
and Sumpter, 996; Murk et al., 2002). These 
assays can be used to determine estrogenic 
potencies of individual compounds, but also 
for measuring the total estrogenic activity of 
complex mixtures of compounds. Bioassays 
can thus be used to determine total estrogenic 
activities in (extracts of) environmental 
samples, without the necessity of knowing 
all compounds present that contribute to the 
activity. The estrogen responsive  chemical 
activated luciferase gene expression (Er-calux) 
assay is an example of a rapid and very sensitive 
in vitro reporter gene assay for estrogenic 
activity (Legler et al., 999). It has been used 
for the assessment of estrogenic potency in 

sediment with detection limits in the low pg 
estradiol equivalents/g dry sediment range 
(Legler et al., 2003; Houtman et al., 2004a).

Due to the added value of bioassay 
measurements to chemical monitoring, the 
application of bioassays in a statutory context 
is nowadays gaining attention. On a national 
level, the Dutch government has committed the 
use of bioassays in the regulation of disposal 
of contaminated dredged material into coastal 
waters (Ministerie van verkeer en Waterstaat, 
2004) and is exploring the possibilities of the 
application of bioassays in the monitoring of 
ecological quality within the European Water 
Framework Directive (European Commission, 
2005; Maas and Van den Heuvel-Greve, 2005), 
in which sediment is expected to receive more 
attention in time (SedNet, 2004). In addition, 
countries as the United Kingdom, Ireland, 
France, Italy, the usa, Canada and Australia 
have implemented the use of bioassays for 
environmental monitoring in law or other 
regulations, as reviewed by Van den Heuvel-
Greve et al. (2005). On the international level, 
the ospar Commission for the Protection of 
the Marine Environment of the North-East 
Atlantic has recommended the optimization 
and integration of the assessment of biological 
effects and chemical monitoring (ospar 
Commission 2000, 2000).

The development and validation of methods 
is crucial for the successful implementation 
of bioassays, especially when estimating the 
contribution of known chemicals to estrogenic 
activity measured in bioassays. Although several 
studies have focused on the use of bioassays 
for the detection of (mixture) effects of (xeno-) 
estrogens (Payne et al., 2000a; De Boever et 
al., 200; Murk et al., 2002; Legler et al., 
2002c), the development of sample extraction 
and preparation methods for both chemical 
and bioassay analysis of these compounds 
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in sediment have received less attention. A 
large number of different extraction methods 
have been used, ranging from shake-solvent 
extractions and solid phase extractions to 
soxhlet extractions, all with different types of 
solvents, such as hexane, dichloromethane, 
diethylether, acetonitril, methanol, and/or 
combinations thereof (Oh et al., 2000; 
Hilscherova et al., 2002; Legler et al., 2003; 
Fenet et al., 2003; Houtman et al., 2004a).

Several differences between bioassay 
analysis and chemical (target) analysis should 
be considered in the development of sample 
preparation methods for bioassay analysis. First, 
the use of internal standards, common practice 
in chemical analysis to correct for low recoveries 
of target compounds, is difficult. Because 
bioassays measure the combined activities 
of all compounds in a sample, the activity of 
the internal standard compound cannot be 
distinguished from the activity of the other 
compounds present. Recoveries can therefore 
best be determined ‘externally’ in separate 
samples or positive controls. The method should 
therefore provide recoveries high enough to 
get a good impression of the total activity 
present in the sample without correction 
for the recovery of an internal standard. 
Furthermore, as bioassays are often applied 
to samples in which unknown compounds 
cause the activity, sample preparation methods 
should recover a broad range of compounds 
from a sample, to ensure the inclusion of as 
many active compounds as possible. This is 
especially important in the bioassay analysis of 
estrogenic activity, as estrogenic compounds 
are very diverse in chemical and structural 
properties (Blair et al., 2000). Chemical analysis 
is often focused on optimal recoveries of a 
small number of target compounds. In contrast, 
sample preparation methods for bioassay 
analysis of (xeno-)estrogens should remove 

compounds that interfere with the analysis, but 
nevertheless retain as many possibly relevant 
compounds covering a range of chemical and 
physical properties that is as wide as possible. 
In addition, this type of ‘broad range’ sample 
preparation method may also allow the use 
of the same extract for the characterization of 
other toxic activities with other assays.

Here, we present an extraction and clean 
up method developed for the analysis of 
(xeno-)estrogenic compounds in sediment 
with the Er-calux assay. Estrogenic 
compounds were extracted from sediment 
with accelerated solvent extraction or soxhlet 
extraction. Both methods were tested with 
two different solvent combinations, to cover 
a wide range of polarities. Gel permeation 
chromatography (gpc) was used to remove 
biogenic macromolecules (e.g., humic acids) 
and sulphur from the extract. First, the 
recovery of a series of pollutants, spiked to 
sediment samples in environmentally relevant 
concentrations, was determined by chemical 
analysis. The panel of spiking compounds was 
composed in such a way that its components 
represented the main classes of compounds 
known nowadays to have xeno-estrogenic or 
other endocrine disrupting potential. Non- 
or slightly estrogenic compounds were also 
included to extend the range of chemical and 
physical properties in the spiking mixture. 
Among the spiking compounds were priority 
compounds according to ospar and the 
European Water Framework Directive (Blair 
et al., 2000). Secondly, the estrogenic and anti-
estrogenic properties of these compounds were 
determined to investigate if their presence in 
the spiked sediment would evoke an estrogenic 
response in the Er-calux assay. Finally, the 
applicability of the method was investigated in 
a small field study with sediment samples from 
Dutch freshwater and marine locations.
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Materials and Methods

Solvents, standards and spiking mixture
All solvents were pro analysis quality or better 
and were purchased from JT Baker (Deventer, 

The Netherlands) or Merck (Darmstadt, 
Germany) unless stated otherwise.

Standards of 7β-estradiol (E2), bisphenol 
A (bpa), γ-hexachlorocyclohexane (lindane), 
and tetrachlorobisphenol A (tcbpa) 

Table 3.. Composition of the spiking mixture, estrogenic potencies of its components (expressed as 
median effective concentrations (ec50), estradiol equivalence factors (eef) and maximum induction 
levels (mil)) and their calculated contributions to the estrogenic activity of the mixture.

Compound Log Kow¹ conc. conc. ec50 eef² mil³ Contri-

  μM ng/g (μM) — % bution

   sediment    pg eeq/g

       sediment

Reference compound      

7β-estradiol (E2) 3.94 —⁴ —⁴ 4.6 (± .0)×0¯⁶  00 —⁴

Xeno-estrogens       

Bisphenol A (bpa) 3.64 3.85 9.26 0.08±0.00 4.4 (±0.5)×0¯⁵ 44±44 0.93

α-Chlordane 6.26 0.76 6.85 2.2±0.9 .5 (±0.)×0¯⁶ 55±5 0.0

p,p’-dde 6.00 0.92 6.6 7.5±0.4 4.9 (±0.9)×0¯⁷ 63±8 0.00

p,p’-ddt 6.79 0.79 6.0 2.3±2.0 2.4 (±.6)×0¯⁶ 94±2 0.0

o,p’-ddt 6.79 0.77 5.97 0.09±0.03 4.9 (±2.4)×0¯⁵ 96±5 0.28

Dieldrin 5.45 0.80 6.64 3.6±0.7 8.8 (±0.7)×0¯⁷ 70±5 0.00

β-Endosulfan 3.50 .36 .89 2.2±0.6 2. (±.2)×0¯⁶ 50±2 0.02

4-Nonylphenol (np) 5.99 2.72 3.3 0.0±0.0 4.0 (±0.)×0¯⁵ 7±5 0.60

4-Octylphenol (op) 5.50 2.9 3.2 .3±0.0 2.8 (±0.0)×0¯⁶ 43±26 0.04

pcb29 5.69 0.8 4.56 7.0±.9 5.5 (±0.3)×0¯⁷ 85±0 0.00

tcbpa 6.22 8.96 7.78 8.3±0.6 6.2 (±0.4)×0¯⁷ 9±26 0.03

Non- or slightly estrogenic compouds     

Benz(g,h,i)perylene 6.70 9.79 59.7 > .0 < 2.70×0¯⁶ —⁵ 0.00

Lindane 4.26 0.90 5.73 5±7 2.9 (±0.5)×0¯⁷ 25±3 0.00

pbb0 8.2 0.36 4.30 > 0. < 4.3×0¯⁴ —⁵ 0.00

pbb53 9.0 0.3 4.30 > 0.6 < 4.3×0¯⁶ —⁵ 0.00

bde47 6.77 0.4 4.39 3.9±0.5 8.9 (±.2)×0¯⁷ 35± 0.00

bde99 7.66 0.35 4.32 2.5±0.2 .4 (±0.)×0¯⁶ 8±0 0.00

Calculated sum of estrogenic activity     .85

.) Estimated value according to Episuite v.67, us epa. 2.) eef: estrogenic equivalence factor. eef of compound X calculated 

with Equation 5 (Materials and Methods).Values are averages of two independent experiments. 3.) mil: Maximum 

Induction Level relative to E2, calculated with Equation 6 (Materials and Methods). 4.) Values of 7β-estradiol are given for 

comparison. 7β-estradiol was not a component of the spike mixture, but was tested separately. 5.) Maximum induction level 

was not achieved.
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were purchased from Sigma Aldrich 
(Zwijndrecht, The Netherlands), 2,4’-
dichlorodiphenyltrichloroethane (o,p’-ddt), 
4,4’-dichlorodiphenyl trichloroethane (p,p’-ddt) 
and 4,4’-dichlorodiphenyl dichloroethylene 
(p,p’-dde) from Dr. Ehrenstorfer (Augsburg, 
Germany), and benz(g,h,i)perylene, α-
chlordane, β-endosulfan, 2,4,5-trichlorobiphenyl 
(pcb29), ,2',3,4,5'-pentabromobiphenyl (pbb0) 
and ,2',3,3',4,5'-hexabromobiphenyl (pbb53) 
from Ultra Scientific (Wesel, Germany). 
,',3,3'-Tetrabromodiphenylether (bde47) and 
,',3,3',4-pentabromodiphenylether (bde99) 
were obtained via the eu fire project from 
A. Bergman, Stockholm University, Sweden. 
4-Nonylphenol (np) and 4-octylphenol (op) 
were obtained from Acros (Geel, Belgium), 
and dieldrin from lgc (Teddington, uk). 
All standards were at least 97% pure, except 
tcbpa and dieldrin for which no purity data 
were available. From the standards, highly 
concentrated stock solutions (mM range) were 
made in acetone. The concentrations of the 
stock solutions depended on solubility of the 
individual compounds and on the available 
amount of pure compounds. Dilution series in 
dimethylsulfoxide (dmso, spectrophotometric 
grade, Acros, Geel, Belgium) were prepared 
from the stock solutions for measurement of 
(anti)-estrogenic activity.

A spiking mixture was prepared for 
the determination by chemical analysis of 
the recoveries of individual compounds 
from sediment after sample preparation. 
Concentrations in the mixture were chosen 
according to their occurrence in the 
environment, but at levels at least 0 fold the 
signal-to-noise ratio as determined by gc-ecd 
and gc-ms in the unspiked sediment. Spiking 
concentrations of the individual compounds 
in sediment are shown in Table 3.. To prevent 
that the same compounds originally present 

in the sediment sample would interfere with 
determined recoveries, deuterated or ¹³C 
labeled analogues were used for the following 
compounds: p,p’-ddt-d8, o,p’-ddt-d8, and 
p,p’-dde-d8 from Dr Ehrenstorfer (Augsburg, 
Germany), α-chlordane-¹³C, dieldrin-¹³C, 
and β-endosulfan-d₄ from C.N. Schmidt 
(Amsterdam, The Netherlands), bpa-d₁₆ from 
Sigma-Aldrich (Zwijndrecht, The Netherlands). 
A similar spiking mixture containing all 
compounds in their non-deuterated or ¹³C 
labeled forms, at similar concentrations, was 
prepared and used for the analysis in the Er-
calux assay. The reference compound E2 was 
not a component of the mixture, but was tested 
separately.

Sample pretreatment
Wet surface sediment was collected from a 
reference location (Oysterpit, Kamperland, The 
Netherlands) and sieved (mesh size 63 μm). 
Fifty grams of this fraction were spiked with 
 ml of the spiking mixture in acetone. After 
addition of 00 ml demineralized water, the 
slurry was shaken for 72 h, freeze-dried and 
homogenized. To assess background levels of 
individual compounds, the whole procedure 
was repeated with unspiked sediment. In this 
way, concentrations of compounds originally 
present in the used sediment and for which 
no deuterated or ¹³C labeled analog was used 
in the mixture, could be subtracted from the 
concentrations measured in spiked sediment.

Extraction with soxhlet or ase
Spiked and unspiked sediments were extracted 
with two methods, respectively soxhlet or 
accelerated solvent extraction (ase 200; Dionex, 
Sunnyvale, ca, usa). Each extraction method 
was performed using two different solvent 
combinations, hexane:acetone (3:, v/v) and 
dichloromethane (dcm):acetone (3:, v/v), 
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to result in four different methods that were 
mutually compared. Soxhlet extraction was 
performed for 6 h at 70˚C with the hexane:
acetone mixture or at 50˚C with the dcm:
acetone mixture respectively. ase extractions 
were performed at 50˚C, 2000 psi, with three 
extraction cycles. Soxhlet, as well as ase 
extractions, were performed in triplicate. 
Extracts were evaporated until approximately  
ml of the residual solvent was left.

Clean up with gel permeation 
chromatography

gpc clean up was performed on polystyrene-
diphenylbenzene copolymer columns (pl-gel, 
0μm, 50Å, 300×25 mm, Polymer Laboratories, 
2 columns in serial connection, with a 2 ml 
injection loop, and with 0 ml/min dcm 
as eluens, T=8ºC). Chromatograms were 
recorded with a Waters 900 photodiode array 
detector (λ=200–350 nm). The elution profile of 
individual compounds was assessed by injection 
of 2 ml of standard solutions (concentration 
0.5–0 mg/l). The elution profile of sediment 
matrix was assessed by injection of 2 ml of the 
extract equivalent of ca. 2 gram dry weight of 
a standard internal reference marine sediment 
available at our laboratories (extracted by 
soxhlet extraction, with hexane: acetone 3: v/v 
as solvent at 70ºC).

Recovery of compounds during gpc clean 
up was assessed in triplicate by injection of 
2 ml of a mixture of the spiking compounds 
(individual concentrations about 20 μg/l). Based 
on the results of the elution profile tests, the 
fraction 7:00–24:00 min. after injection was 
chosen to be collected and internal standard 
pcb2 was added to obtain a concentration of 
20 μg/l to correct for possible losses after the 
gpc cleaning step. The eluate was evaporated 
until approximately  ml remained, 4 ml of 
ethyl acetate was added and the extract was 

evaporated further till ca. 200 μl remained. To 
test the influence of sediment matrix on the 
elution and recovery of compounds during 
gpc clean up, the experiment was repeated in 
triplicate with 2 ml of the spiking mixture being 
enriched with the extract equivalent of ca. 2 
gram dry weight of the same sediment extract 
as used in the assessment of the elution profile. 
Background levels of the same compounds as 
present in the spiking mixture were determined 
in unspiked sediment extract that was injected 
on gpc and analyzed. In both cases pcb2 (20 
μg/l) served as internal standard.

Clean up of the extracts of spiked sediment 
was performed by quantitative injection of the 
extract, and collection of the fraction 7–24 
min.

Chemical analysis
Analysis of compounds was performed with gas 
chromatography with electron capture detection 
(gc-ecd) and gas chromatography with mass 
selective detection (gc-msd) in the positive 
(pci) and negative (nci) chemical ionization 
mode. Compounds containing chlorine or 
bromine atoms were analyzed with gc-ecd or 
gc-nci-ms. Other compounds were analyzed 
with gc-pci-ms. The gc-ecd measurements 
were performed on a hp gc-ecd 6890 with a 5 
m Varian cp-Sil 8 CB low bleed column (0.5 
mm i.d., 0.30 μm film thickness). The oven 
temperature program was as follows: initial 
temperature 90ºC for 3 min, increasing with 
30ºC/min to 25ºC, which was held for 40 min, 
then at a rate of 5ºC/min to 270ºC, which was 
held for 30 min. The injector temperature was 
250ºC and the detector temperature was 300º. 
gc-msd measurements were performed on a 
hp gc 6890 with a hp 5973 network quadrupole 
mass selective detector, equipped with a 50 m 
cp-Sil 8 column (0.25 mm i.d., 0.25 μm film 
thickness). The oven temperature program was: 
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initial temperature 70ºC for 3 min, increasing 
at 30ºC/min to 20ºC, was held there for 5 
min, increased then with 0ºC/min to 30ºC 
and was held there for 7 min. An additional 
0 min at this temperature served for cleaning 
the column. The pci and nci modes were used 
with CH₄ as ci gas, in the pci mode at a flow 
of 0.8 ml/min and an ion source temperature 
of 250º, and in the nci mode at a flow of .2 
ml/min and an ion source temperature of 50ºC. 
Quantification was performed by external 
calibration using a calibration series of 3 
concentrations. E2 was determined with gc-ms/
ms according to Houtman et al. (2004b).

(Anti-) estrogenicity testing in Er-calux
The in vitro Er-calux assay was performed 
with stably transfected t47d human breast 
cancer cells (t47d.Luc cells) according to Legler 
et al. (999) with adaptations as described 
by Houtman et al. (2004a). Er-calux cells 
were obtained from BioDetection Systems 
bv, Amsterdam, The Netherlands. Estrogenic 
potencies of individual compounds were 
tested in triplicate in at least two independent 
experiments and a concentration series of E2 
(ten concentrations between 0 and 00 pM) was 
included on each plate. 

Sigmoidal standard curves 
(y=ao+a/(+exp(–(x–a2)/a3)) with y 
representing luciferase activity in relative light 
units and x representing the concentration 
of compound) were fitted for E2 and each 
individual test compound using the software 
program SlideWrite 4. (Advanced Graphics 
Software, Carlsbad, ca, usa). Background 
activity (y(0)=a0+a/(+exp(a2/a3))); maximum 
responses (y(∞)=a0+a) and median effective 
concentrations (ec50 values) were derived from 
the fitted curves. 

For comparison of estrogenic potency 
between E2 and the other compounds, 

the estrogenic activity of compound X 
was expressed relative to that of E2 by 
calculation of the estradiol equivalence 
factor (eef value) for X with the formula 
eefx=ec50e₂/ec50x. Maximum induction 
levels (mils) of concentration response 
curves relative to that of E2 were calculated as 
milx=(y(∞)x–y(0)x)/(y(∞)e₂–y(0)e₂)*00%.

Anti-estrogenicity of compounds was 
tested by co-exposure of the cells to a fixed 
concentration of E2 (3 pM, approximately ⅔ 
of ec50) and differing concentrations of test 
compounds (ranging between 0. and 00 
μM). The concentration of dmso present in the 
exposure medium during these measurements 
was 0.2% (v/v). Anti-estrogenic activity in 
this study was defined as the capacity of a 
compound to significantly inhibit the luciferase 
activity in the er-calux assay induced by E2 at 
the concentration of 3 pM. Combined activity 
of the test compound and E2 was interpolated 
in the E2 calibration curve and expressed as 
pM eeq. In addition, the combined activity was 
compared to the expected combined activity 
according to the concentration addition concept 
(Loewe and Muischnek, 926). Tamoxifen, a 
known anti-estrogen in breast cancer cells, 
was used as positive control for anti-estrogenic 
activity. Significance of deviation from 
additivity was evaluated with Student’s t-test, in 
Slide Write 4..

Estrogenic activity of the spiking mixture 
after sample preparation

Estrogenic activity was tested in the gpc treated 
spiking mixture and in the extract of spiked 
sediment. ase dcm: Ac 3: (v/v) extracts of five 
grams of spiked sediment and 00 μl spiking 
mixture (the equivalence of five grams of 
spiked sediment) were dissolved in triplicate 
portions Of  ml of dcm and cleaned with 
gpc as described above for spiked sediment, 
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evaporated, dissolved in 50 μl dmso and tested 
with the Er-calux assay for estrogenic activity.

Application to field samples
Surface sediments (about 2 kg) from five 
locations in The Netherlands were collected 
using a Van Veen grab, freeze dried, sieved 
(mesh size 250 μm) and homogenized. Portions 
of five grams were extracted with ase and dcm: 
acetone (3:, v/v), cleaned with gpc, taken 
up in 50 μl dmso and tested in Er-calux for 
estrogenic activity.

Results and discussion

gpc clean up
Crude sediment extracts may contain sulphur 
and macromolecular matrix components, such 
as humic acids, leading to interferences in the 
analysis of environmental pollutants, either 
by chemical analysis (e.g. by causing high 
background responses) or by bioassay analysis 
(e.g by cytotoxicity). The suitability of gpc was 
evaluated for the removal of matrix components 
from sediment extracts for bioassay analysis 
by the assessment of the elution profile and the 
recovery of a selected panel of environmentally 
relevant test compounds (Table 3.). In addition, 
the separation that could be achieved between 
the most important matrix constituents and 
those compounds was evaluated.

The gpc elution profile of the test 
compounds is shown in Figure 3.. Most 
compounds eluted between 8 and 23 minutes 
after injection. Although separation by gpc 
is primarily based on molecular volume, no 
clear correlation between molecular mass and 
retention time was observed. This might be due 
to the relatively small range of molecular masses 
(from 206.33 amu for 4-octylphenol to 627.59 
amu for pbb53), and the fact that molecular 
volume, apart from molecular mass, also 

depends on the chemical structure and types of 
atoms present in the molecule.

A dark-coloured fraction, containing the 
sediment matrix components eluted between 
 and 9 minutes (Figure 3.). This implies a 
partial co-elution of matrix and some of the test 
compounds. Elemental sulphur (as S₈) eluted 
between 25 and 28 min after injection. It was 
decided that the fraction eluting between 7 
and 24 min after injection should be collected 
to recover all test compounds, and at the same 
time to remove all sulphur and most of the 
matrix.

The recoveries of the test compounds after 
gpc were generally very good, both in the 
absence (on average 97±3%) and presence 
(on average 09±4%) of sediment extract. No 
influence on recovery of the test compounds 
was observed for the physical-chemical 
properties polarity and vapour pressure (data 
not shown), neither for the presence nor 
absence of sediment matrix. Using gpc, a wide 

Figure 3.. Elution profile of a selection of 
environmental pollutants during gel permeation 
chromatography treatment. In the clean up of 
sediment extract, collection of the eluent in the 
time window indicated by dashed horizontal lines 
lines (7–24 minutes after injection) yields an 
extract from which sediment matrix and sulphur 
are largely removed.
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range of compounds could be separated from 
matrix components that would otherwise 
interfere with chemical and bioassay. As 

gpc is a non-destructive technique, this also 
enables the analysis of less persistent estrogenic 
compounds. This is important because of 
the observed occurrence of less persistent 
estrogenic compounds in sediments (Houtman 
et al., 2004a).

Extraction and clean up using extracts of 
spiked sediment

The recoveries of test compounds from spiked 
sediment after complete extraction and clean 
up with four different extraction methods 
combined with gpc clean up are visualized in 
Figure 3.2. In general, comparable recoveries 
were found for both ase and soxhlet extractions 
and both solvent combinations. The average 

Figure 3.2. Recoveries of a selection of 
environmental pollutants from spiked sediment 
that has been extracted with accelerated 
solvent extraction (ase) or soxhlet extraction 
with dichloromethane (dcm):acetone (ac) (3: 
v/v) or hexane (hex):acetone (3: v/v). The 
extract has been cleaned with gel permeation 
chromatography. Abbreviations: bpa: bisphenol 
A; pcb: polychlorinated biphenyl; tcbpa: 
tetrachlorobisphenol A; pbb: polybrominated 
biphenyl; bde: brominated diphenylether; E2: 
7β-estradiol. 
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recoveries were 86±9% (ase, dcm:acetone) 
84±29% (ase, hexane:acetone), 87±8% (soxhlet, 
dcm:acetone) and 89±28% (soxhlet, hexane:
acetone).

bpa was the only compound demonstrating 
a differential recovery depending on the solvent 
used, being only recovered after extraction with 
the solvent combination dcm:acetone(60%). As 
several xeno-estrogenic compounds, as well as 
the natural estrogenic hormones, have polarities 
close to that of bpa, this demonstrates the need 
of a more polar solvent for the extraction of 
(xeno-)estrogenic compounds. The endogenous 
estrogenic hormone 7β-estradiol, of which the 
recovery was investigated only with ase and 
dcm: acetone (3:, v/v) in a separate spiking 
experiment, was recovered from sediment 
with a comparable efficiency as bpa (64%, 
Figure 3.2). Also for less polar compounds, 
such as benz(g,h,i)perylene, pbb0 and 53 and 
bde99, acceptable recoveries were found after 
extraction with dcm:acetone, indicating that 
with this combination of solvents, compounds 
with a very wide range of polarities can be 
extracted efficiently. This is an advantage if, 
apart from estrogenic activity, other toxic 
potencies need to be investigated in the same 
extract, such as androgenic activity, dioxin-like 
toxicity or mutagenicity, as in (Vondráček et 
al., 200; Houtman et al., 2004a; Klamer et al., 
2005).

Method evaluation
The present study used chemically determined 
recoveries of compounds extracted from spiked 
sediment to assess suitable sample preparation 
methods for the analysis of xeno-estrogenic 
activity in sediment. Acceptable recoveries were 
obtained for compounds differing greatly in 
physical-chemical properties and structures. 
Our results thus indicate that extraction with 
dcm:acetone (3: v/v), performed either by 

soxhlet or ase extraction, is a good choice for 
the extraction of (xeno-)estrogenic compounds 
from sediment for bioassay analysis.

Of course, one should be aware that 
the fraction of compounds extracted from 
sediment with organic solvents might not be 
fully representative for the fraction that is 
bioavailable to exposed organisms. Therefore, 
concentrations or activities of compounds 
detected in extracts from sediment samples 
prepared with the discussed method could be 
considered as ‘worst case’ values.

One difficulty in experiments with spiked 
sediment is to ensure that the binding of 
substances spiked to sediment accurately reflects 
the binding of compounds to (weathered) 
sediment samples from the environment. For 
example, addition of spiking compounds to 
sediment samples directly prior to extraction, 
common practice for aqueous samples such 
as water, may result in less strong binding of 
the compounds to the organic fraction of the 
sediment than is the case in real life samples 
and thus lead to higher recoveries (De Boer et 
al., 200). One approach to partially circumvent 
this problem is to compare concentrations of 
compounds in unspiked sediment detected 
with different sample preparation methods (De 
Boer et al., 200). However, in this approach, 
determination of recoveries is not possible. 
Therefore, the present study aimed to mimic 
binding of spiking compounds more realistically 
by letting the spiking mixture partition between 
the sediment and water in the slurry during a 
period of three days. Subsequently, the samples 
were freeze dried. In this way, recoveries could 
be determined and extraction methods could be 
mutually compared.

The extraction method used in our further 
research was ase extraction with dcm:acetone 
(3: v/v).
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(Anti-)estrogenic activity of individual test 
compounds

All compounds from the selected panel were 
tested in the Er-calux assay for the assessment 
of estrogenic and anti-estrogenic potencies. 
Fourteen compounds induced the estrogen 
receptor mediated production of luciferase 
in a concentration dependent manner. 
However, to what extent organisms exposed 
to these compounds in sediment are at risk 
for estrogenic effects depends on a multitude 
of factors, such as the bioavailability and 
toxicokinetics of the compounds, that cannot be 
fully reflected by an in vitro test system.

Concentration response curves of a selection 
of these compounds are depicted in Figure 
3.3. Their ec50 values (Table 3.) ranged from 
0.08±0.0 μM (np), the most potent compound, 
to 5±7 μM, the least potent xeno-estrogen in 
this study (lindane). eef values (Table 3.) were 
between 4.9 (±2.4)×0-⁵ for o,p’-ddt, and 2.9 
(±0.5)×0-⁷ for lindane. No estrogenic activity 
was observed for benz(g,h,i)perylene, pbb0 
and pbb53. However, highest available test 

concentrations were relatively low for these 
compounds (at or below  μM). Therefore, 
it cannot be excluded that these compounds 
may be estrogenic at higher concentrations. 
Comparable estrogenic activities for bpa, α-
chlordane, o,p’-ddt, dieldrin, β-endosulfan, 
np and op in the Er-calux assay have been 
reported earlier (Legler et al., 999; Legler et al., 
2002a). Our results also confirm the estrogenic 
activities of p,p’-dde, p,p’-ddt, lindane, bde47 
and 99 and tcbpa previously shown in other 
in vitro assays (Jobling et al., 995; Payne et al., 
2000a; Payne et al., 200; Okubo et al., 2004). 
pcb29 was also found to be estrogenic in vitro, 
an effect which has not been demonstrated 
earlier. However, the suspicion of pcb29 (or 
metabolites thereof) to be estrogenic in vivo has 
been raised before in common tern embryos 
(Nisbet et al., 996).

Concentration response curves of the 
estrogenic compounds tested show typical 
sigmoidal shapes (Figure 3.3), with higher 
concentrations asymptotically approaching 
a maximum level of effect, reflected by the 
Maximum Induction Level (mil; Table 3.). 
Full agonistic behaviour (with milx≈mile₂) 
was observed for o,p’-ddt, p,p’-ddt, np, pcb29 
and tcbpa. Dieldrin, p,p’-dde, lindane, β-
endosulfan, bde47 and bde99 had maximum 
induction levels that were significantly lower 
than that of E2, identifying them as partial 
agonists. The mechanistic basis of partial 
agonism has been discussed by Kong et al. for 
the partial agonist genistein (Kong et al., 2003). 
In this study, super-agonistic behaviour was 
observed for bpa and op, although standard 
deviations in mil were considerable. The 
mechanism behind this phenomenon remains 
to be elucidated, although effects on luciferase 
stability or stimulation of the expression of the 
estrogen receptor or co-activation factors by 
super agonistic estrogens have been postulated 

Figure 3.3. Concentration response curves in 
the er-calux assay for reference compound 
7β-estradiol (7b-E2), full agonist 4-nonyl 
phenol (np), and partial agonists β-endosulfan, 
tetrachlorobisphenol A (tcbpa), ,’,3,3’-
tetrabromodiphenylether (bde47) and lindane.
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as possible explanations (Legler et al., 999).
Anti-estrogenic activity of the test 

compounds was determined in the Er-
calux assay by exposure of cells to a fixed 
concentration of E2 (3 pM) in combination with 
different concentrations of test compounds. 
No inhibition of induction of luciferase activity 
was observed for any of the test compounds 
(data not shown), indicating none of the 
test compounds to be anti-estrogenic at the 
concentrations tested. However, it is possible 
that some of the compounds might behave as 
anti-estrogens at higher concentrations, as has 
been reported for micromolar concentrations 
of higher chlorinated pcbs (Pliskova et al., 
2005). Combinations of E2 and estrogenic 
test compounds, depending on the applied 
concentration, often resulted in activities that 
were higher than that of E2 alone. Previous 
studies have shown that the estrogenic effects 
of mixtures of xeno-estrogens in the Er-calux 
assay can be described with the concept of 
concentration addition (Houtman et al., 
2006b). Indeed, when comparing the combined 
activities of E2 and the estrogenic compounds 
in this study with their expected activities 
according to concentration addition, a very 
good agreement was found, with the observed 
activities on average being 0±9% of the 
predicted ones (data not shown).

Estrogenic activity of the spiking mixture
The theoretical contribution each compound 
of the spiking mixture could have to the 
estrogenic activity of the mixture was calculated 
as the product of the concentration and eef 
value of each compound (Table 3.). The total 
response of the mixture was calculated as 
Σ eeqI=Σ cI*eefI  (with cI  the concentration of 
compound i and eefI  its eef value).

Due to the low potencies of the xeno-
estrogens in the mixture, the total activity of 

the mixture was thus calculated to be only 
.8 pg eeq/20 μl (the equivalent of  gram of 
spiked sediment). After gpc treatment and 
concentration of the pure spiking mixture in 
dmso the activity was measured in the er-
calux assay, resulting in a value of .7±0.2 pg 
eeq/20 μl spiking mixture, which shows the 
high average recovery of estrogenic activity 
(9±3%). The estrogenic activity of the spiking 
mixture, however, was too low to increase the 
estrogenic activity of spiked sediment above 
the background estrogenic activity of the 
sediment itself (9.0±0.3 pg eeq/g dry weight). 
In a previous study, using a spiking mixture 
with higher concentrations of xeno-estrogens, 
high recovery of estrogenic activity after the 
extraction and clean up of sediment was 
demonstrated (Houtman et al., 2006b).

The present study shows, in addition to the 
good recovery of estrogenic activity after gpc 
treatment, that, due to their low potencies in 
comparison with natural estrogenic hormones, 
only high concentrations of (mixtures of) xeno-
estrogens in environmental samples are capable 
to evoke an estrogenic response in the Er-
calux assay. And indeed, low concentrations 
of potent natural estrogenic hormones, and 
not the suspected xeno-estrogens, have been 
reported to be main contributors to estrogenic 
activity in several studies (Desbrow et al., 
998; Peck et al., 2004). Nevertheless, effective 
internal concentrations of xeno-estrogens could 
be achieved at lower environmental levels than 
expected solely based on the eef, due to e.g. 
persistence, bioaccumulation and differences in 
sensitivity between the human t47d.cells and 
other tissues or species and between life stages. 
Furthermore, exposure to mixtures instead of 
single compounds could lead to the onset of 
effects at concentrations at which the individual 
compounds would not be effective (Silva et al., 
2002). These aspects together have led to the 
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awareness that the presence and the possible 
effects in the environment of mixtures of xeno-
estrogenic compounds, albeit of weak potency 
in comparison with E2, deserve due attention 
(Silva et al., 2002; Charles et al., 2002).

Application of the method to field samples
The sample preparation method was applied to 
sediment samples from four locations in a small 
field study. Locations differed in e.g. marine or 
fresh water environment and in industrial and 
recreational pressure. The range of activities was 
comparable with those of former monitoring 
studies carried out at our laboratories (Legler 
et al., 2003; Houtman et al., 2004a), although 
in those studies different sample preparation 
methods were applied. Highest activity was 
found at location Zierikzee harbour (469±0 
pg eeq/g dry weight), a small harbour with 
pleasure boating and some old industry as main 
activities. The river Dommel, a small freshwater 
river where estrogenic effects in male fish have 
been observed before (Houtman et al., 2004b; 
Vethaak et al., 2005) showed less activity 
(8.6±5.4 pg eeq/g dry weight), comparable 
with the industrial harbour of Terneuzen 
(69.4±4.2 pg eeq/g dry weight). The sampling 
location in marine national park the Eastern 
Scheldt (4.0±0. pg eeq/g dry weight), situated 
only a few kilometres out of Zierikzee harbour, 
showed a more than hundred fold lower 
estrogenic activity than Zierikzee harbour. 
Previous studies with Zierikzee sediment 
have identified the presence of the natural 
hormones E2 and E as main contributors to 
the estrogenic activity (Houtman et al., 2006a). 
These measurements confirm that estrogenic 
compounds can be found at different types of 
locations, and demonstrate that levels between 

locations may vary considerably over relatively 
short distances.

Conclusions

The availability of appropriate validated 
methods for sample pretreatment and analysis 
is crucial for the successful implementation 
of bioassays both in a scientific and statutory 
context. In this study, a sample preparation 
method was presented for the bioassay analysis 
of estrogenic activity in sediment samples. 
With this method, good recoveries of spiked 
compounds covering a broad range of physical-
chemical properties were achieved (on average 
86%). The xeno-estrogens in the spiking 
mixture showed their estrogenic potency in the 
Er-calux assay, albeit with potencies of 0⁵- 
to 0⁷-fold lower than the natural estrogenic 
hormone E2. The combined estrogenic activity 
of the spiking mixture was well recovered 
during gpc treatment, but was too low to 
contribute significantly to the background 
estrogenic activity of the unspiked sediment. 
The sample preparation method can be applied 
to screen sediment samples for estrogenic 
activity possibly caused by a wide variety of 
contaminants as was shown in the small field 
study.
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Abstract

The combined estrogenic effects of mixtures 
of environmental pollutants in the in vitro 
Er-calux® (chemical activated luciferase 
gene expression) bioassay were examined to 
biologically validate a sample preparation 
method for the analysis of estrogenic 
compounds in sediment. The method used 
accelerated solvent extraction (ase) and gel 
permeation chromatography (gpc) and was 
validated with respect to recovery of biological 
response taking mixture effects into account. 
Four mixtures of three to six xeno-estrogenic 
compounds (bisphenol A, 4-nonylphenol, 
4,4’-dichlorodiphenyl trichloroethane, 2,4’-
dichlorodiphenyl trichloroethane, dieldrin, 
4-n-octylphenol, α-chlordane, dibutylphthalate, 
4,4’-dichlorodiphenyl dichloroethylene 
and 2,4,5-trichlorobiphenyl) were prepared. 
Experimentally determined mixture effects 
were well described by the concept of 
concentration addition (ca), as expected 
for similarly acting compounds. Observed 
estradiol equivalence factors of the mixtures 
(on average .2±0.3) agreed very well with the 

value predicted according to ca. The sample 
preparation method was then applied to 
pure mixtures of standards and to sediment 
spiked with one of the mixtures. Recoveries 
of estrogenic compounds were estimated by 
determination of their mixture potencies in 
Er-calux and compared to the mixture effects 
predicted by ca. Recoveries of estrogenic 
activity were between 80 and 29%, indicating 
that the additive behaviour of mixtures of 
xeno-estrogens is well conserved during 
sample preparation. Together with an average 
repeatability of 8.3%, low average limit of 
detection (2.6±.8 pg eeq/g) and coefficient 
of variance 3.5±3.3%), this demonstrated the 
suitability of the sample preparation method 
for the analysis of mixtures of (xeno)-estrogenic 
compounds in sediment with the Er-calux 
assay.

Introduction

Bioassays are valuable supplements to available 
chemical-analytical techniques for the 
detection of estrogens, e.g. because of their 
high sensitivity for estrogenic hormones, their 
biological relevance by directly measuring 
activity via (part of) the mechanism of action 
and their ability to measure the total estrogenic 
potency of mixtures present in a sample (Murk 
et al., 2002). Indeed, in real life, exposure to 
chemicals seldom is to a single compound, 

Biological validation of a sample preparation 
method for Er-calux bioanalysis of estrogenic 
activity in sediment using mixtures of xeno-
estrogens

chapter four
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but usually to mixtures of different chemicals. 
Therefore, in vitro bioassays have also often 
been used to assess combination effects of 
exposure to mixtures of chemicals (e.g. Payne et 
al., 2000b; Gennings et al., 2004).
Measurement of estrogenic activity in 
(extracts of) environmental samples with 
in vitro bioassays has been performed in 
different compartments, e.g. water, suspended 
particulate matter, several animal matrices 
and sediment (Murk et al., 2002; Hilscherova 
et al., 2002; Houtman et al., 2004b). Several 
studies have focused on the validation of 
bioassays for the detection of (mixture) effects 
of (xeno)-estrogens and for the application to 
environmental and human samples (e.g. Payne 
et al., 2000a; De Boever et al., 200; Murk 
et al., 2002; Legler et al., 2002c). However, 
although the need for validated methods is 
clear, the development and validation of sample 
preparation methods for bioassay analysis 
of estrogenic compounds in sediment have 
received less attention. The methods should 
recover all possible relevant compounds in a 
range of chemical and physical properties that 
is as wide as possible, because of the diversity 
in chemical and structural properties of 
compounds by now known to have estrogenic 
activity, such as steroids, alkylphenols, 
bisphenols, phthalates and chlorinated 
hydrocarbons.

A sample preparation method for the 
bioassay analysis of estrogenic compounds 
in sediment was developed and chemically 
validated at our laboratories (data not shown). 
The method uses accelerated solvent extraction 
(ase) with dichloromethane: acetone (3:, 
v/v) in combination with a gel permeation 
chromatography (gpc) clean up with 
dichloromethane as eluens. A total of twenty 
four environmental pollutants were tested for 
estrogenic activity in the Er-calux bioassay 

(estrogen responsive chemical activated 
luciferase gene expression (Legler et al., 999)), 
and their recovery from sediment spiked with 
these compounds after accelerated solvent 
or soxhlet extraction in combination with 
gel permeation chromatography (gpc) clean 
up was determined by chemical analysis (on 
average about 8–85%). However, the behaviour 
of estrogenic compounds as a mixture in the 
extract during the sample preparation remained 
unknown.

In this paper, we report the biological 
validation of this sample preparation method, 
i.e. the determination of the recovery of the 
estrogenic activity in the Er-calux assay of 
mixtures of xeno-estrogens.

The first aim of this study was to evaluate 
whether mixture effects of xeno-estrogens 
in the Er-calux assay could be accurately 
predicted on the basis of concentrations 
and concentration response relationships of 
the individual components. The concept of 
concentration addition (ca), introduced by 
Loewe and Muischneck in 926 (Loewe and 
Muischnek, 926), assumes that chemicals 
act according to a similar mechanism and 
therefore states that equal levels of effects 
can be achieved by (partial) replacement of 
a component with other components in a 
mixture. The contribution of each component 
to the total effect of the mixture is considered to 
be proportional to its estrogenic potency and its 
concentration in the mixture. The ca concept 
has previously been shown to be valid for the 
prediction of mixture effects of estrogenic 
compounds in the yeast estrogen screen (yes 
assay) (Payne et al., 2000b; Silva et al., 2002; 
Rajapakse et al., 2002). Like the yes assay, the 
Er-calux assay is based on a receptor gene 
construct, with activation of the endogenous 
estrogen receptors as the sole molecular 
mechanism leading to response. We examined 
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the appropriateness of the ca concept to predict 
combination effects of mixtures of estrogens in 
Er-calux by testing concentration response 
curves of dilution series of four different fixed-
ratio mixtures of xeno-estrogens in Er-calux, 
that were compared to β-E2 as a reference 
compound.

The second aim of this study was to test 
the recovery of the estrogenic activity during 
sample preparation. A mixture of four xeno-
estrogenic compounds was tested in the Er-
calux assay to assess its combined effect. Then, 
the mixture was treated with part of or the 
complete sample preparation method before 
being tested in the Er-calux assay to assess the 
recovery of the estrogenic activity during the 
treatment. In this way, it was examined if the 
combination effect of a mixture of estrogens in 
an environmental sample remains unaffected 
and representative for the sample during its 
extraction and clean up.

Materials and Methods

Standards
7β-Estradiol (E2, >98% pure), and bisphenol A 
(bpa, >97% pure) were purchased from Sigma 
Aldrich (Zwijndrecht, The Netherlands), 2,4'-
dichlorodiphenyltrichloroethane (o,p’-ddt, 
97%), 4,4’-dichlorodiphenyltrichloroethane 
(p,p’-ddt, 98.7%) and 4,4’-dichlorodiphenyl 
dichloroethylene (p,p’-dde, 97%) from Dr. 
Ehrenstorfer (Augsburg, Germany), 4-
nonylphenol (np, 99.6%) and 4-octylphenol 
(op) from Acros (Geel, Belgium), α-chlordane 
(99.6%) and 2,4,5-trichlorobiphenyl (pcb29, 
99.99%) from Ultra Scientific (Wesel, 
Germany), di-n-butylphthalate (dbp, 99%) from 
Sigma-Aldrich (Zwijndrecht, The Netherlands) 
and dieldrin from lgc (Teddington, uk). Highly 
concentrated stock solutions (millimolar range) 
were prepared in acetone (ultra-resi analyzed, 

Malinckrodt-Baker, Deventer, The Netherlands), 
out of which dilution series were prepared in 
dimethylsulfoxide (dmso, spectrophotometric 
grade 99.9%, Acros, Geel, Belgium).

Mixtures and spiking solutions
A total of ten environmentally polluting 
compounds with estrogenic activity also used 
for the chemical validation were chosen for 
mixture experiments. Four different mixture 
stock solutions were prepared from solutions of 
the individual compounds. Each mixture stock 
solution contained compounds in millimolar 
concentrations and was composed in such 
way that, according to its individual estrogenic 
potency, each component would contribute 
equally to the overall estrogenic potency of the 
mixture (Table 4.). Mixture  (bpa, np, p,p’-ddt 
and o,p’-ddt) consisted of four relatively potent 
xeno-estrogens with maximum induction levels 
equal to that of E2. Mixture 2 (dieldrin, op, 
and α-chlordane) and mixture 3 (dbp, p,p’-dde 
and pcb29) consisted each of three slightly less 
potent xeno-estrogens with different maximum 
induction levels as compared to E2. To test the 
total estrogenic activity of a mixture of more 
components, mixtures 2 and 3 were combined 
to obtain a mixture of 6 xeno-estrogens 
(mixture 4). Dilution series of each mixture 
stock solution were prepared in dmso for Er-
calux measurements. In this way, the ratio of 
concentrations of individual compounds in the 
mixtures was equal for each dilution (so called 
fixed-ratio mixtures). Highest concentrations 
tested in the Er-calux assay were a 000-fold 
dilution of the stock solution of mixture  and 
500-fold dilutions of the stock solutions of 
mixtures 2–4.

Three spiking solutions were prepared for the 
experiments to assess the recovery of estrogenic 
activity during sediment extraction and clean 
up. Mixture  was used as spiking solution 
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Table 4.. Composition of four mixtures of xeno-estrogens and of spiking solutions used to test 
estrogenic mixture effects in er-calux and recovery of estrogenic activity after sediment extraction 
and clean up¹.

 Compound Concentration  ec50 eef² Concentration³ Contribution⁴ mil⁵

  in mixture stock (mM  (nM EEQ) to estrogenic %

  solution (mM) compound)   potencyd (%)

Mixture 

 bpa 5.5 0.25 .6×0¯⁵ 88.4 28.8 09.6

 np 5.7 0.4 2.4×0¯⁵ 34.0 43.5 93.5

 p,p’-ddt 6.9 0.82 3.5×0¯⁶ 59.4 9.4 95.5

 o,p’-ddt 3. 0.39 8.2×0¯⁶ 25.4 8.3 99.3

 Sum    307.2  

Mixture 2

 Dieldrin 2.6 4.3 8.3×0¯⁷ 7.9 43.7 66.8

 op 7.0 4.42 .0×0¯⁶ 7.3 7.8 6.2

 α-chlordane .7 2.79 .4×0¯⁶ 5.8 38.5 52.

 Sum    4.0  

Mixture 3

 dbp 45.8 6.34 6.8×0¯⁷ 3.3 58.3 34.6

 p,p’-dde 36.4 7.20 4.2×0¯⁷ 5.3 28.5 68.6

 pcb29 3.4 8.32 5.3×0¯⁷ 7. 3.2 78.4

 Sum    53.7  

Mixture 4

 Dieldrin 0.8 4.3 8.3×0¯⁷ 9.0 8.5 66.8

 op 3.5 4.42 .0×0¯⁶ 3.7 7.5 6.2

 α-chlordane 5.8 2.79 .4×0¯⁶ 7.9 6.3 52.

 dbp 22.9 6.34 6.8×0¯⁷ 5.7 32.3 34.6

 p,p’-dde 8.2 7.20 4.2×0¯⁷ 7.7 5.8 68.6

 pcb29 8.8 8.32 5.3×0¯⁷ 4.7 9.6 78.4

 Sum    48.7  

Positive control

 E2 3.7 E-4  .0 367 00 00

Blank

 acetone 0  0 0 0 0

. Estrogenic equivalence factor (eef) and maximum induction level (mil) are given as parameters of estrogenicity. 2. eef: 

estrogenic equivalence factor, eef of compound x=ec50e₂/ec50x. Value determined in same er-calux experiment as in 

which mixture activity was assessed. 3. Calculated by multiplying the concentration in the mixture stock solution and eef. 

4. Calculated as, with bpa as example, 88.4/307.2*00%. 5. mil: Maximum induction level relative to E2, defined in Materials 

and Methods section.
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containing a mixture of four potent xeno-
estrogens. A spiking solution of E2 in acetone of 
approximately equal potency as mixture  (367 
nM E2) was used as positive control, the solvent 
acetone served as blank (Table 4.).

er-calux
The Er-calux assay was performed with stably 
transfected t47d human breast cancer cells 
(t47d.Luc cells) according to Legler et al.(999) 
with adaptations as described in (Houtman et 
al., 2004a). t47d.Luc cells were obtained from 
BioDetection Systems bv (Amsterdam, The 
Netherlands). A concentration series of E2 (ten 
concentrations between 0 and 00 pM) was 
included on each plate. To assess the estrogenic 
potency of mixtures, dilution series were 
tested in triplicate in at least two independent 
experiments. Estrogenic potencies of individual 
compounds were tested once in the same 
experiment.

Data analysis
A 4-parametric sigmoidal model provided 
the best fit to the experimental data using a 
generalized least-squares approach. 

A sigmoidal standard curve 
(y=ao+a/(+exp(–(x–a2)/a3)) with y 
representing luciferase activity in relative light 
units and x representing the concentration 
of compound) was fitted for E2 and each 
individual test compound using the software 
program SlideWrite 4. (Advanced Graphics 
Software, Carlsbad, ca, usa). Background 
activity (y(0)=a0+a/(+exp(a2/a3))) and 
maximum responses (y(∞)=a0+a) were 
calculated. Median effective concentrations 
(ec50 values) were derived from the curves 
(x(½y(∞)+½y(0))=–a3*ln(2/(+/(+exp(a2/a3))–
))+a2).

Maximum induction levels (mils) of 
concentration response curves of compound 

X relative to that of E2 were calculated as 
milx=(y∞x–y0x)/(y∞e₂–y0e₂)*00%.

Quantification of estrogenic activity for the 
recovery experiments was done by interpolating 
luciferase activities caused by most highly 
diluted standards or extracts causing response 
between loq and ec50 in the estradiol standard 
curve and expressing them as pg eeq/20 μl 
spike mixture (the amount used to spike  g of 
sediment) or pg eeq/g sediment dry weight.

Calculation of expected estrogenic mixture 
effects

For the mathematical representation of ca, toxic 
units (tu) can be used. The tuI of compound 
(or mixture) i is the ratio of the actual 
concentration c of i and the concentration 
needed to cause a certain effect x (ecxI) tuI= 
cI/ecxI . According to ca the overall tu of a 
mixture tumix is equal to the sum of all n tuis 
in the mixture, with Σ tuI=tumix.

In case of estrogenic compounds, individual 
potencies of compounds are expressed relative 
to that of E2 by calculation of the estradiol 
equivalence factor (eef value) for i at the 
median effective concentration (ec50) with the 
formula: eefI=ec50e₂/ec50I .

The concentration of a compound expressed 
in estradiol equivalents (eeq) is then given by 
eeqI=cI*eefI=tuI*ec50e₂ and, according to 
ca, Σ eeqI=eeqmix. In this way, the effective 
concentration in eeq of a mixture can be 
calculated solely based on the individual 
concentrations and potencies of the mixture 
components. Concentration response curves 
of individual compounds and mixtures in 
Er-calux and their 95% confidence intervals 
were calculated with the software program 
SlideWrite4.. The 95% confidence intervals 
were used to visually assess the similarity 
between predicted and observed mixture 
concentration response curves.



tracing endocrine disruptors

56

Recovery of estrogenic activity from spiked 
sediment

To assess recovery of estrogenic potency 
during sediment preparation, estrogenic 
activity of spiking solutions in Er-calux was 
tested in three stages of the procedure: () 
direct measurement of pure spiking solutions, 
(2) measurement after gpc clean up of the 
solution and (3) after spiking of sediment with 
the solution, followed by ase extraction and 
gpc clean up. All recovery experiments were 
performed in triplicate/spiking solution.

Direct measurement of spiking solution: 
Dilution series were prepared of mixture , 
positive control and blank and tested in Er-
calux.

gpc clean up of spiking solution: 800 μl 
dichloromethane (dcm, Suprasolv gc quality, 
Merck, Darmstadt, Germany) was added to 
200 μl of spiking solution to a total volume 
of  ml and quantitatively injected on the gpc 
system (pl-gel, 0 μm, 300×25 mm, Polymer 
laboratories, 2 columns in serial connection) 
with 0 ml /min dichloromethane as eluens. 
Former research had shown 96% of the 
estrogenic activity in sediment extract to elute 
in the collected fraction (Houtman et al., 2002). 
The eluate was split in two portions, one for 
Er-calux and one for chemical analysis. 50% 
of the extract of mixture  and of the blank was 
destined for each type of analysis, 20% of the 
positive control was destined for Er-calux and 
80% for chemical analysis. Portions destined 
for calux analysis were evaporated until 
approximately  μl remained, taken up in dmso 
and tested.

Extraction and clean up of sediment spiked 
with spiking solution: Surface sediment was 
collected from a reference location (Oysterpit, 
Kamperland, the Netherlands) shown 
previously to have neglible estrogenic activity. 

Sediment was sieved (mesh size 63 μm), freeze-
dried and homogenized. Portions of 0 grams 
were spiked with 200 μl of spiking solution 
and extracted with dcm:acetone (3:, v/v)) 
with accelerated solvent Extraction (ase, 3 
extraction cycles, 50ºC, system pressure 2,000 
psi, ase200, Dionex, Sunnyvale, ca, usa). 
Extracts were evaporated until about  ml was 
left, quantitatively injected on gpc and further 
treated as described above for gpc clean up.

Confirmation of recovery of estrogenic 
activity from spiked sediment by chemical 
analysis

To compare biologically and chemically 
determined recoveries in the same extract, 
recovery of E2 from positive controls was 
determined by chemical analysis. E2-d₄ 
(internal standard) was added, extracts were 
cleaned on hplc (ods2, Waters Spherisorb, 
5 μm, 4.6×50 mm at 22ºC with methanol: 
water (65:35, v/v) as mobile phase), silylated 
and analysed on a gc with ion trap detector as 
described in (Houtman et al., 2004b).

Of the set of xeno-estrogens in the 
mixture, o,p’-ddt and p,p’-ddt were chosen 
to be analyzed as indicators of the chemical 
recovery in the same extract. pcb03 was added 
(internal standard), extracts were cleaned with 
Al₂O₃ deactivated with 5% water, eluted with 
petroleum ether: diethyl ether (95:5 v/v) and 
analyzed by gas chromatography combined with 
electron capture detection (gc-ecd).

Repeatability of the method
Surface sediments from the reference 

location Oysterpit and from the harbour of the 
small town Zierikzee, The Netherlands, were 
freeze-dried, sieved and homogenized, and then 
extracted with ase, cleaned with gpc, taken up 
in dmso and tested in Er-calux for estrogenic 
activity in four independent experiments.
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Results and Discussion

Estrogenic activity of single compounds
All ten compounds induced luciferase activity 
in the Er-calux assay in a concentration-
dependent manner, indicating activation of 
endogenous estrogen receptors (Figure 4.). 
Although all compounds have S-shaped curves, 
not all compounds reach the same mil as E2. 
For op and bpa, superagonistic behaviour 
(milx>mile₂) is observed. For dieldrin, α-
chlordane, dbp, p,p’-dde and pcb29, partially 
agonistic behaviour (milx<mile₂) is found.
mils and estrogenic potencies expressed as eef 
values are given in Table 4.. Potencies range 
between 2.4×0-⁵ for np and 4.2×0-⁷ for p,p’-
dde, indicating that compounds are about 0⁶-
fold less potent than E2, the endogenous ligand 
of the estrogen receptor. Deviations in eef 
values, due to interexperimental fluctuations, 

Figure 4.. Concentration response curves for 
7β-estradiol (E2), four different mixtures of 
xeno-estrogens and their individual components 
in the er-calux assay. Mixture components 
are 4-nonylphenol (np), 2,4’-dichlorodiphenyl
trichloroethane (o,p’-ddt), bisphenol A (bpa) 
and 4,4’-dichlorodiphenyl trichloroethane 
(p,p’-ddt) (mixture , A), 4-n-octylphenol 
(op), α-chlordane and dieldrin (mixture 2, B), 
4,4’-dichlorodiphenyl dichloroethylene (p,p’-
dde), 2,4,5-trichlorobiphenyl (pcb29) and 
dibutylphthalate (dbp) (mixture 3, C), and a 
combination of mixtures 2 and 3 (mixture 4, 
D). Error bars represent standard deviations of 
triplicates of er-calux measurements. Dashed 
lines represent 95% confidence intervals for the 
E2 curves. N.B.: Concentrations of individual 
components are expressed in pM of compound, 
mixture concentrations are expressed in pM 
estradiol equivalents (eeq). 
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may influence the predicted mixture effects. To 
avoid this type of fluctuations, eef values shown 
here are the result of single measurements of 
full concentration response series performed in 
the same experiments as in which the mixtures 
were tested. These eef values were used to 
predict the estrogenic activity of the mixtures 
(Table 4.). Mixtures were composed in such 
a way that each component would contribute 
equally to the overall effect. The calculated 
contribution and the total mixture potency are 
given in Table 4..

Estrogenic activity of fixed-ratio mixtures
According to the sigmoidal fit used, curve 
shapes are determined by four parameters: slope 
at ec50 concentration, ec50, minimum response 

level and maximum response level (the last two 
are taken together in mil). Mixture behaviour 
according to the ca concept should lead to 
concentration response curves of the mixtures 
directly comparable with the corresponding E2 
curves, with similar slopes, mil values and ec50 
values, provided the mixture concentrations 
are expressed in pM eeq. Thus, ca should 
give rise to visual overlap between the mixture 
curves and the E2 curves. Figure 4. shows the 
mixture curves (expressed in pM eeq), their 
corresponding E2 curves and the concentration 
response curves of the individual mixture 
components (expressed in pM compound). 
As can be seen from the figure, all mixture 
curves are indeed (partly) overlapping with the 
corresponding E2 curves, with very 

Table 4.2. Median effective concentrations (ec50), Estrogenic Equivalence Factors (eef), and 
Maximum Induction Levels (mil) of four mixtures of xeno-estrogens in er-calux¹.

Mixture ec50 mix ec50 E2 eef² mil mil³

 (pM eeq) (pM)  observed (% of calc.)

Mixture  3. 3.5 . 95.6 96.6

 3.3 3.0 0.9 94.2 94.3

Average   .0  94.9  95.4 

Mixture 2 3.2 4.4 .4 68.6 87.9

 2.8 5.0 .8 62.9 80.7

Average   .6  65.7  84.3 

Mixture 3 4.9 5.3 . 6.6 23

 5.9 5.3 0.9 74.4 49

Average    .0  68.  36 

Mixture 4 4.5 6.0 .3 73.4 7

 3.9 4.4 . 69. 0

Average   .2  7.2  4 

     

Overall average   .2±0.3  07±23

. Mixtures were tested in two independent experiments. The first row of results of each mixture corresponds with the 

concentration response curves in Figure . 2. calculated as ec50βe₂/ec50I , with mixture ec50 values expressed in pM eeq. 

3. Observed mil (Maximum Induction Level) as percentage of mils of mixture components weighted by their relative 

contribution to the estrogenic potency of the mixture.
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similar slopes at steep parts of all curves.
ec50 values of mixtures and of E2 curves on 

the same plates, and the eef values derived from 
these values are provided in Table 4.2. Indeed, 
mixtures are, expressed in eeqs, equipotent 
to E2 and thus have eef values very close to 
. Nonadditive (synergistic or antagonistic) 
mixture behaviour would have led to a shift 
of the curves (respectively to the left or to the 
right) , resulting in mixture eef values deviating 
from  (respectively larger or smaller).

The mil of mixture  is very similar to that 
of the E2 curve. However, mixtures 2–4 have 
lower mil values (Table 4.2). These might be 
due to the presence of partial agonists with 
lower individual maximum responses in 
these mixtures. After all, one of the principles 
behind the ca concept is the requirement that 
components can replace each other to generate 
the same level of effect. Partial agonists only 
partially fulfill this requirement and thus cause 
the mixture curves to deviate from that of 
E2 at higher concentrations. The difficulty of 
predicting maximum effect levels of mixtures 
containing partial agonists with the ca model 
is also discussed by others (Payne et al., 2000b; 
Rajapakse et al., 2002). In our experiments, mils 
of mixtures containing partial agonists could, 
however, roughly be estimated by calculation 
of the average mil of the mixture components, 
weighted by their relative contributions to the 
total estrogenic activity of the mixture (last 
column in Table 4.2). In the bioassay analysis of 
estrogenic activity of environmental mixtures, 
quantification of the estrogenic response 
should be performed at an effect level lower 
than that of the component with the lowest 
maximum effect level to avoid disturbance of 
the quantification due to the presence of partial 
agonists. However, in environmental mixtures, 
the components contributing to the estrogenic 
activity, and therefore their maximum induction 

levels, are often unknown (Legler et al., 2003; 
Houtman et al., 2004a). Response quantification 
of Er-calux assay measurements should 
therefore always be performed in the lower half 
of the concentration response curve (below 
ec50), in a response range in which a linear 
decrease of response is obtained upon dilution 
of the extract. This has been demonstrated for 
sediment in (Houtman et al., 2004a).

The 95% confidence interval of the E2 curve 
can be used as a criterion to assess the suitability 
of the ca concept statistically (Kortenkamp and 
Altenburger, 999). Mixture , containing only 
full agonists, covers the entire range of effects 
within the 95% confidence interval. Mixtures 
2 and 4 have their lower and steep curve 
parts in the interval as well. Mixture 3 slightly 
deviates from the interval, possibly due to the 
influence of the partial agonist dbp. Our results 
indicate that the combined effect of mixtures of 
xeno-estrogens in the Er-calux assay can be 
predicted and described appropriately by the 
ca concept. For the quantification of responses, 
however, one should be extra cautious for 
the presence of partial and/or super agonistic 
estrogens. This study confirms the suitability of 
ca to describe the effects of mixtures of similar 
acting xeno-estrogens in reporter gene assays 
as reported earlier (Payne et al., 2000b; Payne 
et al., 200; Rajapakse et al., 200; Silva et al., 
2002).

Recovery of estrogenic activity during 
extraction and clean up of sediment

The behaviour of mixtures in sediment 
extracts, an issue of even more relevance 
than that of pure mixtures, was assessed by 
biological validation of the sample preparation 
method. Mixture  was chosen for spiking the 
sediment, as this mixture consisted of four 
relatively potent xeno-estrogens, that were 
full agonists and that were also used in the 
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chemical validation of the same method. In 
addition to mixture , the sample preparation 
method was also validated for use in the Er-
calux assay with E2 alone (positive control) 
and acetone (blank) (Table 4.). First, each 
solution was tested directly, i.e cells were 
exposed to solutions that had not gone through 
any extraction or clean up (‘direct’, in Figure 
4.2). Secondly, solutions were treated with 
gpc and tested in Er-calux (‘gpc’ in Figure 
4.2) and thirdly, sediment was spiked with the 
three solutions, extracted, cleaned with gpc 
and tested in Er-calux (‘ase+gpc’ in Figure 
4.2). Recoveries of estrogenic compounds were 
estimated by determination of potencies in Er-
calux and compared to the effects predicted 
by ca at 00% recovery. Due to the high spiking 
concentrations (E2: 2.0 ng E2/g dry weight; 
mixture :.7 ng eeq/g dry weight), extracts 
could be diluted to generate a dilution-response 
curve. A 00% recovery, assuming additive 
mixture behaviour, would in both cases lead 
to overlap of the curves with the E2 calibration 
curve in the same graph. Indeed, the curves 
of direct, gpc treated and ase+gpc treated 
E2 spikes are almost completely within the 
95% confidence interval of the E2 calibration 
curve (Figure 4.2a). Comparably good results 
are found for the curves of direct and gpc 
treated mixture  (Figure 4.2b), indicating high 
recoveries. However, the curve of ase+gpc 
treated mixture  is somewhat shifted to the left, 
indicating that during the whole procedure the 
mixture has gained some activity. This could 
possibly be due to e.g. the introduction of a 
slight contamination during the procedure, 
although this was not found in the non-spiked 
sediment (blanks), nor in the E2-spiked 
sediment.

Average recoveries of estrogenic activity 
were calculated by interpolation of responses 
in the quantifiable range of the E2 calibration 

curve (Table 4.3). No activity was detected in 
the blanks, after direct and gpc measurements. 
The activity detected in ase+gpc measurements 
is caused by estrogenic compounds in the 
sediment itself. However, this activity is 
negligible compared with activities in spiked 

Figure 4.2. Dilution-response curves of 7β-
estradiol (A) and a mixture of four xeno-
estrogens (mixture ; B) in er-calux after 
direct analysis, analysis after gpc treatment, 
and analysis after spiking and extraction of 
sediment and clean up with gpc (ase+gpc). As 
concentrations are expressed in concentrations 
estradiol equivalents (eeq), overlap with E2 
calibration curves in quantifiable ranges implies 
that recovery of estrogenic activity is close to 
00%. Error bars represent standard deviations of 
triplicates of er-calux measurements. Dashed 
lines represent 95% confidence intervals for the E2 
calibration curves.
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sediment (about %). Recoveries of estrogenic 
activity of E2 and mixture  were all between 
80 and 29%. There was no clear difference 
in recoveries between solutions that were 
tested directly, after gpc treatment, or after 
treatment with the complete sample preparation 
procedure. This indicates that differences 
in recoveries are more likely to be due to 
experimental fluctuations than to structural 
losses or introduction of compounds during the 
sample preparation procedure.

The high recoveries of estrogenic activity are 
generally confirmed by chemically determined 
recoveries of E2, o,p’-ddt and p,p’-ddt in the 
same extracts, that were all between 63 and 
29% (Table 4.3). The recovery of E2 during 
gpc and ase+gpc is however lower compared 
to the recovery of estrogenic activities in the 
same extracts. Apart from normal fluctuations 
between the two measurements, this may be due 
a loss of E2 after splitting of the extracts that is 
not reflected by the recovery of the deuterated 
internal standard.

Repeatability of the method
Two sediment samples differing in level of 
estrogenic activity, namely from reference 
location Oysterpit Kamperland (sediment 
from this location was also used for the spiking 
experiments) and from Zierikzee harbour (high 
activity), were extracted, cleaned and analyzed 
in Er-calux in four independent experiments. 
Average estrogenic activity was 9.2±2.6 pg 
eeq/g dry weight (repeatability 3.7%) for 
Kamperland and 463±06 pg eeq/g dry weight 
(repeatability 23.0%) for Zierikzee harbour, with 

an average repeatability of 8.3%. The average 
limit of detection was 2.6±.8 pg eeq/g dry 
weight. The average coefficient of variation was 
3.5±3.3%.

In conclusion, this study showed the additive 
behaviour of mixtures of xeno-estrogenic 
compounds in the Er-calux bioassay. Additive 
mixture effects were well conserved during 
the extraction and clean up of sediment and 
could be described with the ca concept. The 
investigated method for the ase extraction 
and gpc clean up of estrogenic compounds 
in sediment for Er-calux bioassay analysis 
showed good recoveries, a low limit of 
detection and good repeatability. The method, 
validated both chemically (data not shown) 
and biologically at our laboratories, can be 
applied to field samples. The availability of 
such validated methods for biomonitoring is 
becoming more and more important through 
the increase in the application of bioassays 
in (inter)national surveys and monitoring 
programs for (xeno)-estrogenic compounds in 
the aquatic environment.
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Abstract

The identity of compounds responsible for 
estrogenic and dioxin-like activities in sediment 
from the harbour of the small town Zierikzee 
in Zeeland, The Netherlands, was investigated 
using a bioassay directed fractionation approach 
with the in vitro estrogen and dioxin responsive 
reporter gene assays Er- and Dr-calux®. For 
identification of compounds exhibiting activity 
in the bioassays, either one- or two-dimensional 
gc in combination with quadrupole (msd), ion 
trap (itd) or time-of-flight mass spectrometric 
detection (ToF ms) was used, depending on 
the biological and chemical characteristics 
and the complexity of the fractions. The 
natural estrogenic hormone 7β-estradiol 
and its metabolite estrone were identified 
with gc-itd as the main contributors to the 
estrogenic activity. After successive rounds of 
fractionation, the dioxin-like activity could be 
explained by the presence of various polycyclic 
aromatic hydrocarbons identified with gc-msd 
and two-dimensional comprehensive gc×gc-
ToF-ms. Some estrogenic activity of a relatively 
nonpolar nature remained unidentified.

Introduction

A steadily growing number of reports supports 
the hypothesis that the occurrence of endocrine 
disrupting effects in the aquatic environment 
is associated with the exposure to certain 
types of environmental contaminants (Vos 
et al., 2000; Mills and Chichester, 2005). 
Examples of these effects are the impairment 
of reproductive success in birds and the 
occurrence of intersexuality in male fish. In 
order to identify compounds responsible for 
endocrine disrupting effects observed in field 
studies, toxicity identification and evaluation 
(tie), or bioassay (effect) directed analysis 
approaches have increasingly been applied 
over the last decade (e.g. Desbrow et al., 998; 
Brack et al., 2002; Thomas et al., 2004b). In 
such approaches, sensitive bioassays are used to 
direct the fractionation of a sample extract until 
its complexity is sufficiently reduced to enable 
identification of those compounds responsible 
for the activity measured in the bioassay (Brack, 
2003). For chemicals with an additive mode 
of action, the part of the activity that can be 
accounted for by the presence of the analyzed 
compounds is assessed by multiplication of 
the concentrations of chemically identified 
compounds with their relative potencies.

The observation of e.g. intersexuality in 
male fish, regularly observed in the vicinity of 
sewage treatment plants (stps), and believed to 

Estrogenic and dioxin-like compounds in sediment 
from Zierikzee harbour identified with calux assay 
directed fractionation combined with one- and two-
dimensional gas chromatography analyses

chapter five
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be associated with the exposure to estrogenic 
compounds, has led to the analysis of e.g. stp 
effluents, surface water and fish bile samples 
using tie (Snyder et al., 200; Thomas et al., 
200; Houtman et al., 2004b; Gibson et al., 
2005). Estrogenic compounds identified with 
tie include the natural estrogenic hormones 
7β-estradiol (β-E2), estrone (E), and estriol 
(E3), the synthetic estrogen 7α-ethynylestradiol 
(EE2) and alkylphenolic substances (Snyder et 
al., 200; Thomas et al., 200; Houtman et al., 
2004b; Gibson et al., 2005).

tie studies in sediments have predominantly 
focussed on dioxin-like (aryl hydrocarbon 
receptor agonistic) compounds, such as 
dioxins, furans, polychlorinated biphenyls 
(pcbs) and polycyclic aromatic hydrocarbons 
(pahs), because of their relatively nonpolar 
nature. These studies have identified e.g. pahs 
and heterocyclic polyaromatic substances as 
compounds responsible for dioxin-like activity. 
However, a number of studies in sediments 
has recently demonstrated the presence of (less 
hydrophobic) estrogenic compounds such as E, 
E2 and nonylphenol as well and the relevance 
of this route of exposure for aquatic organisms 
(Peck et al., 2004; Cespedes et al., 2004; Thomas 
et al., 2004a).

Indeed, sediment can act as a sink for 
many persistent chemicals released in the 
aquatic environment, and may form a 
source of exposure to aquatic organisms. 
In the Netherlands, this phenomenon is of 
special concern, as the Dutch delta acts as a 
sedimentary basin for the major rivers Rhine, 
Meuse and Scheldt. The presence of endocrine 
disrupting (e.g. dioxin-like and estrogenic) 
activities measured with in vitro bioassays has 
been reported several times in Dutch sediment 
samples. However, the responsible compounds 
remain largely unknown (Legler et al., 2002a; 
Legler et al., 2003; Houtman et al., 2004a).

The present study was undertaken to 
identify the contaminants causing estrogenic 
and dioxin-like activity in sediment from the 
harbour of the small town Zierikzee in the 
Dutch delta area. Nowadays, pleasure boating 
is the main activity of this harbour, but it 
still serves as a mooring for fishing vessels. 
Zierikzee harbour is connected by a canal to the 
Eastern Scheldt, a salty sea arm with the status 
of a nature reserve, in open connection to the 
North Sea. Former research in which sediment 
samples from 5 locations in the Dutch delta 
were investigated for several toxic activities has 
shown high dioxin-like and estrogenic activities 
in sediment from Zierikzee, with negligible 
activities at the Eastern Scheldt (Houtman et 
al., 2004a). In the current study, the in vitro 
estrogen responsive (Er-) and dioxin responsive 
(Dr-) calux assays (chemical activated 
luciferase gene expression) were used to direct 
fractionation and chemical analysis of sediment 
extract. Based on the chromatographical 
information obtained from subsequent 
reversed and normal phase fractionations (e.g. 
polarity and molecular functional groups) in 
combination with the bioassay response, for 
some fractions target analysis by gc-msd or 
gc-itd was sufficient to explain the observed 
biological activity. In addition, chemical 
screening by gc-msd in combination with data 
processing using an automated mass spectral 
deconvolution and identifcation system (amdis) 
was done to further characterize the fractions. 
Comprehensive gc×gc-ToF-ms was applied to 
confirm the identity of compounds responsible 
for the biological activity in the bioassays.

Methods and Materials

A schematic representation of all steps in the 
procedure is provided in Figure 5..
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Environmental sampling, extraction and 
clean up

Surface sediments were sampled in Zierikzee 
harbour and in the Eastern Scheldt in April 
2002 using a Van Veen grab. Sediment samples 
were stored at -20ºC until further treatment. 
Samples were sieved (mesh size 250 μm), 
homogenized and freeze-dried. Forty grams 

of dried sediments were extracted with a 
mixture of dichloromethane (dcm) and 
acetone (3:, v/v) with accelerated solvent 
extraction (ase) followed by a clean up on a 
gel permeation chromatography (gpc) system 
with dcm (Houtman et al., 2002). Five percent 
of the extract was evaporated and dissolved 
in 40 µl dimethylsulfoxide (dmso) for calux 
measurements. The other 95% was evaporated 
and taken up in  ml methanol: water (MeOH:
H₂O; : v/v) for fractionation (see Figure 5.).

Fractionation
Fractionation was performed using a reversed 
phase high pressure liquid chromatography 
(rp-hplc) system at 22ºC, with a C8 semi 
preparative column (Vydac 20TP50, 5 μm, 
0.0×250 mm; mobile phase initially 50% 
MeOH and 50% H₂O (4.7 ml/min), changing 
linearly to 00% MeOH in 50 min. and kept 
at 00% MeOH during 40 min) (Verbruggen 
et al., 999; Houtman et al., 2004b). Sediment 
extracts in  ml MeOH:H₂O (: v/v) were 
quantitatively injected and five fractions with 
time windows 0–9, 9–24, 24–42, 42–63 and 
63–90 min, indicated as fractions –5, were 
collected. Time windows were based on the 
separation of clusters of activity observed in 
a pilot experiment with the same samples in 
which 30 fractions of 3 min. were collected 
(data not shown). After quantitative injection, 
the vial was rinsed with hexane to dissolve 
compounds possibly remaining on the vial wall 
that were too nonpolar to dissolve in the carrier 
solvent (MeOH:H₂O) prior to fractionation. 
This fraction (the nonpolar residual fraction) 
was evaporated and dissolved in 40 µl dmso and 
tested with Er- and Dr-calux assays without 
further fractionation. hplc-fractions were dried 
with N₂ at 40°C and split into two portions. 
Portions X (20%) were evaporated and dissolved 
in 40 μl of dmso for calux measurements, 

• Sample pretreatment
• Extraction
• Clean up

st fractionation
(rp-hplc)

Fractions –5

Estrogen analysis
(gc-itd)

 Fraction 2

2nd fractionation
(np-hplc)

Fractions a–h

 Fractions 4, 5

Chemical screening
(gc-msd &

gc×gc-ToF ms)

 Fractions 4-b, 5-b, 4-g

pah analysis
(gc-msd)

 Fractions 4-b, 5-b

calux in
total fractions

calux in 
fractions

calux in 
fractions

Figure 5.. Sample treatment scheme for the 
bioassay directed fractionation and identification 
of estrogenic and dioxin-like compounds in 
sediment.
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Portion Y (80%) of fraction 2 was used for 
target analysis of known estrogens with gc-itd 
and for gc×gc-ToF-ms measurements. Portions 
Y of fraction 4 and 5 were further fractionated 
into eight fractions A-H by normal phase hplc 
with a Waters μPorasil column (7.8×300 mm, 
particle size 0 μm) as described in (Fernandez 
and Bayona, 992). With this method, if present, 
polycyclic aromatic compounds would be 
separated as follows: fraction A: long chain 
alkylbenzenes, pcbs; fraction B: pahs; fraction 
C: nitro substituted pahs, secondary nitrogen 
heterocycles; fractions D, E, F: polycyclic 
aromatic hydrocarbons with one carbonyl 
group, quinines; fraction G: tertiary nitrogen 
heterocycles; fraction H: tertiary nitrogen 
heterocycles, hydroxy substituted pahs. 
Fractions A-H were split into two portions: 30% 

of the eluate in each fraction was evaporated, 
dissolved in 40 μl dmso and tested in the 
calux assays, the other 70% was evaporated 
and taken up in 50 μl hexane for one- and two-
dimensional gc analyses.

Biological and chemical analyses
calux assays

Er- and Dr-calux measurements were 
performed according to (Murk et al., 996; 
Legler et al., 999; Legler et al., 2002a), 
with adaptations as described in (Houtman 
et al., 2004a). h4iie.Luc and t47d.Luc 
cells were obtained from BioDetection 
Systems (Amsterdam, The Netherlands). A 
concentration series of β-E2 (Er-calux) or 
2,3,7,8-tetrachlorodibenzo-p-dioxin (tcdd, Dr-
calux) was included on each plate. A sigmoidal 

Table 5.. Estrogenic and dioxin-like activities (average ± standard deviation) in total and 
fractionated sediment extracts.

Location Zierikzee harbour Eastern Scheldt

Coordinates (wgs 84 X; Y) 3.928; 5.6478 3.9667; 5.633

Salinity (‰) 29.6 30.

Average grain size (μm) 4.88 5.26

Carbon and Nitrogen Content (%) 2.78±0.03; 0.29±0.00  3.06±0.06; 0.33±0.00

Estrogenic activity (pg eeq/g dw)¹  

Total extract 459±57 8.2±0.7

Recovery of rp-fractionation (%) 05±6 294±8

Recovery of np-fract. fraction 4 (%) 8±4 —

Recovery of np-fract. fraction 5 (%) — —

Dioxin-like activity (pg teq/g dw)²  

Total extract 5489±402 45.8±2.2

Recovery of rp fractionation (%) 87±4 28±0

Recovery of np fract. fraction 4 (%) 64±4 06±2

Recovery of np fract. fraction 5 (%) 93±8 76±3

. Limit of detection: 2.6 ± .8 pg eeq/g dry weight.  2. Limit of detection: 0.5 ± 0.5 pg teq/g dry weight. Abbreviations: wgs 

84: World Geodectic System 984; eeq: 7β-estradiol equivalent; teq: 2,3,7,8-tetrachlorodibenzo-p-dioxin equivalent; rp 

fract.: reversed phase hplc fractionation; np fract.: normal phase hplc fractionation.
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standard curve (y=a0+a/(+exp(–(x–a2)/a3)); 
with y representing luciferase activity in relative 
light units and x representing the concentration 
of β-E2, or tcdd respectively), was fitted using 
the software program Slidewrite 4.. Sediment 
extracts and fractions thereof were tested in 
triplicate. Obtained luciferase activities were 
interpolated in the linear range of the standard 
curves. Estrogenic activities were expressed as 
pg estradiol equivalents (eeq)/g dry weight and 
dioxin-like activities as pg tcdd equivalents 
(teq)/g dry weight.

gc-itd analysis of estrogenic hormones
Portions Y of the rp-hplc fractions were 
derivatized by silylation with the trimethylsilyl 
reagent Sigma sil a (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) and analyzed for 
the presence of the estrogenic hormones β-E2, 
7α-estradiol (α-E2), E and EE2 on a gc with 
ion trap detector in ms/ms mode (Houtman et 
al., 2004b).

gc-msd analysis of pahs
Extracts (3 μl) were splitlessly injected on a 
gc-msd (Agilent 6890 with a Agilent 5973 
network quadrupole Mass Selective Detector), 
equipped with a sge - bpx5 column (25 m, 
0.22 mm i.d., 0.3 μm film thickness) and with 
helium ( ml/min) as carrier gas, operated in 
single ion mode to analyse benzo(a)anthracene, 
chrysene (both m/z 228), benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene (all 
three m/z 252), indeno(,2,3-cd)pyrene (m/z 
276), dibenzo(a,h)anthracene (m/z 278) 
and benzo(g,h,i)perylene (m/z 276). The 
initial temperature was 70ºC for 2 min. The 
temperature increased linearly in 30 sec to 85ºC, 
then with 2.3ºC/min to 240ºC and with 4ºC/min 
to the final temperature of 280ºC, at which the 
system was kept for 0 min. Quantification 
was performed by external calibration using a 

concentration series of a standard mixture of 
pahs between 0 and of 500 ng/ml.

Chemical screening
Extracts were analyzed on a gc-msd operated 
in full scan mode (m/z 50–650) (Houtman et 
al., 2004b). Mass spectra were deconvoluted 
using amdis and compared with reference 
spectra in the National Institute of Standards 
and Technology (nist) main mass spectral 
database (nist/epa/nih Mass Spectral Database, 
nist 992, 998, Gaithersburg, usa) for tentative 
identification.

Two-dimensional comprehensive 
gc×gc–ToF-ms

Extracts (μl) of fractions 2, 4-B, 4-G and 5-B 
were splitlessly injected on a gc×gc-ToF-ms 
(Agilent gc 6890) equipped with a ptv Optic 
2 atas injector (280°C, 0 min.) and a Leco 
Pegasus II Time of Flight Mass Spectrometer 
(acquisition rate 50Hz, mass range m/z 55–400, 
ion source 250°C, transfer line 280°C), with a 
hp-5 column in the first dimension (length 0m, 
0.25 mm i.d., 0.25 μm film thickness) and a sge 
bpx-50 column in the second dimension (length 
 m, 0. mm i.d., 0, μm film thickness) and 
with helium (constant pressure 30 psi) as carrier 
gas. The oven temperature was held at 70°C for 
 min., then increased with 5°C/min to 350°C 
and held at 350°C for 20 min. Modulation was 
performed every 5.5 sec using a carbon dioxide 
cooling system. Data transformation and 
visualization were performed with conversion 
software provided by P.J. Marriot and Transform 
contour plotting software (part of the Noesys 
package, Research Systems International, 
Crowthorne, uk). Tentative identification of 
compounds was performed by comparison of 
mass spectra with reference spectra in the nist 
main mass spectral database.
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Results and Discussion

Estrogenic and dioxin-like activities in total 
extracts

Estrogenic and dioxin-like activities in total 
extracts of sediments from Zierikzee harbour 
and the Eastern Scheldt in Er- and Dr-calux 
bioassays are shown in Table 5., together with 
background information regarding salinity at 
the two locations, the average grain size and the 
carbon and nitrogen content of the sediments. 
Sediment from Zierikzee harbour showed high 
activities in both assays (respectively 459±57 
pg eeq/g dry weight and 5489±402 pg teq/g 
dry weight), when compared with activities 
formerly reported for Dutch sediments 
(Houtman et al., 2004a; Klamer et al., 2005). 
Very low activities were found for location 
Eastern Scheldt (respectively 8.2±0.7 pg eeq/g 
dry weight and 45.8±2.2 pg teq/g dry weight), 
demonstrating that activity levels may vary 
considerably over relatively short distances and 
illustrating the suitability of this location as a 
reference site.

Distribution of estrogenic and dioxin-like 
activities over the fractions after rp-hplc-
fractionation

To reduce the complexity of the sediment 
extracts, total extracts were fractionated 
according to polarity with rp-hplc (Figure 
5.). Five fractions with decreasing polarity 
were collected for each sediment sample and 
tested for estrogenic and dioxin-like activities. 
Both activities were low again for all fractions 
of Eastern Scheldt sediment. Most estrogenic 
activity (~60%) was found in the relatively 
polar fraction 2 (Figure 5.2a), which is known 
to cover the natural estrogenic hormones (with 
log Kow values between 2.45 (E3) and 4.0 (β-
E2) (Hansch et al., 995)). Remarkably, also in 
the relatively nonpolar fraction 4 estrogenic 

activity was observed. Most dioxin-like activity 
at Zierikzee harbour was found in the less polar 
fractions 4 and 5 (Figure 5.2a). This finding is 
in accordance with the nonpolar properties 
of known aryl hydrocarbon receptor agonists, 
which elute from the C8 column when the 
gradient has reached 00% MeOH.

Recovery of the rp fractionation was 
calculated by dividing the activity summed over 
all fractions by the activity in the total extracts 
(Table 5.). For location Zierikzee harbour, 
recoveries indicate that no substantial loss of 
biologically active compounds had occurred 
during fractionation. Although deviations from 
00% recovery may result from the separation 
of interfering active compounds during 
fractionation, the high recoveries observed for 
the Eastern Scheldt are most likely due to the 
low activities present in this sediment, resulting 
in calux measurements close to the limit of 
detection for each fraction. In the nonpolar 
residual fraction only a small percentage of 
dioxin-like activity (2% and % for Zierikzee 
harbour and Eastern Scheldt respectively) was 
found and only % and 0% of the estrogenic 
activity (Figure 5.2a). This indicates that, 
despite the relatively polar starting conditions 
(MeOH:H₂O; : v/v), the applied fractionation 
procedure covered most relevant compounds.

Further research focussed on the 
identification of estrogenic compounds in 
fractions 2 and 4 and compounds with dioxin-
like activity in fractions 4 and 5.

Identification of estrogenic hormones in 
fraction 2

To investigate the involvement of the natural 
hormones β-E2, α-E2, E, E3 and the synthetic 
estrogen EE2 in fraction 2 of Zierikzee harbour, 
target analysis was performed with gc-itd. 
β-E2, α-E2 and estrone were indeed found 
in this fraction (Table 5.2). Their measured 
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concentrations were multiplied with their 
relative estrogenic potencies (Estradiol 
Equivalence Factors, eefs, half maximum effect 
concentration of β-E2/half maximum effect 
concentration of compound, Table 5.2) to derive 
estrogenic activities caused by the presence 
of each individual compound. This approach, 
based on the concept of concentration 
addition (Loewe and Muischnek, 926), was 
validated previously for (xeno-)estrogenic 
compounds in the Er-calux assay (Houtman 
et al., 2006b). Although E was present in the 
highest concentration, the largest contribution 
to the estrogenic activity in the fraction could 
be accounted for by β-E2, the most potent of 
the three compounds. Together, they were 
able to account for the majority (76%) of the 
estrogenic activity in fraction 2. E3 and EE2 
were not present in detectable concentrations. 
However, the presence of these compounds in 
undetectable quantities and small contributions 
thereof to the estrogenic activity cannot 
be excluded. As expected based on the low 
estrogenic activity measured in the Eastern 
Scheldt sediment extract, no estrogenic 
hormones were detected in sediment from this 
location.

To confirm the presence of natural estrogenic 
hormones in fraction 2, two-dimensional 
comprehensive gc×gc-ToF-ms was applied. 
After selection of characteristic ions for 
the derivatives of the estrogenic hormones, 
the presence of α-E2, β-E2 and E could be 
confirmed, further strengthening the evidence 
that these are indeed the compounds (mainly) 
responsible for the estrogenic activity observed 
in this fraction (Figure 5.3d). In accordance 
with the gc-itd analysis, neither EE2 nor E3 
was detected.

The presence of estrogenic hormones in 
sediments has been reported before by Peck 
et al. (2004) for sediments collected in the 

Figure 5.2. Estrogenic and dioxin-like activities 
in fractions of sediment extract from Zierikzee 
harbour. Activities (average±standard 
deviation) shown are expressed in picograms 
estradiol equivalents (eeq) and picograms 
tcdd equivalents (teq) per gram dry weight 
(dw) sediment. Sediment was fractionated with 
reversed phase hplc (A). Fractions 4 and 5 were 
fractionated a second time with normal phase 
hplc (respectively B and C). Non fract.: activity 
in total extract before fractionation, residual: 
nonpolar residual fraction (see text).



tracing endocrine disruptors

70

vicinity of stps and by Reddy and Brownawell 
(2005) for sediments collected in a bay receiving 
wastewater discharges. Our results show the 
occurrence of natural estrogenic hormones 
in sediment at a location that in principle 
does not receive stp discharges. Nevertheless, 
there might be other anthropogenic sources of 
estrogenic hormones in Zierikzee harbour, such 
as sewer overflows in the inner city canals in the 
event of intensive precipitation or discharge of 
wastewater from boats in the harbour itself.

Due to their high estrogenic potencies, 
especially compared with those of known 
xeno-estrogenic compounds (Houtman et al., 
2006b), very low levels (tenths of ng/g range) 
of estrogenic hormones in sediment were able 
to account for the observed in vitro estrogenic 
activity. This underlines the need for very 
sensitive analytical methods for the detection 
of estrogenic hormones in attempts to identify 
compounds responsible for observed estrogenic 
activities in bioassays. With the current gc-
ms/ms method, obtained detection limits were 
as low as 68 pg α-E2/g dry weight, 37 pg E/g 
dry weight, 47 pg β-E2/g dry weight, 57 pg E3 
/g dry weight and 55 pg EE2 pg/g dry weight, 
comparable with those obtained for E and β-E2 
by Reddy at al. who applied lc-ms/ms (Reddy 
and Brownawell, 2005), and approximately 
hundred fold lower than those obtained by 
Cespedes et al. (2004).

Further fractionation of fractions 4 and 5 
with np-hplc

In fractions 4 and 5, dioxin-like activity was 
found. Fraction 4 contained estrogenic activity 
as well, though of a less polar nature than 
the activity observed in fraction 2. To enable 
identification of active compounds in these 
fractions, a second fractionation step was 
carried out using np-hplc (Figure 5.), based 
on separation of compounds according to 

their chemical functionalities (Fernandez and 
Bayona, 992). Good recoveries of estrogenic 
and dioxin-like activities were achieved (Table 
5.), with low activities in residual fractions 
(Figure 5.2b and 2c). Dioxin-like activity was 
found in fraction 4-B (Figure 5.2b) and 5-B 
(Figure 5.2c), the fractions in which pahs are 
known to elute (Fernandez and Bayona, 992). 
Estrogenic activity was observed in fraction 
4-G (Figure 5.2b), a fraction in which, if not 
preceded by rp-hplc fractionation, e.g. natural 
estrogenic hormones and xeno-estrogens like 
bisphenol A and alkylparabens would elute 
(data not shown).

Identification of dioxin-like compounds in 
fractions 4-B and 5-B

Many pahs are known to have dioxin-like (aryl 
hydrocarbon receptor agonistic) properties (e.g. 
(Machala et al., 200b)). Therefore, dedicated 
gc-msd measurements were performed in 
fractions 4-B and 5-B to investigate the presence 
of those epa pahs that, according to their rp-
hplc retention times, could have eluted in 
fraction 4. High levels of pahs were detected in 
concentrations between 72.0 ng/g dry weight 
for dibenz(a,h)anthracene and 527 ng/g dry 
weight for chrysene (Table 5.2). In a manner 
similar to that discussed before for estrogens, 
measured concentrations pahs were multiplied 
with relative dioxin-like potencies (tcdd 
Equivalence Factors, tefs, Table 5.2) to derive 
dioxin-like activities caused by the presence of 
each individual compound. After summation of 
the contributions of all quantified pahs, 37.5% 
of the dioxin-like activity in fraction 4-B could 
be accounted for by the eight analyzed pahs, 
with the highest contribution coming from 
benzo(k)fluoranthene (Table 5.2). As expected 
based on rp-hplc retention times of pahs, in 
Zierikzee fraction 5-B only low levels of the 
two 6-ringed pahs benz(g,h,i)perylene (.5 ng/g 
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dry weight) and indeno(,2,3-c,d)pyrene (3.5 
ng/g dry weight) were detected, together only 
able to account for less than % of the dioxin-
like activity in that fraction. In fractions 4-B 
and 5-B of the Eastern Scheldt only very low 
concentrations of individual pahs could be 
found (≤ 3.3 ng/g dry weight), in accordance 

with the very low dioxin-like activities observed 
in these fractions.

The pahs analyzed are only a small number 
of all different pahs and their isomers that 
can occur in environmental samples. Other 
pahs could have been present in the Zierikzee 
sediment and have contributed to the observed 
dioxin-like activity. To obtain a qualitative 
impression of other pahs in the sample, two-
dimensional comprehensive gc×gc-ToF-ms 
was used to analyze fractions 4-B and 5-B for 
other pahs and isomers. With this technique, 
high resolution and sensitivity can be achieved. 
Examples of pahs detected in fraction 4-B 
are shown in the contour plot of Figure 5.3a. 
It was shown that more pah isomers with 
mass ratios m/z 228, 252, 276 and 278 were 
present than the ones quantified with gc-msd. 
In the contour plot, mass clusters of pahs 

Figure 5.2. Contour plots of gc×gc-ToF ms 
analysis of (A) fraction 4-B showing characteristic 
ions of various polycyclic aromatic hydrocarbons 
(pah) with m/z 228x0.3+252x0.3+276+278, 
(B) fraction 4-B showing characteristic ions of 
methylated pahs with m/z 228x0.5+242+256x5
+270x0, (C) fraction 5-B showing characteristic 
ions of pahs with m/z 276+278 and (D) fraction 
2 showing characteristic ions of 7α- and 7β-
estradiol and estrone (in silylated forms) with 
m/z 285+342. Tret: retention time.
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can be seen. For example, six different pahs 
with mass m/z 252 were found, tentatively 
identified as representing benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(j)fluoranthene, 
benzo(e)pyrene), benzo(a)pyrene and perylene. 
Furthermore, alkylated pahs were found, e.g. 
clusters of mono-, di- and trimethylated four-
ringed pahs (Figure 5.3b). The contour plot 
shows the compounds ordered chemically 
according to their degree of alkylation. These 
alkylated pahs could have contributed to the 
dioxin-like activity as well (e.g. (Cheung et al., 
993) and, together with the quantified epa 

pahs, could have accounted for the majority of 
the observed activity. Although dedicated gc-
msd measurements in fraction 5-B had shown 
only low levels of benzo(g,h,i)perylene and 
indeno(,2,3-c,d)pyrene, gc×gc measurements 
showed the presence of at least four heavy 
pah isomers with the masses m/z 276 and 
m/z 278 in this fraction (Figure 5.3c), that 
might have contributed to the dioxin-like 
activity in this fraction. The results of the 
gc×gc measurements in fraction 4-B and 5-B 
suggest that pahs play an important role in the 
occurrence of dioxin-like activity in sediment 

Table 5.2. Estrogenic and dioxin-like compounds identified in extract fractions of sediment from 
Zierikzee harbour together with the corresponding estrogenic and dioxin-like potencies.

Fraction 2

 Compound Concentration eef¹ Concentration % of activity

  (pg/g dry weight)  (pg eeq/g dry weight) in fraction

 α-E2 3.3 0.0 .3 0.5

 β-E2 7.7  7.7 60.2

 E 368.7 0.2 44.2 5.5

 E3 < 57 0.3 — —

 EE2 < 55 .2 — —

 Sum   27.2 76.2

Fraction 4-B

 Compound Concentration tef² Concentration % of activity

  (ng/g dry weight)  (pg teq/g dry weight) in fraction

 Benzo(a)anthracene 372.5 7.04×0¯⁶ 3.6 0.2

 Chrysene 526.9 .0×0¯⁴ 53.2 2.9

 Benzo(b)fluoranthene 329.4 3.35×0¯⁵ .0 0.6

 Benzo(k)fluoranthene 259.2 .64×0¯³ 425. 23.2

 Benzo(a)pyrene 372.0 9.0×0¯⁵ 33.5 .8

 Indeno(,2,3;c,d)pyrene 258.2 2.96×0¯⁴ 76.4 4.2

 Dibenzo(a,h)anthracene 72.0 .7×0¯³ 84.3 4.6

 Benzo(g,h,i)perylene 282.0 — — 

 Sum   687. 37.5

. Estradiol equivalence factor (eef) according to (Houtman et al., 2004b). 2. tcdd equivalence factor (tef) according to 

(Machala et al., 200)
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from Zierikzee harbour. pah contamination 
could originate from a wide variety of sources 
and the presence of pahs with dioxin-like 
activity in sediments has been reported earlier 
(e.g. Vondráček et al., 200). In the specific 
case of Zierikzee harbour, various activities 
in the past, such as a fuel depot, a gas plant 
and creotisated mooring poles, might have 
contributed to the observed pah contamination.

Characterization of estrogenic activity in 
fraction 4-G

Fraction 4-G contained estrogenic activity of a 
relatively nonpolar nature (Figure 5.2b). Several 
groups of known estrogenic compounds could 
be excluded as possible contributors, because 
they would, after rp-hplc fractionation, 
have eluted in other fractions, e.g. natural 
hormones that eluted in fraction 2 and alkyl 
phenols that would have eluted in fraction 3 
(Houtman et al., 2004b). Chemical screening of 
fraction 4-G with gc×gc-ToF-ms and gc-msd 
combined with amdis data processing showed 
the presence of several very weakly estrogenic 
phthalates, however not in sufficiently high 
concentrations to provide a significant 
contribution to the estrogenic activity in this 
fraction (data not shown). It is possible that 
the estrogenic compounds in fraction 4-G 
were unsuitable for gc-analysis, e.g. due to lack 
of volatility, or that the remaining chemical 
complexity of fraction 4-G, even after successive 
fractionation, hampered their successful 
identification. A series of extract dilutions tested 
in the Er-calux assay to further biologically 
characterize the activity provided a full 
concentration response curve (data not shown). 
Additionally, the estrogenic response was 

completely suppressed after co-exposure of the 
cells to 00 nM of the anti-estrogen tamoxifen 
(data not shown). These results indicate that, 
although chemical analysis failed to identify 
them, relatively nonpolar unknown estrogen 
receptor agonistic compounds are present in 
Zierikzee sediment. Furthermore, they imply 
that, although natural estrogenic hormones 
accounted for the majority of the estrogenic 
activity, more nonpolar as yet unknown 
estrogenic compounds are present in sediment 
and contribute to its estrogenic activity. The 
presence of unknown, nonpolar compounds 
with estrogenic activity in sediment has been 
reported before (Legler et al., 2003; Peck et al., 
2004; Thomas et al., 2004a).

Conclusion

The bioassay directed identification approach 
applied in this study led to the identification of 
β-E2 and its metabolite E as main contributors 
to the estrogenic activity and of various pahs 
as compounds responsible for the majority of 
the observed dioxin-like activity. Furthermore, 
as yet unidentified estrogenic activity was 
observed. Due to the applied fractionation 
methods and bioassay measurements, this 
activity could be characterized as being caused 
by relatively nonpolar estrogen receptor 
agonists.
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Abstract

Conjugates of estrogenic chemicals, endogenous 
as well as xenobiotic, are mainly excreted via 
bile into the intestine. Therefore, measurement 
of estrogenic activity in bile yields useful 
information about an organism’s internal 
exposure to (xeno-)estrogens. Although 
previous studies in the Netherlands have 
reported estrogenic activity in male fish 
bile, the contribution of natural hormones 
and xenobiotic substances to this activity is 
unknown. To identify compounds responsible 
for estrogenic activity in fish bile, we developed 
a bioassay directed fractionation method for 
estrogenic chemicals. In this approach, the in 
vitro reporter gene assay Er-calux® (estrogen 
responsive chemical activated luciferase gene 
expression) was used to assess estrogenic 
activity in deconjugated bile samples and to 
direct rp-hplc fractionation and chemical 
analysis (by gc-ms) of estrogenic compounds. 
The method was applied to bile from male 
breams (Abramis brama) collected at three 
locations in The Netherlands. At one of 
these locations, the river Dommel, extremely 
high levels of plasma vitellogenin and a 
high incidence of intersex gonads in these 

male breams have previously been observed, 
indicating the exposure to estrogens. In this 
study, the natural hormones 7β-estradiol, 
estrone and estriol accounted for the majority 
of estrogenic activity in male bream bile. At 
the river Dommel, the synthetic contraceptive 
pill component ethynylestradiol was found 
in effective concentrations as well. The 
detected natural and synthetic hormones 
may be responsible for the estrogenic effects 
observed in wild bream from this location. 
Furthermore, a large number of xenobiotic 
chemicals was detected at relatively high levels 
in bile, including triclosan, chloroxylenol and 
clorophene. Although chloroxylenol was shown 
for the first time to be weakly estrogenic, these 
compounds did not contribute significantly to 
the estrogenic activity observed.

Introduction

The presence of estrogenic compounds in 
the environment has attracted considerable 
attention, because of the interference these 
xenobiotic, as well as natural, chemicals may 
exert on the normal functioning of human 
and wildlife endocrine systems. Estrogenic 
compounds detected in the environment 
include e.g. the natural steroid hormones 
estrone (E), 7α-estradiol (α-E2) and 7β-
estradiol (β-E2), and estriol (E3), and the 
synthetic steroid and contraceptive 7α-
ethynylestradiol (EE2). Industrial chemicals 
with estrogenic properties have been detected 

Identification of estrogenic compounds in fish bile 
using bioassay directed fractionation
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as well, e.g. bisphenol A (bpa; used to produce 
epoxy resins and polycarbonate plastics), 
the alkyl phenols 4-octylphenol (4-op) and 
4-nonylphenol (np) and their mono- and 
diethoxylates (used mainly as polyethoxylates in 
industrial detergents and emulsifiers). Although 
endogenous hormones have been present in the 
environment for a very long time, the growing 
population and more intensive farming have 
raised the influx in aquatic systems (Lange et al., 
2002). For The Netherlands, a country densely 
populated by both humans (6 million people 
on 45,000 km²) and livestock (8 million cattle, 
horses, pigs and sheep), an emission of the 
natural steroids E, α- and β-E2 by humans and 
cattle of 0 kg/day and about 50 g/day EE2 has 
been estimated (Gezondheidsraad, 993). The 
annual estrogen excretion of farm animals in 
urine and faeces, which, unlike human waste, 
mostly does not pass sewage treatment plants, 
was estimated to reach 33 tons in the European 
Union and about 49 tons in the usa (reviewed 
by Lange et al., 2002).

The presence of estrogenic compounds in the 
aquatic environment has been demonstrated 
numerous times (Desbrow et al., 998; Belfroid 
et al., 999; Thomas et al., 200; Bolz et al., 
200; Belfroid et al., 2002; Jonkers et al., 
2003). Exposure of fish to estrogens can lead 
to the induction of the precursor yolk protein 
vitellogenin in plasma of male fish (Desbrow 
et al., 998; Routledge et al., 998). Vitellogenin 
(vtg) levels in male fish blood plasma, which 
are usually negligible, can rise to concentrations 
in the tens of milligrams per milliliter range 
as a result of exposure to estrogens (Harries 
et al., 996). vtg is therefore widely used as 
a biomarker of estrogenic exposure (Harries 
et al., 2002). Moreover, mainly in the United 
Kingdom, a high occurrence of intersexuality 
(a condition in which oocytes are formed in the 
testicular tissue) in wild populations of riverine 

fish has been observed (Jobling et al., 2002). 
This was found to be consistent with exposure 
to hormonally active substances and associated 
with discharges from sewage treatment plants 
(stps) that are known to contain estrogenic 
chemicals (Jobling et al., 998). In The 
Netherlands, an investigation of the occurrence 
and effects of estrogenic compounds in the 
aquatic environment (loes) was recently 
performed (Vethaak et al., 2002) . The 
investigation showed that almost all selected 
endocrine disrupting compounds (natural 
hormones, bpa, alkyl phenols and alkyl phenol 
ethoxylates, phthalates and brominated flame 
retardants) were present at low concentrations 
(Vethaak et al., 2002). At some specific locations 
(especially in the vicinity of stps), compounds 
were found at higher levels. Incidence of 
estrogenic effects in male fish was highest 
in regional surface waters that are strongly 
influenced by potential sources of emission of 
endocrine disrupting compounds. For example, 
in the river Dommel, a small river receiving 
relatively high amounts of stp effluent, 
extremely high plasma vtg concentrations 
and a high prevalence of intersexuality in 
male bream (Abramis brama), an abundant 
freshwater fish species in The Netherlands, were 
observed (Vethaak et al., 2002).

Previous research has shown that 
measurement of estrogenic compounds in 
fish bile may provide a useful indication of 
internal exposure to estrogens. Caged juvenile 
rainbow trout in stp effluent have been 
found to accumulate estrogenic compounds 
in their bile, which corresponded with large 
amounts of vtg in their plasma (Larsson et 
al., 999). Furthermore, a good correlation was 
found between total bile estrogenic activity 
and plasma vitellogenin induction in male 
bream (Legler et al., 2002b). Bile is a suitable 
matrix to measure internal dose, due to its 
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role in biotransformation and elimination of 
compounds. In fish, estrogens are eliminated 
mainly by metabolic conversion to water-
soluble metabolites. Oxidative metabolism 
of estrogens is catalyzed by cytochrome P450 
enzymes in the liver (Förlin and Haux, 985). 
For conjugation of hydroxylated metabolites of 
steroids as well as xenobiotics, glucuronidation 
is likely to be the dominant pathway for biliary 
excretion. In rainbow trout, approximately 
90% of estradiol is excreted as E2-glucuronide 
(Förlin and Haux, 985). For the xeno-estrogen 
4-tert-octylphenol, it was observed that after a 
0-day exposure, 38% of the total accumulation 
in the body of rainbow trout was found back in 
the bile, present as glucuronides (Ferreira-Leach 
and Hill, 200). A major pathway of elimination 
is excretion via bile into the intestines. In the 
intestines, estrogen conjugates may be broken 
down by intestinal bacteria, thereby eliciting the 
active parent compound. In the environment, 
estrogens are mostly found in their biologically 
active, parent forms, probably due to bacterial 
hydrolysis of the excreted conjugates (Belfroid 
et al., 999).

The present study was undertaken to 
elucidate the identity of compounds that 
contribute to the high internal levels of 
estrogenic activity in bream. Chemical analysis 
of the bile samples was not performed in the 
loes study and compounds responsible for the 
measured estrogenic activity in bile remained 
unknown. Therefore, in this study, a toxicity 
identification and evaluation (tie) method, 
that uses bioassay directed fractionation, was 
developed for estrogenic chemicals in fish bile. 
The estrogen responsive in vitro reporter gene 
assay Er-calux (Legler et al., 999) was used to 
direct the fractionation and chemical analysis 
of extracts of deconjugated male fish bile. This 
method was applied to bile samples of male 
bream from three study locations of the Dutch 

loes study. The natural hormone 7β-estradiol 
was identified as the main contributor to in vitro 
estrogenic activity in male fish bile.

Materials and Methods

Standards and solvents
High purity standards of β-E2, 7β-estradiol-3β-
D-glucuronide (β-E2-gluc), E, α-E2, E3, EE2, 
4-tert-op, bpa, cholesterol, chloroxylenol and 
clorophene (all > 98% pure, except clorophene 
which was 95% pure) were purchased from 
Sigma-Aldrich (Zwijndrecht, The Netherlands). 
np was obtained from Acros Organics (Geel, 
Belgium), and triclosan from Ciba Specialty 
Chemicals (Grenzach, Germany).

Water (H₂O, hplc analyzed), methanol 
(MeOH, hplc gradient grade) and n-
hexane (Ultra resi analyzed) were purchased 
from Malinckrodt Baker (Deventer, The 
Netherlands). Dichloromethane (dcm, 
Suprasolv gc quality) was obtained from 
Merck (Darmstadt, Germany), ethylacetate 
(EtAc) was bought from Fluka Chemie (Buchs, 
Switzerland) and dimethylsulfoxide (dmso, 
spectrofotometric grade 99.9%) from Acros 
(Geel, Belgium).

Efficiency of deglucuronidation and 
extraction of estrogens in bile

Portions of  ml water as well as pooled bile 
(obtained from 9 male breams) were spiked 
with β-E2 (42.8 ng/ml, which represented 
~6 fold background level, as established in 
unspiked bile) or β-E2-gluc (784.5 ng/ml ~00 
fold background level) and subsequently in 
triplicate deconjugated in portions of 00 
µl with β-glucuronidase-sulfatase (from H. 
pomatia, 00 µl 400 U/ml dissolved in 0.2% 
NaCl; Sigma-Aldrich, Zwijndrecht, The 
Netherlands) as described before (Legler 
et al., 2002b). To investigate the necessity 
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of enzymatic deglucuronidation, similar 
experiments were performed in which the 
enzyme solution was replaced with 00 µl 
0.2% NaCl. After deconjugation, one drop of 
M HCl was added. Deconjugation products 
were extracted by liquid-liquid extraction 
with dcm or EtAc in order to determine the 
solvent yielding the best extraction efficiency. 
After addition of 2 ml of dcm (or EtAc), 
extraction tubes were vortexed for  minute and 
centrifuged for 5 minutes at 500 rpm. The dcm 
(or EtAc) phase was subsequently removed and 
transferred to another test tube. The extraction 
was repeated to a total of three times, after 
which the collected dcm (or EtAc) phase was 
carefully evaporated to a small drop. This was 
quantitatively transferred into a conical vial 
and taken up in 70 µl of dmso. Glassware was 
prerinsed with dcm (or EtAc) for all extraction 
procedures. Efficiencies of deglucuronidation 
and extraction were determined by assessment 
of estrogenic activity in the samples with the Er-
calux assay.

er-calux
Er-calux assay was performed with stably 
transfected t47d human breast cancer 
cells (t47d.Luc cells) according to Legler 
et al. (999) with adaptations as described 
elsewhere (Houtman et al., 2004a). t47d.
Luc cells were obtained from BioDetection 
Systems bv (Amsterdam, The Netherlands). 
A concentration series of β-E2 was included 
on each plate. A sigmoidal standard curve 
(y=a0+a/(+exp(–(x–a2)/a3)); with y 
representing luciferase activity in relative light 
units and x representing the concentration 
of β-E2) was fitted using the software 
program Slidewrite 4.. Bile samples were 
tested in triplicate. The luciferase activities of 
(dilutions of) bile samples were interpolated 
in the linear range of the β-E2 standard 

curve. To assess the estrogenic potency of 
β-E2-gluc, E, α-E2, E3, EE2, np, 4-tert-op, 
bpa, cholesterol, chloroxylenol, clorophene 
and triclosan, concentration series were 
prepared and tested in triplicate in at least 
two independent experiments. For β-E2 and 
the other active estrogens, half-maximum 
effective concentrations (ec50) were derived 
from the curves. For comparison of estrogenic 
potency between β-E2 and the other estrogens, 
the estrogenic activity of the estrogen X was 
expressed relative to that of β-E2 by calculation 
of the estradiol equivalence factor (eef value) 
for X with the formula eefx=ec50β-e₂/ec50x.

Study sites
. Lake Bergumermeer: Lake Bergumermeer is a 
lake of some 6 km² in the northern part of The 
Netherlands. The lake and its surroundings are 
destined to become a nature preservation area. 
On the southern side of the lake, there is some 
industrial activity. A power plant is situated 
on the northern side. Effluent of the stp of the 
small town of Bergum is discharged in the lake. 
This location was chosen as reference location. 
At this location female bream bile was also 
sampled, extracted and tested for estrogenicity 
in the Er-calux assay.

2. River Dommel: The river Dommel is a 
small river originating in Belgium. It flows 
through an agricultural area, several small 
towns and the city of Eindhoven into the river 
Dieze that runs into the Meuse. At Eindhoven, 
surface water from the Dommel and stp 
effluent mix at an approximate : ratio.

3. Amsterdam North Sea Canal: The North 
Sea Canal forms the connection between 
Amsterdam and its port in the west and the 
interior freshwater Lake Ysselmeer in the east. 
The Canal, which flows through a heavily 
industrialized area, has a port and transport 
function and is used for discharging surplus 
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water from several adjoining water board 
districts and stp effluent.

Bile sampling
Methods of bream bile sampling have been 
described elsewhere (Vethaak et al., 2002). 
In brief, fish were captured in the fall of 999, 
anaesthetised with ms222 (3-aminobenzoic 
acid ethyl ester, Sigma, The Netherlands) and 
sacrificed. After removing the guts, samples 
of bile fluid (typical volume about 2 ml) were 
taken with syringes. Samples were stored in 
ethanol rinsed Eppendorf cups at –80˚C.

Deconjugation and extraction of bile 
samples

Fish bile samples were pooled per sex 
per location. Portions of  ml pooled bile 
were subsequently deconjugated with β-
glucuronidase-sulfatase. Deconjugation 
products were extracted by liquid-liquid 
extraction with dcm as described above. 
The extracts were divided into two portions. 
Twenty percent of the extract was evaporated 
and dissolved in 70 µl dmso for Er-calux 
measurements. The other 80% was evaporated 
and taken up in 00 µl MeOH:H₂O (: v/v) for 
fractionation by rp-hplc.

rp-hplc fractionation
A mixture of 9 environmentally relevant 
compounds (toluene (Fluka Chemie, 
Buchs, Switzerland), 6 polycyclic aromatic 
hydrocarbons (pahs; phenanthrene, 
fluoranthene, naphthalene, acenaphtylene, 
acenapthene, fluorine, Promochem, Wesel, 
Germany), 3 polychlorinated biphenyls 
(pcbs; 2,2’,4,5,5’-pentachlorobiphenyl 
(pcb0), 2,2’,3,4,4’,5’-hexachlorobiphenyl 
(pcb38), 2,2’,3,4,4’,5,5’-heptachlorobiphenyl 
(pcb80), Promochem, Wesel, Germany), 
4-chlorobenzenes (,2-dichlorobenzene, 

,3-dichlorobenzene, ,2,4-trichlorobenzene 
and ,2,3,4-tetrachlorobenzene, Sigma-
Aldrich, Steinheim, Germany), chloridazone, 
metalaxyl (Riedel de Haën, Seelze, 
Germany), benzothiazole (Sigma-Aldrich, 
Steinheim, Germany), octachlorostyrene and 
o,p’-dichlorodiphenyldichloroethane (both from 
Dr. Ehrenstorfer, Augsburg, Germany) covering 
a wide range of log Kow was prepared in MeOH. 
To 50 µl of this mixture 50 µl of H₂O was added 
and the mixture was injected on a Reversed 
Phase High Pressure Liquid Chromatography 
system with a uv detector (Shimadzu, 
Duisburg, Germany, λ=254 nm) at 22ºC. The 
system was equipped with a C₁₈ column (Vydac 
TP254, 5μm, 4.6×250 mm). The mobile phase 
consisted initially of 50% MeOH and 50% H₂O 
( ml/min) and changed linearly to 00% MeOH 
in 50 min, according to (Verbruggen et al., 
999). Retention times (Tret) were corrected for 
dead volume time (T₀). Corrected values (T’ret) 
were correlated to log Kow values to obtain a 
standard curve from which fraction intervals 
with a range of approximately one log Kow 
unit were derived. Fraction border times were 
determined by adding T₀ to the fraction interval 
times and correcting them for the volume 
of the tubing between detector and fraction 
collector. Subsequently, a mixture of eight 
known estrogenic compounds (bpa, α-E2, β-E2, 
E, E3, EE2, 4-tert-op and np) in concentrations 
easily detectable with uv-detection (λ=254 nm) 
was injected. Retention times of the estrogens 
were derived from the obtained chromatogram. 
MeOH:H₂O bile extracts were injected and 0 
fractions with a range of approximately  log 
Kow unit each were collected. These fractions 
were dried with N₂ at 40°C and split into three 
portions. Portion A (20% of the extract weight) 
was evaporated and dissolved in 70 μl of dmso 
for Er-calux measurements, Portion B (40%) 
was used for the analysis of known estrogens. 
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Portion C (40%) was destined for general 
chemical screening using gas chromatography-
mass spectrometry (gc-ms). After injection, 
the vial that had contained the MeOH:H₂O 
extract was rinsed with n-hexane to dissolve 
the observed film of compounds presumably 
too nonpolar to dissolve in MeOH:H₂O prior 
to fractionation. This fraction (the nonpolar 
residual fraction) was dissolved in 70 µl dmso 
and tested for estrogenicity with Er-calux. 
Afterwards, to enable chemical analysis of 
this nonpolar extract, this dmso fraction was 
dissolved in water and nonpolar compounds 
were extracted with n-hexane. The nonpolar 
extract was evaporated to 00 µl.

To assess the repeatability of the partitioning 
of estrogenic compounds over the MeOH:
H₂O and the vial surface, pooled bile from 
location North Sea Canal was deglucuronidated, 
extracted and dissolved in MeOH:H₂O. The 
extract was removed and the vial was rinsed 
with n-hexane to generate a new nonpolar 
residual extract. Both the nonpolar residual 
extract and the MeOH:H₂O fraction were 
dissolved in dmso and tested in er-calux.

Chemical analysis
Hormones and Bisphenol A. Portions B of the 
rp-hplc fractions were evaporated to dryness 
at 55°C and silylated with sil a reagent (a 
mixture of (CH₃)₃SiCl, (CH₃)₃SiNHSi(CH₃)₃ 
and pyridine in a ratio of : 3: 9, Sigma-Aldrich, 
Zwijndrecht, The Netherlands) during  h 
at 55°C. After evaporation, the residue was 
dissolved in n-hexane together with the internal 
standard pcb03. The mixture was washed with 
water to remove by-products that could damage 
or contaminate the gc column or detector. 
The n-hexane phase was dried over a sodium 
sulphate column and collected in a gc conical 
vial. The n-hexane phase was evaporated to 00 

μl of which 3 μl was splitlessly injected on the 
gc column.

Analysis was carried out on a gc-ms-ms 
(Varian cp3800 gc with a Varian Saturn 
2200 ion trap detector), equipped with a 30 
m Varian cp-sil 8 cb low bleed ms column 
(0.25 mm i.d., 0.25 μm film thickness). The gc 
column was protected with a 2-m retention 
gap of deactivated fused silica 0.53 mm i.d. The 
temperature program was: initial temperature 
60°C for  minute, increasing linearly with 
30°C/min to 220°C, then at a rate of 4°C/min to 
280°C and 50°C/min to the final temperature 
at 300°C, with a total runtime of 30 min. Ions 
for data acquisition in ms/ms mode were for 
α-E2 and β-E2 derivatives m/z 46/285+326, 
for EE2 derivative m/z 425/93+23+303, for E 
derivative m/z 342/257, and for E3 derivative 
m/z 296+3+44+504. For bpa, only the ion 
with m/z=357 was monitored. Quantification 
of hormones and bpa was performed by 
external calibration using a calibration series of 
standards of 0 different concentrations between 
0 and 200 ng compound per 00 µl of extract. 
Standards were derivatized as described for the 
bile fractions.

Chemical screening. Portions C of rp-hplc 
fractions were evaporated until dryness and 
taken up in 00 µl of n-hexane. Fractions and 
nonpolar residual extracts (3 μl) were splitlessly 
injected on a gc-msd (Agilent 6890 with a 
Agilent 5973 network quadrupole mass selective 
detector), equipped with a sge-bpx5 column 
(25 m, 0.22 mm i.d., 0.3 um film thickness) 
and with helium ( ml/min) as carrier gas, 
operated in full scan mode (m/z 50–650). 
Mass spectra were deconvoluted using the 
automated mass spectral deconvolution and 
identification system amdis and compared 
with reference spectra in the National Institute 
of Standards and Technology nist main mass 
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spectral database (nist/epa/nih Mass Spectral 
Database, nist 992, 998, Gaithersburg, usa) 
(match factor ≥80) for tentative identification. 
To confirm the identification of compounds, 
pure standards dissolved in n-hexane were 
injected for the comparison of retention time 
and Kovat’s retention indices (kri values) with 
those of the tentatively identified compounds 
in the extracts. Concentrations of individual 
compounds were semi-quantified using the 
response of the pure standards.

Results and Discussion

Development of tie procedure
The tie procedure developed for the analysis 
of estrogenic compounds in fish bile, including 
deglucuronidation and extraction methods, 
rp-hplc fractionation, chemical analysis and 
screening, is shown schematically in Figure 6.. 

The development of each step of the procedure 
and application to field samples are described 
below.

Deglucuronidation and extraction of 
estrogen conjugates in bile

Extraction of deconjugated β-E2 from water and 
bile was performed by liquid-liquid extraction 
with dcm or EtAc. Recoveries of estrogenic 
activity in the Er-calux assay are shown in 
Table 6.. Both solvents gave high, comparable 
and reproducible recoveries. dcm has a 
higher volatility than EtAc and is more easily 
evaporated. For these reasons, dcm was selected 
for the extraction of bile samples from the study 
sites.

A matrix influence on the extraction was 
observed for bile, as deviations from 00% 
recovery were larger in bile than in water (Table 
6.). The extraction efficiency of deconjugated 
E2-gluc was higher than that of β-E2. Although 
the reason for this phenomenon is unclear, it 
may be due to the much higher spiking level of 
E2-gluc in the samples.

Deglucuronidation efficiency was tested 
by comparing recoveries of deconjugated 
E2-gluc that had been added as E2-gluc prior 
to deglucuronidation to water or bile in the 
presence or absence of deglucuronidase/
desulfatase (Table 6.). In water, as in bile, all 
E2-gluc was deconjugated, which confirmed the 
suitability of this method for further use. In bile, 
some deglucuronidation of E2-gluc occurred in 
the absence of added enzyme. Because E2-gluc 
does not show any estrogenic activity (Figure 
6.2), this suggests the occurrence of some 
endogenous hydrolysis activity in bile. This was 
not observed for water. Estrogenic activity in 
unspiked deconjugated male bream bile was 
around 7-fold higher than in untreated bile. In 
real life, bream are exposed to estrogens e.g. via 
consumption of food and via water passing the 

• Deconjugation
• Extraction

Fractionation
(rp-hplc)

Chemical screening
(gc-msd +

amdis/nist)

Estrogen analysis
(gc-ms-ms)

er-calux

er-calux

Figure 6.. Sample treatment scheme for 
the toxicity identification and evaluation of 
estrogenic compounds in fish bile.
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gills. Estrogens can be conjugated in the liver 
and excreted via the bile shortly after intake, or 
can go into circulation before being transported 
to the liver to be conjugated and excreted via 
the bile. Therefore, after deglucuronidation, the 
estrogenic activity in bile reflects the maximum 
bioavailable fraction.

rp-hplc fractionation
The chromatographic behaviour of a mixture 
of compounds of different polarity under the 
rp-hplc conditions used was estimated with 
a mixture of pahs, pcbs, chloro benzenes and 
several pesticides. As expected according to 
(Verbruggen et al., 999), strong correlations 
were found between the capacity factor 
((Tret–T₀)/T₀) and log Kow (r²=0.93) and 
between T’ret and log Kow (r²=0.94; Figure 
6.3). This enabled the collection of fractions of 
bile extract according to decreasing polarity. 
Selected estrogenic compounds (represented 
by + in Figure 6.3) showed, although some of 
them eluted relatively early, chromatographic 

behaviour comparable with that of the 
components in the standard mixture and could 
thus be fractionated well by this method. Some 
compounds, e.g. bpa and β-E2, having retention 
times very close to the fraction borders, eluted 
in neighbouring fractions. Estimated Tret, 
fractions of elution and examples of log Kow 
values from literature (Itokawa et al., 989; Ahel 
and Giger, 993; Hansch et al., 995; Holthaus et 
al., 2002) of the estrogenic compounds are given 
in Table 6.2.

To enable comparison of estrogenic 
activity measured in the er-calux assay and 
concentrations of selected estrogens detected 
with gc-ms-ms, pure standards were tested in 
the er-calux assay. Examples of the obtained 
dose-response curves are shown in Figure 6.2. 
β-E2 and EE2 were the most potent estrogens 
tested in this study. Interestingly, bpa showed 
supramaximal response in the er-calux 
assay compared with β-E2. This might e.g. be 
due to stimulation by bpa of the production 
of estrogen receptor. However, this does not 

Table 6.. Recovery (average±standard deviation) of estrogenic activity from dichloromethane or ethyl 
acetate extracts of 7β-estradiol or 7β-estradiol-3-β-D-glucuronide spiked male bream bile and water 
without or after deglucuronidation, measured with er-calux.

  dcm dcm dcm dcm EtAc EtAc EtAc EtAc

  with recovery without recovery with recovery without Recovery

  enzyme % enzyme % enzyme % enzyme %

  ng eeq/ml  ng eeq/ml  ng eeq/ml  ng eeq/ml 

 water 0.0±0.0 — 0.0±0.0 — 0.0±0.0 — 0.0±0.0 —

 water + β-E2 42.3±0.2 98.8±0.5 na na 39.9±4.0 93.2±9.3 na na

 water + β-E2-gluc 826±37 05±7 0.3±0. 0.0±0.0 886±234 3±30 2.5±.8 0.3±0.2

 bile 7.9±0.3 — 0.5±0. — 0.4±2. — na —

 bile + β-E2 36.3±3.0 72.3±6.0 na na 39.8±5.7 74.8±0.7 na na

 bile + β-E2-gluc 736±55 92.9±6.9 4±26 4.4±3.3 ,2±45 40±24 na na

All experiments were performed in triplicate. Recoveries in bile were corrected for background levels. Abbreviations: 

dcm: dichloromethane, EtAc: ethyl acetate, eeq: estradiol equivalents, β-E2: 7β-estradiol, β-E2-gluc: 7β-estradiol-3-β-D-

glucuronide, na: not assessed.
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affect the ec50 to a great extent. Relative 
estrogenic potencies derived from ec50 values 
of compounds used in the development of the 
fractionation method are given in Table 6.2.

Application to study sites
Estrogenic activity in whole extracts and polar 
fractions

Although male fish are known to have 
estrogenic hormones, the basal concentrations 
are much lower than in females. To confirm 
this, we assessed estrogenic activity in 
deconjugated male as well as female total bile 
extract from reference site Lake Bergumermeer. 
As expected, estrogenic activity in male bile 
(24.7±2.0 ng eeq/ml bile) was much lower 
than in female bile (353±7 ng eeq/ml bile). 
The tie procedure was then applied to pooled 
male bile samples from three locations. Large 
differences in estrogenic activity as measured in 
the Er-calux assay in whole extracts of male 
bile were observed between the three study 
locations: Lake Bergumermeer 24.7±2.0, river 
Dommel 235±4 and North Sea Canal 35.6±2.2 
ng eeq/ml bile. Remarkably, fish bile from the 
river Dommel showed estrogenic activity in 

males almost at a female level of one order of 
magnitude higher than at the other locations. 
The river Dommel was the only location 
showing considerable vitellogenin induction 
(weighted average for this pool of samples 53.2 
mg vtg/ml, both other locations: ≤0.5×0¯³ 
mg vtg/ml (recalculation of data from Vethaak 
et al. (2002)). Also, intersex gonads (oocytes 
inside the seminiferous tubules) were observed 
in 33% of the male breams from this location 
(Vethaak et al., 2002). The correlation between 
high responses of bile samples in the estrogen 
responsive  Er-calux assay, vtg induction and 
intersex suggests a common cause of events, 
i.e. exposure to estrogens (Jobling et al., 998). 
Indeed, the role of the estrogen receptor in vtg 
induction has been established (Flouriot et 
al., 995) and a number of studies have shown 
the correlation between vtg and effects on 
reproductive tissues in fish (Jobling et al., 996; 
Rodgers-Gray et al., 200).

Figure 6.2. Estrogenic potency of ethynylestradiol 
(EE2), 7β-estradiol (E2), 7β-estradiol-3β-D-
glucuronide, bisphenol A (bpa), chloroxylenol 
and triclosan in the in vitro er-calux assay.

Figure 6.2. Relationship between corrected 
retention time (T’ret = retention time – dead 
volume time) and log Kow of polycyclic aromatic 
hydrocarbons, polychlorinated biphenyls, 
chlorobenzenes and several pesticides (all marked 
with dots) used to calibrate rp-hplc elution 
conditions for fractionation of bile extracts 
(r²=0.94). T’ret of selected estrogens from Table 
6.2 are represented by +.



tracing endocrine disruptors

84

Fractionation of estrogenic activity
In order to determine the nature of the 
estrogenic compounds in bile, whole extracts 
were fractionated as described above. The 
distribution of estrogenic activity over the 
fractions after rp-hplc fractionation is shown 
in Figure 6.4. Most estrogenic activity is found 
in fractions of log Kow 2–3 and 3–4 (between 
8.3±0.3 ng eeq/ml in for North Sea Canal 
and 95.4±7.9 ng eeq/ml for river Dommel, 
both in fraction log Kow 2–3, see Table 6.3). 
Unexpectedly, the nonpolar residual fraction, 
obtained by rinsing the vial that had contained 
the MeOH:H₂O extract prior to injection on 
hplc with n-hexane, contained considerable 
estrogenic activity as well. Estrogenic activities 
measured in these residual fractions were 
2.±0. ng eeq/ml bile for Lake Bergumermeer, 
36.0±5.2 ng eeq/ml bile for river Dommel and 
9.9±0.7 ng eeq/ml bile for the North Sea Canal. 

The average recovery of estrogenic activity 
during fractionation, calculated by dividing the 
sum of the activity in all fractions by the activity 
in whole extract, was high (82±22%) indicating 
only small losses of estrogenic activity occur 
during fractionation.

Target analysis of known estrogens in polar 
fractions

Fractions with log Kow <, –2, 2–3 and 3–4 
were analyzed by gc-ms-ms for the presence 
of the natural and synthetic hormones and 
bpa. Detected concentrations of compounds 
are presented in Table 6.3. As the estrogenic 
activity in fractions with log Kow 4–5 and 5–6 
was negligible, it was concluded that 4-tert-op 
and np were not present in active amounts and 
therefore dedicated 4-tert-op and np analyses 
were not performed. To enable comparison 
with estrogenic activities in the Er-calux 

Table 6.2. Log Kow, Retention time (Tret), fraction of elution during hplc-fractionation and estrogenic 
potencies of eight selected estrogenic compounds¹.

Compound Tret Fraction² Examples eef

 (min) (log Kow) of log Kow values (in vitro

    from literature er-calux)

E3 6.44 –2 (.4) 2.45³, 2.8⁴ 0.3

bpa .09 –2, 2–3 (.90) 3.32³, 3.64⁴ .3×0¯⁵

E 6.9 2–3 (2.86) 3.3³, 3.43⁴ 0.2

α-E2 6.9 2–3 (2.86) 4.0³, 3.94⁴ 0.0

EE2 7.3 2–3 (2.92) 3.67³, 4.2⁴ .2

β-E2 7.84 2–3, 3–4 (3.0) 4.0³, 3.92⁴, 3.0⁵ 

4-tert-op 29.45 4–5, 5–6 (4.9) 4.2⁶, 5.28⁴ 7.3×0¯⁵

np 33.60 5–6 (5.59) 4.48⁶, 5.76⁷, 5.99⁴ 3.7×0¯⁵

. E3: estriol; bpa: bisphenol A; E: estrone; α-E2: 7α-estradiol; EE2: 7α-ethynylestradiol; β-E2: 7β-estradiol; 4-tert-op: 

4-tertiary octylphenol; np: 4-nonyl phenol; eef: estradiol equivalence factor (half-maximum effect concentration of β-E2 

divided by half-maximum effect concentration of compound). 2. Values in parentheses indicate peak maxima (interpolated 

log Kow values according to correlation shown in Figure 6.3). 3. Experimental value according to Hansch et al. (995). 

4. Estimated value according to Episuite Kowwin v.67, us epa. 5. Experimental value according to Holthaus et al. (2002). 

6. Experimental value according to Ahel and Giger (993). 7. Experimental value according to Itokawa et al. (989).
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bioassay, all gc-measured concentrations are 
multiplied with their respective eef values 
(Table 6.2) to derive estrogenic activities caused 
by the presence of each individual compound. 
This approach is based on the concept of 
concentration addition as introduced in 926 
by Loewe and Muischnek and evaluated for 
estrogenic compounds by Kortenkamp et al. 
(Kortenkamp and Altenburger, 999). For each 
location, estrogenic activities are summed 
up for each fraction (columns in Table 6.3) 
and each compound (rows in Table 6.3). All 
analyzed compounds were detected in bile. 
In particular, bpa was found in considerable 
concentrations (up to 3 μg/ml at location river 
Dommel). However, due to its low estrogenic 
potency (eef=.3×0¯⁵), its contribution to the 
measured estrogenic activity was negligible. 
For all three locations, most of the activity 
was accounted for by β-E2 . This is shown in 
Figure 6.5. The activity of β-E2 was found in 
fractions log Kow 2–3 and 3–4. Its metabolite 
E was present in higher concentrations (about 
280 ng/ml at location river Dommel) but, 
being less estrogenic than its parent compound 
(eef=0.), contributed less to the total activity. 
The less stable metabolite E3 and the synthetic 
estrogen EE2 were found only in bile from river 

Dommel, albeit at relatively high concentrations 
(about 37 and 7 ng/ml respectively) (Table 6.3). 
Our results for location river Dommel are in 
good agreement with the results obtained by 
Larsson et al. (Larsson et al., 999) who reported 
the presence of β-E2, E, EE2, bpa and np in the 
bile of caged juvenile rainbow trout exposed to 
diluted sewage effluent water in Sweden, albeit 
at concentrations on average about one order of 
magnitude higher than those at river Dommel.

In all three locations, measured compounds 
were present in concentrations high enough 
to explain the estrogenic activity in the four 
fractions analyzed with gc-ms-ms, with β-
E2 as major contributor. For location Lake 
Bergumermeer, the total chemically identified 
estrogenic activity (9.0 ng eeq/ml) was almost 
four fold higher than the activity found in the 
Er-calux assay (8.4 ng eeq/ml). One of the 
explanations for this phenomenon could be 
the presence of anti-estrogenic compounds in 
fraction log Kow 2–3 at this location. However, 
when tested together with β-E2 (results not 
shown), no anti-estrogenic activity in the Er-
calux assay was found in this fraction.

Figure 6.4. Distribution of estrogenic activity, 
expressed in estradiol equivalents (eeq), in rp-
hplc fractions of male bream bile extracts.

Figure 6.5. Concentrations of identified 
estrogenic compounds in fractions of male bream 
bile extracts, expressed as estradiol equivalents 
(eeq), based on concentrations of derivatized 
compounds measured with gc-ms-ms.
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Identification of unknown compounds in 
nonpolar residual fractions

The estrogenic activity in the four polar 
fractions was explained by the presence of the 
compounds measured with gc-ms-ms (Table 
6.3). However, for locations river Dommel 
and North Sea Canal, considerable estrogenic 
activity in the Er-calux of an unknown 
chemical nature was found in the nonpolar 
residual fractions obtained by rinsing the vials 
that had contained the MeOH:H₂O extracts 
used for fractionation with n-hexane. To 

identify chemical compounds present in these 
residual dmso fractions, chemicals were re-
extracted with n-hexane and a general chemical 
screen with gc-msd was performed. Hundreds 
of different spectra were deconvoluted for 
the nonpolar extracts of the three locations. 
The presence of many (branched and linear) 
alkanes, oxidized alkanes and alkanoic acids 
was suggested. Furthermore, several phenolic 
compounds were identified. In a retention time 
interval between 8 and 9.5 min, numerous 
alkylphenolic substances and their isomers were 

Table 6.3. Estrogenic compounds identified in bile extract fractions and associated calculated and 
measured estrogenic activities¹ (continued on page 87).

  log Kow < log Kow –2 log Kow 2–3 log Kow 3–4 Sum fractions

  ng eeq/ml ng eeq/ml ng eeq/ml ng eeq/ml  log Kow < – 3–4

      ng eeq/ml

Lake Bergumermeer

 bpa 0.0 (3.9) 0.0 (28.5) — — 0.0 (32.4)

 α-E2 — — 0. (7.7) — 0. (7.7)

 E — — 7.8 (49.3) — 7.8 (49.3)

 β-E2 — — 73. (73.) — 73. (73.)

 EE2 — — — — —

 E3 — — — — —

 sum gc² 0.0 0.0 9.0 0.0 9.0

 er-calux³ 0.6 0.7 8.4 3.3 22.9

 gc/er-calux (%)⁴ 0.0 0.0 494.6 0.0 395.6

 gc/er-calux total (%)⁵ 0.0 0.0 356.9 0.0 356.9

River Dommel

 bpa — 0.0 (937.6) 0.0 (42.7) — 0.0 (980.3)

 α-E2 — — 0. (0.) — 0. (0.)

 E — — 33.3 (279.8) — 33.3 (279.8)

 β-E2 — — 83.3 (83.3) 58.7 (58.7) 42.0 (42.0)

 EE2 — — 9.5 (7.4) — 9.5 (7.4)

 E3 — 0.7 (5.4) 4. (3.7) — 4.8 (37.)

 sum gc² 0.0 0.7 40.3 58.7 99.7

 er-calux³ 0. 2.5 95.4 55.5 53.5

 gc/er-calux (%)⁴ 0.0 28.0 47. 05.8 30.

 gc/er-calux total (%)⁵ 0.0 0.4 73.6 30.8 04.8
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Table 6.3. Estrogenic compounds identified in bile extract fractions and associated calculated and 
measured estrogenic activities¹ (continued).

  log Kow < log Kow –2 log Kow 2–3 log Kow 3–4 Sum fractions

  ng eeq/ml ng eeq/ml ng eeq/ml ng eeq/ml  log Kow < – 3–4

      ng eeq/ml

North Sea Canal

 bpa 0.0 (4.3) 0.0 (3035.8) 0.0 (42.2) — 0.0 (3082.3)

 α-E2 — — — — — 

 E — — 3.6 (30.) — 3.6 (30.)

 β-E2 — — 8. (8.) 6.7 (6.7) 4.8 (4.8)

 EE2 — — — — —

 E3 — — — — —

 sum gc² 0.0 0.0 .7 6.7 8.4

 er-calux³ 0.0 0.8 8.3 5.2 4.3

 gc/er-calux (%)⁴ .8 4.5 4.0 28.8 28.7

 gc/er-calux total (%)⁵ 0.0 0. 47.2 27.0 74.2

. All concentrations refer to the compounds measured in their derivatized forms and are expressed as estrogenic equivalents 

calculated by multiplying concentrations with the estrogenic equivalence factor to ng eeq/ml bile. Concentrations of 

individual compounds (ng compound /ml bile) are given in parentheses. ‘—’ indicates below limit of detection (lod). 

lod (ng/00 μl gc-ms-ms extract)=0.3 (bpa); .5 (7-α-E2); .5 (E); 0.5 (7β-E2); .5 (EE2); .0 (E3). 2. Sum of calculated 

estrogenic activity in ng eeq/ml bile of all chemically identified compounds per fraction. 3. Estrogenic activity measured 

in the er-calux assay in ng eeq/ml bile per fraction. 4. Estrogenic activity in ng eeq/ml bile according to gc-analysis 

per fraction divided by estrogenic activity in the same fraction in the er-calux. 5. Estrogenic activity in ng eeq/ml bile 

according to gc-analysis per fraction divided by the sum of estrogenic activity in the er-calux in all fractions, including the 

nonpolar residual fraction.

tentatively identified. In the nonpolar residual 
fraction from the river Dommel, e.g. 4-tert-op 
(~0. μg /ml bile) was found. Furthermore the 
chlorinated phenolic disinfectants clorophene 
(o-benzyl-p-chlorophenol, ~7 μg/ml, see 
Figure 6.6) and chloroxylenol (4-chloro-3,5-
dimethylphenol, ~0. μg/ml) were identified in 
this extract.

Phthalates (especially diethylhexylphthalate 
with m/z=49 as major peak with Tret=29.9 
min and kri=2534) were found showing 
considerable responses. However, as phthalates 
are notorious for contamination of samples 
during clean up in the laboratory, it is doubtful 

if this compound really originates from the 
bile, especially because it also was found 
in gc-msd screens from many more polar 
fractions obtained by rp-hplc. The fatty steroid 
cholesterol was detected in nonpolar residual 
fractions from all locations (see Figure 6.6 
for the river Dommel). Concentrations were 
roughly estimated to be around 230 μg/ml 
bile for North Sea Canal and 20 μg /ml bile 
for river Dommel. In extract from the North 
Sea Canal, several other steroidal compounds 
besides cholesterol with Tret between 36 and 43 
min, were tentatively identified as well, e.g. the 
plant sterol campesterol and the faecal sterol 
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epicholestanol. Although the identification 
of these compounds could not be confirmed 
because standards were not available at our 
laboratories, the presence of these endogenous 
and other steroids in bile is not surprising as 
biliary secretion is a major excretion route for 
these substances.

Triclosan (5-chloro-2-(2,4-
dichlorophenoxy)phenol) was identified in 
the nonpolar residual fraction from locations 
river Dommel and North Sea Canal. The 
chromatogram peak, spectrum, deconvoluted 
spectrum and library spectrum of triclosan are 
shown in Figure 6.6. Concentrations were about 
4 μg /ml bile for North Sea Canal and 80 μg 
/ml bile for river Dommel. This diphenylether 
is commonly used as potent antibacterial and 
antifungal agent in consumer products as 
toothpastes, detergents, household sponges, 
socks and underwear. The occurrence of 
triclosan in the environment has been reported 
before by Boyd et al. (2003) for surface water 
and by Adolfsson-Erici et al. (2002) for human 
breast milk, wastewater, sewage sludge and fish 
bile. Our results reconfirm that this compound 
eventually enters the aquatic environment, 
where it accumulates in fish bile.

To investigate if one or more of the identified 
compounds could be responsible for the 
estrogenic activity in the nonpolar residual 
fractions, concentration curves of identified 
compounds were tested for estrogenicity in the 
Er-calux assay. Chloroxylenol was found to 
be weakly estrogenic (eef=2.35×0¯⁷), as shown 
in the concentration response curve in Figure 
6.2. Concentrations tested higher than 50 μM 
caused visible cytotoxicity. To our knowledge, 
this is the first time the estrogenic activity of 
this compound has been shown. Although this 
antimicrobial agent has been widely used for 
years e.g. as a disinfectant cleaning agent and 
preservative in pharmaceutical and cosmetic 

products (Lear et al., 2002), no reports on the 
occurrence of chloroxylenol in the environment 
could be found. Cholesterol, triclosan and 
clorophene did not show any estrogenic 
behaviour in concentrations up to 0. mM 
(for triclosan shown in Figure 6.), indicating 
that these compounds are not or very weakly 
estrogenic (eef<5×0¯⁸), and not able to explain 
the activity measured. The concentrations in 
the nonpolar residual fraction of chloroxylenol 
and alkylphenols and phthalates, the only other 
identified compounds known to be (weakly) 
estrogenic, were too low to account for the 
estrogenic activity found. It is possible that trace 
amounts of active estrogens were lost during the 
transfer of the extract from dmso to n-hexane 
for gc-ms-ms analysis. Indeed, the extraction of 
β-E2 dissolved in dmso resulted in a mere 24% 
recovery (data not shown).

A closer look at the polarity of the 
compounds detected in the nonpolar fraction, 
revealed, that at the moment the total bile 
extract was taken up into MeOH:H₂O prior 
to the hplc-fractionation, a partitioning took 
place between the polar MeOH:H₂O phase 
and the residual liquid layer remaining on 
the vial surface. Compounds with higher log 
Kow are mostly found in the nonpolar residual 
fraction. However, some compounds are found 
in both their appropriate rp-hplc fraction 
(e.g. triclosan (log Kow=4.76, fraction log Kow 
4–5), clorophene (log Kow=4.8, fraction log 
Kow 3–4) and cholesterol (log Kow=8.74, found 
in fraction log Kow>8)) and in the nonpolar 
residual fraction. For location North Sea Canal, 
40% of the total (hplc fractions+nonpolar 
residual fraction) estrogenic activity was 
found in the nonpolar residual fraction. To 
investigate the repeatability of the partitioning 
over the MeOH:H₂O and the vial surface, 
this step was repeated with freshly prepared 
bile extract from the North Sea Canal. Total 
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estrogenic activity (29.4±0.7 ng eeq/ml bile) 
was in good agreement with the total activity 
measured in the tie study (24.8±.4 ng eeq/
ml bile). However, this time 94% of the total 
estrogenic activity was found in the MeOH:H₂O 
fraction, in stead of 60% in the tie study. As 
the analysis of total estrogenic activity proved 
to be repeatable, no activity was lost during 
extraction and fractionation experiments. Only 
the partitioning of active compounds between 
the responsive fractions differed. Clearly, 
the solvent transfer of chemicals of varying 
polarities as demonstrated by the transfer 

of bile extract from dcm to MeOH:H₂O is a 
delicate process that should always be checked. 
However, the difference in partitioning does not 
influence the compounds detected, the extent 
to which they can explain estrogenic activity 
in their own fractions, the comparison of total 
estrogenic activity between locations, nor the 
interpretation concerning elevated vtg levels 
and intersex prevalence.

Methodological considerations
The tie method developed was successfully 
applied to identify compounds responsible 
for in vitro estrogenic activity in male bream 
bile. Because of bioconcentration of estrogenic 
compounds in this matrix, only 0 μl bile of 
bile is needed to detect and quantify estrogenic 
activity in the Er-calux assay. Another 
advantage of the use of bile in this study is 
the relatively easy extraction and low demand 
on clean up for the Er-calux assay and gc 

Figure 6.6. gc-msd chromatogram of the 
nonpolar residual fraction of male bream bile 
from the River Dommel (top), mass spectrum 
at 4.07 min with the by amdis deconvoluted 
spectrum (middle) and National Institute of 
Standards and Technology reference spectrum of 
the adjudged substance triclosan (bottom).
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analysis. rp-hplc fractionation led to a good 
separation of compounds according to their 
polarity. The necessity to dissolve the extract 
in a rather polar solvent mixture is inherent 
to the chosen rp-hplc fractionation method. 
Our work shows that one should be aware 
of the presence of more nonpolar estrogenic 
compounds, that are incapable of completely 
dissolving in MeOH:H₂O. Therefore, more 
attention should be given to methods for the 
investigation of the chemical nature of more 
nonpolar estrogenic compounds. Due to 
the reduction of complexity of the fractions 
compared to the total extract, further cleanup 
to enable gc analysis was not necessary. The 
chemical screening performed with gc-
msd and amdis software has shown to be a 
powerful tool for the tentative identification of 
compounds. The concomitant use of a sensitive 
gc-ms-ms method for estrogenic hormones 
enabled us to investigate the contribution of 
the natural and synthetic estrogenic hormones 
at environmentally relevant levels. The 
combination of these two chemical analytical 
techniques allows for analysis of the very potent 
known natural and synthetic estrogens and the 
wide range of less potent industrial estrogens 
present in environmental samples.

Causative compounds
This study showed that, in all three locations, 
the majority of the in vitro estrogenic activity 
could be explained by the presence of β-E2. The 
occurrence of unnaturally high concentrations 
of this hormone in male bile could at least have 
two causes. The first one is direct exposure 
of fish in the environment to β-E2, leading 
to uptake and bioconcentration of β-E2 in 
bile. Indeed, the occurrence of estrogenic 
hormones in surface waters and stp effluents in 
ng/l concentrations has been widely reported 

(Desbrow et al., 998; Belfroid et al., 999; 
Snyder et al., 999; Thomas et al., 200; Vethaak 
et al., 2002). Another possibility is exposure 
to other endocrine disrupting compounds 
with the potential to disturb the metabolism 
of endogenous β-E2, for example by inducing 
aromatase activity (Heneweer et al., 2004) or 
inhibiting elimination of β-E2 (Kester et al., 
2002).

High biliary estrogens identified in this 
study correlated well with effects in the bream 
sampled, including elevated vtg plasma levels 
and intersexuality. However, one should be 
aware of the indirectness of the analysis of 
endocrine disruption causing compounds in 
this matrix, because effects are not expected to 
take place in bile but in target organs as gonads 
and liver. In addition, caution should be taken 
when drawing conclusions about the relative 
contribution of β-E2 and other estrogens 
present to the effects observed in bream, based 
on in vitro measurements. In vitro assays cannot 
completely reflect complex in vivo events, 
such as bioavailability and toxicokinetics of a 
compound. Therefore, considerable differences 
between in vitro and in vivo estrogenic potencies 
of compounds have been reported (Metcalfe 
et al., 2000; Metcalfe et al., 200; Legler et al., 
2002c). For example, although the estrogenic 
potencies of pure standards of β-E2 and EE2 
in the in vitro Er-calux assay are comparable 
(Legler et al., 2002c) (Figure 6.), EE2 has been 
shown to be a 4-fold more potent vtg inducer 
than β-E2 in zebrafish (Van den Belt et al., 2003) 
and even a hundred times more estrogenic 
than β-E2 in an in vivo transgenic zebrafish 
assay (Legler et al., 2002c). This suggests that 
the involvement of EE2 in the generation of 
estrogenic effects is larger than expected based 
on in vitro measurements. Remarkably, the river 
Dommel, the only location with elevated vtg 
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plasma levels and intersexuality (Vethaak et al., 
2002), is also the only location with detectable 
EE2 concentrations in bile.

Estrogenic activity in bile reflects the 
animal’s internal dose of estrogens. Therefore, 
measurement of estrogenic compounds in bile 
can be a suitable approach to reduce the gap 
between in vitro and in vivo measurements.
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Abstract

The exposure to and effects of estrogenic 
compounds in male breams from Dutch 
freshwater locations were investigated. 
Ovotestis was observed infrequently (maximum 
frequency 6%). However, plasma vitellogenin 
(vtg) concentration was elevated highly at 
some locations. Estrogenic activities in male 
bream plasma, liver, and in gastrointestinal 
content were measured in the estrogen 
responsive chemical activated luciferase 
gene expression (Er-calux®) assay. Plasma 
concentrations of vitellogenin correlated 
very well with the estrogenic activities in 
gastrointestinal content. The Er-calux activity 
in gastrointestinal content could thus provide 
a biomarker for recent exposure to estrogenic 
compounds and the gastrointestinal content was 
chosen as investigative matrix for the toxicity 
identification and evaluation (tie); bioassay 
directed fractionation) of estrogenic compounds 
in bream. The approach consisted of a reversed 
phase high pressure liquid chromatography 
fractionation of gastrointestinal content 

extract, directed by Er-calux and followed by 
gas chromatography analysis. The estrogenic 
hormones 7β-estradiol and its metabolite 
estrone were identified as major contributors to 
the activity at all locations (except the reference 
location), independent of the presence or 
absence of a known source of estrogenic activity, 
such as a sewage treatment plant. Chemical 
screening showed the presence of other 
pollutants, such as a lower chlorinated dioxin 
and the disinfectants clorophene and triclosan. 
However, these compounds did not have high 
estrogenic potencies and their concentrations 
were not high enough to contribute significantly 
to the observed estrogenic activity.

Introduction

A significant amount of research has been 
dedicated to the phenomenon of endocrine 
disruption in wildlife (Vos et al., 2000). 
Various studies have reported the occurrence 
of estrogenic (feminizing) effects in wildlife 
fish populations in Europe and North America 
(Mills and Chichester, 2005). These effects 
are associated with the exposure to chemicals 
with an estrogenic mode of action (Mills and 
Chichester, 2005). Such estrogenic compounds 
can enter the aquatic environment e.g., by 
industrial and accidental releases and by the 
discharge of effluents from sewage treatment 
plants (stps) (Sumpter, 2005). Indeed, severe 
estrogenic disruption has often been observed 
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in fish dwelling in the vicinity of an stp (Jobling 
et al., 998; Vethaak et al., 2005).

Observed estrogenic effects include 
widespread intersexuality (ovotestis, ot), a 
condition in which oocytes are present in the 
differentiated testicular tissue, such as found in 
fish in the United Kingdom and other countries 
(Jobling et al., 998; Sole et al., 2003), and 
elevated blood plasma levels of vitellogenin 
(vtg) in male fish. Concentrations of vtg, 
which are usually negligible in male fish, can 
rise to tens of milligrams per liter blood plasma 
as a result of exposure to estrogens (Harries 
et al., 996). Therefore, although the adverse 
effects of ot and elevated vtg on a population 
level are still largely unknown (Mills and 
Chichester, 2005), both have been widely used 
to assess estrogenic effects on an individual level 
(Purdom et al., 994; Jobling et al., 998; Harries 
et al., 2002).

In order to identify compounds responsible 
for estrogenic effects observed at specific sites, 
toxicity identification and evaluation (tie), or 
bioassay (effect) directed analysis approaches 
have been applied successfully over the last 
decade (Desbrow et al., 998; Houtman et al., 
2004b; Gibson et al., 2005). In such approaches, 
a sample extract is fractionated until its 
complexity is sufficiently reduced to enable the 
identification of responsible compounds by 
chemical analysis. The fractionation is directed 
by a sensitive bioassay for estrogenic activity, 
such as the in vitro Er-calux assay (Legler et 
al., 999). For additively acting chemicals, the 
part of the activity that can be explained by the 
presence of the identified compounds can be 
calculated by multiplying their concentrations 
with their estrogenic potencies in the bioassay. 
Application of tie approaches to stp effluents, 
surface water, and fish bile samples has led to 
the identification of the natural female steroid 
hormone 7β-estradiol (β-E2), its metabolite 

estrone (E) and the synthetic analogue 
7α-ethynylestradiol (EE2) as compounds 
responsible for the majority of the estrogenic 
activity in certain locations in the vicinity of 
stps (Desbrow et al., 998; Snyder et al., 200; 
Thomas et al., 200; Houtman et al., 2004b). 
In other specific locations, xeno-estrogens, 
such as alkylphenolic compounds (degradation 
products of industrial surfactants), appear to 
contribute significantly to the estrogenic activity 
of stp effluents (Sheahan et al., 2002).

In The Netherlands, an integrated assessment 
of the occurrence and effects of estrogenic 
compounds was performed in 999. Bream 
(Abramis brama), an abundant freshwater 
species in The Netherlands, was chosen as 
investigative species because during its life it is 
exposed to sediment-bound pollutants as well as 
compounds in the water column. It was shown 
that at locations influenced by stp effluent 
extremely high plasma vtg concentrations and 
a high prevalence of intersexuality occurred in 
male bream (Vethaak et al., 2005). As plasma 
vtg concentration and estrogenic activity 
in male bream bile appeared to be strongly 
correlated, it was concluded that the latter may 
provide a useful indication of internal estrogen 
exposure (Legler et al., 2002b). The subsequent 
tie in fish bile identified β-E2, E, estriol (E3), 
and EE2 as major contributors to the estrogenic 
activity observed in bile (Houtman et al., 
2004b).

The current study was performed in 2003 
with male breams from Dutch freshwater 
locations (one reference, two influenced by stp 
effluent and one sedimentation area). The study 
was performed in conjunction with a larger fish 
study that was conducted as part of a European 
study on endocrine disruptors in humans, 
aquatic wildlife, and laboratory animals 
(the eden project). The current study was 
initiated to investigate the current endocrine 
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health status of breams in Dutch freshwaters 
and the exposure to and effects of estrogenic 
compounds. The objectives of the study were 
threefold:

First, estrogenic effects due to possible 
exposure to estrogenic compounds were 
assessed by examination of gonads for the 
presence of oocytes and measurement of plasma 
vtg concentrations. Second, the estrogenic 
activities in sediments, plasma samples of 
individual fish, pooled gastrointestinal content 
samples, and pooled liver samples were 
measured in the Er-calux assay to investigate 
for bream the internal distribution of estrogenic 
activity after exposure to estrogenic compounds. 
It was investigated if estrogenic activity in 
the matrices liver, plasma, or gastrointestinal 
content could serve as biomarker for estrogen 
exposure and therefore could be applied 
to direct a bioassay directed fractionation. 
Third, a bioassay directed fractionation and 
identification (tie) was performed to analyze 
which compounds were responsible for 
the in vitro estrogenic activity measured in 
gastrointestinal content.

Materials and methods

Study sites
Weerribben and Ankeveen (Ref). These sites 
comprise two nature reserve areas. According to 
Dutch measures, these areas are only minimally 
exposed to anthropogenic influences. In 
order to obtain enough material, fish tissues 
and blood samples collected in lakes at these 
locations were pooled and treated as coming 
from one reference site.

Aa (Aa). River Aa is a small river passing the 
small Dutch city of Veghel. Fish and sediment 
were collected close to the site where the river 
receives stp effluent (on average 27% of its 
volume to about 64% in dry periods).

Brabantse Biesbosch (Bb). The Brabantse 
Biesbosch is a unique wetland area in the 
Dutch delta, serving as a sedimentation area 
for main rivers such as Meuse and Rhine. In 
the seventies, most of the tidal influence of its 
open connection with the North Sea came to 
an end due to public water works. The site was 
selected because of the influence contaminants 
introduced by main rivers might have on fish 
endocrine health here.

Dommel (Dom). This small river passes 
through the city of Eindhoven. The Dommel 
receives stp effluent to an average of 38% of its 
volume (increasing to 45% in dry periods).

Environmental sampling
Fish. A total of 66 male breams were collected 
in fall and winter 2003. Unfortunately, at the 
reference site, the target animal size (at least 
40 males per location) was not reached. Fish 
were anesthetized with 3-aminobenzoic acid 
ethyl ester (ms222; 70 mg/l) and length and 
weight were recorded. Blood was collected 
from the caudal vein and transferred into vials 
containing the anticoagulant heparin. Thirty μl 
of a solution of 0. mg/ml aprotinine (protease 
inhibitor) in 0.9% physiological salt was added 
per ml blood. Blood was centrifuged and 
plasma was collected. Fish were decapitated 
and from phenotypic males, the intestinal tract 
was excised and the gastrointestinal content 
was collected. Liver and gonadal tissue were 
collected and weighed. Tissues and plasma 
were stored at –80°C until analysis, except 
gonadal tissue, which was fixed in 4% buffered 
formaldehyde. Three to four scales of each fish 
were collected for age determination from the 
annual rings.

Sediment samples. Surface sediments were 
sampled at the same locations, mixed per 
location, sieved (mesh size 63 µm), freeze-dried, 
homogenized and stored at –20°C.
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In vivo parameters for estrogenic effects
Hepatosomatic index (hsi) and gonadosomatic 
index (gsi) were calculated as organ weight/
total body weight × 00%. The concentration 
of vtg in plasma was measured using a 
competitive enzyme-linked immunosorbent 
assay (elisa) (Lahr et al., 2006). Concentrations 
of vtg in plasma were expressed as ng vtg/ml 
plasma. Gonads were microscopically screened 
for ot (Gerritsen et al., 2006).

Sample preparation for Er-calux 
measurements

All solvents were pro analysis quality or better, 
and purchased from J.T. Baker (Deventer, The 
Netherlands) or Merck (Darmstadt, Germany) 
unless stated otherwise.

Sediment. Five grams of sediment from each 
location was extracted by accelerated solvent 
extraction and cleaned with gel permeation 
chromatography (gpc) as described earlier 
(Houtman et al., 2002), evaporated with N₂ 
at 40˚C until almost completely dry and 
dissolved in 60 μl dimethylsulfoxide (dmso, 
spectrophotometric grade 99.9%, Acros, Geel, 
Belgium) for Er-calux analysis.

Liver. Liver samples were homogenized in 
ice-cold 75 mM sodium acetate buffer, pH 5.0 
(2 ml buffer/g liver), using a blender and a 
Potter-Elvehjem tube and Teflon pestle. Liver 
homogenates were pooled per location into a 
maximum of six pools. The first pool contained 
the material of all animals with ovotestis. Pools 
2 to 6 contained the liver homogenate of the 
animals without ovotestis according to their 
individual vtg concentrations: log (vtg)= and 
2; log (vtg)=3; log(vtg)=4 and 5; log(vtg)=6; 
log(vtg)=7 and 8. Pool groups consisted of 
between one and 26 animals (see right axis of 
Figure 7.). If a pool consisted of more than 3 
animals, the material of only 3 animals was 

used. One ml liver homogenate of each pool 
was deconjugated enzymatically by incubation 
at 37°C for 8 h with 35 μl of a solution of β-
glucuronidase-sulfatase (from Helix pomatia, 
00 µl 400 U/ml dissolved in 0.2% NaCl; Sigma-
Aldrich, Zwijndrecht, The Netherlands). The 
reaction was stopped by addition of one drop 
of concentrated HCl. One ml of H₂O and .5 
ml of isopropanol were added. The mixture 
was sonicated for 0 min and deconjugation 
products were extracted by liquid-liquid 
extraction with 3 ml dichloromethane (dcm). 
Extraction tubes were vortexed for  min 
and centrifuged for 5 min at 500 rpm. The 
dcm fraction was subsequently removed and 
transferred to another test tube. One ml of 
isopropanol and three drops of concentrated 
HCl were added and the extraction was 
repeated to a total of three times. The collected 
dcm fraction was carefully evaporated and 
the amount of extracted lipid was determined 
gravimetrically. The extract was dissolved in 
00 μl dcm and cleaned on NH₂ solid phase 
extraction cartridges (J.T. Baker, 7080-03) 
conditioned with 5 ml MeOH and 5 ml hexane. 
Compounds were eluted with 4 ml MeOH, 
evaporated and dissolved in 60 μl dmso.

Gastrointestinal content. Gastrointestinal 
content samples were treated similarly to 
liver samples, with the following adaptations: 
Gastrointestinal content was homogenized 
with  ml buffer/g gastrointestinal content. 
The deconjugation mixture consisted of 
0.5 ml homogenate, 0.5 ml buffer, and 
35 μl β-glucuronidase-sulfatase solution. 
Gastrointestinal content extracts were dissolved 
in 00 μl dmso.

Plasma. One ml plasma samples of 
individual animals were acidified to pH=3 
with approximately 0 μl phosphoric acid 
(85%, J.T. Baker). Samples were sonicated 
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for 0 min and extracted on C8 solid phase 
extraction cartridges (J.T. Baker, no. 7020-06) 
preconditioned with 2×5ml methanol (MeOH) 
and 2×5 ml H₂O. Cartridges were washed with 
3 ml H₂O and 3 ml 0% MeOH and eluted with 
3 ml MeOH and 3 ml dcm. Extract was dried 
with Na₂SO₄ and dissolved in 30 μl dmso. To 
enable comparison with activities in liver and 
gastrointestinal content, estrogenic activities 
in plasma of individual animals were averaged 
according to their vtg concentrations (as in the 
pooling groups) and were expressed on a lipid 
weight basis using 0 mg lipid/ml plasma as 
estimate of average lipid content in fish plasma 
(A. Brouwer, Institute for Environmental 
Studies, Vrije Universiteit, Amsterdam, The 
Netherlands, personal communication).

Measurement of estrogenic activity in 
sediment, plasma, liver and gastrointestinal 
content

Estrogenic activity was measured with the 
Er-calux assay with stably transfected t47d 
human breast cancer cells (t47d.Luc cells) 
according to Legler et al. (Legler et al., 999) 
with adaptations as described (Houtman et 
al., 2004a). The t47d.Luc cells were obtained 
from BioDetection Systems bv (Amsterdam, 
The Netherlands). A concentration series of 
β-E2 was included on each plate. A sigmoidal 
standard curve (y=a0+a/(+exp(–(x–a2)/a3)); 
with y representing luciferase activity in relative 
light units and x representing the concentration 
of β-E2) was fitted using the software program 
Slidewrite 4.. (Advanced Graphics Software, 
Encinitas, ca, usa). All samples were tested in 
triplicate. The luciferase activities of (dilutions 
of) samples were interpolated in the linear 
range of the β-E2 standard curve. Estrogenic 
activities were expressed as β-E2 equivalents 
(eeq) per gram lipid.

Bioassay directed identification of estrogenic 
compounds in gastrointestinal content

To elucidate compounds responsible for the 
estrogenic activity in the gastrointestinal 
content a bioassay directed fractionation and 
analysis was performed with gastrointestinal 
content of the pools Ref ,2; Aa ,2; Bb 4,5; Aa 
ot; and Dom 7,8.

Six ml gastrointestinal content homogenate 
of each pool was deconjugated and extracted 
as described above. Extracts were filtered on 
a 0.45 μm acrodisc (cr 3, Gelman Sciences, 
Ann Arbor, mi, usa) and fat was removed 
from the extract by repeated (to a total of three 
times) cleanup on a gpc column (Polymer 
Laboratories gel, 0 μm, 50 Å, 600×7.5 mm, 
Varian, Middelburg, The Netherlands) with a 
guard column (0 μm, 50 Å, 50×7.5 mm, Varian, 
Middelburg, The Netherlands) and with .0 ml/
min dcm as eluent. The fraction eluting from 6 
through 26 min was collected. Ten percent of 
the eluate was evaporated and dissolved in 75 μl 
dmso for analysis of estrogenic activity in the 
nonfractionated extract in Er-calux.

The remaining extract was evaporated and 
dissolved in a mixture of 200 μl acetone and 
200 μl MeOH. The extract was fractionated 
according to polarity on a reversed phase high 
pressure liquid chromatography (rp-hplc) 
system (Shimadzu, Duisburg, Germany) at 
22ºC, with a C8 semi preparative column 
(Vydac 2tp50, 5μm, 0.0×250 mm; mobile 
phase initially 50% MeOH and 50% H₂O (4.7 
ml/min), changing linearly to 00% MeOH 
in 50 min) and kept at 00% MeOH during 
40 min (Verbruggen et al., 999; Houtman et 
al., 2004b). Gastrointestinal content extracts 
were injected and four fractions of decreasing 
polarity (0–0:50 min, 0:50–22:57 min, 22:57–
38:05 min, and 38:05–90:00 min) (Houtman et 
al., 2004b) were collected. After quantitative 
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injection, the vial was rinsed with dcm to 
dissolve compounds possibly remaining on the 
vial wall that were too nonpolar to dissolve in 
the carrier solvent prior to fractionation. This 
fraction (the nonpolar residual fraction) was 
dissolved in 75 µl dmso and tested with the 
Er-calux assay without further fractionation. 
Fractions obtained with hplc were dried 
with N₂ at 40°C and split into three portions. 
The first portion of all fractions (0%) was 
evaporated and dissolved in 75 μl of dmso for 
Er-calux measurements, the second portion 
(45%) of fractions  and 2 were used for target 
analysis of known estrogenic compounds on a 
gas chromatograph with an ion trap detector 
in ms/ms mode. The presence of bisphenol 
A (bpa), 7α-estradiol (α-E2), 7β-estradiol, 
7α-ethynylestradiol, estrone, and estriol was 
assessed as described (Houtman et al., 2004b). 
Measured concentrations were multiplied 
with relative estrogenic potencies of the same 
compounds (estradiol equivalence factors 
(eefs), half maximum effect concentration 
of β-E2/half maximum effect concentration 
of compound) to derive estrogenic activities 
caused by the presence of each individual 
compound. This approach was based on 
the concept of concentration addition and 
previously validated for xeno-estrogenic 
compounds in the Er-calux assay (Houtman et 
al., 2006b). Third portions of all fractions (45%) 
were evaporated and dissolved in 50 μl hexane 
for chemical screening on a gas chromatograph 
with a mass selective detector as described 
(Houtman et al., 2004b).

Statistical analysis
To test for differences in characteristics of 
individual animals between the reference 
location and the three other locations, a 
univariate one-way analysis of variance was 
carried out, with a priori contrasts of Aa, 

Bb, and Dom against the reference location. 
Levene’s test was used to evaluate homogeneity 
of error variances. In case of inhomogeneity 
of the data, logarithmic transformed data were 
used. Inspection of the residuals in plots of 
normalized residuals versus predicted values 
confirmed that homogeneity of variances was 
satisfactory and the residuals approached a 
normal distribution after this transformation. In 
the case of ovotestis, heteroscedasticity was not 
resolved by transformation and a nonparametric 
Kruskal-Wallis test was performed instead.

A covariance analysis (ancova) was 
used to determine the effects of location (or 
ovotestis), as fixed factor, and the concentration 
of vtg in plasma on estrogenic activity in 
gastrointestinal content, plasma, or liver, thus 
avoiding confounding effects of different 
vtg concentrations per location. The log-
transformed concentration of vtg was used as 
covariate to approach a linear relationship with 
the log-transformed concentration of estrogenic 
activity. Presence of interaction between the 
covariate and location was tested. As such 
interaction was absent in all analyses, ancova 
without interaction terms were performed. 
Statistical analyses were performed with the 
spss 2.0 statistical software package (spss, 
Gorinchem, The Netherlands). Regression 
analysis was performed with the software 
package Slidewrite Version 4..

Results and discussions

Endocrine animal health
Catch characteristics and general health.
According to their age, all captured bream 
could be assumed to be sexually mature 
(sexual maturation of bream occurs at an age 
of approximately 6–7 years and the expected 
maximum lifetime for bream is approximately 5 
years) (Van Emmerik and De Nie, 2006). Their 
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general physical parameters are provided in 
Table 7.. Male fish from the reference location, 
Aa, and Biesbosch were not significantly 
different in age. Fish from the reference location 
and location Aa did also not differ significantly 
in length and total weight. Breams collected 
at location Dommel had significantly higher 
lengths and weights than at the reference 
location. As breams keep on growing during 
adulthood, this might be associated with the 
higher average age of fish from the Dommel.
Significantly elevated hsi values were found 
for the Aa and Dommel (p<0.0005) and 
Biesbosch (p=0.0) compared to the reference 
location. Exposure to a wide variety of organic 
micropollutants may induce metabolism in the 

liver, which may be reflected in an increase in 
the hsi, but higher values do not necessarily 
correspond with exposure to estrogenic 
compounds (Vethaak et al., 2002).

Biomarkers for estrogenic exposure. Low 
incidence of ot was observed in phenotypic 
males of all locations (between 4% at location 
Dommel and 6% at location Aa; Table 7., 
Figure 7.), except at the reference location 
where ovotestis was absent. Animals from 
Dommel and from Biesbosch with ot (2 
animals at both locations) had many oocytes 
that were randomly distributed throughout the 
testicular tissue. At location Aa this was found 
for only one animal; five other male breams 
from this location had many locally clustered 

Table 7.. General physical parameters and parameters of endocrine health (average±standard 
deviation) in male bream and estrogenic activity in sediment from Dutch freshwaters.

 Reference Aa Biesbosch Dommel

Bream

Males caught 4 55 42 55

Body parameters:    

Age (year) 0±3 ±2 0±3 4±2

Length (cm) 42±7 43±4 47±4 55±5

Total weight (kg) 0.9±0.5 0.9±0.2 .3±0.4 2.3±0.6

Liver    

Liver weight (g) 4±6 7±7 23±7 43±5

hsi (%) .4±0.3 .9±0.4 .7±0.3 .9±0.3

Gonads    

Gonadal weight (g) 5±9 0±5 7±8 26±9

gsi (%) .7±0.7 .0±0.4 .3±0.3 .±0.3

Animals with ot (%) 0 6 5 4

vtg (ng/ml) 2.3 (±4.6)×0³ 2.5 (±3.2)×0⁴ .2 (±2.5)×0⁶ .4 (±2.4)×0⁷

Sediment    

Estrogenic activity¹ 0.59±0.09 0.22±0.03 0.96±0.05 0.73±0.06

(ng eeq/g dry weight)

. Standard deviations for the estrogenic activity in sediment refer to deviation in the results obtained from the analysis of 

a single mixed sample per location. Abbreviations: hsi: hepatosomatic index, gsi: gonadosomatic index, ot: ovotestis, vtg: 

vitellogenin, eeq: estradiol equivalent.
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testis ova and three animals had only a few testis 
ova. Observed ot incidences in the present 
study were remarkably low compared with 
previous observations in male bream from the 
locations Dommel (33% in 999 (Vethaak et al., 
2005)) and Aa (58% in a additional survey in 
2000 (Gerritsen et al., 2003)) and with those 
in populations of roach throughout the United 
Kingdom reported in 998 (Jobling et al., 998). 
Comparably low incidences (0.5–6%) as in the 
present study, however, were reported for bream 
caught in 999 and 2000 in the German river 
Elbe (Hecker et al., 2002). A low incidence of 
ovotestis can sometimes be considered natural 
in certain fish species (Sumpter and Johnson, 
2005). Nevertheless, in this and earlier studies 
in The Netherlands, ot in male bream has not 
been observed at reference sites in this season 

(Gerritsen et al., 2003; Houtman et al., 2004b; 
Vethaak et al., 2005).

The occurrence of ot in fish has been found 
to be associated with the exposure to stp 
discharges containing estrogenic chemicals 
(Jobling et al., 998). And indeed, Dommel and 
Aa are locations that both receive stp effluent. 
Remarkably, also at location Biesbosch, which 
is not directly influenced by stp effluents, a low 
incidence of ot was found.

Measured vtg concentrations in plasma 
of individual male breams were highly varied 
between individuals (from <38 to .5×0⁸ ng/
ml). As concentrations of vtg in plasma of male 
bream above 0³ to 0⁴ ng/ml may be assumed 
to be unnaturally high (Vethaak et al., 2002), it 
is concluded that elevated levels of vtg occur 
at all locations, except at the reference location 
for which background levels were observed. The 
frequency distribution of location Aa showed 
a moderate elevation of vtg concentrations 
(Figure 7.). At the Biesbosch, the frequency 
distribution showed an enormous variation 

Figure 7.. Frequency distribution of the 
logarithm of the concentration vitellogenin (vtg; 
ng/ml) in plasma of male breams from four 
Dutch freshwaters.
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in vtg between the animals. During winter, 
the relatively deep waters at the Biesbosch 
receive fish cohorts migrating from various 
less deep river parts. A possible explanation 
for the variation could therefore be that the 
sampled population at the Biesbosch consisted 
of fish with more varied (recent) history of 
estrogen exposure than at the other locations. 
Dommel was the only location at which vtg 
concentrations were extremely elevated. This is 
a clear sign that estrogenic exposure still occurs 
in Dutch freshwaters, as was seen in earlier 
studies (Vethaak et al., 2005).

Average vtg concentrations per location 
are given in Table 7.. Despite the large 
inter-individual variations in vtg levels, 
concentrations of vtg at Aa, Biesbosch and 
Dommel were significantly higher than at the 
reference location (p<0.0005).

No clear correlation was found between 
vtg concentrations and the development of 
ot in the present study. Location Aa had the 
highest ot incidence (6%) and only moderately 
elevated vtg levels, whereas location Dommel, 
at which extremely elevated vtg levels were 
found, had an ot incidence of only 4%. In some 
previous studies, a positive correlation between 
the two parameters was found (e.g., (Jobling 
et al., 998)); however, this correlation was not 
always observed (e.g., (Allen et al., 999a; Allen 
et al., 999b)). It is conceivable that elevation of 
vtg and ot development, although both related 
to estrogen exposure, are based on different 
mechanisms: ot reflects estrogen exposure in 
the life stage of sexual differentiation of the 
gonads, whereas elevated vtg levels in plasma 
of adult males is due to more recent exposure 
(Vethaak et al., 2002). According to this idea, 
the observations at location Dommel point 
towards a recent exposure that was not present 
at the moment of sexual maturation of the 
investigated males. Observations at Aa might 

imply that animals collected here were exposed 
to estrogens during their sexual differentiation, 
but have not recently been exposed to 
estrogenic compounds.

The gonadosomatic index (Table 7.) at 
locations Aa, Biesbosch, and Dommel, all with 
elevated vtg concentrations, was significantly 
lower than at the reference location (p=0.00 
for location Biesbosch and p<0.0005 for Aa 
and Dommel). The gonadosomatic index is 
sometimes used as an additional biomarker for 
the exposure to estrogens as estrogen exposure 
may lead to inhibition of testis growth (Hecker 
et al., 2002; Annavarapu et al., 2004). An 
inverse relation between the gonadosomatic 
index and plasma vtg concentrations in male 
fish exposed to estrogens has been reported 
(Jobling et al., 998), although decreases in the 
gonadosomatic index have also been observed 
after exposure to non-estrogenic contaminants 
(Jobling et al., 998).

Estrogenic activities in sediment and fish
Sediment. Estrogenic activities in sediment 
measured with the Er-calux bioassay ranged 
between 0.22±0.03 ng eeq/g dry weight for 
location Aa and 0.96±0.05 ng eeq/g dry weight 
for location Biesbosch (Table 7.). Activities 
were comparable with those obtained at 
location Dommel and other Dutch locations 
by Legler et al. (2003). Although differences 
between locations were very small, the relatively 
high concentration at location Biesbosch 
demonstrates that the occurrence of estrogenic 
activity is not confined to locations influenced 
by stp discharges and that other sources of 
estrogens could contribute to the observed 
activity.

Gastrointestinal content. Pooled 
gastrointestinal content differed greatly in 
appearance and moisture. To enable the 
comparison of estrogenic activity between the 
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pools, activities were expressed on an extracted 
lipid basis. The measured estrogenic activities 
(Figure 7.2a) in gastrointestinal content pools 
were all well above the average limit of detection 
(.2 ng eeq/g lipid) and ranged from 27.0±0.5 
ng eeq/g lipid for Ref ,2 to 979±45 ng eeq/g 
lipid for Dom 7,8. After log transformation, a 
significant relation between estrogenic activity 
in the gastrointestinal content and the vtg 
concentration in plasma was found in the 
pools (r²=0.80, p=0.002; Figure 7.3). Estrogenic 
activities of pools consisting of animals with ot 
(marked with an asterisk in Figure 7.3) deviated 
slightly more from the regression line than 
other pools, but did not change the correlation.

In general, gastrointestinal content 
contained unexpectedly high estrogenic 
activity. Concentrations expressed as ng eeq/g 
gastrointestinal content wet weight (between 
.39±0.02 and 47.2±2.2 ng eeq/g) were only 
approximately one order of magnitude lower 
than those formerly obtained for bile in 
comparable locations (Houtman et al., 2004b). 
In fish, estrogens are mainly metabolised by 
conversion to water-soluble metabolites and 
successive conjugation by glucuronidation 
(Förlin and Haux, 985). Excretion via bile 
of the (endogenous as well as xenobiotic) 
estrogen conjugates into the intestines is known 

Figure 7.2. Estrogenic activity expressed as 
estradiol equivalents (eeq; average±standard 
deviation) in (A) gastrointestinal content, (B) 
plasma, and (C) liver samples of male breams 
from four Dutch freshwater locations (a reference 
location [Ref], Aa, Biesbosch [Bb], and Dommel 
[Dom]) plotted against the logarithm of the 
vitellogenin (vtg) concentration (in ng/ml) and 
separately for animals with ovotestis (ot). Results 
shown for gastrointestinal content and liver were 
obtained by the analysis of pooled material. 
Results shown for plasma are results obtained for 
samples of individual animals that were averaged 
per pool. No gastrointestinal content was 
available of pool Dom ot. No liver was available 
for pool Ref 4,5. For plasma samples, an average 
lipid content of 0 mg/ml was assumed.
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to be a major pathway for their elimination 
(Houtman et al., 2004b). Fish that are exposed 
to estrogenic compounds may accumulate 
these compounds in bile to such an extent 
that estrogenic activity may rise several orders 
of magnitude (Larsson et al., 999; Legler et 
al., 2002b; Houtman et al., 2004b; Vine et al., 
2005). The high estrogenic activity measured 
in the gastrointestinal content might thus be 
due to estrogenic compounds that entered 
the gastrointestinal tract in conjugated 
form via bile fluid. In a pilot experiment, no 
significant difference in estrogenic activity of a 
gastrointestinal content sample was observed 
after or without prior deconjugation (data 
not shown), indicating that intestinal bacteria 
might had deconjugated the estrogen conjugates 
already.

Diet is an important route by which fish 
accumulate contaminants, especially for less 
polar compounds (Bruggeman et al., 984). 
Analysis of the content of the stomach can 
serve to directly estimate the dietary intake of 
contaminants in fish, automatically correcting 
for differences in diet due to e.g., season, 
location and diet preference between fish 
(Leonards et al., 997). In the present study, due 
to the likely contribution of bile fluid excreted 
in the intestines, the absolute concentration of 
estrogenic activity measured in gastrointestinal 
content is not fully representative of the 
estrogenic intake of the day. This is also reflected 
by the absence of a clear correlation between the 
estrogenic activites in gastrointestinal content 
and sediment (a major food component) 
in the present study. Nevertheless, as the 
bioconcentration of estrogenic compounds in 
bile in this nonmigratory species depends on 
the dietary intake and possible contributions 
of other exposure routes over the last few 
days at the same location, measurement in 
gastrointestinal content can serve for the 

mutual comparison of internal doses between 
(pools of) fishes from different locations or 
with different effect levels. The present study 
demonstrates that estrogenic activity in pooled 
gastrointestinal content may serve as an equally 
good biomarker as estrogenic activity in bile for 
the internal exposure to estrogenic compounds 
in fish.

Plasma and liver. Estrogenic activity in 
plasma was measured in plasma extracts 
of individual male bream to investigate a 
possible correlation between concentrations 
of estrogenic activity and vtg in plasma on an 
individual basis. The applied method proved 
to be very sensitive with an average limit of 
detection in the present study of only 0.2 pg 
eeq/g lipid. Concentrations ranged over two 
orders of magnitude from .±0. pg eeq/g lipid 
to 2±22 pg eeq/g lipid. Estrogenic activities, 
except those for location Biesbosch, were 
comparable with those obtained with a steroid 
elisa assay in male bream from the German 
river Elbe (Hecker et al., 2002). A correlation 
between the concentration of estrogenic activity 
in plasma and the vtg concentration in plasma 
of the same animal was not observed.

No correlation was observed between 
estrogenic activities in plasma of individual 
fishes or between activity averaged over 
pools and the vtg concentration in plasma 
(Figure 7.2b). However, strong location effects 
were found in estrogenic activity in plasma 
(p<0.0005): concentrations of estrogenic 
activity in fish from location Biesbosch and to a 
lesser extent those from location Dommel were 
much higher than at the reference location for 
all pools. A similar location effect was seen for 
estrogenic activity in liver (p<0.0005), with high 
estrogenic activity in liver pools from location 
Dommel.

Estrogenic activity in pooled liver 
homogenate ranged between 4.7±0.6 ng eeq/g 
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lipid weight and 93±26 ng eeq/g lipid weight. 
As in plasma, estrogenic activities in liver were 
not correlated with vtg concentrations in 
plasma. Levels in pooled liver from location 
Dommel were significantly elevated compared 
with other locations (Figure 7.2c). In contrast to 
plasma, such elevation was not found for levels 
in pooled liver from location Biesbosch.

In the present study, lowest estrogenic 
activities were found in plasma; highest 
activities were measured in gastrointestinal 
content (Figure 7.2). This might reflect the 
extent to which accumulation of estrogenic 
compounds takes place in these matrices. The 
low concentrations of estrogenic activities in 
plasma and liver of fish from the reference 
location reflected the absence of vtg elevation. 
Similarly, the low concentrations observed 
in fish from location Aa together with its low 
estrogenic activity in sediment confirm the 
impression that the observed ot incidence 
in this location is not due to recent estrogen 
exposure. Remarkably, large differences in 
the distribution pattern of activities between 
gastrointestinal content, plasma and liver were 
found with respect to vtg-based pools and 
locations for locations Biesbosch and Dommel. 
From the observed pattern in plasma and liver, 
no clear conclusions could be drawn about 
the possible occurrence of recent exposure 
to estrogenic compounds at these locations. 
Probably, other physiological factors, e.g., 
physiological regulation of concentrations, 
storage, enzyme induction and availability 
of compounds for metabolism, may have 
determined the internal distribution of 
estrogenic activity to a larger extent.

Based on the results of the estrogenic 
activity screening in sediment, gastrointestinal 
content, plasma and liver, it was concluded 
that estrogenic activity in gastrointestinal 
content provided the best biomarker for 

recent internal exposure of male bream to 
estrogenic compounds. Therefore, this matrix 
was used in the last part of the present study 
for the identification of estrogenic compounds 
responsible for the observed activities.

Identification of responsible estrogenic 
compounds
tie approach

A bioassay directed fractionation and 
identification approach was used to identify the 
compounds causing the estrogenic activity in 
gastrointestinal content. Five gastrointestinal 
content pools were chosen for the tie study, 
representing all locations and all effect levels. 
Ref vtg ,2 represented the nondisturbed 
situation. Pool Aa ,2 contained gastrointestinal 
content of fish with low vtg levels from 
the location from which the pool with 
gastrointestinal content of fish showing ot was 

Figure 7.3. Estrogenic activity expressed 
as estradiol equivalents (eeq) in pooled 
gastrointestinal content and vitellogenin (vtg) in 
male bream from four Dutch freshwater locations 
(a reference location [Ref], Aa, Biesbosch [Bb], 
and Dommel [Dom]). r2=0.80; log(vtg)=2.98l
og(estrogenic activity)-.86. Data points marked 
with an asterisk refer to pools of breams with 
ovotestis. 
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Table 7.2. Estrogenic compounds identified in extract fractions of pooled gastrointestinal content of 
male breams and associated calculated estrogenic activities compared with in vitro estrogenic activities 
in the estrogen responsive chemical activated luciferase gene expression (er-calux) assay in the same 
fractions.

 Pool Pool Fraction Estrogenic   Compound   % eeq 

 Location Effect  activity   (ng/g lipid, ng eeq/g lipid)  explained¹

    er-calux bpa α-E2 E β-E2

    ng eeq/g  eef=.3×0¯⁵ ² eef=0.0 ² eef=0.2 ² eef=.00 ²

 Ref vtg 2³ 4.6 ± 0. < lod⁴ < lod⁴ < lod⁴ < lod⁴ —

 Aa vtg 2³ 5.9 ± 2.4 3 (0) < lod⁴ < lod⁴ 7.6 (7.6) 

 Aa ot ⁵ nd⁵ nd⁵ nd⁵ nd⁵ nd⁵ —

   2 32 ±  85.0 (0) < lod⁴ < lod⁴ 53.7 (53.7) 4

 Bb vtg  30 ± 5 284 (0) 9.8 (0.) 79.0 (9.4) 40.5 (40.5) 39

   2 96 ± 7 59.5 (0) 4.3 (0.) 6 (4) 0 (0) 59

 Dom vtg  670 ± 22 3263 (0) 9.3 (0.) 554 (66) 342 (342) 6

   2 679 ± 67 99 (0) 3 (0.) 409 (49) 572 (572) 9

. Calculated as: Σ concentration(compoundI) × eefI  / concentration estrogenic activity × 00%. 2. Estradiol equivalence 

factor (eef) values were taken from (Houtman et al., 2004b). 3. In fractions  of pools Ref ,2 and Aa ,2 no target analysis 

was performed, as the low concentrations of estrogenic activity in these fractions indicated that levels of estrogenic 

hormones would be < lod. 4. < lod: below limit of detection: lod (ng/g lipid) = 7.5 (bpa), 7.2 (α-E2), 57 (E), 6. (β-E2), 

30 (EE2), 84 (E3). 5. Fraction  of pool Aa ot was lost during sample treatment. No er-calux measurement and target 

analysis could be performed. nd: not determined. Abbreviations: bpa: bisphenol A; α-E2: 7α-estradiol; E: estrone; β-E2: 

7β-estradiol; eeq: estradiol equivalent; eef: estradiol equivalence factor; Ref: reference location; Bb: location Brabantse 

Biesbosch; Dom: location river Dommel; vtg: vitellogenin; lod: limit of detection; nd: not determined.

taken. Pool Bb 4,5 contained gastrointestinal 
content of bream with moderately elevated 
vtg levels from a location without an stp in its 
direct vicinity. Finally, pool Dom 7,8 represented 
fish with extremely elevated vtg concentrations 
in their plasma.

The approach used was an adapted version 
of a tie method previously developed for 
bile (Houtman et al., 2004b). Because of the 
presence of a considerable amount of lipid in 
the relatively large gastrointestinal content 
sample needed for tie, a gpc clean up step after 
the extraction was included. In this way on 
average 92±4% lipid was removed, rendering an 
extract clean enough for further processing.

Estrogenic activity in total extracts and 
fractions

Estrogenic activities in nonfractionated extracts 
(Figure 7.4) were comparable with those 
obtained for the same pools in the screening 
(Figure 7.2a). Extracts were fractionated on 
an rp-hplc column into four fractions of 
decreasing polarity (averaged recovery of 
estrogenic activity in fractions compared with 
nonfractionated extract 0±32%).

The distribution of estrogenic activity over 
the fractions was similar for all pools analyzed 
(Figure 7.4). The majority of the activity was 
found in the two most polar fractions, which 
are known to cover the estrogenic hormones 
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(Houtman et al., 2004b). Negligible estrogenic 
activity was found in fraction 3. This indicates 
that alkylphenolic compounds — if present 
eluting in fraction 3 (Houtman et al., 2004b) 
— were not responsible for the estrogenic 
activity in gastrointestinal content in any of the 
pools. Only low activities were measured in 
the nonpolar residual fractions (on average 3% 
of the activity in all fractions), indicating that, 
despite the relatively polar starting conditions 
of the fractionation (MeOH:H₂O; : v/v), the 
procedure covered most estrogenic compounds.

Identification of estrogenic hormones and 
bisphenol A

From the elution profile of the fractionation, 
it could be assumed that estrogenic hormones 
were responsible for the estrogenic activity 
in the active fractions. Fractions  and 2 were 
therefore analyzed for the presence of the 
natural and synthetic hormones β-E2, α-E2, 
E, E3, EE2, and also the relatively polar xeno-
estrogenic compound bpa. Indeed, all these 
compounds, except EE2 and E3, were detected 
in the gastrointestinal content fractions (Table 
7.2).

To calculate the extent to which the 
presence of each of the identified compounds 
could explain the observed activity, 
measured concentrations were expressed in 
concentrations eeq (given between parentheses 
in Table 7.2) by multiplication with the eef 
(provided in the upper part of Table 7.2). 
Except in the reference location pool, bpa 
was detected in high concentrations in all 
pools. Nevertheless, due to its low estrogenic 
potency (.3×0-⁵-fold as potent as β-E2), its 
contribution to the estrogenic activity in the 
fraction was negligible in all pools. Irrespective 
of the location, highest contributions came from 
β-E2 and sometimes E, which were together 
able to explain between 39% of the in vitro 

estrogenic activity in fraction  of pool Bb 4,5 
and % of the activity in fraction 2 of pool 
Aa ,2. It should be noticed, however, that the 
possible presence of the analysed estrogenic 
compounds in concentrations lower than the 
chemically detectable limit might nevertheless, 
due to their relatively high estrogenic potencies, 
have contributed significantly to the estrogenic 
activity measured with Er-calux (theoretically 
up to respectively 39% and 3% of the observed 
activities for pools Aa ot and Bb 4,5 fraction ).

As the measurements were performed 
using an in vitro reporter gene bioassay, one 
should be aware that the calculated relative 
contributions of each compound might deviate 
from the in vivo situation. In the Er-calux 
assay, the full molecular cascade of events 

Figure 7.4. Distribution of estrogenic activity, 
expressed as estradiol equivalents (eeq; average 
± standard deviation) in reversed phase hplc 
fractions of gastrointestinal content extracts 
of male breams from four Dutch freshwater 
locations (a reference location [Ref], Aa, 
Biesbosch [Bb], and Dommel [Dom]). Pool 
names consist of the abbreviation of the sampling 
location and the logarithm of the vitellogenin 
(vtg) concentration (ng/ml) of the animals of 
which material was pooled or ovotestis (ot) for 
the pool with material of animals with ovotestis. 
nd: not determined. Extract of this fraction was 
lost during sample treatment.
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involved in receptor-mediated induction of gene 
expression is included. However, it does not 
have the toxicokinetics of an intact organism. 
Considerable differences between in vitro and 
in vivo potencies of compounds have been 
reported (Metcalfe et al., 2000). For example, 
E, in the present study in vitro approximately 
8-fold less potent than β-E2 (eef=0.2), was 
found to be equally potent as β-E2 (eef=) in 
an in vivo transgenic zebrafish assay (Legler 
et al., 2002c). Nevertheless, the choice of 
gastrointestinal content as the investigative 
matrix for a tie may allow the in vitro analysis 
to be as biologically relevant as possible. The 
estrogenic activity in gastrointestinal content 
may reflect the maximum bioavailable fraction 
of estrogenic activity in fish, consisting of 
estrogens from food as well as estrogens 
excreted after internal metabolism and 
secretion. Comparably, Gibson et al. recently 
showed that profiles of estrogens in roach were 
similar between bile (investigative matrix) and 
target organs (gonads) (Gibson et al., 2005).

Chemical screening for unknown compounds 
in gastrointestinal content

Overall, the detected estrogenic hormones 
could explain between approximately half 
and the entire observed in vitro estrogenic 
activity, depending on the pool. A chemical 
screening with gc-msd was performed to 
investigate the presence of other compounds 
that might provide additional explanation of the 
activity in the estrogenic fractions and to get 
an impression of other polluting compounds 
present in all fractions.

In fraction 2 of pool Dom 7,8 the 
disinfectants clorophene and triclosan were 
identified. These compounds have been found 
previously in fish bile from the same location 
(Houtman et al., 2004b). These compounds, 
albeit in much lower concentrations, were also 

identified in the extracts of pools Aa ,2 and ot. 
In extract from pool Bb 4,5 only triclosan was 
found. The highest peak in the chromatogram 
of fraction 2 of pool Dom 7,8 was identified 
as tentatively coming from the dioxin 2,7-
dichlorodibenzo-p-dioxin. No estrogenic 
activity in the Er-calux assay was observed 
for pure standards of clorophene (Houtman et 
al., 2004b), triclosan (Houtman et al., 2004b), 
and 2,7-dibenzo-p-dioxin, indicating that the 
presence of these compounds in gastrointestinal 
content does not confer an additional 
explanation of the observed estrogenic activity. 
In all pools, endogenous compounds were 
tentatively identified, such as cholesterol 
(predominantly in fractions 5 and nonpolar 
residual fractions) and derivatives thereof, e.g., 
cholestadiene, cholest-4-en-3-one, and the plant 
sterol campesterol that potentially would be 
excreted via biliary secretion in the digestive 
tract. Various types of saturated and unsaturated 
fatty acids and esters thereof were observed 
as well, especially in fraction 4. In fraction 4 
of pools Bb 4,5 hexa- and heptachlorinated 
biphenyls and polycyclic aromatic hydrocarbons 
were tentatively identified. Although these 
compounds are not potent estrogens (and 
indeed are identified in a fraction without 
estrogenic activity), exposure to polychlorinated 
biphenyls or polycyclic aromatic hydrocarbons 
is through other mechanisms associated with 
endocrine health (Vos et al., 2000).

Conclusions

The present study supports earlier studies 
showing that elevated vtg concentrations and 
occurrence of ot are found in bream in Dutch 
fresh waters. Although their direct impacts 
on reproduction need further investigation, 
these parameters are clear indicators of 
estrogen exposure. Ovotestis incidence was 
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low in comparison with earlier studies at 
the same sites; nevertheless, especially at 
location Dommel, extremely elevated vtg 
concentrations were observed.
Estrogenic activity in gastrointestinal 
content pools was significantly related to the 
concentration of vtg in plasma. It can therefore 
be used as a biomarker for the assessment 
of recent exposure to estrogens. Therefore, 
gastrointestinal content was used to investigate 
the nature of the estrogenic contaminants 
responsible for the observed in vitro activity in a 
bioassay directed fractionation.

Major contributors found for all pools were 
the steroid hormones β-E2 and E, together able 
to explain between 39 and % of the activity. 
The present study is not the first to report that 
natural estrogenic hormones contribute the 
greatest proportion of the observed estrogenic 
activity in environmental samples (Desbrow 
et al., 998; Houtman et al., 2004b; Gibson 
et al., 2005; Houtman et al., 2006a). This 

underlines the fact that ‘natural’ compounds 
can cause serious environmental problems if 
present at the ‘wrong’ time or concentration 
(Sumpter and Johnson, 2005). Furthermore, 
the identification of other polluting compounds 
with other mechanisms of endocrine toxicity, 
such as polyhalogenated aromatic hydrocarbons 
and disinfectants, stresses that estrogenicity is 
not the only toxicological endpoint to deserve 
ongoing attention.
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summary

Objectives
This thesis describes several studies on the 
identification of compounds with endocrine 
disrupting activity and the investigation of their 
effects in the aquatic environment. The main 
objectives of the studies were threefold.

The first objective was to survey different 
endocrine disrupting activities in the Dutch 
aquatic environment to investigate whether 
levels justified further research and, if so, 
which of the activities the remainder of the 
studies should focus on. The second objective 
was the development of a bioassay directed 
identification method to investigate the nature 
of the compounds responsible for endocrine 
disrupting activities in environmental samples. 
Application of the developed approaches to 
sediment and fish matrices served the third 
objective of the studies: the identification of 
compounds in the aquatic environment that 
are responsible for the observed endocrine 
disrupting activities.

Chapter summary
The first chapter provides the background and 
the aims of the studies described in this thesis. 
The concept of bioassay directed identification 
is introduced and discussed, because of the 
major role this concept plays throughout the 
presented work. 

Chapter two describes a survey of toxic 
activities that was performed in surface 

sediment samples collected at fifteen locations 
in the Rhine-Meuse estuary area in The 
Netherlands. Four types of endocrine disrupting 
activities were investigated with in vitro 
bioassays, i.e. dioxin-like activity, estrogenic 
activity, anti-estrogenic activity and capacity 
to displace thyroid hormone from its transport 
protein. The relevance of the investigated 
endocrine disrupting activities in relation 
to other toxic activities in aquatic sediments 
was investigated by additional assessment of 
genotoxicity and nonspecific toxic activity. 
The survey demonstrated the presence of all 
investigated types of toxic activity in sediment 
from the sampled locations. Endocrine 
disrupting activities, especially dioxin-like and 
estrogenic, were more present than genotoxic 
and nonspecific toxicities, thereby justifying 
the focus on estrogenic and dioxin-like activity 
in the remainder of the thesis. Estrogenic and 
dioxin-like activities appeared to be widespread. 
Nevertheless, compounds responsible for these 
activities at the investigated locations were 
unknown. One of the locations where high 
dioxin-like activity and considerable estrogenic 
activities were detected was the inner harbour 
of Zierikzee. This location was therefore 
chosen as location for the bioassay directed 
identification study in sediment (Chapter 
five). As er- and dr-calux assays had shown 
to be suitable tools for the very sensitive and 
specific measurement of estrogenic and dioxin-
like activities in sediment, it was concluded 
that these assays could serve to direct the 

Summary and concluding remarks
chapter eight
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fractionation of sediment extracts to identify 
(groups of) compounds responsible for 
endocrine disrupting activitcy. 

To enable the bioassay directed identification 
of endocrine disrupting compounds in the 
aquatic environment, the development and 
validation of a suitable method for their 
extraction was a prerequisite. These are 
described in Chapters three and four.

Chapter three presents the development 
of a sample preparation method for the 
extraction and clean up of sediments for 
bioassay screening that could be integrated in 
a bioassay directed identification approach for 
estrogenic compounds. Because the compounds 
causing the activity in a bioassay are most often 
of unknown nature, the sample preparation 
method should therefore recover a broad range 
of compounds from a sample, to ensure the 
inclusion of the active compounds. This is 
especially important in the bioassay analysis of 
estrogenic activity, as estrogenic compounds 
are very diverse in chemical and structural 
properties. The developed method consisted 
of an accelerated solvent (ase) or soxhlet 
extraction, followed by a non-destructive 
clean up of the extract with gel permeation 
chromatography. Recoveries of a panel of 
seventeen pollutants differing largely in their 
physical-chemical properties that were spiked 
to sediment were determined by chemical 
analysis and appeared to be on average about 
86%. This implied that the method indeed 
provided good recoveries of (possibly active) 
organic environmental pollutants in a broad 
range of physical and chemical properties. This 
additionally allowed the use of the same extract 
for the identification of dioxin-like compounds 
(Chapter five). Furthermore, the estrogenic 
potencies of all test compounds of the spiking 
mixture were individually assessed in the er-
calux assay and the method was applied to 

sediment samples in a small field study. 
Due to the large number of different 

environmental pollutants known to be 
potentially estrogenic, environmental exposure 
to a mixture of (xeno-)estrogens is a realistic 
possibility. Therefore, the combined behaviour 
of mixtures of xeno-estrogens during sample 
pretreatment and er-calux analysis was 
investigated and described in Chapter four. Four 
different mixtures containing three to six xeno-
estrogens were prepared from pure standards 
and concentration-series of the mixtures were 
tested in the er-calux assay. Experimentally 
determined estrogenic mixture effects could be 
well described with effects calculated according 
to the concept of concentration addition, 
indicating that mixtures of (xeno-)estrogens 
behave additively in the er-calux assay. The 
complete method of extraction and clean up 
for sediment (presented in chapter three) was 
then applied to a pure mixture standard and 
sediment spiked with a mixture that contained 
four xeno-estrogens. This biological validation 
of the sample preparation method for sediment 
demonstrated that the additive behaviour of 
(xeno-)estrogens in the er-calux assay is well 
conserved during sample preparation.

Chapters five through seven present 
applications of the bioassay directed 
identification approach to environmental 
samples. 

Chapter five presents the identification 
of estrogenic and dioxin-like compounds in 
sediment sampled at the inner harbour of 
the small town Zierikzee in The Netherlands. 
Together with reversed phase and normal phase 
fractionation and one- and two-dimensional 
gas chromatography techniques, the developed 
sample pretreatment method was integrated to 
a full bioassay directed identification approach. 
Using this approach, it was demonstrated that 
the natural estrogenic hormone 7β-E2 and its 
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metabolite E accounted for the majority of 
the observed estrogenic activity in a relatively 
polar fraction of the extract of sediment from 
Zierikzee harbour. Due to their very high 
estrogenic potencies, only tenths of nanogram 
per gram concentrations of these natural 
estrogens were enough to cause measurable 
estrogenic activity. This result showed the 
occurrence of natural estrogenic hormones 
in sediment at a location not in the vicinity of 
stps. Some estrogenic activity of a relatively 
nonpolar nature remained of unknown identity. 
Dioxin-like activity observed in relatively 
nonpolar fractions could be attributed to the 
presence of various alkylated and nonalkylated 
pahs. pah contamination can originate from a 
wide variety of sources. In the specific case of 
Zierikzee harbour, various activities in the past, 
such as a fuel depot, a gas plant and creotisated 
mooring poles, might have contributed to the 
presence of these compounds.

Chapters six and seven describe two 
field studies in which bioassay directed 
identification was applied to investigate the 
cause of estrogenic effects observed in wild fish 
populations. During an integrated assessment 
of the occurrence and effects of estrogenic 
compounds in Dutch freshwaters in 999 (the 
loes project (Vethaak et al., 2005)), extremely 
high plasma vitellogenin (vtg) concentrations 
and a high prevalence of ovotestis (ot, 
intersexuality) were observed in male bream 
caught at locations receiving stp effluent, such 
as the river Dommel. Plasma vtg concentration 
appeared to be strongly correlated with 
estrogenic activity in bile of male breams. The 
study described in Chapter six used bile as a 
matrix to identify compounds responsible for 
the estrogenic effects in breams from three 
Dutch locations. As for the sediment in Chapter 
five, main contributors to the estrogenic 
activity in male bream bile were the natural 

estrogens 7β-E2 and E. At the river Dommel, 
the synthetic estrogen and contraceptive pill 
component ethynyl estradiol was detected in 
effective concentrations as well. In addition to 
the identification of active estrogens, chemical 
analysis of bile fractions resulted in the 
detection of relatively high concentrations of 
xenobiotic chemicals, such as the disinfectants 
triclosan, chloroxylenol and clorophene.

Chapter seven describes a field study that 
was initiated to investigate the endocrine 
health status of breams in Dutch freshwaters 
and the exposure to and effects of estrogenic 
compounds four years after the loes project. 
Elevated plasma vtg concentrations were 
measured in male breams from the stp effluent 
receiving rivers Aa and Dommel, but also 
at location Biesbosch. The prevalence of ot 
was, however, low. Estrogenic activities were 
measured in sediment, fish plasma, liver and 
gastrointestinal content. Estrogenic activity in 
gastrointestinal content of male breams was 
strongly correlated with vtg concentrations 
in plasma, while estrogenic activity in plasma 
and liver was not. Therefore, estrogenic activity 
in gastrointestinal content was chosen as 
indicator of internal exposure and used for 
the investigation of recent internal exposure 
to estrogenic compounds. A bioassay directed 
identification in gastrointestinal content 
confirmed the important role natural estrogens 
might have in the occurrence of estrogenic 
activities in the Dutch aquatic environment 
nowadays by again assigning 7β-E2 and E as 
main contributors.

concluding remarks

Endocrine disrupting activities in the Dutch 
aquatic environment

This study demonstrated the widespread 
occurrence of endocrine disrupting activities in 
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the Dutch aquatic environment. The occurrence 
of estrogenic and dioxin-like activities have 
been detected before with in vitro bioassays in 
sediments sampled both in The Netherlands 
(Murk et al., 996; Legler et al., 996; Klamer 
et al., 2005; Vethaak et al., 2005) and abroad 
(Vondráček et al., 200; Koh et al., 2002; Fenet et 
al., 2003; Hashimoto et al., 2005). Comparison 
of measured activities between these studies is 
difficult, due to differences in the applied assays, 
investigated sediment particle size fractions and 
applied extraction techniques. Nevertheless, 
these studies show that more than a decade of 
research following the first alarming reports of 
endocrine disruption in wildlife has proven that 
compounds with endocrine disrupting potential 
are found on a virtually global scale.

Directed by the results of the survey of toxic 
activities in sediments (Chapter two), the main 
focus in this thesis has been on estrogenic and 
dioxin-like compounds and their activities. 
However, this does not imply that other types of 
endocrine disrupting activity should not be of 
concern, for chemicals in the environment can 
interfere with endocrine systems by multiple 
mechanisms. For instance, our survey also 
demonstrated the occurrence in sediment 
of compounds with thyroid hormone-like 
activity, i.e. the ability to bind thyroid hormone 
transport proteins. Disruption of thyroid 
hormone homeostasis could have major adverse 
effects in aquatic species like fish (Sumpter, 
2005) and amphibians (Schriks, 2006). The 
experience nowadays obtained for estrogens 
in the environment, as well as the growing 
panel of sensitive bioassays available for other 
steroid hormone-like activities (Sonneveld 
et al., 2005) can help to early monitor other 
types of endocrine disrupting activities, such as 
(anti-)androgenic or progestagenic activities, in 
the aquatic environment.

Steroidal estrogens are important 
environmental estrogens

The natural estrogenic hormone 7β-E2 and 
its metabolite E were identified as the main 
compounds responsible for the estrogenic 
activity in sediment from Zierikzee harbour 
(Chapter five). These compounds, together 
with the even more potent synthetic estrogen 
EE2, were also identified as main contributors 
to the estrogenic activities in fish bile and 
fish gastrointestinal content in male breams 
at most investigated locations (Chapters 
six and seven). The results are in line with 
other investigations addressing natural and 
synthetic steroidal estrogens as the primary 
causative agents of estrogenic activity in the 
aquatic environment, and, more specifically, of 
feminizing effects in fish. Low concentrations 
of highly potent steroidal hormones have also 
been identified as main active estrogens in 
stp effluents (Routledge et al., 998; Körner 
et al., 200; Thomas et al., 200), in fish 
exposed to stp effluents (Larsson et al., 999; 
Gibson et al., 2005; Pettersson et al., 2006) 
and in river sediments (Peck et al., 2004). 
Laboratory experiments confirm that very 
low concentrations of natural and synthetic 
estrogenic hormones suffice to induce 
estrogenic effects in fish (reviewed by Mills 
and Chichester, 2005). Only for certain specific 
locations, often those associated with particular 
industries, estrogenic activities have been (at 
least partly) attributed to high concentrations 
of alkylphenols instead of estrogen hormones 
(Sheahan et al., 2002; Fenet et al., 2003; 
Cespedes et al., 2004; Quiros et al., 2005). This 
implies that natural and synthetic steroidal 
estrogens, and in certain situations alkyl 
phenols, could generally be considered as the 
most likely causes of estrogenic activities in the 
environment. 
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Sources of steroidal estrogens in the 
environment

In general, many organisms, including 
all classes of vertebrates and many plants, 
synthesize estrogenic hormones. And, although 
endogenous hormones have been present 
in the environment for a very long time, the 
growing population and more intensive farming 
have made estrogen excretion by humans and 
livestock an important source of estrogen 
influx in the environment (Lange et al., 2002). 
Excreted hormones and metabolites collected 
in sewer systems end up in stps, where their 
incomplete removal from the influent as well as 
hydrolysis by bacteria can result in the release 
of estrogenic effluent in the environment. 
Estrogens excreted by livestock often do not 
pass stps and may easily enter the environment 
e.g. by field drains and headwater streams on 
farms (Matthiessen et al., 2006). 

In the present studies, the natural estrogens 
7β-E2 and E were detected at locations largely 
influenced by stp effluent (Aa, Dommel), but 
also at locations remote from effluent inputs 
(Biesbosch, Zierikzee), thus illustrating that 
natural estrogens are found in the environment 
not only in the vicinity of stps. Ethynyl 
estradiol was detected only in fish bile from 
river Dommel. The fact that the main use of this 
compound is in female oral contraceptive pill 
treatments and hormone replacement therapies 
agrees with its detection only at a location 
receiving stp effluents. Indeed, EE2 has been 
detected in effluents more often (Routledge et 
al., 998; Larsson et al., 999; Pettersson et al., 
2006), whereas it was not found in 7β-E2 and 
E containing streams running through dairy 
farms (Matthiessen et al., 2006). Sediment from 
Zierikzee harbour contained 7β-E2 and 7α-E2 
in almost equal quantities. In faeces and urine 
of cattle, in contrast to the human endocrine 

system, 7α-E2 is the predominant estrogen. 
This might indicate that livestock is a possible 
source of 7α-E2 at this location. 

Recommendations for future research on 
estrogenic effects in the environment

In this study, elevated plasma vtg 
concentrations and ot were used as biomarkers 
for recent (vtg) or past (ot) exposure to 
estrogens at the level of the individual fish. 
A good correlation was established between 
the estrogenic activities in fish bile or 
gastrointestinal content and levels of vtg in 
plasma of male breams. Also in numerous other 
studies, elevated vtg and high occurrence of 
ot have been found in wild fish exposed to 
estrogens (Mills and Chichester, 2005). These 
biomarkers have thus shown to be valuable 
means to investigate the occurrence of effects at 
the level of the individual fish. 

Effects on the level of individual fish might 
have consequences on the population level. 
However, it is largely unknown if exposure 
to estrogens actually impacts reproductive 
health, leading to reduced sustainability of 
fish populations. A study in which reduced 
reproductive success was observed in wild 
fish with ot (Jobling et al., 2002) indicates 
that this possibility should definitely be taken 
into account. A better understanding of the 
possible population effects of estrogenic 
exposure is urgently needed to investigate if 
fish populations are at risk and how they can be 
protected.

Need for water and sediment quality criteria 
for endocrine disrupting compounds in the 
environment

This study confirmed the widespread 
occurrence of steroidal estrogens in the 
aquatic environment. It is generally agreed 
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nowadays that steroidal estrogens cause 
much of the feminization of fish (Sumpter 
and Johnson, 2005). For this reason, water 
quality criteria for these compounds should 
be implemented. Until recently, research on 
estrogenic compounds in the environment 
was predominantly focused on the water 
compartment. However, sorption studies 
(Lee et al., 2003) and analysis of estrogens in 
sediments (e.g. Peck et al. (2004) and Chaper 
five) have shown that estrogenic hormones are 
lipophilic enough to bind to sediment. Because 
numerous aquatic species live in close contact 
with sediment, this compartment might thus 
be an important source of exposure that has 
been overlooked for some time. More research 
dedicated to the elucidation of the relevance of 
sediment as source of exposure for estrogens, 
compared to water, is needed. This will enable 
the establishment of exposure based quality 
criteria for sediment and water. Such criteria 
could preferably use an integrated measure 
of biological activity (e.g. eeqs) instead of 
maximum safe or allowed concentrations of 
individual compounds, because estrogens are 
generally present as mixtures, and elicit effects 
at concentrations below chemical analytical 
detection levels. In this way, the total activity 
of mixtures of active compounds can be taken 
into account, thus avoiding the chance of 
underestimating the risk posed by combined 
exposure to low concentrations of individual 
compounds that, due to their additive 
mechanism of action, might cause significant 
effects (Sumpter et al., 2006).

As far as dioxin-like activities in 
environmental matrices are concerned, a 
criterion based on an integrated measure of 
activity has been implemented for dredged 
material by the Dutch government (50 pg 
eeq/g dry weight (Ministerie van Verkeer en 
Waterstaat, 2004)). Similar criteria could also 

be developed for sediments. In contrast to 
estrogens, the importance of sediments to bind 
nonpolar dioxin-like compounds has been 
recognized for some time. The criterion now 
valid for dredged material applies to activity 
caused by stable compounds such as dioxins 
and pcbs and is measured in a sample extract 
previously treated with sulphuric acid. However, 
in the present studies, high dioxin-like activities 
were measured especially in sediment extracts 
not treated with sulphuric acid (Chapter two). 
In sediment from Zierikzee harbour, pahs were 
identified as main contributors to this activity 
(Chapter five). These compounds, which are 
not persistent enough to survive treatment 
with sulphuric acid and therefore not present 
in acid treated sediment extracts, would thus 
not be accounted for if the current criterion 
would be applied to sediment from this 
location. Further research investigating the risk 
of exposure to relatively high concentrations 
of these compounds for aquatic species is 
needed to clarify whether there is a need for 
quality criteria for sediments which includes 
dioxin-like activity caused by less persistent 
compounds such as pahs.

Evaluation of the bioassay directed 
identification (bdi) approach

In the present studies, the bdi approach 
has proven to be a powerful tool for the 
investigation of specifically acting potent 
compounds, e.g. estrogenic hormones 
and dioxin-like compounds, in complex 
environmental samples that also contain many 
non or slightly active compounds. 

One of the main advantages of the approach 
is the direct link that can be established between 
a biological effect and identified compounds, 
due to the combination of bioassays (activity 
measurement) and analytical chemistry in 
the same fraction. In this way, compounds 
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are identified based on their potential hazard 
and not only on their occurrence in the 
environment. 

A second advantage is that the portion of 
the activity that is explained by the presence 
of specific identified compounds can be 
quantified. It was demonstrated that mixtures 
of compounds behave additively in calux 
assays. Therefore, determination of potencies 
of pure standards of identified compounds 
and measurement of their concentrations in a 
sample suffice to calculate the proportions of 
activity that could be accounted for by their 
presence. In this way, it could be concluded 
that natural estrogens really accounted for the 
majority of estrogenic activities. 

Another advantage of the applied bdi 
approach is that, as activity was the only 
director of the identification, the analysis could 
be called unbiased, that is all active compounds 
could be detected, not only compounds on a 
precompiled target list. In this way, the bioassay 
directed identification enabled the at the 
start of this study unexpected identification 
of endogenous steroidal hormones as 
environmental pollutants.

A fourth advantage is that, although 
principally aimed at the analysis of estrogens 
and dioxin-like compounds, application of 
sophisticated chemical screening techniques 
also provides other analytical information on 
the sample or its fractions. In this way, the 
presence of other compounds, such as triclosan 
and dichlorodioxin, was revealed in fish bile 
and gastrointestinal content. Their presence in 
the aquatic environment, although they did not 
contribute largely to the investigated effects, 
definitely requires further investigation.

Nevertheless, certain aspects of the 
bdi approach could benefit from further 
development.

A first aspect is that chemical screening 

techniques do not always succeed in the 
detection of active compounds. For example, 
in the present studies target analysis was 
indispensable to detect the natural estrogens, 
because their concentrations were too low in 
the complex fractions to be detected by the 
applied screening technique. Furthermore, both 
in the Zierikzee sediment and in the fish bile 
samples, there were relatively nonpolar fractions 
in which the estrogenic activity, albeit small 
in comparison with the hormone-containing 
fraction, could not be explained. This might 
indicate the presence of very potent compounds 
in concentrations below detection limits. 
However, most xeno-estrogens known to date 
are far less potent than 7β-E2 (Chapter three 
and Blair et al. (2000)), and thus may require 
considerable concentrations to be able to 
contribute to activity at all. Another explanation 
might be the presence of active compounds that 
cannot be detected with gc-based techniques, 
e.g. due to very low volatility or their polarity. 
Identification techniques such as lc-ms have 
not yet found a widespread application in bdi 
studies. Certainly, the implementation of such a 
technique will prove extremely informative.

The main problem for identification, 
however, might be that fractions remained too 
complex or that chemical screening techniques 
do still suffer from a lack of identifying 
and interpretative power to identify low 
concentrations of active compounds in complex 
environmental samples. Similar difficulties 
have been encountered in other studies that 
had to report unidentified estrogens in pore 
water (Thomas et al., 200), or polar dioxin-like 
compounds (Khim et al., 999a) and nonpolar 
estrogens in sediment (Peck et al., 2004). 

From a biological perspective, the translation 
of in vitro results to the in vivo situation 
should be considered. As in most bdi-studies, 
identifications in the present studies were 
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directed by in vitro calux assays. calux assays 
include the full molecular cascade of events 
involved in receptor-mediated induction of 
gene expression. There are strong indications 
that in vitro measurements performed with 
calux assays are indeed indicative for the in 
vivo situation (Legler et al., 2002c; Sonneveld 
et al., 2006). However, in vitro assays do not 
include the toxicokinetics of an intact organism. 
Therefore, considerable differences between 
in vitro and in vivo potencies do occur (Legler 
et al., 2002c). This could imply that relative 
contributions of each compound to in vitro 
activity as calculated in a bioassay directed 
identification might deviate from the in vivo 
situation of wild fish. Therefore, the relative 
contributions of identified active compounds 
to the in vitro effect in a bdi study indicate 
predominantly if all contributing compounds 
have been elucidated or if one should look for 
other contributors. To calculate the individual 
contribution of identified compounds to in 
vivo effects, as necessary for the risk assessment 
of the individual compounds, a correction 
for differences between in vitro and in vivo 
potencies might be necessary.

A possible way to circumvent differences 
between in vitro and in vivo measurements is to 
direct the identification by an in vivo bioassay 
(e.g. Schlenk et al., 2005). From an ethical 
point of view and from cost and efficiency 
considerations, however, limiting the use of 
test animals in in vivo assays is preferred. In the 
present studies, aspects of toxicokinetics were 
included to some extent by the choice of the 
matrices investigated. In vitro estrogenic activity 
was measured in gastrointestinal content and 
fish bile, which were chosen as indicators of 
internal exposure. This activity correlated very 
well with the in vivo plasma vtg concentrations, 
while, on the other hand, estrogenic activity 
in plasma and in liver did not. In addition, 

further research specifically aimed to answer 
the question to what extent in vitro results are 
predictive for in vivo effects should help to 
interpret the results of identification studies that 
are directed by in vitro assays.

Future applications of bdi approaches
Although further development of the approach 
is recommended (see above), the bdi approach 
is an appropriate means to investigate effects 
in the environment that are associated with 
exposure to unknown chemicals. The approach, 
with the scheme shown in Chapter one’s 
Figure .5 as a starting point, can be applied in 
scientific as well as regulatory settings. 

The survey of toxic activities (Chapter two) 
has demonstrated the occurrence of various 
types of endocrine disrupting activities in the 
Dutch environment. The demonstration of such 
activities evokes the question for the elucidation 
of causative agents. The present studies found 
answers to this question as far as estrogenic and 
dioxin-like compounds were concerned, e.g for 
the sediment collected at Zierikzee harbour. 
Comparably, bdi approaches could in future be 
applied in environmental research to investigate 
other types of activities in the environment that 
are of concern from an ecotoxicological point 
of view. An example of a type of activity that 
undoubtedly deserves further investigation is 
the thyroid hormone displacing activity that 
was found in sediment. High potencies to 
displace thyroid hormone from its transport 
protein have recently been demonstrated for 
several flame-retardants (Hamers et al., 2006). 
bdi could allow answering the question to what 
extent other compounds are involved in the 
observed thyroid hormone displacing activities 
in sediment.

The Dutch government is currently focusing 
on the maintenance and improvement of 
ecological quality of the environment instead 
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of the reduction of concentrations of individual 
priority pollutants which are present at very 
low concentrations (Pool and Maka, 2006). 
In this context, it is crucial to recognize that 
sediments play a very important role in aquatic 
ecosystems and the sustainability of ecological 
status. In its policy, the government adheres to 
the chemical and ecological standards that are 
laid down in the Water Framework Directive of 
the European Union. Although this Directive 
does not explicitly recommend the use of 
bioassays for the monitoring of toxic activities 
in the environment, the Dutch government 
has recognized the important role bioassays 
can fulfil to meet the obligations of the Water 

Framework Directive (Van den Heuvel-Greve et 
al., 2005). Bioassays can be used to monitor the 
occurrence of potentially toxic activities in the 
environment caused by polluting compounds. 
In case current chemical analyses do not lead 
to identification of responsible compounds of 
activity at specific locations, the bdi approach 
can be applied to elucidate unknown causative 
agents and their combined effects. The 
identification of active agents is then a first and 
vital step towards the identification of their 
sources, and to measures for the restoration 
of the environmental quality at the concerned 
location.
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Inleiding
Sinds het begin van de jaren negentig van 
de vorige eeuw is er met zekere regelmaat 
melding gemaakt van voortplantingsproblemen 
bij verschillende in het wild levende 
diersoorten op verschillende plaatsen in 
de wereld.Verminderde vruchtbaarheid en 
achteruitgang van de omvang van populaties 
zijn hiervan voorbeelden. Ze zijn waargenomen 
bij bijvoorbeeld zeearenden, panters, 
schildpadden en vissen. De verschijnselen 
worden gezamenlijk aangeduid met de term 
hormoonverstoring (‘endocrine disruption’). 
Een van de mogelijke oorzaken is de 
blootstelling van in het wild levende dieren 
aan chemische verbindingen in het milieu die 
door hormonen aangestuurde processen in 
het lichaam verstoren (hormoonverstorende 
stoffen), bijvoorbeeld door de werking 
van vrouwelijke geslachtshormonen 
(oestrogenen) na te bootsen of te remmen. 
Inmiddels is van veel stoffen vastgesteld 
dat ze inderdaad hormoonverstorende 
eigenschappen hebben en dat blootstelling 
eraan mogelijk tot hormoonverstorende 
effecten zou kunnen leiden. Voorbeelden 
van hormoonverstorende stoffen zijn 
organochloorpesticiden, alkylphenolen 
(afbraakproducten van oppervlakteactieve 
stoffen) en stoffen met een dioxineachtige 
activiteit, zoals polygehalogeneerde aromatische 
koolwaterstoffen en sommige polycyclische 
aromatische koolwaterstoffen (pak’s).

Een van de meest opvallende voorbeelden 

van hormoonverstoring in het aquatische milieu 
is de vervrouwelijking van mannelijke vissen. 
Ovotestis (ook wel intersexualiteit genoemd, 
een aandoening waarbij er eicellen ontstaan in 
het testisweefsel) is een frequent waargenomen 
verschijnsel bij mannetjesvissen in rivieren 
en kustwateren. Een andere waarneming is 
de aanmaak van het dooiereiwit vitellogenine 
(vtg) door mannetjesvissen. Omdat de 
aanmaak van dit eiwit normaal gesproken alleen 
plaatsvindt in volwassen vrouwtjesvissen en 
onder controle staat van oestrogene hormonen 
wordt de aanmaak van vtg in mannetjesvissen 
gebruikt als biomarker voor blootstelling aan 
oestrogene stoffen. 

Ook in Nederland zijn oestrogene effecten 
waargenomen bij vissen. Het was echter nog 
niet bekend welke stoffen deze effecten in het 
Nederlandse aquatische milieu veroorzaken. 
Het onderzoek in dit proefschrift was er daarom 
op gericht de verantwoordelijke stoffen op te 
sporen en te identificeren. Er is gebruik gemaakt 
van zowel biologische als chemisch-analytische 
meettechnieken. Met oestrogeenresponsieve 
(er) en dioxineresponsieve (dr) calux-
assays, is hormoonverstorende activiteit in 
sediment- en vismonsters uit het Nederlandse 
milieu gemeten. Om de stoffen met 
hormoonverstorende activiteit te identificeren 
zijn analytisch-chemische technieken, zoals 
gaschromatografie-massaspectrometrie en 
vloeistofchromatografie, gebruikt. Om uit 
het grote aantal verschillende stoffen in een 
milieumonster de actieve stoffen aan te kunnen 

Hormoonverstorende stoffen op het spoor
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wijzen, is een benadering gekozen waarbij de 
biologische en analytisch-chemische technieken 
werden gecombineerd tot een bioassay-
gestuurde identificatiemethode (‘bioassay 
directed identification’). Hierbij worden door 
middel van fractionering de in het monster 
aanwezige stoffen in groepen (fracties) verdeeld. 
Iedere fractie wordt getest met een calux-assay 
om zo duidelijk te maken in welke fracties 
actieve verbindingen zijn terechtgekomen. 
Deze fracties worden eventueel nog verder 
gefractioneerd en getest totdat de complexiteit 
van de actieve fracties laag genoeg is om daarin 
de stoffen die verantwoordelijk zijn voor de 
hormoonverstorende activiteit te identificeren. 

 
Doelstellingen 

Dit proefschrift beschrijft de verschillende 
studies die zijn uitgevoerd om stoffen met een 
hormoonverstorende werking en hun effecten 
in het milieu te onderzoeken. De doelstellingen 
van het onderzoek waren drieledig.

Het eerste doel was het verkrijgen van een 
algemeen beeld van de aanwezigheid van 
verschillende typen hormoonverstorende 
activiteit in het aquatische milieu in Nederland. 
De vraag was of verder onderzoek naar 
hormoonverstorende activiteit gerechtvaardigd 
was en, zo ja, op welke van de onderzochte 
soorten hormoonverstorende activiteit dan de 
nadruk moest komen te liggen.

Het tweede doel was het ontwikkelen 
van een door een bioassaygestuurde 
identificatiemethode om stoffen aan te tonen die 
verantwoordelijk zijn voor de in milieumonsters 
gemeten hormoonverstorende activiteit.

Het derde doel was de identificatie van 
stoffen die verantwoordelijk zijn voor 
hormoonverstorende activiteit in het aquatisch 
milieu. Hiertoe is de ontwikkelde methode 
toegepast op sedimentmonsters en op 
verschillende vismatrices.

Hormoonverstorende activiteiten in het 
aquatische milieu

Als eerste is de aanwezigheid van verschillende 
soorten hormoonverstorende activiteit 
in het Nederlandse aquatische milieu 
onderzocht (hoofdstuk twee). Op vijftien 
locaties in het mondingsgebied van de 
Rijn en Maas is sediment verzameld. Met 
in vitro bioassays zijn hierin vier soorten 
hormoonverstorende activiteit gemeten, 
namelijk dioxineachtige activiteit, oestrogene 
en anti-oestrogene activiteit en capaciteit 
om het schildklierhormoon van zijn 
transporteiwit te verdringen. Om het belang 
van de mate waarin hormoonverstorende 
activiteit gevonden wordt te vergelijken met 
dat van andere toxische activiteiten in het 
milieu zijn ook genotoxische en a-specifieke 
toxiciteit in de sedimentmonsters gemeten. 
Alle onderzochte soorten toxische activiteit 
werden aangetroffen. Met name oestrogene 
en dioxineachtige activiteit kwamen veel 
voor. Dit rechtvaardigde de focus op deze 
soorten hormoonverstorende activiteit in de 
rest van het onderzoek. Hoewel oestrogene 
en dioxineachtige activiteit wijdverspreid 
bleken te zijn, was niet bekend welke stoffen 
op de onderzochte locaties deze activiteiten 
veroorzaakten. Sediment uit de binnenhaven 
van Zierikzee, een van de locaties met hoge 
dioxineachtige en oestrogene activiteit, is 
daarom later in het onderzoek gebruikt voor 
een bioassaygestuurde identificatiestudie 
teneinde de verantwoordelijke verbindingen te 
identificeren.

Ontwikkeling van de bioassaygestuurde 
identificatiemethode

De in het eerste deel van het onderzoek 
gebruikte er- en dr-calux-assays bleken in 
staat zeer gevoelig en specifiek respectievelijk 
oestrogene en dioxineachtige activiteit te meten. 
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Deze assays werden daarom uitgekozen in de 
te ontwikkelen methode om de identificatie 
van hormoonverstorende stoffen aan te sturen. 
Vervolgens is er een methode ontwikkeld 
voor de monstervoorbewerking van sediment 
(hoofdstuk drie). De methode moest een zo 
breed mogelijke groep van stoffen uit het 
monster kunnen extraheren, zodat zoveel 
mogelijk actieve verbindingen meekomen. 
Met name bij de analyse van oestrogene 
activiteit is dit belangrijk, aangezien oestrogene 
verbindingen onderling zeer verschillen 
in fysisch-chemische eigenschappen. De 
ontwikkelde methode bestaat uit een accelerated 
solvent (ase)- of soxhletextractie gevolgd 
door een niet-destructieve opzuivering van 
het extract op een gelpermeatiechromatografi
ekolom. Met chemische analyse is vastgesteld 
dat de methode goede opbrengsten oplevert 
voor stoffen in een breed spectrum van 
fysisch-chemische eigenschappen. Hierdoor 
kan extract dat met deze methode bereid is, 
gebruikt worden voor de identificatie van zowel 
oestrogene als dioxineachtige stoffen. 

In het milieu is blootstelling aan een mengsel 
van verschillende stoffen een reële mogelijkheid. 
Hierom is bij de biologische validatie van de 
methode speciale aandacht besteed aan het 
gedrag van mengsels van (xeno-)oestrogene 
stoffen tijdens monstervoorbewerking en 
analyse in de er-calux-assay (hoofdstuk vier). 
Mengsels van xeno-oestrogene stoffen bleken 
zich additief te gedragen in de er-calux-assay. 
Hun gezamenlijke effect kwam goed overeen 
met dat wat berekend kon worden op basis 
van hun individuele activiteit en concentratie 
volgens het concentratie-additieconcept. Ook 
wanneer de ontwikkelde monstervoorbewerkin
gsmethode werd toegepast op een mengsel van 
xeno-oestrogenen of op een sedimentmonster 
waaraan een mengsel van xeno-oestrogenen 
was toegevoegd bleek hun additieve 

mengselgedrag in de er-calux-assay behouden 
te blijven. Om te komen tot een volledige 
bioassaygestuurde identificatiemethode is de 
ontwikkelde monstervoorbewerkingsmetho
de gekoppeld aan verschillende combinaties 
van reversed phase en normal phase hplc 
fractionering en een- en tweedimensionale 
gaschromatografietechnieken.

Toepassingen van bioassaygestuurde 
identificatie op milieumonsters 

De eerste toepassing van bioassaygestuurde 
identificatie die beschreven is, is de identificatie 
van oestrogene en dioxineachtige stoffen in 
sediment uit de binnenhaven van Zierikzee 
(hoofdstuk vijf). Het natuurlijke oestrogene 
hormoon 7β-E2 en zijn afbraakproduct E 
bleken verantwoordelijk te zijn voor het grootste 
deel van de oestrogene activiteit in relatief 
polaire fracties van het extract van dit monster. 
De natuurlijke oestrogene hormonen zijn zeer 
potente oestrogenen. Daardoor waren de zeer 
lage concentraties waarin deze stoffen aanwezig 
waren (tienden van nanogrammen per gram 
sediment) genoeg om meetbare oestrogene 
activiteit te veroorzaken. Ook in een relatief 
apolaire extractfractie werd wat oestrogene 
activiteit gemeten. Hiervan is de identiteit 
echter niet achterhaald. Dioxineachtige activiteit 
werd gemeten in relatief apolaire fracties. Deze 
activiteit kon worden toegeschreven aan de 
aanwezigheid van verschillende gealkyleerde en 
ongealkyleerde pak’s. In de binnenhaven van 
Zierikzee hebben in het verleden verschillende 
activiteiten plaatsgevonden die bijgedragen 
kunnen hebben aan het vrijkomen van pak’s. Zo 
hebben er vroeger een brandstofdepot en een 
gasfabriek gestaan en werden er meerpalen met 
teer behandeld. 

Vervolgens zijn twee veldstudies beschreven 
waarbij bioassaygestuurde identificatie 
is toegepast om oestrogene effecten in 
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vispopulaties te onderzoeken. Een grootschalig 
onderzoek naar oestrogene stoffen en effecten 
in Nederlandse oppervlaktewateren (het 
loes-project) had het voorkomen aangetoond 
van extreem verhoogde concentraties vtg in 
plasma en van ovotestis in mannetjesbrasem 
van locaties die effluent van een rioolwate
rzuiveringsinstallatie ontvangen, zoals het 
riviertje de Dommel bij Eindhoven. De 
concentratie vtg in plasma bleek toen sterk 
gecorreleerd aan de oestrogene activiteit in 
gal van mannetjesbrasem. In het onderzoek 
beschreven in hoofdstuk zes is gal daarom 
gebruikt als matrix waarin de stoffen konden 
worden aangetoond die verantwoordelijk zijn 
voor de oestrogene effecten in mannetjesvissen 
op drie locaties in Nederland. Net als bij het 
sedimentmonster uit hoofdstuk vijf bleken 
de natuurlijke oestrogenen 7β-E2 en E de 
grootste bijdrage te leveren aan de oestrogene 
activiteit in gal. Bij vissengal uit de rivier de 
Dommel bleek bovendien het synthetische 
oestrogeen ethynyloestradiol in werkzame 
concentraties aanwezig. Behalve de actieve 
oestrogene stoffen leverde chemische analyse 
van de galextractfracties ook de identificatie 
op van andere xenobiotische stoffen in 
relatief hoge concentraties, bijvoorbeeld de 
desinfectiemiddelen triclosan, chloorxylenol en 
cloropheen. 

De laatste veldstudie is uitgevoerd om vier 
jaar na het loes-project de blootstelling van 
brasems aan oestrogene stoffen en de effecten 
daarvan in Nederlandse oppervlaktewateren 
opnieuw te onderzoeken (hoofdstuk zeven).
Verhoogde concentraties vtg in plasma zijn 
gemeten bij mannetjesbrasems uit de effluent 
ontvangende riviertjes de Aa en de Dommel, 
maar ook bij brasems uit de Biesbosch. 
Intersexualiteit kwam echter nauwelijks voor. 
Oestrogene activiteit is gemeten in sediment, 
vissenplasma, -lever en -maagdarminhoud. In 

tegenstelling tot die in lever en plasma, bleek 
de oestrogene activiteit in maagdarminhoud 
sterk gecorreleerd aan de concentratie vtg in 
plasma. Daarom is de oestrogene activiteit in 
maagdarminhoud gebruikt als biomarker voor 
recente interne blootstelling van de vis aan 
oestrogene stoffen. De vervolgens uitgevoerde 
bioassaygestuurde identificatiestudie wees 
opnieuw 7β-E2 en E aan als stoffen die de 
gemeten oestrogene activiteit grotendeels 
kunnen verklaren. Dit bevestigt de belangrijke 
rol die de aanwezigheid van natuurlijke 
oestrogene hormonen mogelijk heeft ter 
verklaring van het optreden van oestrogene 
effecten in het Nederlandse aquatische milieu. 

Slotopmerkingen
Dit onderzoek heeft aangetoond dat 
hormoonverstorende activiteiten wijdverbreid 
zijn in het Nederlandse aquatische milieu. 
De nadruk in dit onderzoek heeft gelegen 
op oestrogene en dioxineachtige stoffen. 
Dit betekent echter niet dat andere soorten 
hormoonverstorende stoffen in het milieu 
geen aandacht verdienen. De ervaring die nu 
is opgedaan voor oestrogene en dioxineachtige 
stoffen in het milieu, samen met het groeiende 
aantal gevoelige bioassays dat beschikbaar komt 
voor steroidhormoonachtige activiteiten, vormt 
een goede basis voor het onderzoek naar andere 
soorten hormoonverstorende activiteit in het 
aquatisch milieu, zoals (anti-)androgene en 
progestagene activiteit. 

De natuurlijke oestrogenen 7β-E2 en 
E, samen met het synthetische oestrogeen 
ethynyloestradiol, zijn in dit onderzoek 
geïdentificeerd als stoffen die de belangrijkste 
bijdrage leverden aan de oestrogene activiteit 
in het milieu. Ook in buitenlandse studies is dit 
vaak het geval geweest, hoewel in zeer specifieke 
gevallen oestrogene activiteit soms grotendeels 
kon worden toegeschreven aan alkylphenolen. 
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In het algemeen kunnen natuurlijke en 
synthetische steroïdale oestrogenen dus 
beschouwd worden als de meest waarschijnlijke 
veroorzakers van oestrogene activiteit in het 
aquatisch milieu. 

Oestrogene hormonen kunnen via 
verschillende routes in het milieu terechtkomen. 
Een belangrijke route vormt uitscheiding 
door de mens. Natuurlijke oestrogenen, maar 
ook synthetische, zoals ethynyloestradiol, 
voornamelijk gebruikt als anticonceptivum en 
hormoonvervanger, kunnen via het rioolwater 
in het milieu terechtkomen. In dit onderzoek 
zijn deze stoffen inderdaad aangetroffen in 
brasems in wateren waarop effluent van rioolwa
terzuiveringsinstallaties wordt geloosd, zoals de 
Dommel en de Aa. Door landbouwhuisdieren 
uitgescheiden oestrogenen, vaak niet 
opgevangen in een riool, vormen echter ook een 
belangrijke bron van oestrogenen in het milieu. 
Mogelijk is dit van invloed geweest op het 
aantreffen van natuurlijke oestrogene hormonen 
op locaties die geen effluent ontvangen, zoals de 
Biesbosch en de haven van Zierikzee. 

Effecten van blootstelling aan oestrogene 
stoffen op brasem, zoals ovotestis en verhoogd 
vtg, zijn in dit onderzoek aangetoond op het 
niveau van de individuele vis. Of in de huidige 
situatie blootstelling aan oestrogene stoffen 
ook effecten op populatieniveau veroorzaakt, 
is echter nog grotendeels onbekend. Nader 
onderzoek is dan ook nodig om vast te stellen 
of vispopulaties gevaar lopen en hoe we ze 
kunnen beschermen. Een van de middelen om 
populaties tegen hormoonverstorende effecten 

te beschermen is het invoeren van normen voor 
hormoonverstorende stoffen in bijvoorbeeld 
oppervlaktewater en sediment. Het verdient 
de voorkeur zulke normen uit te drukken in 
een eenheid van activiteit, zoals eeq en teq, 
aangezien de norm dan betrekking heeft op de 
som van alle actieve verbindingen en er zo ook 
rekening kan worden gehouden met de risico’s 
van blootstelling aan mengsels van stoffen met 
een bepaalde activiteit.

Dit onderzoek toont aan dat de 
bioassaygestuurde identificatiemethode zeer 
geschikt is voor het identificeren van stoffen 
met een specifiek werkingsmechanisme, 
zoals oestrogene en dioxineachtige stoffen, in 
complexe milieumonsters. Door de integratie 
van biologische en chemisch-analytische 
technieken worden de sterke kanten van beide 
technieken in deze methode optimaal benut. 
De methode zou nog verder verbeterd kunnen 
worden door verhoging van de identificatieve en 
interpretatieve kracht van chemisch-analytische 
technieken en door nader onderzoek naar de 
vertaling van in vitro effecten, bijvoorbeeld 
die in calux-assays, naar de in vivo situatie in 
het veld. De ervaring die nu is opgedaan met 
bioassaygestuurde identificatie van oestrogene 
en dioxineachtige stoffen in het milieu geeft 
aan dat deze benadering ook in de toekomst, 
zowel in een wetenschappelijke context als 
van overheidswege, ingezet kan worden 
voor onderzoek naar effecten in het milieu 
die vermoedelijk worden veroorzaakt door 
onbekende verbindingen.
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How great a being, Lord, is thine,
which doth all beings keep!

Thy knowledge is the only line
to sound so vast a deep.

Thou art a sea without a shore,
a sun without a sphere;

thy time is now and evermore,
thy place is everywhere.

From ‘How shall I sing that majesty’
John Mason (645–694)

tracing endocrine disruptors





4242

pictures at an exhibition



43

pictures at an exhibition



pictures at an exhibition

44


