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1.1. Identifying endocrine disruptors by effect-directed analysis (EDA) 

The endocrine system - the complicated net of glands, hormones and receptors responsible for the development of 

gender characteristics, the reproductive system, brain and nervous system and furthermore for the regulation of 

metabolic processes during the entire life time - is vulnerable to environmental contamination (Colborn et al. 1993, 

Golden et al. 1998, Safe 2000, Hotchkiss et al. 2008). A variety of man-made chemicals, such as agrochemicals, 

pharmaceuticals, flame retardants, detergents, plasticizers, and personal care products can inadvertently interfere with 

the endocrine system of humans and wildlife and may block or stimulate the effects of hormones and lead to 

developmental and reproductive disorders (Kavlock et al. 1996, Snyder et al. 2003). 

Interdisciplinary approaches combining chemistry, physics, biology and toxicology aim to gain knowledge about the 

fate, complicated exposure routes and modes of action of the endocrine disrupting compounds (EDCs) in the 

environment and their consequences for human and wildlife health. One of the current challenges is to identify 

emerging compounds with endocrine disrupting activity in complex environmental samples.  

Effect-directed analysis (EDA) is a promising integrated tool for the characterization of compounds that are capable 

of causing adverse effects. EDA is based on successive rounds of fractionation steps, chemical analyses and in vitro or 

in vivo biotesting, enabling the identification of environmental pollutants (e.g. EDCs) in complex environmental 

matrices such as water, sediment, air, and soil, which may be responsible for the measured effect in the bioassay 

(Brack 2003, Bakker et al. 2007). The thematic setup of EDA is depicted in Figure 1.1. The samples that show 

adverse effects in the bioassay are fractionated, classified based on chemical properties. The subsequent rounds of 

fractionation reduce the complexity of the sample to a limited number of candidate compounds and improve the 

possibility to unravel their chemical identity. EDA thus is capable of identifying biologically relevant, causative 

compounds and linking chemical pollution to measurable ecotoxicological effects. 

In recent years, a lot of EDA research has been done in relation to the aquatic environment, for the development of 

novel tools to support legislation such as the European Water Framework Directive and the Marine Strategy 

Framework Directive. The ‘classical’ approach – environmental monitoring based on chemical analysis of priority 

pollutants – may overlook the presence of bioactive chemicals due to the great diversity of environmentally occurring 

contaminants (Borja et al. 2008) and the narrow windows of the cleanup techniques that exclude many compounds. 

EDA is thus a suitable tool for investigative monitoring to unravel cause-effect relationships of aquatic pollutants in 

water ecosystems. 
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Until now other fields of application of EDA have remained under-exposed, but EDA is expected to find a more 

prominent role in other research areas including human health through e.g. the implementation in exposomics 

research.  

 

 

 

 

 

 

 

 

Figure 1.1. Schematic design of effect-directed analysis (EDA) that is an iterative procedure of biological 

analysis, fractionation and chemical analysis to identify toxicants in environmental matrices 

1.2. Setting the scene and challenges in EDA studies for endocrine disruption 

The historical roots of EDA go back to the 1980’s (e.g. Samoiloff et al. 1983). Given the continuous problems in 

chemical monitoring of pollutants in environmental matrices due to their complex composition, it was recognized that 

the conjunction of short-term bioassays and chemical class fractionation schemes - according to acid-base properties 

or polarity of chemicals - greatly simplifies the process of identifying toxicants in complex environmental samples 

(Fernandez et al. 1992). The “bioassay-directed chemical fractionation” approach was described by Schuetzle and 

Lewtas (1986) and then widely applied to various sample matrices, like sediments (Grifoll et al. 1990) and dissolved 

and particulate water phases (Grifoll et al. 1992), initially for identifying mainly mutagenic agents. 

Marine and freshwater ecosystems, however, are also susceptible targets for endocrine disruption through significant 

release of chemicals from industries, sewage treatment plant (STP) effluents and through accidents into rivers, lakes, 
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and the sea (e.g. spills, run-off and atmospheric deposition) (Kavlock et al. 1996, Sumpter et al. 2005). EDA is also a 

valuable approach in the characterization of hazardous endocrine-disrupting substances in the aquatic environment as 

is shown in a number of encouraging examples. For instance Thomas and co-workers (2004) investigated ER agonist 

potency of offshore produced water discharges and characterized isomeric mixtures of C1 to C5 and C9 alkylphenols 

mainly accounting for the measured activities. Houtman et al. (2006) demonstrated the major contribution of natural 

estrogenic hormones, such as 17β-estradiol (E2) and its metabolite, estrone (E1) to the measured estrogenic activity in 

sediment extract from Zierikzee harbour (The Netherlands). In the same study dioxin-like activities could be 

explained by various alkylated and non-alkylated polycyclic aromatic hydrocarbons (PAHs). Brack et al. (2005) 

investigated carcinogenicity and mutagenicity in sediment extracts from the river Neckar basin (Germany). That study 

revealed that compounds responsible for the major part of the activities were mainly non-priority pollutants, such as 

11H-indeno[2,1,7-cde]pyrene, methylbenzo[e]pyrene and methylperylene. Weiss et al. (2011) characterized (anti-

)androgenic compounds by EDA in sediment from the river Schijn (Belgium): polycyclic musks (galaxolide, tonalide 

and traseolide), organophosphates (tris-(2-ethylhexyl) phosphate and tris-(2-chloroisopropyl) phosphate), steroids 

(nandrolone and 5α-androst-16-en-3-one) and oxygenated polycyclic aromatic compound (7 H-Benz[dh]anthracen-7-

one). Schmitt et al. (2012) found contaminants with estrogenic potential in sediment sample from river Elbe 

(Germany), such as 4-iso-nonylphenol (NP), bisphenol A (BPA), stigmasterol and chlorophene, besides natural 

estrogens (E1 and E2).  

1.3. Toxic endpoints in EDA 

The selection of toxicological endpoints for an EDA study is crucial and largely pre-determines the character of the 

identified toxicants. The very first integrated studies - applying the earlier mentioned bioassay-directed chemical 

analysis- focused on the characterization of genotoxic agents in the aquatic environment after mutagenic/carcinogenic 

compounds have been identified in drinking waters (Tabor and Loper 1980, Kronberg et al. 1991). 

Mutagenic/carcinogenic compounds may induce genetic information damage or mutations within the cells and thus 

increase the risk of cancer in humans and animals (Fang et al. 2012). For example Grifoll et al. (1990) investigated 

genotoxic compounds in riverine and marine sediments collected in the vicinity of Barcelona (Spain) and also 

dissolved and particulate phases of the rivers Besos and Llobregat (Spain) in densely populated, industrialized areas. 

Marvin and co-workers (1993) analyzed genotoxic components in sediments from Hamilton Harbour (Canada) using 
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EDA. Thomas et al. (2002) characterized the mutagenic activity of sediments and sediment pore waters from polluted 

river estuaries in the UK combining chemical fractionations with a mutagenic activity bioassay and positively 

identified a number of compounds contributing to the observed mutagenic activity (like PAHs, nitro-polycyclic 

aromatic compounds [nitro-PACs], oxygenated-PACs and polycyclic aromatic ketones [PAKs]) .  

The most frequently investigated toxic endpoints associated with endocrine disruption in EDA are estrogenic and 

(anti-)androgenic activities in mainly abiotic environmental compartments, such as sediment (Thomas et al. 2002 

and 2004, Houtman et al. 2006, Weiss et al. 2009, Schmitt et al. 2012, Higley et al. 2012), sewage effluents (Desbrow 

et al. 1998, Grung et al. 2007) and offshore production water discharges (Thomas et al. 2004, Kaisarevic et al. 2009, 

Grung et al. 2011). Estrogenic and androgenic chemicals may bind to intracellular receptor proteins for these steroid 

hormones and induce hormonal effects in cell cultures, animals and humans (Colborn et al. 1993). They thus interfere 

with the synthesis, metabolism, binding or cellular responses of natural estrogens and androgens, whose normal role is 

to stimulate and control the development and maintenance of feminine and masculine characteristics (Colborn et al. 

1993, Hotchkiss et al. 2008, Creusot et al. 2013). 

Until now less attention has been devoted to the identification of compounds linked to thyroid hormone disruption. 

Thyroid hormones (THs) thyroxine (T4) and triiodothyronine (T3) are critical for normal growth and differentiation of 

many tissues and organs and for metabolic regulation in higher organisms. In addition, THs play an important role in 

the perinatal development of the central nervous system (Brucker-Davis 1998, Patrick et al. 2009, Zoeller et al. 2002). 

The thyroid function depends on uptake of iodide, synthesis and storage of THs in the thyroid gland, their stimulated 

release into and transport through the circulation, the catabolism and clearance of circulating THs by the liver and 

kidneys, the cellular TH uptake, the peripheral (in)activating metabolism of TH by iodothyronine deiodinases, the 

transcriptional activity of TH receptors (TRs), and the TH-regulated gene expressions (Patrick, 2009). Environmental 

chemicals may interfere with thyroid homeostasis through many mechanisms of action at different points of the 

regulation along the hypothalamic-pituitary-thyroid (HPT) axis that controls the synthesis and secretion of THs or 

directly via nuclear receptors. Chemicals such as perchlorate, chlorate, bromate and phthalates may for instance 

decrease TH synthesis by inhibition of the iodide uptake into the thyroid gland. Other examples of compounds that 

interfere with thyroid homeostasis are nonylphenol, methimazole and amitrole that inhibit thyroid peroxidase thus 

blocking incorporation of iodide into thyroglobulin, the stored form of T4 (Boas et al. 2006, Crofton et al. 2008). 

Chemical disruption of T4/T3 metabolism possibly caused by polychlorinated biphenyls (PCBs), hydroxylated PCBs, 

triclosan and pentachlorophenol can influence deiodinase, glucuronylsyltransferase  and sulfotransferase activity, and 
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may ultimately result in increased biliary elimination of T4/T3 (Boas et al. 2006, Crofton et al. 2008). Other 

xenobiotics (e.g. tetrabromobisphenol A, bisphenol A and hydroxylated PCBs) alter activation of TH dependent gene 

transcription through thyroid receptors (Boas et al., 2006, 2009 and 2012, Kashiwagi et al. 2009, Jugan et al. 2010, 

Massart et al. 2012). Ultimately, the displacement of T4/T3 from the transport proteins (e.g. thyroid binding globulin, 

transthyretin and albumin) by xenobiotic chemicals may result in decreased ability of THs to reach their target tissues 

and in increased clearance of T4/T3 circulating free in the blood stream (i.e. unbound to transporter proteins). In 

addition, binding of xenobiotics to TH-transporters may facilitate their transport into the foetus (Van den Berg et al. 

1991, Brouwer et al. 1998). For instance, metabolites and derivatives of PCBs, several brominated flame retardants 

and phenol compounds are known to have the potential to displace the thyroid hormone from its transport protein 

transthyretin (TTR), and to interfere with the TH delivery to the developing brain (Zoeller et al. 2000 and 2002, Boas 

et al. 2012). Given the complexity of the thyroid homeostasis and the variety of pathways by which thyroid disrupting 

compounds might alter this homeostasis, many issues regarding species-specific mechanisms, mixture effects of 

xenobiotics, and risk assessment still require further investigation.  

1.4. Environmental matrices in EDA 

So far, EDA studies have been mainly restricted to abiotic compartments of the environment (e.g. water, sediment, 

suspended particulate matter [SPM]) and only few studies have focused on testing biotic compartments (e.g. tissue of 

organisms, whole body homogenate, body fluids). In a series of studies, Hewitt et al. (2000, 2003 and 2005) 

investigated the bioaccumulation and characteristics of bioavailable ligands of arylhydrocarbon, estrogen, and 

androgen receptors as well as for sex steroid binding proteins in the hepatic tissues of white sucker (Catostomus 

commersoni) exposed to bleached kraft mill effluent. Via combined in vitro testing and reversed phase fractionation a 

number of causative toxicants, such as polychlorinated dibenzodioxin/polychlorinated dibenzofuran (PCDD/PCDF) 

congeners, phthalate esters and testosterone were characterized and the activities could be removed by a clearance 

phase when fish were held in clean water. Donkin et al. (2003) investigated marine mussels (Mytilus edulis) from oil-

polluted sites and observed increased feeding rates when they were placed in clean water, pointing to a loss of toxic 

agents from the tissues. By combining toxicity testing with normal phase fractionation the authors identified an 

unresolved mixture of PAHs in the steam-distillation extracts of the tissues as the cause of toxicity. Houtman et al. 
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(2007) identified estrogenic compounds in bream bile (Abramis brama) using EDA. The natural hormones E1, E2 and 

estriol (E3) and the contraceptive pill component, ethynylestradiol (EE2) dominated the measured estrogenic effects. 

The greatest advantage of EDA of contaminants in biotic compared to abiotic compartments is that bioavailability, 

bioaccumulation and possible metabolization of the compounds are also included. The use of exhaustive extraction 

methods for abiotic compartments does not take into account the bioavailability of the toxicants and may therefore 

overestimate actual exposure (Brack et al. 2009, Hamers et al. 2010). Recently, the combined use of bioaccessibility-

directed extraction and partition-based dosing techniques for abiotic compartments were introduced to overcome this 

problem and mimic bioavailability (Brack et al. 2009, Brack and Burgess 2011). Also, passive sampling techniques 

could be considered to represent the bioavailable fraction of contaminants to which organisms in the field are actually 

exposed (Vrana et al. 2005). Despite these innovative approaches applied to abiotic compartments, the most obvious 

approach including bioavailability in EDA studies is to perform EDA in biotic compartments. Analysis of biological 

materials yields information on biologically relevant, internal concentrations that are very relevant for biological 

effect monitoring and for food quality assessment (e.g. mussels, shrimps, fish) (Vrana et al. 2005, Booij et al. 2006) 

and exposomics (Simon et al., this thesis). In addition, sampling of biological materials takes a number of factors into 

account, which can influence the fate of environmental pollutants accumulated in biota, such as metabolism, 

depuration rates, excretion, stress, viability and condition of the organisms (Vrana et al. 2005), which can hardly be 

taken into account when sampling abiotic material.  

1.5. Sample preparation prior to EDA 

The first and very critical step in EDA is to extract the compounds of interest from the given matrix, making the 

samples suitable for both bioassay testing and chemical analysis. For abiotic compartments commonly used extraction 

and cleanup procedures are available (e.g. Fernandez et al. 1992, Thomas et al. 2002 and 2004, Brack et al. 2005, 

Houtman et al. 2006), but for biotic compartments generic sample treatments have been lacking. 

A proper sample preparation method for various biota samples requires non-discriminating, non-destructive analytical 

techniques that allow the separation of a broad range of toxic compounds from lipids and proteins, to which most of 

these compounds are bound. The presence of co-extracted lipids and proteins in the extracts hampers biological and 

chemical analyses. In addition, the presence of co-extracted endogenous hormones might lead to overestimation of the 

results when testing the extracts for hormone-like activities in different bioassays. To avoid the presence of lipids, 
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proteins, and endogenous hormones in the extracts, more than one cleanup step is usually required including dialysis 

and different fractionation techniques. Thus, the choice of a proper sample treatment of biota and the quality of the 

extraction and cleanup steps are key factors for successful EDA studies. Important to note that the evaluation of the 

sample preparation method performance in an EDA setup with internal standards or reference compounds is not 

recommended (as it is generally done for chemical analysis), since they may contribute to the observed bioassay 

responses.  

1.6. Identification strategies 

After isolation of unknown substances with endocrine disrupting activities from the samples and elimination of 

compounds that do not contribute to the activity of the sample by fractionation and separation steps, the extracts 

(fractions) are subjected to chemical analysis for identification and confirmation of the suspected candidates. The 

selection of the suitable analytical instrument depends on the type of compounds to be analyzed. 

Gas chromatography coupled to mass spectrometry (GC/MS) is the most commonly used technique in EDA for the 

identification of unknown non-polar organic compounds. The development of the freely available Automated Mass 

Spectral Deconvolution and Identification System (AMDIS; Stein et al. 1999) program was a milestone for GC/MS 

data analysis. With the aid of AMDIS individual component spectra can be automatically extracted from highly 

complex GC/MS data files and then these acquired spectra can be screened against reference mass libraries (e.g. 

National Institute of Standards and Technology [NIST]). A major shortcoming of this approach is that compounds that 

are not included in the library cannot be correctly identified. 

Liquid chromatography coupled to mass spectrometry (LC/MS) is useful for more polar, but less volatile compounds. 

Remarkable technological innovations were recently devoted to high resolution and ultrahigh accurate mass 

determination of components of complex mixtures, together with isotope ratio measurements and elemental 

composition recording (e.g. LC-quadrupole-time-of-flight MS techniques [LC-QTOF-MS], tandem mass 

spectrometric approaches [LC–Q-TOF-MS/MS] also with collision-induced dissociation [CID]). But the success of 

structure elucidation depends not only on technical machine developments but also on the developments of better 

software algorithms and of standardized mass libraries (Kind et al. 2010). So far, no major breakthrough in 

identification has been made and LC/MS techniques has not yet been widely applied in EDA studies. In order to 

obtain significant progress regarding the identification of biologically active polar and ionic organic chemicals that are 
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of increasing importance as contaminants in the environment (e.g. pharmaceuticals, personal care products) in the 

framework of EDA, further development of mass spectral libraries is of major importance. Initiatives for sharing mass 

spectrometric data such as Mass Bank (www.massbank.jp) and its European branch 

(http://massbank.normandata.eu/MassBank) are expected to contribute to the advancement of identification of 

unknown compounds. 

1.7. Scope and outline of the thesis 

The aim of this thesis was i) to expand the scope of EDA studies to other endpoints than genotoxic, estrogenic and 

androgenic activity, ii) to apply the EDA concept to biotic environmental compartments to address/include 

bioavailability, and iii) to improve identification strategies for known and unknown emerging EDCs in EDA studies.  

In order to successfully identify bioavailable and bioaccumulating hormone-like compounds in solid biota samples 

(such as tissue and whole body homogenate) and liquid biota samples (such as blood plasma), suitable extraction and 

cleanup techniques are required. To avoid degradation or exclusion of active analytes of which the character, 

concentration, and stability are still unknown, a non-destructive and non-discriminating sample treatment is essential. 

Therefore, sample preparation methods were first developed, optimised and evaluated by performing spiking 

experiments with a wide range of known toxic compounds for solid (Chapter 2) and liquid (Chapter 3) biota samples. 

Mixtures of various known genotoxic and hormone-like compounds were added to solid biota samples, i.e. muscle 

tissues from different fish species with varying fat content. Samples were extracted by pressurized liquid extraction 

(PLE) and further cleaned by a newly developed sample preparation technique to remove lipids and endogenous 

hormones from the extracts, based on a combination of dialysis, gel permeation chromatography (GPC) and normal 

phase high performance liquid chromatography (NP-HPLC). The novel sample preparation method was validated by 

determining i) the chemical recoveries of the spiked compounds by chemical analysis and ii) the biological recoveries 

by testing the extracts in in vitro bioassays for their actual measured activities and comparing with calculated 

theoretical activities based on the concentrations and relative potencies of the spiking compounds. 

Blood plasma was selected as an example of a liquid biological sample. To expand the scope of EDA studies, TH-

disrupting compounds with the affinity to bind to the TH transport protein transthyretin (TTR) in blood, were added to 

cow plasma. A solid-phase extraction method (SPE) combined with liquid-liquid extraction (LLE) was developed, to 

http://massbank.normandata.eu/MassBank
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achieve clean extracts. Again, the newly developed method was validated by biological and chemical recoveries of the 

spiking compounds.  

To test their ability to disrupt the TH system and bind to TTR in the 
125

I-T4-TTR binding assay, thirty-one polar bear 

cub plasma samples were extracted with the newly developed blood plasma sample preparation technique in 

collaboration with the Norwegian University of Science and Technology (NTNU, Department of Biology, Trondheim, 

Norway) (Chapter 4). For each sample, measured TTR-binding potency was compared to the theoretically calculated 

TTR-binding potency, based on the plasma levels and TTR-binding potency of the target analyzed compounds 

(Bytingsvik et al. 2012).   

 From the set of thirty-one tested cub samples, three were selected, for which the target analyzed compounds could 

explain less than 50% of the measured activity. Compounds responsible for the remaining unexplained part of the 

TTR-binding activity were identified by liquid chromatography coupled to high resolution time-of-flight mass 

spectrometry (LC-ToF-MS) (Chapter 5). The identification strategy was established on screening of the LC/MS data 

for compound matches from compiled mass libraries and for specific isotope patterns (e.g. halogenated compound 

pattern) using novel software tools. The biological activity of the identified compounds was assessed in the TTR-

binding assay. 

Finally, various abiotic and biotic samples collected at different sampling locations were extracted using the 

developed sample preparation method for solid biota samples and screened for their TTR-binding and genotoxic 

potencies. This work (Chapter 6) was performed in collaboration with the Federal Institute of Hydrology 

(Bundesanstalt für Gewässerkunde - BfG, Koblenz, Germany). Additionally, extracts from passive sampler silicone 

rubber sheets representing “artificial biota” in the aquatic environment placed in the rivers Meuse and Rhine (The 

Netherlands) were tested for their TTR-binding and genotoxic activity. The setup of the thesis is demonstrated in 

Figure 1.2. 
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Figure 1.2. Flowchart demonstrating the setup and main aim of the thesis: identifying compounds with TTR-

binding potency in solid (tissue or whole body homogenate of aquatic organisms) and liquid biological 

materials (blood plasma) by effect-directed analysis (EDA) after the development of suitable sample 

preparation method 

1.8. Involvement in Keybioeffects and DiPol projects 

The major part of this research focusing on sample preparation development and on the identification of emerging 

toxicants in aquatic biota through EDA was conducted within the “Keybioeffects” Marie Curie Research Training 

Network (MC-RTN, European Commission, 6
th

 Framework Program). Within this network, cause-effect relations of 

key pollutants on the biodiversity of European rivers were investigated. In addition, part of this research was 

performed within the DiPol project (Diffuse Pollution), a project with partners from countries bordering the North Sea 

funded by the European InterReg IVB North Sea Region Programme. The DiPol project focused on the impact of 

climate change on the quality of urban and coastal waters. By performing EDA on passive samplers, the current study 

identified emerging compounds contributing to the TTR-binding potency observed in passive samplers collected from 

the rivers Rhine and Meuse in the Dutch delta. 
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Abstract 

A cleanup method was developed to remove coextracted lipids and natural hormones from biota samples in order to 

test the endocrine-disrupting (ED) capacity of their extracts in in vitro bioassays. Unspiked and spiked fish tissues 

were cleaned with a combination of dialysis, gel permeation chromatography (GPC), and normal-phase liquid 

chromatography (NP-HPLC). The spiking mixture consisted of a broad range of environmental pollutants (endocrine 

disruptors and genotoxic compounds). Chemical recoveries of each test compound and thyroid hormone-like and 

(anti)androgenic activities of the cleaned extracts were investigated. Despite the chemical and toxicological 

complexity of the spiking mixture and the sequential sample treatment, chemical analysis revealed acceptable 

recoveries on average: 89±8% after each cleanup step separately and 75±3% after the whole extraction and cleanup 

procedure in the extracts. In addition, recovered activities in the bioassays were in good agreement with the spiking 

levels. The developed cleanup method proved to be capable of lipid and natural hormone removal from fish extracts, 

enabling the measurement of selected endocrine hormone-like activities in T4*-TTR and AR-CALUX bioassays. The 

method can be used as a sample preparation method of biota samples for toxicity profiling and effect-directed analysis 

(EDA). 

Introduction 

The occurrence of endocrine disruption in aquatic biota exposed to environmental pollutants is a topic of great 

concern
1-6

. The objective of our work was to develop, validate, and evaluate a generic, nondestructive extraction and 

cleanup method for “solid” biota samples (such as tissues and whole body homogenate) to be tested in in vitro 

bioassays to determine actual exposure to hormone-like activity. The advantage of testing biota instead of abiotic 

compartments (water or sediment) is that bioavailability, bioaccumulation, and possible metabolization of the 

compounds are also included. In the near future, testing biota samples in in vitro bioassays may be applied in effect-

directed analysis (EDA) studies to identify the compounds responsible for the endocrine-disrupting (ED) potency in 

biota
7
 and in toxicity profiling studies to determine location-specific hazards. We focused our study on measuring two 

different types of endocrine activities in biota extracts, i.e., thyroid hormone-like and (anti)androgenic activities. 

Although several studies indicate the relevance of these endocrine-disruptive potencies for environmental 

contaminants 
e.g., 8-10

, they have not yet been analyzed in biota on a wide scale. Although chemical monitoring for ED 

compounds in aquatic biota provides ultimate information on exposure concentrations of individual compounds, 
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chemical analysis alone cannot predict biological and mixture effects of the chemicals.
7
 In vitro bioassays can be used 

complementary to instrumental analysis to screen environmental samples more completely for contaminants with 

specific ED mode of actions.
2, 3

 In vitro bioassays have the advantage that they reflect the integrated ED effects of all 

compounds in the complex mixture present in biotic samples, accounting for bioavailability and metabolization of all 

potential ED compounds in the samples. Due to the lack of available methods for generic sample preparation of biota 

tissues, only a few studies have been devoted to screening biota extracts for endocrine hormone-like activities.
2, 3, 6, 11, 

12
 One of the difficulties of analyzing biological materials is the interference of lipids with the biotesting and chemical 

analysis. The target analysis of groups of similar chemicals, e.g., acid-resistant polychlorinated biphenyls (PCBs) or 

polybrominated diphenylethers (PBDEs), in biota allows the application of destructive lipid removal, e.g., by sulfuric 

treatment.
2, 4

 However, in bioassay-directed analysis nondestructive and nondiscriminating sample treatment is 

essential to avoid breakdown or exclusion of active analytes, of which the character, concentration, and stability are 

still unknown. The choice of a proper sample treatment and the quality of the extraction and cleanup steps are key 

factors for successful bioassay measurements. In environmental and toxicological studies of biota, large sample 

amounts (i.e., in the order of up to a few hundred grams) must often be extracted to measure the low quantities of 

contaminants present. To avoid interference of coextracted lipids (varying between 0.5 and 50%, depending on the 

tissue) with chemical analysis and bioassay results, it is important to remove more than 99% of these lipids from biota 

extracts without destroying or removing the compounds of interest, which requires more than one sample treatment 

technique. In the present study, three different fish species were extracted and cleaned in replicate with a stepwise 

sample preparation method existing of dialysis, gel permeation chromatography (GPC), and normal-phase liquid 

chromatography (NP-HPLC). Two fish species were also spiked with a test mixture of various ED and genotoxic 

compounds with different chemical structures and log Kow values (Table S2.1., Supporting Information). Analyzing 

the chemical recoveries of each spiking compound assured the applicability of the method to extract different classes 

of environmental pollutants. Recoveries of the ED potencies of the extracts were also determined. Ability to compete 

with thyroid hormone thyroxine (T4) for binding to its plasma transport protein transthyretin (TTR) was tested in the 

radioligand T4*-TTR binding assay
13, 14 

and to (in-)activate the androgen receptor (AR) in the AR-CALUX reporter 

gene bioassay.
15

 In addition, we investigated the separation of natural hormones (estrogens, androgens, and thyroid 

hormones) from the synthetic ED compounds present in biota extracts by NP-HPLC fractionation and the effects of 

possible remaining small lipids (cholesterol, fatty acids, and triglycerides) on the bioassay results. 
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Figure 2.1. Experimental design of the experiments performed on the three different fish species 

studied. 

Materials and Methods 

Spiked and Unspiked Fish Samples 

 Test materials consisted of three different fish species: eel (Anguilla anguilla) from the harbor of Antwerp (Belgium), 

flathead mullet (Mugil cephalus) from the Western Scheldt estuary, and farmed fish, pangasius (Pangasius 

hypophthalmus) originating from Vietnam and sold by different suppliers in The Netherlands (supermarkets, fish 

stores, weekly market, etc.). For the experiment, different amounts of fish muscle tissues - 1.5 g of the eel (lipid 

content ∼20% = 300mg), 6 g of mullet (lipid content∼4.5% = 270 mg), and 20 g of pangasius homogenate (lipid 

content ∼2% = 400 mg) - were used to ensure approximately equal amounts of lipids present in each sample, to be 

removed during the whole sample treatment. Wet mullet and dried pangasius homogenates were spiked before 

extraction with a mixture of the target compounds. Selected spiking compounds are shown in Table S2.1. (Supporting 

Information). Eel tissue was homogenized unspiked. Spiked and unspiked samples from different fish species were 

obtained from different research studies. Extracts from spiked and unspiked fish were tested in the bioassays. 
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Chemical recoveries of the spiking compounds were analyzed in pangasius extracts, because the highest initial lipid 

content (400 mg) was recorded for this species, and lowest background contamination was expected compared to the 

eel and mullet samples originating from highly contaminated sample sites. 

Sample Preparation: Extraction and Stepwise Cleanup  

Unspiked (mullet, pangasius, and eel) and spiked (mullet and pangasius) fish samples were extracted and cleaned in 

triplicate applying a stepwise sample preparation method, followed by the bioassay analysis specified below: 

1 drying with Hydromatrix 

2 pressurized liquid extraction (PLE) 

3 dialysis (D) 

4 gel permeation chromatography (GPC) 

5 μPorasil NP-HPLC fractionation. 

A schematic overview of the experimental design is provided in Figure 2.1 and detailed information on solvent and 

chemical suppliers is provided in the Supporting Information. Homogenized fish tissues were mixed with 

Hydromatrix (calcined and purified, Sigma-Aldrich) in a 1:1 wet weight (ww) ratio. The resulting free-flowing 

powder was left overnight to absorb all water from the sample. This mixture was extracted with dichloromethane 

(DCM)/acetone (3:1, v/v) by PLE on an ASE200 device (Dionex, Sunnyvale, CA) at 70 °C, 2000 psi with three 

extraction cycles. Depending on the amount of dried sample obtained, 22, 66, and 100 mL of PLE cells was used. 

Extracts were evaporated under a gentle stream of nitrogen gas to a volume of 0.5 mL and transferred to dialysis 

membranes (polyethylene lay-flat membranes, 6-8 cm length, thickness 50-100 μm, Brentwood Plastics, USA) that 

were precleaned with hexane.
16

 In some cases, lipid layers hampered the evaporation of the extracts to 0.5 mL, in 

which case more than one membrane was used for the same extract. The dialysis membranes were sealed and left for 

24 h in 15-mL glass tubes filled with hexane, allowing the small compounds to diffuse from a high concentration 

solution to a low concentration solution across the membrane until equilibrium was reached. Consequently, the bulky 

lipids that were too large to pass the membrane and having lower diffusion coefficient remained in the dialysis 

membrane, while the majority of the compounds of interest diffused into the solvent. After 24 h the hexane was 

collected, the tube was refilled with hexane and left for another 24 h. This process was repeated another two times, 

and the four hexane fractions were combined into one extract. This extract was evaporated almost to dryness and 

transferred to 1 mL of DCM prior to GPC cleanup, which was performed on two polystyrene-diphenylbenzene 

columns (PL Gel, 10 μm, 50 Å, 25 × 300 mm, Polymer Laboratories Ltd., Heerlen, The Netherlands) in series, 
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equipped with a precolumn (PL-Gel, 10 μm, 25 × 25 mm, Polymer Laboratories Ltd.) and a 2-mL injection loop. The 

1mL of extract together with the sample vial rinsed with 0.5 mL of DCM was injected onto the GPC columns, which 

were eluted with DCM at a flow rate of 10 mL/min. Based on literature
7, 17

 and the GPC elution profile of the test 

compounds in the spiking mixture (data not shown), the 16.5-24 min GPC fraction should contain the majority of 

compounds in the test mixture. This collection window was prolonged for the fish extracts (eel and mullet: 16.5-27 

min; pangasius 16.5-32 min) to obtain better recoveries for low-molecular-weight compounds (e.g., 3.4.5- 

trichlorophenol). Although the combination of dialysis and GPC removed the larger lipids from the extracts, lipids 

with smaller molecular size, such as cholesterol and some fatty acids, were still present in the GPC extracts. 

Therefore, a third and final cleanup step with normal-phase HPLC was performed. Extracts after GPC were 

evaporated to a volume of 0.5 mL and further cleaned on a normal-phase semipreparative HPLC column (7.8 mm ID, 

300 mm) packed with 10-μm μPorasil (Waters Assoc., Milford, MA) using a mobile phase gradient of hexane, DCM, 

and ACN at a flow-rate of 5 mL/min (17). The elution program was (1) 5 min isocratic with hexane; (2) 15 min linear 

gradient from 0 to 100% DCM; (3) 20 min isocratic with DCM; (4) 10 min linear gradient from 0 to 100% ACN; and 

(5) 20 min isocratic ACN. Finally, the column was reconditioned, first with 100% DCM and then with 100% hexane, 

prior to the next injection. The total run time was 114 min. The 0-49 min NP-HPLC fraction was collected (7, 17) and 

further chemically and biologically evaluated. The entire eel and mullet extracts and half of the pangasius extracts 

were evaporated until almost dryness and transferred to 200 μL of dimethyl sulfoxide (DMSO), then tested for 

thyroid-hormone-like activity in the radioligand T4*-TTR binding assay
13, 14

 and for (anti-)androgenic activity in the 

AR-CALUX reporter gene assay.
15

 The remaining part of the pangasius extracts was kept for chemical analysis. 

Additionally, the remaining pangasius extracts were fractionated on the NP-HPLC and the 0-40 and 41-49 min 

fractions were collected based on the first bioassay results and the elution profile of natural hormones on NP-HPLC 

(Figure S2.1., Supporting Information). The fractionated pangasius extracts were tested in the bioassays and analyzed 

for chemical recoveries. A subsample of eel after dialysis was also cleaned without the GPC step (n=3), to check if the 

GPC cleanup could be eliminated from the process to decrease the required amount of DCM and to increase the 

sample throughput. 

Chemical Analysis: Recovery Studies and Lipid Analysis.  

The recoveries of the test compounds were determined with GC-MS and GC-ECD. For more information see the 

Supporting Information. To profile the possibly remaining lipids after the whole extraction and cleanup procedure, all 
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cleaned extracts from unspiked fish (eel, mullet, and pangasius) were screened with GC-MS in full scan mode (m/z 

50-650) before transferring them to DMSO for the bioassays. 

Bioassays  

Radioligand T4*-TTR Binding Assay and ARCALUX. The capacity of the fish extracts to compete with 

radiolabeled thyroxin (
125

I-T
4
*) for TTR-binding was measured in the 125I-T4-TTR binding assay according to Lans 

and coworkers
13

 with modifications as described by Hamers and co-workers
14

. The AR-CALUX bioassay is a reporter 

gene assay using genetically modified cells, which produce light in a dose-responsive way when exposed to 

(anti)androgenic chemicals. The bioassay was performed according to Sonneveld and co-workers
15

 and to the protocol 

provided by the supplier. Short descriptions of both bioassays can be found in the Supporting Information. 

Interpretation of the Bioassay Results and Calculated Spiking Levels. To assess the TTR-binding and AR-

(anti)androgenic potency of the fish extracts, dilution series were tested in duplicate in the T4*-TTR binding assay and 

in triplicate in the AR-CALUX. Thyroid-hormone-like and (anti)androgenic responses were expressed as equivalent 

concentrations of T4 (nmol T4-eq/g wet weight (ww) of the sample), DHT (nmol DHT-eq/g ww of the sample), and 

flutamide (FLU; nmol FLU-eq/g ww of the sample), respectively. Dose-response curves of the reference compounds 

were fitted using sigmoidal fit with variable slope in GraphPad Prism (v 5.01 for Windows, GraphPad Software). The 

induction caused by the extracts was determined by interpolating the response of the sample into the dose-response 

curve of the reference compound. In the T
4
*-TTR binding assay the most diluted test concentration with a T4 binding 

affinity between 50 and 80% relative to the control, as the most reliable part of the curve,
18

 was chosen for the 

calculation. In the AR-CALUX minimum of 1% induction was set as limit of detection (LOD) for androgenic effects, 

and 20% inhibition for antagonistic androgenicity. The most diluted extract still containing activity higher than the 

LOD was used for the calculations to avoid possible matrix effects and resulting in a good interpolation. The 

theoretical potency of the test compounds in the bioassay was calculated by multiplying its spiking concentration with 

its relative potency (REP) when compared to the reference compound in the assay. The total potency of the extract 

was calculated by summation of the potencies calculated for individual compounds in the mixture.
19

 Finally, this 

theoretically calculated potency of the spiking compounds was compared to the measured potency of the extracts. 

Spiking concentrations and REP values of the test compounds are listed in Table S2.1., Supporting Information. 
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Complementary Experiments 

 Elution Profile Characterization of the Natural Hormones on NP-HPLC. Results from the recovery studies with 

estrone and DHT indicated the presence of coextracted natural hormones in the cleaned extracts (Table 2.1.). To avoid 

the influence of natural hormones on the bioassay results, natural hormones should be separated from xenobiotic 

compounds. Therefore, an NP-HPLC elution profile of the most relevant estrogenic, androgenic, and thyroid 

hormones was determined by NP-HPLC fractionation followed by LC-MS/MS analysis. A hormone mixture 

consisting of 10 hormones was prepared, including the androgens testosterone (T) and 5α-dihydrotestosterone (DHT); 

the estrogens estrone (E1), 17β- estradiol (E2), 17α-ethynylestradiol (EE2), and estriol (E3); progesterone (P4); and 

thyroid hormones thyroxine (T4), 3,3′,5-triiodothyronine (T3) and 3,3′,5′-triiodothyronine (reversed T3 or rT3). All 

hormones were purchased from Sigma and dissolved in methanol in final concentrations between 4 and 8 μg/mL. The 

mixture was injected on NP-HPLC using the same type of μPorasil NP column and solvent gradient 

(hexane/DCM/ACN) as used in the third cleanup step; fractions of 2 min from 1 to 50 minutes and 5 min fractions 

from 51 to 70 minutes were collected. These fractions were concentrated and analyzed by a triple quadrupole LC-

MS/MS (G6410A, Agilent) according to the program described by Lin and co-workers.
20

 

Interference of Lipids in the Bioassays. The lipid profile of the cleaned extracts revealed that some small lipids, 

such as cholesterol and fatty acids, remained in the cleaned extracts. To obtain information on the effects of lipids on 

the ARCALUX and T4*-TTR binding assays, a triglyceride mixture (consisting of glycerol trihexanoate, -

tridecaonate, -trioctaonate, -tributyrate and triacetin), a fatty acid mixture (consisting of saturated myristic acid and 

unsaturated eicosapentaeonic acid), and cholesterol were tested individually and as a mixture in the bioassays. The 

triglycerides and the fatty acids were dissolved in DMSO; the cholesterol was dissolved first in hexane and transferred 

to DMSO at a concentration of 4.0, 0.4, and 0.04% of the lipids. All lipids were purchased from Sigma. 

Finally, the radioligand T4*-TTR binding assay was also carried out in the absence of TTR to investigate a possible 

effect of lipids on radiolabeled T4* elution from the Biogel P-6PG columns. 
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Results 

Chemical Analysis  

Recovery Studies. The applicability of the sequential cleanup process was evaluated by the assessment of the 

recoveries of the spiking compounds (Table 2.1.). For each step we determined the recoveries of the test compounds 

on average (±SD), which were 97(±15)% for dialysis, 89(±22)% for GPC, and 82(±33)% for NP-HPLC. Only two test 

compounds had low recoveries in the individual cleanup steps: 3,4,5-TCP (26%) after GPC and tamoxifen could not 

be detected after NP-HPLC. The average recovery after the full extraction and cleanup procedure of the spiked 

pangasius extracts was 75(±28)%. Most compounds could be separated from matrix components, but low recoveries 

were found for 3,4,5-TCP (35%) and tamoxifen (not detected) (Table 2.1.), as was expected based on the recovery 

studies of the individual cleanup steps. 

Separation of the Natural Hormones. All natural hormones present in the test mixture of androgens, estrogens and 

thyroid hormones eluted after 40 min from the μPorasil NPHPLC column, while the test compounds eluted before 40 

min (Figure S2.1., Supporting Information). This result suggests that the natural hormones can be separated from the 

other compounds, by collecting two NP-HPLC fractions: 0-40 (F1) and 41-49 (F2). Therefore, the unspiked and spiked 

pangasius extracts were reinjected on the NP-HPLC and the F1 and F2 fractions were collected. The collected F1 and 

F2 fractions were compared to the total fraction (FT: 0-49 min) to check the separation of the natural hormones from 

the other compounds (Table 2.1.). For the spiking compounds, the average recovery in FT of the spiked pangasius 

(75±28%) was in a very good agreement with the average recovery in F1 (74±35%). After the whole process 35% of 

3.4.5-TCP was recovered, but in F1 the compound was not detectable. Endogenous hormones, such as estrone and 

DHT, were eluted in F2 with average recoveries of 79±6% as expected based on the results of the abovementioned 

elution profile. 

Lipid Profiling. The pangasius had the highest initial lipid content (400 mg). The lipid content of pangasius extract 

after the whole procedure (extraction and cleanup) was shown to be 0.2% of the initial content (0.8 mg, determined 

gravimetrically), which shows that most lipids were successfully removed by the sequential cleanup techniques. 

However, even after the NP-HPLC cleanup step that was specifically introduced for removing low molecular weight 

lipids, GC-MS analysis in full scan mode revealed that cholesterol, fatty acids, and triglycerides were still present in 

the cleaned extracts of fish (Figure S2.2., Supporting Information). The GC-MS lipid profiles of the unspiked eel, 
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mullet, and pangasius extracts after the whole procedure were similar. On the μPorasil column, however, cholesterol 

eluted between 49 and 51 min and fatty acids eluted after 55 min (Figure S2.1., Supporting Information). This 

suggests that the matrix of the samples leads to an earlier elution of the lipids from the normal-phase column. 

Bioassays  

Radioligand T4*-TTR Binding Assay. TTR-binding activity was found in both the unspiked and spiked samples 

(Table 2.2.). Thyroid binding activities were 1.3 nmol T4-eq/g ww in unspiked eel, 8.6 nmol T4-eq/g ww in unspiked 

mullet, and 0.9 nmol T4-eq/g ww in unspiked pangasius in the 0-49 min fraction (FT). These activities could be due to 

either thyroid hormone-like compounds or co-extracted natural hormones. The activity in the spiked mullet samples 

(19.6 nmol T4- eq/g ww) was more than two times higher than the theoretical activity (7.7 nmol T4-eq/g ww) that was 

calculated from the spiking levels and the T4 equivalency factors of the compounds in the spiking mixture, assuming 

concentration addition. If the calculated theoretical spiking level (7.7 nmol T4-eq/g ww) is added to the unspiked 

mullet sample (8.6 nmol T4-eq/g ww) almost all of the activity of the spiked mullet (19.6 nmol T4-eq/g ww) can be 

explained (83%). In the spiked pangasius TTR-binding potency was about three times higher than the calculated 

theoretical activity of the spike. The theoretical spiking level (4.6 nmol T4-eq/g ww) and the activity of the unspiked 

pangasius (0.9 nmol T4-eq/g ww) together explain only 40% of the measured activity in the spiked pangasius (13.7 

nmol T4-eq/g ww). This difference cannot be explained. The collected F1 (0-40 min) and F2 (41-49 min) NP-HPLC 

fractions of the pangasius extracts were tested in the bioassays separately and compared to the initial NP-HPLC 

fractionation (FT: 0-49 min) to obtain more information on the separation of the coextracted natural hormones from 

the extracts. For the unspiked sample, TTR-binding activities of FT, F1, and F2 were 0.9, 0.07, and 0.4 nmol T4-eq/g, 

respectively. For the spiked pangasius sample, TTR-binding activity was mainly found in F1 (10.2 nmol T4-eq/g) and 

only 1.0 (nmol T4-eq/g) in F2; the total extract FT had an activity of 13.7 nmol T4-eq/g (Table 2.2, Figure S2.3.a) in 

Supporting Information). These results show that the ED compounds could be collected in the 0-40 min NP-HPLC 

fraction, while natural thyroid hormones eluted after 40 min from the NP-HPLC. 
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Table 2.1. Chemical Recoveries (%) of the Spiking Compounds after Each Individual Cleanup Step without the Sample Matrix; Chemical Recoveries 

(% ± SD) Measured in the Spiked Pangasius after the Entire Extraction and Cleanup Process and in Different HPLC Fractions of the Pangasius 

Extracts after the Whole Extraction and Cleanup
a
  

 a:
 “n.d.” Indicates that the compound was not detected; however it was expected in the given fraction. “-“ indicates that the compound was not measured and not 

expected in the given fraction 

 

% 

Test mixture (n=1) Spiked pangasius (n=3, after the whole procedure) 

After Dialysis  
After GPC 

16.5-24 min   

After  

NP-HPLC  

1-49 min  

1. Extraction (PLE) 

2. Dialysis 

3. GPC: 16.5-32 min 

4.  HPLC FT: 0-49 min 

n=5 

1. Extraction (PLE) 

2. Dialysis 

3. GPC: 16.5-32 min 

4.  HPLC F1: 0-40 min 

1. Extraction (PLE) 

2. Dialysis 

3. GPC: 16.5-32 min 

4.  HPLC F2: 41-49 min 

3,4,5-Trichlorophenol 103 26 73 35 ± 7 n.d. - 

- 
2,4,6-Tribromophenol 98 98 99 84 ± 26 86 ± 31 - 

Triclosan 110 107 94 106 ± 27 106 ± 25 - 

5α-Dihydrotestosterone (DHT) 98 63 149 82 ± 19 - 83 ± 9 

BDE-100 105 100 91 82 ± 34 88 ± 25 - 

Flutamide 105 104 71 90 ± 8 92 ± 8 - 

p, p’-DDT 106 92 83 74 ± 15 68 ± 19 - 

PCB-126 96 97 91 71 ± 28 79 ± 23 - 

Estrone 54 84 43 78 ± 4 - 75 ± 8 

Tamoxifen 87 93 n.d. n.d. n.d. - 

Dibenz[a,h]acridine 87 100 91 99 ± 15 102 ± 27 - 

Fluoranthene 99 95 84 83 ± 8 88 ± 15 - 

5-Methylchrysene 107 96 93 87 ± 19 104 ± 17 - 

AVERAGE 97 ± 15 89 ± 22 82 ± 33 75 ± 28 74 ± 35 79 ± 6 
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AR-CALUX Reporter Gene Assay. The unspiked eel samples showed neither AR-agonistic nor AR-antagonistic 

activity. The unspiked mullet showed no agonistic, but high antagonistic effect (35.0 nmol FLU-eq/g ww). In the 

spiked mullet, the measured agonistic activity was 0.04 nmol (DHTeq/ g ww), about 3-fold lower than the 

theoretically calculated spike level (0.13 nmol DHT-eq/g ww) (Table 2.2). The lower response can be explained by 

the background antagonistic activity found in the unspiked mullet samples, which reduced the AR-agonistic effects, 

as it was seen earlier.
9
 In the spiked mullet no antagonistic activity was found. In the unspiked pangasius (FT) the 

agonistic effect was 0.8 (nmol DHT eq/g ww) and in the spiked pangasius was 6.3 (nmol DHT-eq/g ww). The 

theoretical response (5.4 nmol DHT/g ww) calculated for the spiked pangasius was in agreement with the difference 

between the measured response and the agonistic background level. The summation of the agonistic background 

activity and the theoretically calculated activity result in the measured activity of the spiked pangasius extract (5.4 + 

0.8 = 6.2). The measured agonistic activity can be totally explained (98%). In the spiked pangasius no AR-

antagonistic response was found in the FT. The potency of the mixture consisting of both agonistic and antagonistic 

compounds has been tested in another study and showed to be agonistic (data not shown). Therefore, we assume that 

the mixtures used for spiking the mullet and pangasius have agonistic potencies. The refractionated pangasius 

extracts (F1, F2; NP-HPLC fractions) were also tested in the AR-CALUX bioassay. In both unspiked and spiked 

pangasius, agonistic activity was found in F2 (Table 2.2, Figure S2.3.b) in Supporting Information) confirming 

separation of natural hormones from the xenobiotics. The spiking mixture contained only one AR-agonistic 

compound, the natural hormone DHT. The F2 fraction of unspiked pangasius showed an activity of 0.9 nmol DHT-

eq/g ww (in the total fraction (FT) 0.8 was found earlier). The F2 of spiked pangasius showed an activity of 4.7 nmol 

DHT-eq/g ww in agreement with 6.3 nmol DHT-eq/g ww measured earlier in FT and with 5.4 nmol DHT-eq/g ww 

calculated spiking level. The theoretical spiking level and the activity of the unspiked pangasius (found in F2) 

together explain completely (103%) the measured activity in the spiked pangasius (found in F2). AR antagonistic 

potency could be measured in the F1 fraction of the spiked pangasius (2.9 nmol FLU-eq/g ww) in agreement with 

the calculated spiking level (4.9 nmol FLU-eq/g ww). This activity could not been measured before due to the strong 

agonistic response of the total extract (FT). After the reinjection of the total extract the AR-agonistic DHT eluted in 

F2 and enabled measurement of the AR-antagonistic spike compounds (flutamide, p,p′-DDT and BDE100) in F1 

fraction of the extract. In the F1 and F2 fractions of the unspiked pangasius no AR-antagonistic potency was found. 
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Table 2.2. Overview of the Bioassay Responses Measured in the Eel, Mullet, and Pangasius Extracts after the Whole Procedure (Extraction and 
Cleanup)

a
  

a
We assume that the activities measured in the total fraction FT are split into F1 and F2 (FT=F1+F2). 

NA: not applicable 

“-“ indicates no response in the bioassay 

Bioassays 

Eel Mullet Pangasius 

unspiked unspiked spiked  unspiked   spiked  

FT: 0-49 min FT: 0-49 min FT: 0-49 min FT: 0-49 min F1: 0-40 min F2: 41-49 min FT: 0-49 min F1: 0-40 min F2: 41-49 min 

Measured TTR binding 

potency 

 nmol T4-Eq/g ww 
1.3 ± 0.5 8.6 ± 1.3 19.6 ± 0.4 0.9 ± 0.02 0.07 ± 0.03 0.4 ± 0.08 13.7 ± 0.4 10.2 ± 2 1.0 ± 0.5 

Calculated TTR binding 

potency 

 nmol T4-Eq/g ww 
NA NA 7.7 NA NA NA 4.6 4.6 NA 

Measured AR-agonistic 

potency 

 nmol DHT-Eq/g ww 
- - 0.04±0.01 0.8 ± 0.1 - 0.9 ± 0.2 6.3 ± 1.1 - 4.7 ± 1.2 

Calculated AR-agonistic 

potency  

nmol DHT-Eq/g ww 

NA NA 0.13 NA NA NA 5.4 NA 5.4 

Measured AR-

antagonistic potency 

nmol FLU-Eq/g ww 
- 35.0±1.6 - - - - - 2.9 ± 1.4 - 

Calculated AR-

antagonistic potency  

nmol FLU-Eq/g ww 
NA NA 8.2 NA NA NA 4.9 4.9 NA 
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Interference of the Lipids in the Bioassays.  

When testing dilution series of triglycerides, fatty acids, and cholesterol extracted and their mixture in the 

radioligand T4*-TTR binding assay, a decreased T4*-TTR binding was observed in the presence of 0.001-0.1% 

fatty acids and 0.001-0.1% lipid mixture (Figure 2.2. a)), suggesting that these relevant lipids may affect T4-

binding affinity toward TTR.  

a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

Figure 2.2. (a) TTR-binding affinity dose-relationships of different lipid solutions: triglycerides, 

cholesterol, fatty acids, and the mixture of them. Active dilutions of the different lipids in the bioassay are 

marked with “*”. (b) Testing the same dilution series of different lipids and their mixture in the 

radioligand T4*-TTR binding assay without TTR transport protein to investigate possible association 

between the lipids and the T4. 
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At higher incubation concentration of fatty acids (0.1%) and cholesterol (0.1%) cotransport of T4 with these 

lipids through the Biogel P-6PG column indicates an overestimation of TTR-bound T4 in regular binding 

experiments with TTR. To investigate the cotransport of T4 with the lipids on the Biogel P-6PG column we also 

carried out the radioligand T4*-TTR binding assay without adding the TTR transport protein. Optimally, the 

TTR bound T4* is eluted from the column and the radiolabeled free T4* is retained. Without the TTR transport 

protein no radioactivity was expected in the eluates, but Figure 2.2.b) shows that fatty acids (0.1%) and the fatty 

acids in the lipid mix (0.1%) are capable of cotransport radiolabeled of T4*. Triglycerides and cholesterol did not 

exhibit any cotransport at the absence of TTR. Dilution series of lipids had no agonistic or antagonistic effect in 

the AR-CALUX. 

Discussion 

Chemical Validation. Studies reporting the levels of different ED compounds in biota
4
 carry out targeted 

chemical analysis after a destructive sample preparation. The ultimate goal of our study was to evaluate a 

nondestructive and nondiscriminating lipid removal technique for biota samples that would enable screening of 

cleaned biota extracts in bioassays and allow the application of an EDA study on such extracts. The method 

applicability was investigated by the determination of the recoveries of the test compounds after each cleanup 

step and after extraction and sequential cleanup. Our results show that different toxicants with a relevant range of 

molecular weights (202-566 g/mol) and Log Kow (3.07-8.21) were successfully separated from the sample 

matrix. Tamoxifen and 3,4,5-TCP showed low recoveries after the whole extraction and cleanup process. 

Tamoxifen might show a better separation on a reverse phase column,
21

 but has a strong interaction on normal 

phase that leads to later elution from the column. The 3,4,5-TCP might be lost due to its volatility during 

evaporation or its small molecular size during GPC fractionation. However the GPC collection window for the 

fish extracts was prolonged compare to the test mixture and did not result in better recoveries for this compound, 

in further application the GPC fraction can be more prolonged. After fractionation the 3,4,5-TCP cannot be 

detected anymore, which we cannot explain. A review
22

 reported the state of available sample handling 

techniques for a wide range of extraction techniques for environmental solid biological materials dedicated to 

persistent organic pollutants (POPs). Whichever technique is used for extraction, the major problem is the 

removal of coextracted matrix components to minimize their negative effects on subsequent chemical and/or 

biological analysis. The chemically determined recoveries of the test compounds from spiked fish extracts 

indicate that PLE followed by a stepwise lipid removal is an acceptable choice for the extraction and separation 
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of different, mainly non- and semipolar compounds, from biota prior to bioassay analysis. Most studies focus on 

selected groups of target compounds and often use custom-made cleanup methods (destructive lipid removal 

techniques) and still find good recoveries for the target compounds. For PCBs, recoveries of >80% were 

reported.
4
 Stepwise cleanup methods have been applied to sediment to measure (xeno)-estrogenic compounds 

and chemical recoveries of 86% have been reported.
7
 

 

Figure 2.3. Dose relationships of unspiked eel extracts (after the whole sample treatment with and without 

the GPC step) and unspiked mullet and pangasius (after the whole sample treatment) measured in the 

radioligand T4*-TTR binding assay. The extracts were tested in dilution series and their relative binding 

potency (% of control value) is represented by columns as mean values of duplicate incubations. 

Matrix Effects 

Few studies have measured the ED potency of extracts of biological materials. With mussels containing 0.7-2% 

lipid content no cytotoxic or masking effect of the lipids was observed.
3
 Wong et al.

2
 reported cytotoxicity in 

undiluted shrimp and fish extracts after sulfuric acid cleanup which was caused by degradation of polar 

compounds. The cytotoxicity decreased after dilution. The possibility of small lipids found in the cleaned 

extracts interfering with the bioassay response was investigated. In the AR-CALUX reporter gene assay neither 

the cleaned fish extracts nor the lipids studied showed cytotoxic effect. In the T4*-TTR binding assay, the 
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presence of lipids may cause U-shaped dose-response curves such as for eel without GPC (Figure 2.3.), because 

high lipid concentrations can cause an experimental artifact resulting in an overestimation of the binding 

activities of radiolabeled T4 bound to TTR. This artifact is due to the fact that the measured radioactivity eluted 

from the Biogel P-6PG column is from unbound T4 cotransported with lipids present in the extract, which was 

also suggested in previous studies.
18, 19

 The highest concentration of lipids in the undiluted cleaned extracts is 

lower than1% after the complete extraction and cleanup. To calculate T4-eq concentrations, responses were used 

of 10-30 or 100 times diluted extracts (i.e., corresponding to 0.1, to 0.03 and to 0.01% lipids). In the radioligand 

T4*-TTR-binding assay itself, extracts were diluted by another factor 40, implying that the above-mentioned 

lipid concentrations in the extracts correspond with 0.0025, 0.00083, and 0.00025% lipid concentrations in the 

assay. According to Figure 2.2.a), 0.001% lipid concentration is still interfering with the TTR-binding results, 

therefore for calculating T4-eq concentrations the 30 or 100 times diluted extracts should be used. From these 

results, it was concluded that the remaining lipid contents in the fish extracts (e.g., 0.2% in pangasius) after the 

stepwise cleanup procedures are too low to influence the results of the assay. A recent study
18

 reported no TTR 

binding activity of fatty acids, but the tested incubation concentration in that study was much lower (0.000228%) 

compared to our highest concentration (0.1%). To test whether the GPC step, which uses large volumes of DCM, 

could be eliminated from the proposed stepwise cleanup procedure, an additional cleanup of the unspiked eel 

sample was cleaned with dialysis and NP-HPLC only. Removing the GPC cleanup step resulted in U-shaped 

dose-response relationships for the eel extracts in the radioligand T4*-TTR binding assay (Figure 2.3.) similar to 

that observed for fatty acids in Figure 2.2.a). This additional test indicated the need of the GPC step during the 

cleanup, since no such U-shaped dose-response curves were observed for eel and other fish samples when the 

entire lipid removal process was used. 

Natural Hormones 

Naturally occurring hormones in biota can interfere with bioassay screening of endocrine-disruptive potencies in 

biota, hampering the interpretation of the measured activities of the extracts.
3
 Therefore, assessment of 

xenobiotic activity in biota requires the removal of natural hormones. The NP-HPLC fractionation with the 

μPorasil column successfully separated the endogenous hormones from the fish extracts. In further applications 

of the cleanup process only the 0-40 min NP-HPLC fraction should be collected, so that the activity of 

xenobiotic compounds in biota extracts can be determined without the interference of endogenous hormones. 

Additional HPLC fractionation techniques were also successfully applied in other studies to extracts of human 

serum
23

 and adipose tissue
24

 for separation of xenoestrogens from endogenous hormones to ensure that the 
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activity measured originated from xenoestrogenic compounds only. These studies did not focus on the separation 

of androgens and thyroid hormones. The developed sample preparation and cleanup method proved to be 

capable of removal of high amounts of lipids and natural hormones from fish extracts, enabling the application 

of radioligand T4*-TTR and AR-CALUX bioassays in biotesting of biota samples without causing masking 

effect. 
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Chapter 2 - Supporting information 

 

Materials and methods 

Chemicals and solvents 

Standards of thirteen spiking compounds were purchased from different sources: tamoxifen, flutamide, estrone, 

triclosan, dibenzo[a,h]acridine (DBA), 5-methylchrysene (5-MC) and 5α-dihydrotestosterone (DHT) from 

Sigma-Aldrich (Zwijndrecht, The Netherlands), 3,4,5-trichlorophenol (3,4,5-TCP) and fluoranthene from 

Supelco (Zwijndrecht, The Netherlands), 2,4,6-tribromophenol (2,4,6-TBP) and 4,4’-dichlorodiphenyl 

trichloroethane (p,p’-DDT) from Riedel de Haën (Seelze, Germany), 3,3′,4,4′,5-pentachlorobiphenyl (CB126) 

and 2,2',4,4',6-pentabromodiphenyl ether (BDE100) from Dr. Ehrenstorfer (Augsburg, Germany).  

Solvents hexane (95%), acetonitrile (ACN, HPLC grade) and methanol (HPLC grade) were purchased from JT 

Baker (Deventer, The Netherlands), dichloromethane (DCM, 99.5%) from Fluka (Zwijndrecht, The 

Netherlands), and dimethyl sulfoxide (DMSO) from Acros (Geel, Belgium).  

Chemical analysis  

Recovery studies Test compounds: 3,4,5-TCP, 2,4,6-TBP, triclosan, DHT, flutamide, estrone, tamoxifen, DBA, 

fluoranthene, and 5-MC were analyzed in the spiked pangasius extracts by gas chromatography-mass 

spectrometry (GC-MS) operated in the selected ion (SIM) and full scan mode (scanning mass range: 50-400 

m/z). GC-MS measurements were performed on a HP 6890 GC with a HP 5973 mass selective detector (Agilent 

Technologies, Amstelveen, The Netherlands), equipped with a 25 m SGE BPX5 column (0.22 mm I.D., 0.25 µm 

film thickness), and helium as the carrier gas. The oven temperature program was: 1 min at 60 °C; increase at 5 

°C /min to 210 °C; increase at 10 °C /min to 300 °C; 15 min at 300 °C. Total run time was 55 min.  

The analysis of 4,4’-dichlorodiphenyl trichloroethane (p,p’-DDT), 3,3′,4,4′,5-pentachlorobiphenyl (CB126) and 

2,2',4,4',6-pentabromodiphenyl ether (BDE100) was performed by GC with electron capture detection (ECD), 

using a HP GC-ECD 6890 (Agilent Technologies, Amstelveen, The Netherlands), equipped with a 50 m CP-Sil8 

CB column (0.2 mm I.D., 0.33 µm film thickness) and in parallel a 50 m CP-Sil19 CB column (0.2 mm I.D., 

0.33 µm film thickness), helium as the carrier gas and nitrogen as the make-up gas. The oven temperature 
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program was: 3 min at 90 °C; increase at 5 °C /min to 265 °C; 5 min at 265°C; increase at 3 °C/min to 275 °C; 

15 min at 275 °C. Total run time was 58 min. 

Bioassays 

Radioligand T4*-TTR binding assay Briefly, a mixture of 
125

I-T4* (PerkinElmer Life and Analytical Sciences, 

Groningen, The Netherlands) and unlabeled T4, purified human TTR (Sigma), TRIS-HCl buffer (pH: 8.0) and 

competitors in increasing concentrations (unlabeled T4 as the reference material or cleaned fish extracts, both 

dissolved in DMSO) were incubated overnight. Control incubations were performed by adding an equal volume 

of DMSO instead of competitor. After incubation, when binding equilibrium was reached, the protein bound 
125

I-

labeled T4 and free 
125

I-labeled T4 were separated on 1-mL Biogel P-6PG (Bio-Rad Laboratories, Hercules, CA, 

USA) columns (prepared in a 1-mL disposable syringe) and spin-force eluted. The radioactivity of the eluate 

containing the protein bound 
125

I-labeled T4 was counted on a gamma counter (LKB Wallack Compu-gamma, 

Turku, Finland) and corrected for the initially added amount of 
125

I-labeled T4. 

AR-CALUX® The assay makes use of U2OS human osteoblast cells stably transfected with a luciferase gene 

under transcriptional control of the AR (BioDetection System BV, Amsterdam, The Netherlands). Briefly, 7,500 

cells per well were plated in 96-well plates and after 48 hours the medium was refreshed with exposure medium 

prepared by mixing the medium with the cleaned fish extracts dissolved in DMSO at a maximum solvent 

concentration of 0.2 %. After 24 hours of incubation the cells were lysed in 50 µL of triton-lysis buffer and 

measured for luciferase activity on a luminometer. 5α-Dihydrotestosterone (DHT, Sigma) was used as 

androgenic and flutamide (FLU, Sigma) as anti-androgenic reference compounds.  
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Table S2.1: Selection of compounds used for the spiking mixture 

*
: Estimated values according to Episuit Kowwin v1.67, US EP 

**: Relative potency (REP): Toxic potencies are expressed relative to thyroid hormone (T4) 
(a), dihydrotestosterone (DHT) (b) and flutamide (FLU) (c) , respectively

Compound Chemical formula CAS number 
Log 

Kow
* 

Henry LC* 

atm-

m3/mol 

MW 

(g/mol) 
Toxicity syndrome Reference 

REP** 

factor 

Spiking conc. 

MULLET 

(µg/kg ww) 

Spiking conc. 

PANGASIUS 

 (µg/kg ww) 

3,4,5-Trichlorophenol 
 

609-19-8 3.45 2.28E-007 197.45 

Thyroid hormone 

disruption 

own data 0.04a 188 1662 

2,4,6-Tribromophenol 

 
118-79-6 4.18 4.77E-008 330.80 [1] 10a 225 120 

Triclosan 
 

3380-34-5 4.66 2.13E-008 289.54 [2] 0.01a 225 2521 

5α-Dihydrotestosterone 

(DHT) 
 

521-18-6 3.07 9.96E-011 290.44 Androgenicity [3] 1.0b 38 1563 

BDE-100 
 

189084-64-8 8.21 Not found 565.69 

Anti–androgenicity 

[1] 13.4c 38 3 

Flutamide 
 

13311-84-7 3.51 3.73E-010 276.21 [1] 1.0c 1875 1328 

p,p’-DDT 
 

50-29-3 6.79 8.32E-006 354.49 [4] 1.0c 188 10 

PCB-126  
 

57465-28-8 6.98 1.90E-004 326.42 

Anti–androgenicity, 

Ah-receptor based 

toxicity 

[5] 0.76c 0.75 4 

Estrone 

 
53-16-7 3.43 3.8E-010 270.37 Estrogenicity [6] - 19 2063 

Tamoxifen 

 

10540-29-1 6.30 4.49E-010 371.51 Anti–estrogenicity [7] - 188 4935 

Dibenz[a,h]acridine 

 
226-36-8 5.67 1.9E-009 279.33 

Ah-receptor based 

toxicity 
[8] - 15 572 

Fluoranthene 

 
206-44-0 4.93 8.86E-006 202.26 

Genotoxicity, Ah-

receptor based 

toxicity 

[9] - 38 1545 

5-Methylchrysene 

 

3697-24-3 6.07 1.9E-006 242.33 Tumour promotion [10] - 38 1883 
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Figure S2.1. Elution profile of the compounds in the spiking mixture, the natural hormones, fatty acids 

and cholesterol on the µPorasil column (NP-HPLC treatment) 

 

 

 

 

 

 

 

Figure S2.2. GC-MS full scan chromatogram of the unspiked pangasius extract after the dialysis/GPC/NP-

HPLC sample treatment
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Figure S2.3. a) TTR-binding potency of the refractionated pangasius extracts b) AR-agonistic potency and 

AR-antagonistic potency of the refractionated pangasius extracts with indication of the calculated 

theoretical spiking levels. FT is the total extract eluting from the NP-HPLC column between 0-49 min, F1 is 

the 0-40 min fraction and F2 is the 41-49 min fraction. Horizontal lines indicate theoretically calculated 

activity from the spiking mixture assuming concentration addition. 
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Abstract  

A sample preparation method combining solid-phase extraction (SPE) and liquid-liquid extraction (LLE) was 

developed to be used in Effect-Directed Analysis (EDA) of blood plasma. Until now such a method was not 

available. It can be used for extraction of a broad range of thyroid hormone (TH)-disruptors from plasma with 

high recoveries. Validation of the method using spiked cow plasma showed good recoveries for hydroxylated 

polybrominated diphenyl ethers (OH-PBDEs; 93.8±19.5%), hydroxylated polychlorinated biphenyls (OH-PCBs; 

93.8±15.5%), other halogenated phenols (OHPs; 107±8.1%) and for short-chain (<8 C-atoms) perfluoroalkyl 

substances (PFASs; 85.2±24.6%). In the same extracts, the potency of the compound classes spiked to the cow 

plasma to competitively bind to transthyretin (TTR) was recovered by 84.9±8.8%. Furthermore, the SPE-LLE 

method efficiently removed endogenous THs from the extracts, thereby eliminating their possible contribution to 

the binding assay response. The SPE-LLE method was applied to polar bear plasma samples to investigate its 

applicability in future EDA studies focusing on TH-disrupting compounds in this top predator species that is 

exposed to relatively high levels of bioaccumulating pollutants. A first screening revealed TTR-binding potency 

in the polar bear plasma extracts, which could be explained for 60-85% by the presence of OH-PCBs.  

Introduction 

Persistent organic pollutants (POPs) in the environment can bioaccumulate and biomagnify in the foodchain.
1
 

POPs are consequently found in significant concentrations in adipose tissue and blood of top predators.
2
 The 

number of reports on levels of blood accumulative pollutants (BAP) in humans
3
 and wildlife

1, 2
 is rapidly 

increasing. These chemicals, such as polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls 

(PCBs), hydroxylated PBDEs (OH-PBDEs), hydroxylated PCBs (OH-PCBs) and other halogenated phenols 

(OHPs), are known to interfere with the thyroid hormone (TH) system.
4
 TH-disrupting compounds may compete 

with thyroxine (T4) binding to transthyretin (TTR), one of the T4-transport proteins.
4, 5

 Other compounds such as 

perfluoroalkyl substances (PFASs) have no structural similarity with THs, but have a TTR-binding potency in 

the order of one-tenth of the endogenous T4.
6
 TTR-binding compounds can reduce the concentrations of THs in 

the blood circulation of experimental animals
7
 as well as in humans

8
 and wildlife

9
, but the lowest dose of these 

contaminants causing this effect is not well established.
4
 Decreased TH levels in blood might lead to subclinical 

hypothyroidism in adults. Furthermore, normal level of THs is crucial for development of the central nervous 

system during gestation and for general development in childhood.
4
 In wildlife there is concern that TH-
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disruption may have a negative effect on fitness of top predator species, such as the polar bear (Ursus 

maritimus).
10

 

To identify known and unknown TH-disruptors in complex environmental matrices (e.g. blood plasma), Effect-

Directed Analysis (EDA) - the combined and iterative use of biological and analytical chemical techniques to 

direct chemical analysis to those compounds that actually have biological activity
11

 - is a promising approach. 

For successful EDA studies of blood plasma a gentle, non-destructive, non-discriminating sample treatment is 

one of the key factors to broaden the scope of EDA from abiotic to biotic matrices. 

The objective of the present study was to develop and validate a method combining solid-phase extraction (SPE) 

and liquid-liquid extraction (LLE) for extraction of a broad range of known and unknown TH-disrupting 

compounds from plasma samples. Recoveries of a wide selection of TH-disrupting compounds from spiked cow 

plasma were chemically determined by gas and liquid chromatography (GC and LC) coupled to mass 

spectrometry (MS) and recoveries of their competitive TTR-binding activities were biologically determined in 

the T4
*
-TTR binding assay.

5
 Furthermore, the total T4 (TT4) concentration in cow plasma before and after the 

extraction was measured to estimate the T4 removal capability of the SPE-LLE method. Extracts of cow plasma 

samples spiked with OH-PCBs and OH-PBDEs were also fractionated using normal-phase high performance 

liquid chromatography (NP-HPLC) to separate xenobiotic TH-disrupting compounds from endogenous THs that 

could affect the bioassay results. Finally, two polar bear plasma extracts were prepared using the validated SPE-

LLE method and tested in the T4*-TTR binding assay to demonstrate the applicability of the developed sample 

preparation method in further EDA studies. 

Materials and methods 

Plasma samples and spiking mixtures 

Cow plasma was used for method validation because no or only very low levels of contaminants were expected 

in this type of plasma compared to plasma from top predators, such as polar bears. Polar bear blood samples 

were collected from two adult (8 and 9 year old) female bears at Svalbard (Norway) in April 2008. Two mL of 

each plasma sample were extracted and tested in the radioligand T4*-TTR binding assay. These samples were 

selected based on their moderate TT4 level (8 and 20 nM, respectively), high plasma lipid levels (1.5% for both) 

and knowledge of the plasma OH-PCB levels as determined within a much larger study (BearHealth, website: 

http://biologi.no/bearhealth-eng.htm). Further information on cow plasma preparation and on the sampling, 

extraction and chemical analysis of the polar bear samples can be found in the Supporting Information. 

http://biologi.no/bearhealth-eng.htm
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Spiking mixtures were prepared of well known classes of TH-disrupting compounds, such as OH-PCBs, OH-

PBDEs and OHPs in hexane (J.T. Baker, The Netherlands) and PFASs in methanol (MeOH; J.T. Baker). In 

addition, spiking mixtures of the parent PCB and PBDE compounds were  prepared in hexane. Three mL of cow 

plasma were spiked in a final concentration range of 0.018-0.47 µM with 30 µL of the different spiking 

mixtures. The final spiking concentration range was determined based on the environmentally relevant 

concentrations and on the analytical detection limits of the spiking compounds. In order to better mimic 

environmental circumstances (e.g. that BAPs might bind to blood plasma proteins) a low spiking volume (30 µL) 

was used to avoid direct protein precipitation by the organic solvent of the spiking mixtures. The PFAS mixture 

and the PFAS-spiked plasma samples were stored in polypropylene tubes to avoid interaction with glass 

surfaces. An overview of the individual test compounds, the mixtures and the concentrations of the individual 

compounds in the blood plasma after spiking is given in Table 3.1. Spiked cow plasma samples, cow plasma 

blanks (3 mL) and procedure blanks (3 mL HPLC-grade water) were prepared in triplicate; whirl-mixed and 

placed in the refrigerator (at 4 ºC) for overnight equilibration to enable the formation of possible bindings 

between the TH-disruptors and plasma proteins. To test the influence of the sample matrix on the recoveries, an 

additional spiking experiment was performed with 3 mL of HPLC-grade water that was spiked with 30 µL of the 

OH-PBDE mixture. 

Sample preparation 

An overview of the experimental design of the validation study is shown in Figure 3.1. The sample preparation 

method consists of four steps: protein denaturation, SPE, LLE, and NP-HPLC fractionation. 

Protein denaturation. To denaturate plasma proteins, formic acid (HCOOH, 99% v/v; Sigma) in 2-propanol 

(Sigma) (4:1, v/v) was added in a 1:1 (v/v) ratio to 3 mL of procedure blanks, spiked and blank cow plasmas and 

to 2 mL of polar bear plasmas following the method described by Thomsen et al.
3 

with minor modifications. The 

samples were whirl-mixed, sonicated in an ultrasonic bath for 10 min and stored in the dark for 50 min at room 

temperature. Subsequently, 3 mL of water/2-propanol (4:1, v/v) was added to each sample (2 mL to the polar 

bear plasma)  and the resulting mixture was sonicated for another 10 min. Finally, to reduce the influence of the 

organic solvent on the SPE procedure, the samples were diluted with water until the organic solvent percentage 

(iso-propanol and solvent of the spiking mixture) was less than 5%. Typically, the total volume before SPE was 

25 mL. The obtained plasma samples were clear and required no centrifugation step for pellet separation before 

extraction. 
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Figure 3.1. Complete experimental scheme of the SPE-LLE-HPLC extraction and cleanup method 

evaluation on Oasis® MCX (150 mg/6 mL) cartridges 

Solid-phase extraction (SPE) and clean up. The Oasis
® 

MCX cartridge (150 mg, 6 mL) was selected for this 

study, because highest chemically determined recoveries of TH-disrupting compounds was obtained for this 

cartridge in a pilot experiment comparing seven different cartridges (Supporting Information). Oasis
® 

MCX 

cartridges were conditioned with MeOH (3 mL) and equilibrated with water (3 mL) before the treated plasma 

samples were loaded. Solvents and samples were passed through the cartridges dropwise. The cartridges were 

washed with water containing 1.8% HCOOH (3 mL). After the washing step the SPE sorbent material was dried 

completely before elution. The adsorbed compounds were eluted from the MCX cartridges with 4x0.75 mL 

MeOH (elution 1, E1) followed by 4x0.75 mL MeOH containing 5% ammonium hydroxide (NH4OH; Fluka, The 

Netherlands) (elution 2, E2). Vacuum was only used after the washing step, before elution. The SPE procedure is 

summarized in Figure 3.1. 
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Liquid-liquid extraction (LLE). Using LLE, all E1 and E2 fractions were transferred into hexane that was more 

suitable for further analysis, except for the extracts of the plasma spiked with PFASs. Of the E1 and E2 fractions 

of these extracts, 50% was kept in MeOH, since the PFASs were analyzed on a triple quadrupole liquid 

chromatography electrospray ionization tandem mass spectrometer (LC-ESI-MS/MS, see Chemical validation) 

using a MeOH: water (1:1, v/v) mobile phase. For LLE, the E1 and E2 fractions were transferred to 20 mL glass 

tubes with screw caps, and 5-7 mL of 4% phosphoric acid (H3PO4; Fluka) and 2 mL of hexane were added. The 

addition of H3PO4 improved the extraction of the hydroxylated compounds (data not shown). Subsequently, the 

samples were vortexed (1 min) and centrifuged (3 min; 1500 rpm). The upper hexane layers containing the 

compounds of interest were carefully separated and collected. The hexane fractions were then loaded onto a 

Pasteur pipette filled with dried sodium sulphate (Na2SO4, Promochem, Germany) to remove water, if present. 

The whole procedure, starting with the addition of 2 mL of hexane, was repeated another two times. For each 

fraction, the hexane layers were combined and the extracts E1, hex and E2, hex were evaporated under nitrogen until 

a volume of 0.5 mL.  

Normal-phase high performance liquid chromatography (NP-HPLC). To avoid interference of endogenous 

THs with the bioassay measurements, they were separated from the plasma extracts via NP-HPLC fractionation. 

Half of both the E1, hex and E2, hex fractions of the plasma spiked with OH-PCBs and OH-PBDEs was loaded on a 

µPorasil NP-HPLC column (7.8 mm ID, 300 mm) packed with 10-µm µPorasil (Waters Assoc., USA), using a 

mobile phase gradient of hexane, dichloromethane (DCM; Promochem) and acetonitrile (ACN; J.T. Baker) at a 

flow-rate of 5 mL/min, as described before.
17

 The 0–40 min (F1) and 41-49 min (F2) NP-HPLC fractions were 

collected, resulting in the fractions E1F1, E1F2, E2F1 and E2F2 (Figure 3.1.). In these fractions recoveries 

(chemical analysis) and competitive TTR-binding activities (T4*-TTR assay) were determined. The analytes 

were expected to elute from the column in the first HPLC-fractions, the endogenous hormones in the second.
17

 

The other half of the extracts was kept unfractionated to compare the chemically determined recoveries and the 

biological activities of the fractionated and non-fractionated extracts. Fractionated and non-fractionated extracts 

were equally divided into two parts: half was exchanged into 50 µL of DMSO (Acros, Belgium) for testing in the 

T4*-TTR binding assay and half was kept in 50 µL of hexane for chemical analysis. 
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Table 3.1. Overview of the six spiking mixtures used to spike cow plasma samplesk  

a: Greyhound (Birkenhead, UK); b: Synthesized at Stockholm University by Prof. Dr. Åke Bergman; c: Chiron (Trondheim, Norway); d: ULTRA Scientific (N. Kingstown, USA); e: ABCR GmbH & Co (Karlsruhe, Germany); f: Acros Organics (Geel, Belgium); g: Sigma (Zwijndrecht, The 

Netherlands); h: Fluka (Zwijndrecht, The Netherlands); i: Wellington (Guelph, Canada); j: Riedel de Haën (Seelze, Germany) kThe combined mixture did not contain PCBs/PBDEs (mixture 3) and PFASs (mixture 4). The spiking level in plasma indicates the concentration of the individual 

compounds.

Spiking mixture Compound Chemical name CAS number 
MW 

(g/mol) 

Spiking level in 

plasma (µM) 

Molar T4-REP 

factors 

Reference 

REP-factors 

1. OH-PCBs  

4-OH-CB 107a 4-hydroxy-2,3,3′,4′,5-pentachlorobiphenyl n.a. 342.44 3.4 x 10-2 3.5 This study 

4-OH-CB 118b 4-hydroxy-2,3′,4,4′,5-pentachlorobiphenyl n.a. 342.44 3.4 x 10-2 4.1 This study 

4'-OH-CB 130b 4'-hydroxy-2,2',3,3',4,5'-hexachlorobiphenyl n.a. 376.88 3.1 x 10-2 3.7 This study 

4-OH-CB 187a 4-hydroxy-2,2′,3,4′,5,5′,6-heptachlorobiphenyl n.a. 411.33 2.8 x 10-2 4.0 This study 

2. OH-PBDEs 

2'-OH-BDE-66b 2’-hydroxy-2,3’,4,4’-tetrabromodiphenylether n.a. 501.8 4.5 x 10-2 6.5 x 10-1 Hamers et al., 200812 

3-OH-BDE-47b 3-hydroxy-2,2’,4,4’-tetrabromodiphenylether n.a. 501.8 4.6 x 10-2 4.0 Hamers et al., 200812 

4'OH-BDE-49b 4’-hydroxy-2,2’,4,5’-tetrabromodiphenylether n.a. 501.8 3.3 x 10-2 3.5 Hamers et al., 200812 

4-OH-BDE-47b 4-hydroxy-2,2’,3,4’-tetrabromodiphenylether n.a. 501.8 4.6 x 10-2 3.9 x 10-1 Hamers et al., 200812 

5-OH-BDE-47b 5-hydroxy-2,2’,4,4’-tetrabromodiphenylether n.a. 501.8 3.0 x 10-2 3.0 Hamers et al., 200812 

3. PCBs and PBDEs 

BDE 28c 2,4,4'-tribromodiphenyl ether 41318-75-6 485.8 3.1 x 10-2 - Hamers et al., 200613 

BDE 47c 2,2',4,4'-tetrabromodiphenyl ether 5436-43-1 485.8 3.4 x 10-2 2.2 x 10-3 Hamers et al., 200613 

BDE 49c 2,2',4,5'-tetrabromodiphenyl ether 446255-38-5 485.8 3.1 x 10-2 2.2 x 10-3 Hamers et al., 200613 

BDE 100c 2,2',4,4',6-pentabromodiphenyl ether 32534-81-9 564.7 3.1 x 10-2 - Hamers et al., 200613 

PCB 138d 2,2’,3,4,4’,5’-hexachlorobiphenyl 35065-28-2 360.9 1.3 x 10-1 < 3.8 x 10-3 Hamers et al., 201114 

PCB 153d 2,2’,4,4’,5,5’-hexachlorobipenyl 35065-27-1 360.9 1.3 x 10-1 < 3.8 x 10-3 Hamers et al., 201114 

PCB 170d 2,2’,3,3’,4,4’,5-heptachlorobiphenyl 35065-30-6 395.3 1.2 x 10-1 < 3.8 x 10-3 Hamers et al., 201114 

PCB 180d 2,2’,3,4,4’,5,5’-heptachlorobiphenyl 39635-31-9 395.3 1.2 x 10-1 < 3.8 x 10-3 Hamers et al., 201114 

4. PFASs 

PFBAe Perfluorobutyric acid 375-22-4 214.0 6.1 x 10-2 n.d. Weiss et al., 20096 

PFPeAf Perfluoro-n-pentanoic acid 2706-90-3 264.0 5.1 x 10-2 1.8 x 10-1 This study 

PFHxAf Perfluorohexanoic acid 307-24-4 314.0 4.2 x 10-2 7.0 x 10-3 Weiss et al., 20096 

PFHpAe Perfluoroheptanoic acid 375-85-9 364.1 3.5 x 10-2 3.9 x 10-2 Weiss et al., 20096 

PFOAf Perfluorooctanoic acid 335-67-1 414.0 3.1 x 10-2 6.4 x 10-2 Weiss et al., 20096 

PFNAg Perfluorononanoic acid 375-95-1 464.0 2.8 x 10-2 2.2 x 10-2 Weiss et al., 20096 

PFDcAe Perfluorodecanoic acid 335-76-2 514.0 2.8 x 10-2 7.0 x 10-3 Weiss et al., 20096 

PFUnAg Perfluoroundecanoic acid 2058-94-8 563.9 2.3 x 10-2 3.0 x 10-3 Weiss et al., 20096 

PFDoAg Perfluorododecanoic acid 307-55-1 614.0 2.2 x 10-2 1.0 x 10-3 Weiss et al., 20096 

PFTrAe Perfluorotridecanoic acid 72629-94-8 664.0 1.9 x 10-2 6.4 x 10-2 This study 

PFTdAe Perfluorotetradecanoic acid 376-06-7 713.9 1.8 x 10-2 2.0 x 10-3 Weiss et al., 20096 

PFBSg Perfluorobutane sulfonate 2795-39-3 300.0 3.8 x 10-2 3.0 x 10-3 Weiss et al., 20096 

PFHxSh Perfluorohexane sulfonate 3871-99-6 400.0 3.2 x 10-2 8.5 x 10-2 Weiss et al., 20096 

6:2 FTSi 6:2 fluorotelomersulfonate 27619-97-2 427.0 2.5 x 10-2 n.d. This study 

PFOSh Perfluorooctane sulfonate 2795-39-3 500.0 2.5 x 10-2 6.5 x 10-2 Weiss et al., 20096 

PFOSAi Perfluorooctanesulfonamide 754-91-6 499.2 2.7 x 10-2 1.0 x 10-2 Weiss et al., 20096 

5. OHPs 

2.4.6-TCPj 2,4,6-Trichlorophenol 88-06-2 197.5 4.7 x 10-1 3.3 x 10-1 Van den Berg et al., 199015 

2.4.6-TBPj 2,4,6-Tribromophenol 118-79-6 330.8 2.9 x 10-1 3.0 This study 

PCPg Pentachlorophenol 87-86-5 266.3 3.4 x 10-1 1.7 Van den Berg et al., 199015 

Triclosang 5-chloro-2-(2,4-dichlorophenoxy)phenol 3380-34-5 289.5 3.5 x 10-1 1.0 x 10-2 Crofton et al., 200718 

6. Combined mixture OH-PCBs / OH-PBDEs / OHPs (The final concentration of the individual compounds in the combined mixture was the same as in the mixtures 1, 2 and 5, respectively) 

http://www.chemicalbook.com/..%5CSearch_EN.aspx?keyword=446255-38-5
http://www.lookchem.com/cas-350/35065-28-2.html
https://reach.ivm.vu.nl/owa/redir.aspx?C=b9938e2e88bf4cadb54a0e04c952e57c&URL=http%3a%2f%2fwww.commonchemistry.org%2fChemicalDetail.aspx%3fref%3d754-91-6
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Endogenous total T4 levels 

To check the capacity of the SPE procedure to remove endogenous T4, TT4 concentration was measured in the 

original cow plasma and in its E1 fraction at the Academic Medical Center (AMC) Amsterdam using a 

radioimmunoassay, according to their validated protocol. The E1 fraction in MeOH was evaporated under 

nitrogen to almost dryness and dissolved in bovine serum (Gibco, The Netherlands) stripped with T500dextran 

and activated charcoal. As a control, TT4 levels were also determined in stripped serum only. The initial TT4 

concentration in polar bear plasma was measured previously within the BearHealth project using a 

radioimmunoassay according to Braathen et al.
9 

 

Figure 3.2. Competitive TTR-binding potency A) of the T4 reference curve in different experiments, B) of 

the individual OH-PCB standards for REP-value determination, C) E1, hex, E1F1 and E1F2 (sub)fractions of 

plasma spiked with OH-PCBs, D) E1, hex, E1F1 and E1F2 (sub)fractions of plasma spiked with OH-PBDEs 

E) fraction E1, hex of plasma spiked with OHPs and the combined mixture F) fraction E1, hex of one of the 

polar bear plasma extracts. In figure 3.2. A-B) the logarithmically scaled X-axes show the concentration of 

T4 and OH-PCBs in the assay (nM) and in figures 3.2. C-F) the logarithmically scaled X-axes show the 

relative concentration of T4 and the analytes in the extracts based on the dilution of the extracts. The 
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undiluted extracts correspond to 1. On the Y-axis of each figure the percentage (%) of binding of T4* to 

TTR is indicated. 

Chemical validation 

For chemical analysis, internal standards are generally used to evaluate the analytical method performance, as for 

instance done by Thomsen et al.
3
 However, to determine recoveries in biota extracts in bioassays or in an EDA 

setup, internal standards cannot be used due to their possible influence on the bioassay results. Thus, target 

compounds were quantified in all cases by external standard calibration by the same mixtures used for spiking. 

Chemically determined recoveries of OH-PBDEs in the extracts of the spiked plasma were measured by gas 

chromatography-mass spectrometry (GC-MS) operated with electron capture negative ionization (ECNI) in the 

selected ion mode (SIM). Recoveries of OHPs were determined by GC-electron impact (EI)-MS operated in both 

SIM and full scan mode (scanning mass range: 50-400 m/z). The analysis of PCBs, PBDEs and OH-PCBs was 

performed by GC with micro electron capture detection (µECD). PFASs were analyzed by LC-ESI-MS/MS. For 

more detailed method descriptions see the Supporting Information. 

Bioassay validation 

To assess the competition between the TH-disrupting compounds in the extracts and the reference T4 (Sigma) for 

binding to the T4-transporting protein TTR (Sigma), the extracts were tested in the radioligand T4*-TTR binding 

assay according to Lans et al.
5
 with modifications as described by Hamers et al.

13
 and Weiss et al.

6
 The spiking 

mixtures were also tested directly in the assay to determine their activities in the absence of any sample matrix. 

The spiking mixtures, all fractions of the procedure blanks and of the extracts of the spiked and non-spiked 

plasma were tested in the bioassay in a dilution series (1-3-10-30-100). The extract of the plasma spiked with the 

combined mixture was tested in more dilutions (1-3-10-30-60-100-300) due to its expected higher activity. Dose-

response curves of the reference compound T4 were fitted using a sigmoidal fit with variable slope in GraphPad 

Prism (version 5.01 for Windows, GraphPad Software). TTR-binding activities of the extracts were expressed as 

T4 equivalent (T4-Eq) concentrations. For interpolation into the T4 dose–response curve (Figure 3.2.A)), the most 

diluted sample was used that caused a response in the 20-50% inhibition window.  

To calculate the theoretically expected TTR-binding activity of the spiking compounds (in terms of T4-Eq 

concentrations), the concentration of each spiked compound was multiplied by its relative potency factor (REP-

factor). The expected total TTR-binding activity of the extract was calculated by summation of the TTR-binding 

activities calculated for the individual compounds in the mixture. Finally, recoveries were determined by 

comparing the actually measured activity of the spiked plasma extracts to i) the calculated total activity of the 
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spiked compounds and ii) to the actually measured activities of the spiking mixtures (after transfer to DMSO). 

Spiking concentrations and REP factors of the test compounds are listed in Table 3.1. REP factors were collected 

from previously published studies, or were determined in the T4*-TTR binding assay in this study (Table 3.1. 

and Table 3.4., Figure 3.2.B)). REP-factors were determined by the 50% inhibition concentrations (IC50) of the 

reference compound (T4) and of the test compound: REP-factortest comp=IC50T4/IC50test comp. 

Similarly, the theoretically expected activity of the polar bear plasma extract in the T4*-TTR binding assay was 

calculated based on the measured OH-PCB levels and the REP-factors listed in Table 3.4. 

Results and discussion 

Validation 

Recoveries determined by chemical analysis. For the plasma samples spiked with OH-PCBs and the OH-

PBDEs, both the fractions E1, hex and E2, hex and their subfractions after NP fractionation (E1F1, E1F2, E2F1 and 

E2F2) were chemically analyzed to determine the recoveries of the individual compounds. This first recovery 

screening revealed that the spiked compounds eluted mainly in the first SPE fraction (E1, hex) while no spiked 

compounds or only very small amounts were detected in the second fraction (E2, hex). Therefore, the E2 fractions 

were not further analyzed. After NP-HPLC fractionation, OH-PBDEs were found in subfraction E1F1, whereas 

OH-PCBs were detected mainly in the E1F2 subfraction, where also the endogenous THs were expected.
17

 

Because relevant analytes were found in both the E1F1 and E1F2 subfractions and the TT4 concentration in the 

plasma extract was too low to interfere with the radioligand T4*-TTR bioassay (see below), further chemical 

analyses and bioassay measurements of other samples were restricted to fraction E1, hex without NP-HPLC 

fractionation. 

After SPE-LLE, the test compounds in fraction E1, hex showed average (±SD) recoveries of 107(±8.1)% for the 

OHPs, 93.8(±15.5)% for the OH-PCBs and 93.8(±19.5)% for the OH-PBDEs (Table 3.2). 

For parent PCBs and PBDEs low recoveries were found (~30%, E1, hex, Table 3.2). Thomsen et al.
3
 reported 

recoveries of 64-108% for the same PCBs and PBDEs in spiked serum extracted by Oasis
®

 HLB through 

reversed-phase hydrophobic interaction. In our cartridge selection experiment the same type of HLB cartridge 

was tested, but this material did not provide recoveries above 30% for these compounds (Table S3.2., Supporting 

Information). Since the hydroxylated metabolites of PCBs and PBDEs have remarkably stronger TTR-binding 
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affinity than their parent compounds, 
4, 12, 18

 no further effort was made to improve recovery of the parent 

compounds. 

The recoveries of the PFASs in E1 (for which no LLE was done prior to chemical analysis) decreased with 

carbon atom chain length from 115% to 2%, with acceptable recoveries 85.2(±24.6)% for the most potent, short 

chain (<8 C-atoms) PFASs, independent of the type of their polar group (Table 3.2).  

Table 3.2. Chemical recoveries (%±SD) of the spiking compounds determined in the fraction E1, hex of 

the spiked cow plasma after SPE (n=3) by GC-MS, GC-ECD and LC-MS 

 

 

 

Biologically determined recoveries. In the TTR-assay, all extracts of plasma spiked with the different 

compound classes showed activity in accordance with the chemically determined recoveries and with the 

calculated and measured activities of the spiking mixtures (Tables 3.2. and 3.3). 

For extracts of plasma samples spiked with OH-PCBs, TTR-binding activities were mainly found in the E1, hex 

fraction, especially in its second subfraction E1F2 (Figure 3.2.C)). An activity of 0.52 µM T4-Eq was found in 

GC-MS, GC-ECD %±SD  LC-MS %±SD 
Chain 

length 
Polar group 

2,4,5-TCP 113 ± 9.8  PFBA  60 ± 14.9 4 

acid 

2,4,6-TBP 110 ± 5.4  PFPeA 95 ± 20.1 5 

PCP 95 ± 3.8  PFHxA  111 ± 1.6 6 

Triclosan 110 ± 9.2  PFHpA  104 ± 7.0 7 

Average 107 ± 8.1  PFOA  83 ± 11.8 8 

4-OH-CB 118 97 ± 2.1  PFNA  51 ± 9.1 9 

4-OH-CB 107 105 ± 11.3  PFDcA  24 ± 3.8 10 

4’-OH-CB 130 102 ± 8.7  PFUnA  12 ± 1.0 11 

4-OH-CB 187 71 ± 1.5  PFDoA  6 ± 0.2 12 

Average 93.8 ± 15.5  PFTrA  3 ± 0.2 13 

BDE 28 32 ± 7  PFTdA  2 ± 0.2 14 

PCB 153 29 ± 7  Average 50± 42.9   

PCB 138 30 ±  7  PFBS  115 ± 15.1 4 
sulfonate 

 
BDE 49 30 ± 7  PFHxS  87 ± 11.8 6 

BDE 47 30 ± 7  PFOS  33 ± 4.4 8 

PCB 180 29 ± 7  THPFOS  87 ± 9.6 8 

PCB 170 30 ± 7  Average 81 ± 34.3   

BDE 100 26 ± 6  PFOSA  77 ± 10.0 8 sulfonamide 

Average 30 ± 1.7  Average short chain PFASs (<8) 85 ± 24.6 

4’-OH-BDE49 120 ± 19.5    

5-OH-BDE47 102 ± 19.3      

4-OH-BDE47 98 ± 18.8      

3-OH-BDE47 76 ± 9.8      

2’-OH-BDE66 73 ± 7.1      

Average 93.8 ± 19.5      
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the E1, hex, which is in good agreement with the calculated activity (0.50 µM T4-Eq; 104% recovery) and with the 

measured activity in the spiking mixtures (0.58 µM T4-Eq; 90% recovery) (Table 3.3.). 

For extracts of plasma samples spiked with OH-PBDEs, TTR-binding activities were also found in the fraction 

E1, hex, but in its first HPLC fraction E1F1 (Figure 3.2.D)). The measured activity in the E1 (0.41 µM T4-Eq) was 

in line with the calculated (0.48 µM T4-Eq) and measured (0.49 µM T4-Eq) activities, resulting in recoveries 

>84% (Table 3.3.).  

Table 3.3. Overview of the TTR-binding activities in extracts of spiked plasma (fraction E1, hex; Oasis
®
 

MCX) measured in the radioligand T4*-TTR binding assay. Results are expressed in µM T4-Eq in plasma 

and compared to the measured activity in the spiking mixtures and to the calculated activities as 

recoveries (%).  

n.d., not detected; “-“, not calculated 

*: These values are below the Limit of Detection (LOD), which is 0.016 µM T4-Eq (~20% T4
*
 binding to TTR) 

1: The spiking mixture was measured in the assay after transfer into DMSO 
2: Calculated activities are determined based on the T4 REP-factors of the spiking compounds and their actual concentration in the spiked 

plasma 

The activities found in the extracts of plasma samples spiked with the OHPs (1.51 µM T4-Eq) were in 

accordance with the measured activity in the spiking mixture (77% recovery) and with the calculated activity 

(82%; Table 3.3., Figure 3.2.E)). The extracts of plasma spiked with the combined mixture of OH-PCBs, OH-

PBDEs and OHPs showed an activity of 2.05 µM T4-Eq, in good agreement with the measured activity in the 

spiking mixture and with the calculated activity (>78% recovery; Table 3.3., Figure 3.2.E)).  

PCBs, PBDEs and PFASs are less potent TH-disruptors than OH-PCBs, OH-PBDEs and OHPs, and 

consequently also have lower REP values (Table 3.1.). The calculated total potencies for the extracts of the 

plasmas spiked with both PCBs and PBDEs (3 nM T4-Eq) and with PFASs (10 nM T4-Eq) were below 16 nM 

T4-Eq, which is the limit of detection (LOD) in the assay. Consequently, no activity was detected in the extracts 

of plasma spiked with PCBs, PBDEs and PFASs (Table 3.3.). 

 

Measured activity 

in extracts of spiked 

plasma (n=3) 
(µM T4-Eq in plasma) 

Average ± SD 

Measured activity in the 

spiking mixtures (n=1)1 
( µM T4-Eq) 

Average 

Calculated activity2 
( µM T4-Eq) 

Recovery relative to 

measured activity in 

the spiking mixture 
(%) 

Recovery relative to 

calculated activity 
(%) 

OH-PCBs 0.52 ± 0.02 0.58 0.50 90 104 

OH-PBDEs 0.41 ± 0.03  0.49 0.48 84 85 

PCBs and PBDEs n.d. n.d. 0.003* - - 

PFASs n.d. n.d. 0.013* - - 

OHPs 1.51 ± 0.05 1.97 1.61 77 82 

Combined mixture 2.05 ± 0.08 2.62 2.59 78 79 
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All (sub)fractions of the blanks were tested for competitive TTR-binding activity. Neither the procedure blanks 

nor the plasma blanks showed any activity. In the extract of the water spiked with OH-PBDEs, a similar activity 

(0.40 µM T4-Eq) was found as in extract of the plasma spiked with the OH-PBDEs (0.41 µM T4-Eq), indicating 

that the eventually remaining sample matrix constituents do not suppress or enhance the TTR-binding activities 

of the spiked compounds in the plasma extracts.  

Table 3.4. Measured and calculated T4-Eq of the two polar bear plasma extracts. The calculated activity is 

determined based on measured OH-PCBs levels and T4 REP-factors. 

  Polar bear 1 Polar bear 2 

Compound 
Molar T4 REP-

factors 

Concentration 

(nM) 
T4-Eq (nM) 

Concentration 

(nM) 
T4-Eq (nM) 

4 -OH-CB107 3.5 10.3 36.1 5.1 17.9 

4 -OH-CB146 3.5 70.4 246.4 73.5 257.3 

3’-OH-CB138 3.3 2.0 6.6 1.0 3.3 

4’-OH-CB130 3.7 0.5 1.9 0.3 1.1 

3 -OH-CB180 1.9 1.9 3.6 1.1 2.1 

4’-OH-CB172 3.8 33.2 126.2 42.1 160.0 

4 -OH-CB187 4.0 117.6 470.4 123.0 492.9 

Calculated activity  1.1 µM  0.9 µM 

Measured activity  1.3 µM  1.5 µM 

% T4-Eq explained by OH-PCBs 85%  60% 

 

Endogenous TT4 levels 

The presence of endogenous hormones in biota extracts may interfere with the measurement of endocrine 

disrupting compounds in in vitro bioassays
17,19

. Therefore, NP-HPLC fractionation was initially used to separate 

endogenous hormones from POPs in biota extracts as was previously done in studies on estrogens in blood 

matrices
20

 and androgens and THs in fish tissues
17

. The NP-HPLC elution profile of the spiking compounds 

(data not shown) revealed that OH-PCBs eluted in the same subfraction (E1F2) as the endogenous THs
17

. 

However, after SPE about 95% of the initial TT4 concentration (65 nM) was removed from the cow plasma. 

Taking all the concentration and dilution steps in the T4*-TTR binding assay protocol into account, the 

remaining 3 nM TT4, determined in the E1 fraction, corresponds to 5.6 nM T4-Eq in the assay. According to the 

T4 calibration curve, covering a concentration range of 0-1024 nM T4 (Figure 3.2.A)), this concentration was 

below 16 nM T4-Eq, which is the LOD in the assay and too low to influence the measured activities in extracts 
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of the spiked samples. In the polar bear plasma, even lower initial TT4 concentrations (8 and 20 nM, 

respectively) were measured, again indicating no influence on the bioassay result. Therefore, we did not apply 

further NP-HPLC fractionation for TH removal from the extracts of other spiked cow plasma samples or non-

spiked polar bear plasma samples.  

Assuming that ± 95% of plasma TT4 is removed during the SPE procedure, TT4 levels for e.g., monkey, seal, 

fish and dolphin were taken from the literature
21-24

 and their possible influence on the assay was calculated when 

extracting 3 mL sample (the sample volume for which the developed method was validated). For all studied 

species, the calculated T4-Eqs were already below the lowest T4 level (16 nM) that caused an effect in the 3-fold 

diluted extracts (Table 3.5.). So, further dilution will lead to even lower T4 level in the extracts with no influence 

on the bioassay results. This indicates that the contribution of endogenous T4 does not lead to overestimation of 

the measured TTR-binding activity in plasma extracts from different species, which emphasizes the broad scope 

of the SPE-LLE method and its suitability for inclusion in EDA strategies. 

Table 3.5. Total T4 levels (nM) measured in plasma of different species and their corresponding highest 

T4-concentration in the radioligand T4*-TTR binding assay, under similar extraction and test conditions 

as used in the present study*. These calculated concentrations can be compared to the lowest level of T4 

causing effect in the assay (Fig. 3.2.a)) 

* 3 mL plasma sample was reduced to 40 µL extract in DMSO; diluted 40-times in the assay; 5% recovery of T4 was expected 

Polar bear plasma 

The SPE-LLE method successfully extracted the biologically active compounds present in the polar bear plasma 

samples and the activities, known to be partly caused by a suite of chemically determined OH-PCBs, could be 

measured in the T4*-TTR binding assay. This is in accordance with a previous study that showed that in polar 

bear plasma, 4-OH-CB107 had a high binding affinity to TTR
25

. In the first polar bear plasma extract, the 

calculated TTR-binding activity caused by the OH-PCBs (1.1 µM T4-Eq) could explain 85% of the actually 

measured TTR-binding activity (1.3 µM T4-Eq). In the second extract, the calculated activity (0.9 µM T4-Eq) 

 
TT4 (nM) in 

plasma 
Reference 

T4 (nM) in T4*-TTR binding 

assay (3-times diluted extract) 

Cow (n=1) 65 This study 1.9 

Polar bear (n=2)  8-20  This study 0.25-0.6 

Human (not indicated) 66-181 Azezli et al., 200721 2.1-5.6 

Seal (n=1) 2.8-16.3 Own unpublished data 0.03-0.17 

Sea bream (n=1) 43 Morgado et al., 200722 1.3 

Dolphin (n=72) 109-311 Aubin et al., 199623 3.4-9.7 

Rhesus monkey (n=5) 80-112 Sawhney et al., 197824 2.5-3.5 

Lowest level of thyroxine (T4) in the assay causing effect: 16 nM 
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could explain 60% of the measured activity (1.5 µM T4-Eq).The measured activities in the polar bear plasma 

extracts (E1, hex) were higher than the expected activities based on calculations using the OH-PCB REP values 

and the measured ∑OH-PCB concentrations (Table 3.4.). This might indicate the presence of other TH-

disrupting compounds.  

Method applicability 

The good (71-120%) recoveries determined by chemical analysis for various potent TH-disruptors (OH-PCBs, 

OH-PBDEs, OHPs and short-chain PFASs except PFBA) in combination with good recoveries (77-104%) 

determined in extracts of plasma spiked with these compounds in the bioassay demonstrate the applicability of 

the developed plasma sample preparation method in e.g., an EDA study.  

The relative standard deviations (RSDs (%)) obtained for the chemically analyzed recoveries of the different 

classes of compounds ranged from 1.4 to 24.8%, while for bioassay measurements RSDs of 3.3 to 8.3% were 

obtained. 

After the chemical and biological validation of the SPE-LLE plasma sample preparation method and a pilot 

study on two polar bear plasma samples, a larger number of  polar bear plasma samples (n=30) have been 

extracted in collaboration with the Norwegian University of Science and Technology (NTNU), in the framework 

of the BearHealth-project. Three polar bear plasma samples showing a combination of high competitive TTR-

binding activity in the TTR assay with low levels of target analyzed TH-disrupting compounds were selected for 

further studies to identify the compounds causing the unexplained TTR-binding activities in the samples. This 

work is currently carried out in a study design based on EDA, using high resolution mass spectrometry to 

identify the unknown TH-disrupting compounds. 
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Chapter 3 – Supporting Information 

Methods and materials 

Additional information on cow and polar bear plasma samples 

Cow blood used for method validation was obtained from a slaughterhouse (Amsterdam, The Netherlands). 

Approximately 1 L of cow blood was heparinized with 10 mL of heparine lithium anti-coagulant (Sigma-

Aldrich, Zwijndrecht, The Netherlands) dissolved in water, resulting in a final concentration of 3,000 units/L 

blood. Samples were carefully handled (e.g. no shaking) to avoid hemolysis (i.e. lysis of red blood cells) and the 

release of hemoglobin into the plasma. Whole blood was divided into 15 mL subsamples, that were centrifugated 

at 4,000 rpm for 10-15 minutes. The isolated plasma was stored in 15 mL aliquots at -18 ˚C until use.  

The polar bear blood samples were collected from two adult (8 and 9 year old) female bears (estimated age based 

on tooth analysis as described by Christensen-Dalsgaard
1
) at Svalbard (Norway) in April 2008, between 

latitude=77.74N and 77.55N, and between longitude=18.44E and 22.12E. Capture and handling procedures 

followed standard protocols
2,3

 and were approved by the National Animal Research Authority (NARA, Oslo, 

Norway) and the governor of Svalbard. The bioassay analyses of the current samples were performed within a 

much larger study (BearHealth). The percentage of plasma lipids (PL %) and the concentration of several OH-

PCBs in the polar bear plasma samples were determined at the Laboratory of Environmental Toxicology at the 

Norwegian School of Veterinary Science (Oslo, Norway). The PL% was determined and the plasma sample was 

extracted and cleaned up according to Brevik et al.
4
 with modifications as described by Bernhoft et al.

5
 and 

Andersen et al.
6
 Chemical analysis of OH-PCBs after derivatization was conducted as described by Løken et al.

7
 

and Berg et al.
8
 These samples were selected based on their medium TT4 level (8 and 20 nM, respectively) and 

high PL% (1.5% for both). Two mL polar bear plasma was extracted and tested in the radioligand T4*-TTR 

binding assay. 

Chemical analysis to determine recoveries of spiked compounds 

In the plasma extracts, the recoveries of OH-PBDEs were measured by gas chromatography-mass spectrometry 

(GC-MS) operated in electron capture negative ionization (ECNI) mode on an Agilent 6890 Network GC system 

with an Agilent 5975 inert XL mass selective detector and an Agilent7683 auto sampler  (Agilent Technologies, 

Amstelveen, The Netherlands). A volume of 1 µL extract was injected at 275°C in pulsed splitless mode at 380 

http://en.wikipedia.org/wiki/Red_blood_cell
http://en.wikipedia.org/wiki/Hemoglobin
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kPa. For separation a CP-Sil8 CB column (48 m length, 0.25 mm I.D. and 0.25 µm film thickness) was used 

with helium as the carrier gas and methane as the reagent gas. The oven temperature program was: 1) 3 min at 

90°C; 2) increase with 30°C /min to 210°C; 3) 20 min at 210°C; 4) increase with 5°C/min to 290°C; 17 min at 

290°C. The source temperature was held at 200°C, the quadrupole temperature at 106°C. The ionization energy 

was 50 eV. 

The OHPs were analyzed by GC-MS operated in the selected ion (SIM) and full scan mode (scanning mass 

range: 50-400 m/z). GC-MS measurements were performed on a HP 6890 GC with a HP 5973 mass selective 

detector (Agilent Technologies, Amstelveen, The Netherlands), equipped with a 25 m SGE BPX5 column (0.22 

mm I.D., 0.25 µm film thickness), and helium as the carrier gas. The oven temperature program was: 1 min at 60 

°C; increase with 5 °C /min to 210 °C; increase with 10 °C /min to 300 °C; 15 min at 300 °C. Total run time was 

55 min. 

The analysis of PCBs, PBDEs and OH-PCBs was performed on an Agilent 7890A GC-system with micro 

electron capture detection (µECD) and with an Agilent 7683 autosampler. The system was equipped with a 50 m 

CP-Sil8 CB column (0.25 mm I.D., 0.33 µm film thickness) and a 50 m CP-Sil19 CB column (0.2 mm I.D., 0.33 

µm film thickness), and helium as the carrier gas and nitrogen as the make-up gas. The oven temperature 

program was: 1) 3 min at 50°C; 2) increase with 5°C /min to 300°C; 3) 10 min at 300°C. The samples were 

injected in split mode (1:50). Hydroxylated compounds were derivatized with diazomethane prior to GC 

measurement to improve the quality of the chromatography and the detection power. Ethereal diazomethane was 

generated from N-methyl-N-nitroso-ureum and 50% w/v potassium hydroxide in diethyl ether according to 

Vogel
9
.  

Perfluorinated compounds were analyzed by triple quadrupole liquid chromatography electrospray ionization 

tandem mass spectrometry (LC-ESI-MS/MS; G6410A, Agilent). A Waters Symmetry C18 column (particle size 

5µm, i.d. 2.1mm, length 50mm) was used in combination with a Waters Symmetry C18 guard column (particle 

size 5 µm, i.d. 3.9mm, length 20mm). Another Waters Symmetry C18 column (5 µm, 2.1x 50mm) was placed 

between the degasser and the LC pump to retain PFCs originating from the LC system, mainly from the tubing 

and the degasser. The injection volume used was 20 µL. The mobile phase consisted of methanol (solvent A) and 

2 mM ammonium acetate in water (solvent B), and had a flow rate of 0.3 mLmin
−1

. The column temperature was 

set at 25 ºC. The gradient elution program was 90% solvent B during the first 0.5 min, a linear gradient from 

90% to 0% solvent B over the next 49.5 min and 100% solvent A for another 0.5 min. The column was 
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reconditioned for 14.5 min. The operating conditions for the ESI source were as follows: capillary voltage 1000 

V, source temperature 325 ºC, gas flow rate 6 L/min and nebulizer gas pressure 25 psi. The quantifier and 

qualifier ions coming from two selected transitions used for each target PFC, and the internal standards together 

with their corresponding quantifier ions are published elsewhere
10

. 

Target compounds were quantified in all cases by external standard calibration using the different spiking 

mixtures. The detection limits of the analytical chemical methods are: 3-5 ng/mL for OH-PBDEs, 1-5 ng/mL for 

OHPs, 1 ng/mL for PCBs and PBDEs, 0.1-1 ng/mL for OH-PCBs and 0.1-0.5 ng/mL for PFASs. 

SPE cartridge selection 

In a preliminary experiment, different types of cartridges were tested to find the most appropriate SPE material 

for our purpose, i.e. Oasis
®
 hydrophilic-liphophilic balance (HLB) and ion-exchange (MCX, WCX, MAX and 

WAX) cartridges from Waters (Milford MA, USA) and reversed phase Strata-X cartridges from Phenomenex
® 

(Torrance
 
CA, USA). The extraction procedures are outlined in Table S3.1. The plasma samples spiked with 

OHPs, OH-PCBs and the PCB/PBDE mixtures were extracted in triplicate on seven different SPE cartridge 

types. Different protocols were followed for conditioning, equilibration, washing and elution of the cartridges 

(Table S3.1.).  

Table S3.1. Applied extraction and solvent protocols of the tested SPE-cartridges 

Step  Process 

Mixed-mode 
cation exchange 

sorbent 

Oasis
®
 

MCX 

Weak anion  
exchange 
sorbent 

Oasis
®
 

WAX 

Mixed-mode cation 
exchange sorbent for 
gas chromatography 

Oasis
®

 MCX-
GC 

Weak cation  
exchange 
sorbent  

Oasis
® 

WCX 

Mixed-mode 
anion exchange 

sorbent  
Oasis

®
 

MAX 

Hydrophilic-
liphophilic 

balance sorbent 

Oasis
®
 

HLB 

Polymeric reversed 
phase sorbent from 

Phenomenex 

Strata-X 

1 Condition 3 mL MeOH 
3 mL DCM / MeOH 

(1:1,v/v) 
3 mL MeOH 

3 mL DCM / 
MeOH 

(1:1,v/v) 
3 mL MeOH 

2 Equilibrate 3 mL water 3 mL water 3 mL water 3 mL water 3 mL water 

3 Load the sample 

4 Wash 
3 mL 1.8% formic acid 

 in water 
3 mL 5% MeOH 

in water 
3 mL 5%  NH4OH 

 in water 
3 mL 5% 

MeOH in water 
3 mL 5% MeOH 

 in water 

5 Drying the sorbent 

6 
Elution 1 
(E1) 

4*0.75 mL 100 % MeOH 
4*0.75 mL 5% 
MeOH in DCM 

4*0.75 mL 
 100 % MeOH 

4*0.75 mL 
DCM 

4*0.75 mL 
MeOH:ACN (1:1) 

7 
Elution 2 
(E2) 

4*0.75 mL  5 % NH4OH 
in MeOH 

- 
4*0.75 mL 2 %  

formic acid in MeOH 

4*0.75 mL 10 
% MeOH in 

DCM 
- 
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Recoveries determined by GC-ECNI-MS and GC-µECD measurement are summarized in Table S3.2. Best 

recoveries were obtained for the OHPs (107±8.1%) and OH-PCBs (93.8±15.5%) with the Oasis
® 

MCX and 

Oasis
® 

HLB (83±13.1% and 80±18.5%, respectively) cartridges applying the normal procedure with MeOH 

elution. For PCBs and PBDEs none of the tested cartridges gave recoveries >30 %. Extracts eluted from StrataX 

cartridges have not been injected onto the GC because they contained particles and several solvent layers. 

Generally, extracts from Oasis
® 

MAX and Oasis
® 

WCX cartridges had very low recoveries (<10%) for most of 

the compounds (these results are not listed in Table S3.2.). Considering the recoveries obtained after SPE with 

different cartridges the Oasis
®

 MCX cartridge was chosen for further method evaluation. 

Table S3.2. Comparison of different cartridges - recoveries (%±SD) of the spiking compounds measured 

in fraction E1, hex from extracts of spiked cow plasma after SPE 

 

GC-ECNI-MS/GC-µECD Oasis
®
 MCX  Oasis

®
 MCX-GC Oasis

® 
WAX Oasis

® 
HLB 

2,4,5-Trichlorophenol 113 ± 9.8 85 ± 33.7 84 ± 4.0 92 ± 0.6 

2,4,6-Tribromophenol 110 ± 5.4 86 ± 37.6 14 ± 0.8 95 ± 0.0 

Pentachlorophenol 95 ± 3.8 107 ± 49.3 1.0 0.1 67 ± 1.6 

Triclosan 110 ± 9.2 17 ± 0.0 39 ± 5.5 77 ± 1.8 

AVERAGE 107 ± 8.1 74 ± 39.2 35 ± 36.6 83 ± 13.1 

OH-PCB 118 97 ± 2.1 54 ± 1.5 7.0 ± 0.2 88 ± 0.6 

OH-PCB 107 105 ± 11.3 51 ± 0.1 9.0 ± 0.0 86 ± 1.2 

OH-PCB 138 102 ± 8.7 41 ± 0.2 31 ± 0.7 52 ± 3.0 

OH-PCB 187 71 ± 1.5 50 ± 0.3 14 ± 0.8 92 ± 5.2 

AVERAGE 93.8 ± 15.5 49 ± 5.6 15 ± 10.9 80 ± 18.5 

BDE 28 32 ± 7 35 ± 2.7 20 ± 1.5 47 ± 7.2 

PCB 153 29 ± 7 23 ± 1.1 13 ± 0.9 31 ± 6.0 

PCB 138 30 ±  7 23 ± 0.6 13 ± 1.0 32 ± 5.4 

BDE 49 30 ± 7 25 ± 0.8 16 ± 0.9 38 ± 4.2 

BDE 47 30 ± 7 15 ± 0.6 7.0 ± 0.7 22 ± 3.8 

PCB 180 29 ± 7 19 ± 0.2 10 ± 0.1 29 ± 3.8 

PCB 170 30 ± 7 17 ± 1.0 9.0 ± 0.7 24 ± 3.6 

BDE 100 26 ± 6 8.0 ± 0.3 6.0 ± 1.1 16 ± 4.0 

AVERAGE 30 ± 1.7 21 ± 8 12 ± 4.7 30 ± 9.7 
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Abstract 

We determined the transthyretin (TTR)-binding activity of blood-accumulating contaminants in blood plasma 

samples of approximately four months old polar bear (Ursus maritimus) cubs from Svalbard sampled in 1998 

and 2008. The TTR-binding activity was measured as thyroxine (T4)-like equivalents (T4-EQMeas). Our findings 

show that the TTR-binding activity related to contaminant levels was significantly lower (45%) in 2008 than in 

1998 (mean ± standard error of mean: 1998: 2265±231 nM, 2008: 1258±170 nM). Although we cannot exclude a 

potential influence of between-year differences in capture location and cub body mass, our findings most likely 

reflect reductions of TTR-binding contaminants or their precursors in the arctic environment (e.g. 

polychlorinated biphenyls [PCBs]). The measured TTR-binding activity correlated positively with the cubs’ 

plasma levels of hydroxylated PCBs (OH-PCBs). No such association was found between TTR-binding activity 

and the plasma levels of perfluoroalkyl substances (PFASs). The OH-PCBs explained 60±7% and 54±4% of the 

TTR-binding activity in 1998 and 2008, respectively, and PFASs explained ≤1.2% both years. Still, almost half 

the TTR-binding activity could not be explained by the contaminants we examined. The considerable levels of 

TTR-binding contaminants warrant further effect directed analysis (EDA) to identify the contaminants 

responsible for the unexplained part of the observed TTR-binding activity.  

Introduction 

Polar bears (Ursus maritimus) are top predators exposed to high levels and complex mixtures of 

bioaccumulating and biomagnifying organohalogenated contaminants (OHCs) such as polychlorinated biphenyls 

(PCBs), brominated flame retardants (BFRs) such as polybrominated diphenyl ethers (PBDEs), and 

perfluoroalkyl substances (PFASs).
1
 Several OHCs and OHC-metabolites (e.g. hydroxylated [OH-]PCBs and 

hydroxylated [OH-]PBDEs) detected in polar bears are defined as thyroid-disrupting chemicals (TDCs).
2, 3

  

Thyroid hormones (THs) are involved in numerous physiological processes regulating the metabolism, growth, 

development of the brain and nervous system, and the body temperature of homeotherms.
4
 Hence, maintenance 

of normal thyroid function is essential for a normal development and for sustaining good health.
4
 TDCs may 

alter the TH-homeostasis through several modes of action along the hypothalamic-pituitary-thyroid (HPT)-axis 

as for instance by impairing thyroid gland function or morphology, and by disrupting TH synthesis, metabolism, 

regulation, TH transport, cellular uptake and action of THs on target cells.
2
 In vivo studies with laboratory 

animals (i.e. rats and mice) and epidemiological studies on humans have shown that alteration of the TH-

homeostasis during sensitive periods of brain development may result in mental retardation, reduced learning 



73 

 

abilities, and altered cognitive abilities and psychomotor skills.
2, 5-7

 Although no studies have examined the 

potential effect of OHCs on the TH-homeostasis of polar bear cubs, several studies have reported that PCBs and 

other OHCs may interfere with the TH-homeostasis of adult and subadult polar bears.
8, 9

 

During the last decade, the TH-disrupting potency of blood-accumulating contaminants such as OH-PCBs and 

PFASs have gained increasing attention.
2, 10, 11

 It has been demonstrated that OH-PCBs bind to TH-transport 

proteins in blood, such as transthyretin (TTR), and this interaction is suggested to increase the biliary clearance 

rate of thyroxine (T4) from blood.
12-15

 Because PFASs also may bind to TTR, these emerging contaminants may 

have similar effects on circulating T4 as OH-PCBs do.
13

 However, PFASs have a lower affinity to TTR than OH-

PCBs.
13, 15

 Recently, an in vitro study confirmed that OH-PCBs (i.e. 4-OH-CB107) bind to TTR in adult polar 

bear blood
16

 indicating that competitive binding between T4 and TTR-binding contaminants also may be a 

mechanism of relevance when assessing TH disruption in polar bears.  

In addition to its role as a TH-transporter in blood, TTR is also involved in the transfer of T4 from mothers to 

foetus across placenta.
17

 Because TTR is synthesized in choroid plexus in addition to in the liver, it is also 

suggested that TTR is involved in the transport of T4 across the blood-brain barrier and in determining the free 

T4 (FT4) levels in brain tissue.
18

 Hence, the developmental stage may be a sensitive window for exposure to 

TTR-binding contaminants, which may cause decreased TH levels and increased contaminant levels in the 

developing brain. Both OH-PCBs and PFASs are present in considerable concentrations in blood of polar bear 

cubs-of the-year.
19, 20

  

Because developing polar bear cubs-of-the-year may be vulnerable to the toxic effects of TDCs, the aim of the 

study was to extract blood-accumulating contaminants from blood plasma of polar bear cubs-of-the year from 

Svalbard and quantify their TTR-binding activity in a radioligand 
125

I-T4-TTR-binding assay. Samples from 

1998 and 2008 were included to investigate the possible between-year differences in levels of TTR-binding 

contaminants in the cubs from these two sampling periods. The measured TTR-binding activity in the plasma 

samples were compared to the calculated TTR-binding activity, which was obtained by multiplying the blood 

levels of known TTR-binding contaminants (e.g. OH-PCBs, OH-PBDEs and PFASs)
19, 20

 with the relative 

potency of these contaminants to bind to TTR.
3, 13, 15

 Based on this comparison, the contribution of the analzyed 

TTR-binding contaminants to the measured total TTR-binding potency could be estimated.
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Material and methods 

Field sampling  

Blood samples from 31 polar bear cubs from 22 different litters were collected at Svalbard, Norway, in April 

1998 (n=13 litters) and April 2008 (n=9 litters). Of the 31 plasma samples analysed, 13 of the samples were 

obtained from litters with only one cub (i.e. mother with one cub). Eighteen samples were obtained from each of 

two cubs in nine litters with two cubs (i.e. mother with twins) (Table S4.1.). Thus, in total samples were obtained 

from cubs in 22 different litters. The cubs were of both sexes (Table S4.1.).   

Before blood samples were collected, an intra-muscular hand injection of Zoletile ® (200 mg/mL), Virbac 

Laboratories, Carros, France) was used to sedate the cubs. Blood was collected from the femoral vein into 

heparinised Venoject
® 

tubes (10 mL, Thermo Electron Corporation, Belgium) and separated into plasma and 

blood cells by centrifugation (3500 rpm, 10 min) within 8 h following sampling. Plasma was transferred to 

cryogenic vials. Based on time of sampling, the individual samples were stored at -20°C for between one and 

four weeks in the field, and then at -70°C in the lab until analyses. Capture and handling methods followed 

standard protocols,
21, 22

 and were approved by the National Animal Research Authority (NARA), Norway. 

Details about capture locations (latitude and longitude), capture day (1-365), sex, and morphometric 

measurements, e.g. body mass (BM) and plasma lipid percentage (PL%) of the cubs are previously described by 

Bytingsvik et al.,
19

 and data of particular relevance to the cubs in question is given in Table S4.2. 

Contaminant analysis 

All cub plasma samples were analysed for concentration levels of PCBs, OH-PCBs, hexabromocyclododecane 

(HBCD), PBDEs, OH-PBDEs, and PFASs (i.e. perfluorinated carboxylic acids [PFCAs] and perfluorinated 

sulfonic acids [PFSAs]). Plasma levels of contaminants are expressed as ng/g ww and nmol/L.   

The method and results of PCB, OH-PCB, and PFAS (PFCAs and PFSAs) analyses in plasma of the cubs in 

question are described by Bytingsvik et al.
19, 20

 In total, this study includes 21 PCBs (i.e. PCB-47, -74, -99, -101, 

-105, -114, -118, -128, -137, -138, -153, -156, -157, -167, -170, -180, -183, -187, -189, -194, and -206), seven 

OH-PCBs (i.e. 4-hydroxy-2,3,3`,4`,5–pentachlorobiphenyl [4-OH-CB107], 3-hydroxy-2,2`,3`,4,4`,5–

hexachlorobiphenyl [3`-OH-CB138], 4-hydroxy-2,2`,3,4`,5,5`-hexachlorobiphenyl [4-OH-CB146], 4`-hydroxy-

2`,3,3`,4`,5,5`-hexachlorobiphenyl [4`-OH-CB159], 4-hydroxy-2,2`,3,3`,4`,5,5`-heptachlorobiphenyl [4`-OH-

CB172], 3-hydroxy-2,2`,3`,4,4`,5,5`-heptachlorobiphenyl [3`-OH-CB180], and 4-hydroxy-2,2`,3,4`,5,5`,6-

heptachlorobiphenyl [4-OH-CB187]), seven PFCAs (i.e. perfluoroheptanoic acid [PFHpA], perfluorooctanoic 
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acid [PFOA], perfluorononanoic acid [PFNA], perfluorodecanoic acid [PFDA], perfluoroundecanoic acid  

[PFUnDA], perfluorododecanoic acid [PFDoDA], perfluorotridecanoic acid [PFTrDA]), and two PFSAs (i.e. 

perfluorohexane sulfonate [PFHxS] and perfluorooctane sulfonate [PFOS]).  

In addition, the method of HBCD, PBDEs, and OH-PBDEs analyses in plasma of the cubs are described 

elsewhere.
23-26

 Briefly, the extracted samples were analyzed for HBCD, eight PBDEs (i.e. BDE-28, -47, -99, -

100, -153, -154, -183, and -209), and five OH-PBDEs (i.e. 4-hydroxy-2,2`,3,4`-tetrabromodiphenyl ether [4-OH-

BDE42], 3-hydroxy-2,2`,4,4`,- tetrabromodiphenyl ether [3-OH-BDE47], 6-hydroxy-2,2`,4,4`,- 

tetrabromodiphenyl ether [6-OH-BDE47], 4`-hydroxy-2,2`,4`,5-tetrabromodiphenyl ether [4`-OH-BDE49], and 

2-hydroxy-2`,3,4`,5-tetrabromodiphenyl ether [2`-OH-BDE68]) using an GC/MS. Limits of detection (LOD) for 

individual compounds were determined as three times the noise level. The detection limits for PBDEs and 

HBCD were 0.02 ng/g wet weight (ww) (min-max: 0.01–0.03 ng/g ww) and 0.150 ng/g ww, respectively, and 

for the OH-PBDEs 0.06 ng/g ww (min-max: 0.04–0.07 ng/g ww).  

Analysis of in vitro TTR-binding activity  

Sample preparation and extraction of TTR-binding contaminants. Formic acid in 2-propanol (4:1, v/v) in a 

1:1 (v/v) ratio was added to 700 µL plasma to denaturate proteins before potential TTR-binding contaminants of 

interest were extracted by solid-phase extraction (SPE) using an ion-exchange cartridge (Oasis MCX cartridge, 

150 mg, 6cc). Cartridges were eluted with methanol and each extract was evaporated almost to dryness under 

nitrogen. The final polar bear extracts were dissolved in dimethyl sulfoxide (DMSO) (Acros, Belgium). Detailed 

descriptions of the protein precipitation, the SPE-method, SPE-method validation, and removal of endogenous 

THs have been published by Simon et al.
15

  

Radioligand TTR-binding assay. The TTR-binding activity of the extracts was determined in the radioligand 

125
I-T4-TTR-binding assay (TTR-binding assay) described by Lans et al.

27
 with modifications described by 

Hamers et al.
28

 and Weiss et al.
13

 Briefly, the TTR-binding assay is a competition assay between T4 and the 

extracted TTR-binding contaminants in binding to the transport protein TTR. Human TTR (hTTR) was used in 

the assay (Sigma-Aldrich). Plasma extracts in the TTR-binding assay were tested in dilution series (dilutions: 1, 

2, 4, 8, 16, 32 and in some cases 64). All dilutions of all extracts were analysed in duplicates in the TTR-binding 

assay, and the 31 samples were analysed in three different experimental runs including individual T4-calibration 

curves. 



76 

 

1 10 100 1000
0

10

20

30

40

50

60

70

80

90

100

110

120

130
A

Concentration in the bioassay (nM)

%
1

2
5
I-

T
4
 b

o
u

n
d

 t
o

 T
T

R
Run 1

Run 3

Run 2

 

0

10

20

30

40

50

60

70

80

90

100

110

120

130

1/101/100 1

Relative concentration in the bioassay

1/1000

B

%
1

2
5
I-

T
4
 b

o
u

n
d

 t
o

 T
T

R

1998 (n=17)

2008 (n=14)

 

Figure 4.1. Dose-response curves for the TTR-binding activity of (A) the reference compound T4 

(three analytical runs) and (B) plasma extracts of polar bear cubs from Svalbard in 1998 (n=17, 

red curves) and 2008 (n=14, blue curves). A relative concentration in the bioassay of 1 

corresponds to a 17.5x concentrated plasma extract that was 40x diluted in the assay, yielding an 

ultimate dilution factor of 2.29. Except for this figure, all further statistical analyses were 

performed on 13 and 9 cubs from 1998 and 2008, respectively (see text for explanation). 
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TTR-binding activity (T4-EQMeas) in polar bear plasma. Dose-response curves of the reference compound 

T4 and the polar bear dilution series were least square fitted by the use of non-linear regression with the DMSO 

blank set to 100% binding (GraphPad Prism version 5.02 for Windows, GraphPad Software). TTR-binding 

activities of the extracts were expressed as T4-equivalent (T4-EQ) concentrations by interpolating the response of 

the sample dilution preferably causing a 20-50% inhibition in the T4 calibration curve. However, for some (n=3) 

of the samples a dilution with higher inhibition (50-54%) was selected as none of the dilutions were within the 

20-50% inhibition window. Interpolation of the response of an extract in the calibration curve of a reference 

compound requires that both the extract and the reference compound have parallel dose-response curves. Dose-

response curves for polar bear extracts, however, were steeper than for the reference compound T4, with Hill 

slopes for polar bear extracts (-2.4±0.1 for 1998 and -2.3±0.1 for 2008) being significantly more negative than 

for reference compound T4 (-1.3, -1.4 and -0.9 in three separate experiments) (Student’s t-tests; p≤0.001) (Figure 

4.1. and Tab. S4.3.). Although the requirement of parallel dose-response curves for the extract and the reference 

compound were not met, interpolated T4-EQ concentrations corresponded with additional T4-EQ estimates that 

do take the differences in Hill slope into account (See Supporting information, first section.). To allow 

comparison to earlier studies, interpolated T4-EQ values were used in the present paper. 

After interpolating the response in the extracts, the final concentrations of T4-EQ (nM) in plasma were 

determined by taking into account the dilution of the extract and the volume of plasma extracted, and by 

subtracting the endogenous plasma concentration of total T4 (TT4) (nmol/L) from all results. Radioimmunoassay 

(RIA) was used to determine the concentration of TT4 in plasma (Table S4.2.) following the method described by 

Braathen et al.
8
 This final TTR-binding activity in plasma is referred to as “T4-EQMeas (nM)”.  

Calculated TTR-binding activity (T4-EQCalc) and % explained TTR-binding activity. The expected TTR-

binding activity in the plasma was calculated by multiplying the known plasma concentrations of individual 

contaminants (nmol/L ww) with the contaminants’ specific relative potency factor (REP-factor) compared to T4 

for binding to hTTR.
13

 The expected TTR-binding activity is referred to as “T4-EQCalc (nM)”. T4-EQCalc were 

compared with T4-EQMeas from the TTR-binding assay and presented as percentage explained (% explained) 

TTR-binding activity ([T4-EQCalc/T4-EQMeas]*100%). 

In detail, the plasma concentrations of OH-PCBs and PFASs were obtained from Bytingsvik et al.
19, 20

 and 

molar-based REP-factors were obtained from Weiss et al.,
13

 and Simon et al.
15

 (Table S4.4). 4`-OH-CB159 was 

not included because no REP-factors were available for this compound. For 4`-OH-CB172 and its co-eluting 

unknown hepta-chlorinated OH-PCB (referred to as 4`-OH-CB172)
19

, T4-EQ concentrations were calculated 
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using the REP-factor for 4`-OH-CB172. The total calculated TTR-binding activity for each compound group was 

calculated by summing the calculated T4-EQ concentrations of six out of seven individual OH-PCBs (T4-EQCalc 

for ∑6OH-PCBs), seven out of seven individual PFCAs (T4-EQCalc for ∑7PFCAs), and two out of two individual 

PFSAs (T4-EQCalc for ∑2PFSAs). T4-EQCalc for ∑9PFASs refers to the total calculated TTR-binding activity of all 

seven PFCAs and the two PFSAs.  

For those few plasma samples in which two out of the five OH-PBDEs were detected (see Results section), the 

T4-EQCalc for ∑2OH-PBDEs were presented separately. The molar-based REP-factors for OH-PBDEs were 

obtained from Hamers et al.
3
 (Table S4.4.). In principle, the T4-EQCalc and % explained TTR-binding activity of 

parent compounds PCBs
19

 and PBDEs, and HBCD were not calculated because of their low extraction 

efficiency
15

, their low affinity for hTTR
28, 29

 relative to OH-PCBs
15

 and PFASs
13

, and/or background 

contamination during their chemical analysis, of which the latter exclusively concerned the PBDEs. However, 

because PCBs were detected at considerable concentrations in all the cubs
19

, a worst-case estimate of T4-EQCalc 

and % explained TTR-binding activity for ∑21PCBs was made based on the molar concentration of ∑21PCBs 

using the molecular weight of PCB-153 (i.e. 360.9 g/mol), and a REP-factor of 0.0038 (Table S4.4.).
29

 

Data analysis  

Statistical analyses were performed using SPSS Statistical software (Version 17.0 for Windows, SPSS Inc., 

Chicago, IL). Data normality was determined with a Shapiro-Wilcoxon test (n≤50). If necessary, variables were 

normalised with a log10-transformation before statistical analyses. All values presented are non-transformed and 

presented as mean ± standard error of mean (SEM) unless otherwise noted. The level of statistical significance 

was set at p<0.05.  

Differences between the years were tested using Student’s t-test or the non-parametric Kolmogorov-Smirnov test 

(K-S-test), depending on whether the variables were normally distributed or not, respectively. Correlation tests 

were performed using Pearson’s correlation test (two-tailed) or non-parametric Spearman’s rank correlation test 

(two-tailed), depending on whether the variables were normally distributed or not, respectively.  

Because the TTR-binding activity of sibling-pairs and cubs of both sexes were available (Table S4.1.), we 

examined the variability within sibling-pairs compared to between sibling-pairs (i.e. litter effect), and whether 

the TTR-binding activity related to sex (i.e. sex effect). One-way analysis of variance (ANOVA) with Tukey 

honestly significant difference test (Tukey HSD test) or Student’s t-test was used for these purposes, 

respectively. Although the TTR-binding activity in some cases was measured in two cubs from the same litter 

(Table S4.1.), data from a randomly selected single cub per litter was used in all statistical analysis because the 
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variability between sibling-pairs for TTR-binding activity was greater than the variability in plasma levels of 

contaminants between sibling-pairs (see Discussion section). Except from the figure of the dose-response curves 

of the polar bear extract dilution series, (Figure 4.1.), the study was thereby performed on 13 and 9 cubs from 

1998 and 2008, respectively.  

 

Figure 4.2. Mean ± standard error of mean (SEM) of T4-EQMeas, T4-EQCalc of ∑6OH-PCBs and T4-EQCalc 

of ∑9PFASs in polar bear cubs from Svalbard from 1998 (n=13) and 2008 (n=9). T4-EQMeas is the total 

TTR-binding activity in cubs plasma determined by the radioligand 
125

I-T4-TTR-binding assay (TTR-

binding assay). T4-EQCalc of ∑6OH-PCBs and ∑9PFASs is the expected TTR-binding activity in cubs 

plasma calculated by multiplying plasma concentrations of the TTR-binding contaminants with the 

compounds’ specific relative potency factor (REP-factor) compared to T4 for binding to hTTR.
13, 15
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Table 4.1. Mean, median, standard error of mean (SEM) and range (min-max) of concentration of Σ21PCBs, Σ6OH-PCBs, Σ7PFCAs, and Σ2PFSAs, measured TTR-

binding activity (T4-EQMeas), calculated TTR-binding activity (T4-EQCalc) for Σ6OH-PCB, Σ7PFCAs, Σ2PFSAs and all three contaminant groups, and % explained 

TTR-binding activity (T4-EQCalc/T4-EQMeas*100%) by Σ6OH-PCBs, Σ7PFCAs, Σ2PFSAs, and all three contaminant groups in plasma of polar bear cubs from 

Svalbard sampled in 1998 (n=13) and 2008 (n=9).  
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  ng/g ww nmol/L nM nM % 

Cubs  Mean 136.2 128.4 14.0 98.2 371.7 329.8 28.7 202.6 2265 1214 0.77 13.8 1228 60 0.04 0.69 61 
1998 Median 128.3 123.5 12.9 91.4 350.0 314.3 27.0 189.3 2358 1149 0.65 13.1 1171 56 0.03 0.67 56 
 SEM 15.8 6.7 1.2 5.8 51.5 25.9 3.0 14.4 231 79 0.08 0.8 79 7 <0.01 0.08 7 
(n=13) Min 73.0 95.2 8.6 77.7 199.5 246.8 17.5 160.4 1084 903 0.48 10.9 917 32 0.02 0.35 32 
 Max 288.6 186.9 23.4 153.3 784.3 483.9 48.7 318.3 3386 1765 1.43 21.9 1781 116 0.08 1.36 117 

Cubs  Mean 77.6 67.6 23.4 78.9 211.6 173.8 46.4 163.9 1258 636 1.08 11.3 648 54 0.10 1.08 55 
2008 Median 62.5 67.7 23.5 76.8 172.9 174.2 45.9 159.3 1251 636 1.05 10.9 646 48 0.10 0.94 50 
 SEM 11.2 6.4 2.3 8.7 30.2 16.8 4.9 17.7 170 62 0.10 1.2 62 4 0.01 0.21 4 
(n=9) Min 51.0 42.0 8.8 25.6 140.1 107.1 19.0 55.3 582 385 0.61 4.0 397 43 0.04 0.23 43 
 Max 156.3 102.0 34.2 116.3 423.5 267.0 74.3 239.9 2073 974 1.65 16.3 990 76 0.16 2.42 78 

2008 versus 1998 g ↓ ↓ ↑ - ↓ ↓ ↑ - ↓ ↓ ↑ - ↓ - ↑ ↑ - 

a Calculated TTR-binding activity and % explained TTR-binding activity for PCBs was not determined due to low extraction values combined with low affinity to hTTR. Plasma concentrations, calculated TTR-binding 

activity and % explained TTR-binding activity for HBCD, PBDEs, and OH-PBDEs was not determined and/or not included in Table 4.1. because plasma samples were contaminated with background levels of PBDE, 

and because HBCD and OH-PBDEs (i.e. 4-OH-BDE42 and 4`-OH-BDE49 ) were detected in ≤2 cubs each sampling year and in low concentrations. For details, see Material and method and Result sections. b Analytes 

<LOD were assigned a random value between zero and the respective compounds LOD. For details, see Bytingsvik et al. 19, 20  

c ∑21PCBs includes PCB-47, -74, -99, -101, -105, -114, -118, -128, -137, -138, -153, -156, -157, -167, -170, -180, -183, -187, -189, -194, and -206.19 
d ∑6OH-PCBs: 4-OH-CB107, 3`-OH-CB138, 4-OH-CB146, 4`-OH-CB172 / Cl7-OH-PCB, 3`-OH-CB180, and 4-OH-CB187.19  
e Σ7PFCAs = PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA.20 
f Σ2PFSAs = PFHxS and PFOS.20 
g arrows indicate significant higher (↑) or lower (↓) values in 2008 compared to in 1998, respectively (p<0.05). 
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Figure 4.3. Best-fit regression line (Regression line±95% confidence bands) of T4-EQMeas (nM) against plasma concentration (nM) of (A) ∑6OH-PCBs, (B) 

∑7PFCAs, and (C) ∑2PFSAs, and T4-EQCalc (nM) for (D) ∑6OH-PCBs (E) ∑7PFCAs, and (F) ∑2PFSAs in polar bear cubs from Svalbard sampled in 1998 (n=13) 

and 2008 (n=9). R
2
 and p-values are given in each plot
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Results 

Clear dose-response curves were obtained for the TTR-binding activity of dilution series of polar bear plasma 

extracts (Fig. 1), with an obvious shift to the right from 1998 to 2008, indicating a lower TTR-binding potency in 

the 2008 cubs compared to in the 1998 cubs. Further quantification yielded a 45% lower TTR-binding activity 

(T4-EQMeas) in the plasma of the 2008 cubs compared to in the 1998 cubs (Student’s t-tests; p=0.001) (Tab. 1). 

These results correspond with the significantly lower plasma concentrations of TTR-binding contaminants such 

as OH-PCBs and PFOS
19, 20

, and hence, also the 47% lower calculated TTR-binding activity (T4-EQCalc) in 2008 

cubs compared to in the 1998 cubs (Student’s t-tests; p≤0.001) (Table 4.1. and Figure 4.2.).  

A significant and positive correlation was found between T4-EQMeas and plasma levels of OH-PCBs (Pearson’s 

corr.; r=0.525, p≤0.0001) (Fig. 3A) and between T4-EQMeas and the T4-EQCalc for ∑6OH-PCBs (Pearson’s corr.; 

r=0.527, p≤0.0001) in all cubs (Fig. 3D). A statistical significant correlation was found between T4-EQMeas and 

the plasma levels of ∑21PCBs (Pearson’s corr.; r=0.573, p=0.005) (figure not shown), and thus, also between T4-

EQMeas and our worst-case estimate of T4-EQCalc for ∑21PCBs (see Material and Methods section) (Pearson’s 

corr.; r=0.569, p=0.006) (figure not shown). In contrast, no statistically significant correlation was found 

between T4-EQMeas and the plasma levels of ∑7PFCAs (Figure 4.3.B)) and ∑2PFSAs (Figure 4.3.C)) (Pearson’s 

corr.; p≥0.120). Furthermore, T4-EQMeas did not correlate with T4-EQCalc for ∑7PFCAs (Figure 4.3.E)) and T4-

EQCalc for ∑2PFSAs (Figure 4.3.F)) (Pearson’s corr.; p≥0.119). Similar correlation tests could not be conducted 

for HBCD and OH-PBDEs because the number of plasma samples >LOD was too low. HBCD was detected in 

only one cub from 1998 (0.211 ng/g ww), 4-OH-BDE42 in one cub from 1998 (0.065 ng/g ww), 4`-OH-BDE49 

in two 1998 cubs and one 2008 cub (<0.076 ng/g ww), and 3-OH-BDE47, 6-OH-BDE47 and 2`-OH-BDE68 in 

none of the cubs. Results from PBDE analyses could not be used, because samples appeared to be contaminated 

with background levels of PBDEs.  

In the 1998 and 2008 cubs, T4-EQCalc for ∑6OH-PCBs explained 60% and 54% of T4-EQMeas, respectively (Table 

4.1.; Supporting information Figure S4.1). Correspondently, T4-EQCalc for ∑7PFCAs and ∑2PFSAs together 

explained only 0.7±0.1% and 1.2±0.2% of T4-EQMeas in the 1998 and 2008 cubs, respectively (Table 4.1.; 

Supporting information Figure S4.1.). For the two OH-PBDEs detected >LOD, T4-EQCalc (1998 [n≤2]: 0.11 nM, 

2008 [n=1]: 0.05 nM) explained 0.03% of the T4-EQMeas both in the 1998 and 2008 cubs. The worst-case 

estimate (see Material and Methods section 2.3.4) of T4-EQCalc for ∑21PCBs show that PCBs explained 

0.009±0.001% of the T4-EQMeas both years.  
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Hence, our findings (i.e. correlation analysis and percentage explained activity) show that the TTR-binding 

activity in cub plasma was mainly attributed to OH-PCBs. Still, the analyzed compounds (Table 4.1.) only 

explained approximately half of the total T4-EQMeas in the polar bear cub plasma.   

The variability in TTR-binding activity within sibling-pairs did not differ from between sibling-pairs (i.e. litter 

effect) in polar bear cubs from 1998 (F3,4=2.82, p=0.17) and 2008 (F4,5=2.32, p=0.19). Hence, the levels of TTR-

binding contaminants appear to correspond just as much between siblings as between a randomly selected cub 

from another litter. Because the TTR-binding activity was measured in only one male from 1998, the influence 

of sex could not be examined statistically for cubs sampled that year. In contrary, four male cubs were sampled 

in 2008. No difference in the TTR-binding activity was found between the 2008 male and female cubs (i.e. sex 

effect) (p=0.66).  

Discussion 

TTR-binding activity of contaminants in suckling polar bear cubs from Svalbard was 45% lower in 2008 

compared to in 1998. The cubs from 2008 (11±1 kg) were sampled significantly further west and were larger 

than the cubs sampled in 1998 (16±2 kg) (Tab. S.2). Hence, the reported between-year differences in TTR-

binding activity may be explained by geographical differences in contaminant levels and profiles, differences in 

exposure of the cubs mothers due to between-year differences in ecological factors.
30-32

 Because the average 

body mass of the 2008 cubs was higher than that of the 1998-cubs (and sampling was conducted somewhat 

later), it is possible that the 2008-cubs were older and more developed than the 1998-cubs. Thus, differences in 

biotransformation capacity of PCBs related to the age (i.e. development
33, 34

) of the cubs could also have 

contributed to the between-year differences in TTR-binding activity. However, the most likely explanation for 

the lower TTR-binding activity in the 2008 cubs compared to in the 1998 cubs is the temporal decrease in levels 

of potential TTR-binding OHCs in polar bears and their cubs (e.g. PCBs, OH-PCBs, and PFOS).
19, 20, 35-37

 

Although the potential confounding factors should be kept in mind (e.g. capture location and cub size), we 

suggest that the decreased TTR-binding activity in polar bear cubs from Svalbard mainly reflects the 

comparatively lower levels of potential TH-disruptive contaminants that were determined in the present study. 

The observed lack of difference in TTR-binding activity between male and female cubs corresponds with 

previous reports on plasma levels of PCBs, OH-PCBs and PFASs.
19, 20

 Further, while previous reports show that 

the variability in levels of PCBs, OH-PCBs and PFASs were lower between sibling pairs than between randomly 

selected cubs,
19, 20

 no such difference was observed for the measured TTR-binding activity in cubs (i.e. litter 
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effect). This contrasting finding may relate to a higher variability and/or lower precision in the extraction and 

analysis of T4-EQ compared to the chemical analysis of contaminants, or to a higher variability in the exposure 

levels of the unknown contaminants that contribute to the TTR-binding activity. Because the outcome of the 

TTR-binding assay was highly precise with average±SEM %CV between the counts of the different sample 

dilution duplicates at 3.4±0.19%, the TTR-binding assay was not believed to contribute significantly to the 

variability between sibling pairs. 

In the current study, we determined the capacity of contaminants present in polar bear blood to compete with T4 

for binding to human recombinant TTR. Human TTR was chosen because (recombinant) polar bear TTR, to our 

knowledge, not have been characterized, and therefore is currently not available. When making extrapolations of 

measured TTR-binding potencies from human to polar bear, however, at least three inter-species differences 

have to be taken into account, i.e. differences in protein structure, differences in binding-affinity, and the relative 

importance of TTR as a TH-carrier. Regarding protein structure, several studies have demonstrated that the 

nucleotide and amino acid sequence of TTR is highly conserved among vertebrate species, except for the N-

terminal region.
38-41

 Although the N-terminal region is not involved in thyroid hormone binding itself, different 

length and hydrophilicity of the N-terminal may explain why eutherian TTRs (with short, hydrophilic N-

terminals) preferably bind T4 over T3, while avian, reptilian, amphibian, and fish TTRs (with long, hydrophobic 

N-terminals) preferably bind T3 over T4.
41

 Given the similarity in structure and substrate affinity among 

eutherian species, we assume that the measured binding affinity of blood-borne contaminants in polar bear cubs 

towards human TTR is comparable to the binding affinity to the endogenous TTR of the cubs. Despite this 

expected similarity in TTR-affinity between human and polar bear TTR, no information is currently available of 

the relative importance of TTR as thyroid hormone distributor protein. Consequently, the TTR-binding potency 

measured in the present study only demonstrates the presence of possible thyroid hormone disrupting 

compounds and warrants further investigation into their possible effects on the developing thyroid system in 

polar bear cubs.  

Our findings indicate that the TTR-binding activity in cub plasma was mainly attributed to OH-PCBs, while the 

remaining contaminants included in the present study (i.e. PCBs, HBCD, PBDEs, OH-PBDEs, and PFASs) 

appeared to have a minor or unknown contribution to the measured TTR-binding activity. With regard to the 

significant correlation between the cubs plasma concentration of parent PCB compounds and the measured TTR-

binding activity, we suggest that this association was founds because PCBs probably reflect the cubs overall 

contamination burden including the levels of TTR-binding contaminants (e.g. OH-PCBs) rather than being a 
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compounds group of importance in explaining the TTR-binding activity itself (i.e. low extraction efficiency and 

low affinity to TTR).
15

 It should also be noted that endogenous compounds with affinity to TTR, such as T4, 

were efficiently removed during the plasma extraction.
15

 T4 present in cubs plasma were therefor concluded not 

to contribute to, and thereby not interfere with, the measured TTR-binding activity. Of several reasons, neither 

T3 or reverse T3 (rT3) were believed to interfere with the measurement of the TTR-binding activity. These 

compounds were most likely removed during the extraction (as T4), and in addition, T3 and rT3 do have a lower 

affinity to TTR and/or are found in considerably lower concentrations in plasma compared to T4.
4, 8, 9

  

The importance of the OH-PCBs contribution to the measured TTR-binding activity in cubs is supported by a 

recent study reporting that 4-OH-CB107 has a strong affinity to polar bear TTR.
16

 The presence of strong TTR-

binding OH-PCB metabolites in the cubs’ plasma could explain on average up to 60% of the measured activity. 

Still, for some individual cubs, only ~30-40% was explained by the OH-PCBs analyzed in the present study, 

indicating that they were exposed to a significant burden, and likely a complex mixture, of undefined TTR-

binding contaminants. To identify unknown compounds responsible for the unexplained TTR binding potency in 

the extracts from blood plasma of polar bear cubs, we are currently performing effect-directed analysis (EDA) 

studies. EDA is a testing strategy that iteratively uses biological and sample fractionation techniques to direct the 

chemical analysis to compounds with biological activity.
42

 Potential candidates confirmed to bind to TTR, 

known to be extracted by the same method as used in our study, and previously detected in polar bear plasma 

include pentachlorophenol (PCP) and other OH-PBDEs (e.g. 5-OH-BDE47).
12, 15, 43-46

 Although the TTR-binding 

potency of PCP (REP=1.7)
12

 and OH-PBDEs (REP=3.0 for 5-OH-BDE47)
3
 are comparable to the binding 

potency of OH-PCBs (REP between 1.9 and 4.0)
15

, the detected concentrations of PCP and OH-PBDEs in adult 

polar bear blood are low compared to the levels of OH-PCBs
19, 44, 45, 47

, and the actual concentrations in suckling 

cubs is unknown. We therefore suggest that the contribution of PCP and OH-PBDEs to the measured TTR-

binding activity in cubs is minor. Another candidate known to bind to TTR (REP=1.1) and that previously have 

been detected in higher concentrations than PCPs and OH-PBDEs in adult polar bears (~9 ng/g ww plasma) is 4-

hydroxyheptachlorostyrene (4-OH-HpCS).
46

 However, whether this compound is present in suckling cubs, and 

whether it is extracted by the method used to extract TTR-binding contaminants from cub plasma needs to be 

confirmed. Other likely candidates contributing to the unexplained TTR-binding activity in the cubs could be 

higher chlorinated OH-PCBs. Significant levels of octa- and nona-chlorinated OH-PCBs have been detected in 

polar bear blood including cubs blood (~50-150 ng/g ww whole blood or ~40 ng/g ww plasma).
43, 44, 47

 Although 

the exact TTR-binding potency and extraction efficiency of these metabolites is unknown, we consider these 
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compounds as particularly likely candidates as we believe that the extraction efficiency probably correspond to 

the extraction efficiency of the lower chlorinated OH-PCBs, and as OH-PCBs in general appear to have a high 

binding potency to TTR.
15

  

T4-EQMeas and T4-EQCalc were one to two orders of magnitude higher than TT4 levels in the 1998 cubs (43.9±4.6 

nmol/L) and the 2008 cubs (37.4±3.8 nmol/L) (Tab. 1 and Tab. S.2). Because of the excess of contaminant T4-

EQs relative to TT4, and because TTR most likely carry only a minor share of the T4 molecules in blood (11% in 

humans),
4
 the environmental relevant levels of OH-PCBs and other TTR-binding contaminants in cubs blood 

appears to be sufficiently  high to significantly compete with T4 in binding to TTR. The considerable differences 

in levels of TTR-binding contaminants relative to T4 suggests that the T4-binding sites on the TTR proteins in 

polar bear cubs could be fully saturated. Fully saturated T4-binding sites of TTR have recently been suggested in 

an in vitro study examining competitive binding between T4 and contaminants to TTR from adult bears.
16

 

The exact consequences of fully saturated TTR-binding proteins in polar bears and other mammals are unknown. 

However, any kind of disturbances of the TH-homeostasis in developing cubs could be detrimental because of 

the important role of THs during early-life.
4, 7, 48

 From experimental studies on rats exposed to OH-PCBs during 

development, long-term effects on behaviour and neurodevelopment were among the suggested health effects.
6
 

On the background of the present findings and following evaluations, we recommend further investigation of the 

abilities of OH-PCBs and other contaminants to bind to TTR and/or other transport proteins in polar bear cubs. 

We further suggest that the unknown contaminants that contributed to the observed TTR-binding activity should 

be identified, and that the potential effects of TTR-binding contaminants and other TDCs on the polar bear cubs 

TH-homeostasis should be investigated.  
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Chapter 4 – Supporting Information 

Methods and materials 

Alternative method to determine T4-EQ concentrations in polar bear extracts, taking account of differences in 

Hill slopes between dose-response curves for polar bear extracts and for T4  

Throughout the manuscript, T4-EQ concentrations in polar bear plasma were determined by interpolating a 

measured 13-53% inhibitory response determined for any dilution of the extract in the calibration curve of the 

reference compound T4. The obtained T4-EQ concentration was further corrected for dilution steps of the original 

plasma samples and the endogenous TT4 concentration, yielding the reported T4-EQMeas concentrations in 

plasma. This approach is well accepted when using bioassays to determine toxic potencies in sample extracts,
1, 2

 

but in principle it requires parallel dose response-curves for the extract and the reference compound. In contrast 

to most bioassay studies testing only a few dilutions of each extract, at least six extract dilutions were tested in 

our study, allowing the construction of full dose-response curves for the polar bear extracts, which turned out to 

be steeper than for the reference compound T4 (Figure 4.1.). Therefore, additional T4-EQ estimations (T4-EQEst) 

were made for different response levels. IC25, IC50, and IC75 values for the polar bear extracts (in terms of 

dilution factor of the original plasma sample) were set equal to corresponding IC25, IC50, and IC75 values for T4 

(in terms of nM T4 in the assay). Taking into account the dilution steps of the sample and the endogenous TT4 

levels, the TTR-binding affinity of xenobiotics in the original plasma sample could be estimated for each 

response level in terms of a T4-EQ concentration (T4-EQEst). Given the steeper dose-response curves for the polar 

bear extracts than for T4, the T4-EQEst based on the 75% inhibition level were higher than T4-EQEst based on the 

50% inhibition level, which were again higher than T4-EQEst based on the 25% inhibition level (Table S4.3.). 

Regardless of the inhibition level chosen (25, 50, or 75%), however, the observed between-year differences in 

T4-EQMeas in polar bear cubs was reflected in the T4-EQEst values. To allow comparison to earlier studies, the 

interpolated T4-EQMeas were reported in the present paper. Interpolated T4-EQMeas correlated and corresponded 

best with T4-EQEst based on the 50% inhibition level (Table S4.3.), allowing the use of IC50 based REP values to 

explain the relative contribution of individual compounds to the measured T4-EQ concentration.  
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Supporting Information: Figures  

 

Figure S4.1.Mean±standard error of mean (SEM) of % explained TTR-binding activity by 

various OH-PCBs, ∑6OH-PCBs inclusive 4’OH-CB172, ∑5OH-PCBs exclusive 4’OH-CB172, 

∑7PFCAs, and  ∑2PFSAs in cubs from Svalbard sampled in 1998  (n=13) and 2008 (n=9). Line 

with asterisk represents significant differences between the years. 
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Supporting Information: Tables  

Table S4.1. Number of mothers and cubs sampled and analysed for TTR-binding activity, and 

litter-size presented by the polar bears identification number (ID). Sex of cubs are given as 

F=female and M=male. 

Litter 

number 

Litter-

size 

ID of cubs sampled and 

analysed for 

TTR-binding avtivity 

ID of cubs not sampled 

and analysed for 

TTR-binding avtivity 

1998 

01/98 2 23191 (F) 
a
 23192 (M) 

02/98 1 23194 (F)
 a
  

03/98 2 23227 (F)
 a
 23228 (M) 

04/98 2 23230 (F)
 a
, 23231 (F)  

05/98 2 23243 (F)
 a
, 23244 (M)  

06/98 2 23248 (F)
 a
 23247 (M) 

07/98 2 23253 (F)
 a
, 23254 (F)  

08/98 3 23258 (F)
 a
 23257 (M), 23259 (M) 

09/98 3 23268 (F)
 a
 23266 (M), 23267 (M) 

10/98 2 23272 (F)
 a
, 23273 (F)  

11/98 2 23289 (F)
 a
 23290 (M) 

12/98 1 23292 (F)
 a
  

13/98 1 23295 (F)
 a
  

13 25 17 8 

    

2008 

01/08 2 23925 (F)
 a
, 23926 (M)  

02/08 2 23940 (F)
 a
, 23941 (M)  

03/08 2 23950 (F)
 a
, 23951 (F)  

04/08 1 23952 (F)
 a
  

05/08 2 23964 (F)
 a
 23963 (F) 

06/08 2 23967 (M), 23968 (F)
 a
  

07/08 1 23975 (F)
 a
  

08/08 2 23981 (F)
 a
 23982 (M) 

09/08 2 23983 (M)
 a
, 23984 (F)  

9 16 14 2 

    

  

a
 indicates the 13 cubs from 1998 and 9 cubs from 2008 included in the statistical analysis. 
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Table S4.2. Mean, median, standard error of mean (SEM) and range (min-max) of capture 

location as latitude and longitude, capture day (1-365), and morphometric variables (i.e. plasma 

lipid percentage [PL%], head length [HL, mm] zygomatic width [ZW, mm], straight length [SL, 

cm], body mass [BM] and plasma total T4 (TT4) concentration of approximately four months 

old polar bear cubs sampled in Svalbard (Norway) in 1998 and 2008.  
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O
N 

O
E 1-365 % mm mm cm kg nmol/L 

           
Cubs  Mean 77.3 24.1 104 0.9 162 100 73 11 43.9 
1998 Median 77.5 24.4 105 0.9 161 99 74 11 41.8 
 SEM 0.2 0.3 2 0.03 2 2 2 1 4.6 
(n=13) Min 76.5 22.4 91 0.8 150 92 61 5 20.0 
 Max 78.2 25.5 113 1.1 180 112 84 19 74.9 
           
Cubs  Mean 77.9 18.0 112 1.3 181 109 87 16 37.4 
2008 Median 77.4 18.0 115 1.2 182 110 86 15 34.0 
 SEM 0.3 0.6 2 0.04 4 2 2 2 3.8 
(n=9) Min 77.1 13.9 99 1.2 158 100 76 10 26.1 
 Max 79.5 21.0 121 1.4 202 121 95 25 56.9 
2008 versus 1998 

a
          

- ↓ - ↑ ↑ ↑ ↑ ↑ - 

         
a arrows indicate significant higher (↑) or lower (↓) values in 2008 compared to in 1998, respectively (p<0.05).  
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Table S4.3. Mean values±standard error of mean (SEM) and range (min-max) of results from 

the radioligand 
125

I-T4-TTR-binding assay (TTR-binding assay) given as Hill slope, estimated 

TTR-binding activity based on 25%, 50%, and 75% binding in calibration curves given as T4-

EQEst (nM), and interpolated TTR-binding activity given as T4-EQMeas (nM). All results are from 

polar bear cubs from Svalbard sampled in 1998 (n=13) and 2008 (n=9).  

 

  Hill slope T4-EQEst 
a
 T4-EQMeas 

a
 

  
 IC

2
5

  

IC
5
0
  

IC
7
5

  

In
te
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d

  

       
Cubs  Mean -2.4 1556 2629 4733 2265 

1998 Median -2.4 1709 2566 3548 2358 
 SEM 0.1 129 204 581 231 

(n=13) Min -1.7 439 1104 2573 1084 
 Max -3.3 2295 3932 8601 3386 

       

Cubs  Mean -2.3 878 1326 2049 1258 
2008 Median -2.3 899 1102 1561 1251 

 SEM 0.1 114 184 364 170 
(n=9) Min -1.8 445 724 1112 582 

 Max -2.7 1425 2160 4280 2073 

2008 versus 1998 
b
      

- ↓ ↓ ↓ ↓ 

     
a T4 (nmol/L) is subtracted from T4-EQEst and T4-EQMeas. 

b arrows indicate significant higher (↑) or lower (↓) values in 2008 compared to in 

1998, respectively (p<0.05).
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Table S4.4. PCBs, OH-PCBs, OH-PBDEs and PFASs molecular weight and binding potency 

towards TTR relative to the natural ligand T4 given as REP-factors.  

 

Compound 

Molecular 

weight 

(g/mol) 

REP-factor based on 

IC50 

   

PCB-138 
a
 360.9 <0.0038 

PCB-153 
a
 360.9 <0.0038 

PCB-170 
a
 360.9 <0.0038 

PCB-180 
a
 395.3 <0.0038 

4-OH-CB107 
b
 342.4 3.5 

3`-OH-CB138 
b
 376.9 3.3 

4-OH-CB146 
b
 376.9 3.5 

4`-OH-CB172 
b
 411.3 3.8 

3`-OH-CB180 
b
 411.3 1.9 

4-OH-CB187 
b
 411.3 4.0 

4-OH-BDE42 
c
 501.8 3.5 

4’-OH-BDE49 
c
 501.8 3.5 

 
PFHpA (C7) 

d
 364.1 0.039 

PFOA (C8) 
d
  414.0 0.064 

PFNA (C9) 
d
 464.0 0.022 

PFDA (C10) 
d
  514.0 0.007 

PFUnDA (C11) 
d
  563.9 0.003 

PFDoDA (C12) 
d
 614.0 0.001 

PFTrDA (C13) 
b
 664.0 0.064 

PFHxS (C6) 
d
 400.0 0.085 

PFOS (C8) 
d
 500.0 0.065 

   
a REP-factors are published by Hamers et al.,3 b REP-factors are published by Simon et al.,2 c REP-factors are published by Hamers et al.,4 d 

REP-factors are published by Weiss et al.5 
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Abstract 

Compounds with transthyretin(TTR)-binding potency in the blood plasma of polar bear cubs were identified 

with effect-directed analysis (EDA). This approach contributes to the understanding of the thyroid disrupting 

exposome of polar bears. The selection of these samples for in-depth EDA was based on the difference between 

the observed TTR-binding potency on the one hand and the calculated potency (based on known concentrations 

of TTR-binding compounds and their relative potencies) on the other. A library-based identification was applied 

to the LC-ToF-MS data by screening for matches between compound lists and the LC-ToF-MS data regarding 

accurate mass and isotope pattern. Then, Isotope Cluster Analysis (ICA) was applied to the LC-ToF-MS data 

allowing specific screening for halogen isotope patterns. The presence of linear and branched nonylphenol (NP) 

was observed for the first time in polar bears. Furthermore, the presence of one di-  and two monohydroxylated 

octachlorinated biphenyls (octaCBs) was revealed in the extracts. Linear and branched NP, 4’-OH-CB201 and 

4,4’-OH-CB202 could be successfully confirmed with respect to their retention time in the analytical system. In 

addition, branched NP, mono- and dihydroxylated-octaCBs showed TTR-binding potencies and could explain 

another 32±2% of the total measured activities in the extracts. 

Introduction 

For the isolation and identification of bioactive toxic compounds in environmental samples, effect-directed 

analysis (EDA) is a valuable tool. The combination of effect testing, fractionation techniques, and analytical 

chemistry results in detection of known and unknown environmental pollutants (e.g. endocrine disruptors) in 

complex environmental matrices. The samples that cause a response in the bioassay are further fractionated 

(classified based on chemical properties) until a number of chemical suspects, which may be responsible for the 

measured effect in the bioassay, can be recognized.
1-4

 

Often routinely monitored or target analyzed compounds in various matrices (e.g. sediment, water, biota) are 

only partly accountable for the measured biological/toxicological effects. EDA is an especially suitable 

methodology where there is an indication of toxicity while target analyzed compounds can only partly explain 

the measured effects.
 e.g. 5, 6

 

Many environmental pollutants to which humans and wildlife are continuously exposed have been shown to 

interact with various endocrine (hormone) systems. Besides the disruption of the estrogenic and androgenic 
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homeostasis, increasing attention has recently been devoted to the disruption of the thyroid hormone (TH) 

system due to its importance for metabolism and developmental processes, especially in the fetal development of 

the nervous system.
7, 8

 Several anthropogenic chemicals structurally resemble the main THs thyroxine (T4) and 

triiodothyronine (T3), and may thus have the potential to bind to their transport proteins causing an adverse 

impact on TH transport.
9
 

Hydroxylated metabolites of polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs), 

and perfluoroalkyl substances (PFASs) have recently been indicated as important blood accumulating 

contaminants in humans and top predators, such as polar bears,
8-14

 that can competitevely bind to TH transport 

proteins such as albumin and transthyretin (TTR).
15-18

 TTR is a transport protein for THs in blood and is also 

involved in the transfer of T4 from mother to foetus across the placenta and is the only carrier of THs to the 

brain.
19-21

 TTR-binding compounds may thus interfere with the crucial circulatory transport of THs.  When 

taking the potential detrimental effects of thyroid-disrupting chemicals on young developing mammals into 

consideration, it is important to identify the nature and binding affinities of anthropogenic chemicals that have 

thyroid-disrupting effects. 

The aim of the present study was to develop and implement an identification strategy for detecting unknown 

TTR-binding compounds in plasma of polar bear cubs by EDA using high resolution liquid chromatography 

coupled to time-of-flight mass spectrometry (LC-ToF-MS). In the plasma samples of polar bear cubs the 

concentrations of a wide range of known TTR-binding compounds (i.e. 28 PCBs, 11 hydroxylated PCB-

metabolites [OH-PCBs], 8 PBDEs, 5 hydroxylated PBDE-metabolites [OH-PBDEs], hexabromocyclododecane 

[HBCD], and 16 PFASs) were quantified and reported previously.
14, 22, 23

 In addition, 31 plasma extracts were 

screened for their TTR-binding activity using the radioligand 
125

I-T4-TTR binding assay.
23

 In the present study, 

three samples, for which the analyzed target compounds could only explain 40-47% of the measured TTR-

binding activities,
23

 were selected for further analysis. Thus, the aim of this study was to identify and confirm the 

compounds causing the remaining activity, and to investigate the polar bear exposome regarding the presence of 

thyroid hormone disrupting compounds. 
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Figure 5.1. EDA study design for the identification of potential TTR-binding compounds in polar bear cub 

plasma samples 

Materials and methods 

Polar bear cub plasma samples and their TTR-binding potency  

The plasma samples selected for the EDA study were from three polar bear cubs (ca. 4 months of age; 

identification number for Polar bear 1: 23258/98, Polar bear 2: 23940/08 and Polar bear 3: 23984/08) collected at 

Svalbard (Norway) in 1998 and 2008. The capture and handling procedures were approved by the National 

Animal Research Authority (NARA), Norway. Plasma was obtained by centrifugation of the whole blood 

samples within 8 hours after sampling. Cub characteristics (sex, weight, etc) and details on sampling, plasma 

separation, extraction and cleanup prior to the chemical target analysis and on chemical analysis are reported by 

Bytingsvik et al..
14, 22

 The EDA study design is depicted in Figure 5.1. 

The selected plasma samples (~1.7 mL) were extracted on Oasis MCX cartridges (150 mg, 6 mL, Waters) after 

protein denaturation with formic acid in 2-propanol (4:1, v/v; Sigma-Aldrich). Extracts in methanol (MeOH; J.T. 

Baker, The Netherlands) were then transferred into hexane (J.T. Baker) by liquid-liquid extraction (LLE). The 
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sample preparation method and its complete validation for a broad range of known TTR-binding compounds 

spiked to cow plasma, including hydroxylated polybrominated diphenyl ethers (OH-PBDEs), hydroxylated 

polychlorinated biphenyls (OH-PCBs), various halogentaed phenols (HPs), and short-chain (C<8 atoms) 

perfluoroalkyl substances (PFASs), have been described in detail earlier.
18

 The recoveries of the spiking 

compounds determined by chemical analysis ranged between 71 and 120%. Furthermore, the potency of the 

spiking compounds to competitevely bind to TTR was recovered by 84.9 ± 8.8%. Thirty percent of the prepared 

extracts were reconstituted in 40 µL of dimethylsulfoxide (DMSO; Acros, Belgium) and tested in dilution series 

(1-2-4-8-16-32-64 times diluted) for their TTR-binding potency in the radioligand 
125

I-T4-TTR competitive 

binding assay according to Lans et al.,
15

 with modifications as described by Hamers et al.
24 

and Weiss et al.
17

 

Briefly, after overnight incubation of each dilution of the extracts in duplicate with 
125

I-T4 (PerkinElmer) and 

human TTR (hTTR, Sigma-Aldrich), the competitive binding activity was measured as percentage inhibition 

(%±SD). Finally, the inhibition by the most diluted sample concentration causing a response in the 20-50% 

inhibition window was interpolated into the T4-reference curve. After interpolation, the TTR-binding potencies 

of the extracts were determined by taking the dilution of the extract and the volume of the plasma extracted into 

account, and expressed as nM T4 equivalents (T4-Eq). Although the samples from the three polar bears had been 

tested for TTR-activity previously,
 23

 the tests for these animals were repeated in the present study. The three 

retested polar bear extracts showed the same TTR-binding activities (Figure 5.2., Table 5.1.) as found during the 

previous/initial screening of 31 plasma extracts from polar bear cubs.
23

 This indicates that the stability of the 

blood plasma samples is excellent under the chosen storage conditions (in cryogenic vials at -80°C). For the 

identification and confirmation studies half of the remaining extracts (35% of the total extracted plasma) was 

kept in hexane, another half (35%) was transferred into MeOH. 
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Figure 5.2. Dose-response relationships of the reference compound (T4) and of the three polar bear plasma 

extracts in the radioligand 
125

I-T4-TTR-binding assay. The logarithmically scaled X-axis shows the relative 

concentration (nM) of T4 in the left figure and the extracts based on the dilution of the extracts in the right 

figure. A relative concentration in the bioassay of 1 corresponds to a 12.75x concentrated plasma extract 

that was 40x diluted in the assay, yielding an ultimate dilution factor of 3.13. On the Y-axis of both figures 

the percentage (%±SD) of binding of 
125

I-T4 to TTR is indicated. Each dilution of the extracts was 

measured in duplicate in the assay. Interpolation of the measured TTR-binding potencies into T4-Eq 

concentrations was done in the 20-50% inhibition window indicated by the dotted lines. 

Identification with GC-EI-MS 

The extracts from the three polar bear samples in hexane were analyzed by gas chromatography with electron 

impact mass spectrometry (GC-EI-MS) operated in full scan mode (scanning mass range: 50-400 m/z). Detailed 

technical parameters are described in the Supporting Information. 

As previously mentioned, the analyzed target compounds could only explain 40-47% of the measured TTR-

binding activities.
23

 All three extracts showed relatively clean chromatograms (Fig. S1, Supporting Information). 

Therefore, the identification of compounds causing the unexplained TTR-binding activity was conducted in the 

total extracts without further fractionation. The GC-EI-MS chromatograms were evaluated with the aid of 

Automated Mass Spectral Deconvolution and Identification Software (AMDIS).
25

 AMDIS automatically 

identified possible component peaks within the GC-EI-MS data file and coupled each peak to a compound 

spectrum from the selected target library (National Institute of Standards and Technology [NIST] library).  

Identification with LC-ToF-MS 

The three polar bear plasma extracts in MeOH, the procedure blank (HPLC-grade water [J.T. Baker] that was 

prepared using the same SPE-LLE method as for the plasma samples) and the solvent blank (MeOH) were 

analyzed by liquid chromatography coupled to electrospray ionization time-of-flight mass spectrometry (LC-

ESI-ToF-MS; MicrOTOF II, Bruker Daltonics).  
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Detailed technical parameters of the LC-ToF-MS analysis are described in the Supporting Information. First, all 

hydroxylated penta-, hexa- and heptachlorinated-CBs - quantified earlier by target analysis
 23

 - were successfully 

confirmed in the LC-ToF-MS data of the extracts by the sequential use of the following Bruker Daltonics 

software tools: i) SmartFormula (indicates the most likely chemical formulas for the measured m/z value based 

on the parameter settings defined such as maximum number of certain specific elements, mass deviation 

tolerance [3-5 mDa] and range for isotopic pattern fit [mSigma value <60, the isotope pattern matching factor, 

which indicates the agreement between the theoretical and the measured isotopic pattern of the mass signal of 

interest]), and ii) Compass Isotope Pattern, that generates a theoretical isotope profile based on a given chemical 

formula (Figure S5.2. and S5.3., Supporting Information). The confirmation of compounds known to be present 

assisted us in defining the correct software parameter settings for the further evaluation of the LC-ToF-MS 

chromatograms. In order to identify so-called “known unknowns”, target screening was performed on LC-ToF-

MS data with the TargetAnalysis 1.2 software (Bruker Daltonics).  

For this targeted screening of the LC-data files, lists of compounds (libraries) were created based on different 

selection criteria (i.e. compounds previously reported to occur in the environment or in blood samples of humans 

and animals, compounds that have shown activity in the 
125

I-T4-TTR assay, persistent compounds, and 

compounds with high production volumes). The mass libraries used are listed in Table S5.1. (Supporting 

Information). 

Identities were established based on accurate mass, mSigma value and molecular formula. The matches found in 

the procedure and solvent blanks were subtracted from the list of matches found in the samples. The matching 

compound peaks were then manually evaluated using DataAnalysis 4.0 (Bruker Daltonics) and candidates were 

selected for analytical and toxicological confirmation based on the relevance, occurrence and Log Kow values of 

the suspected compounds. 

Finally, Isotope Cluster Analysis (ICA) was applied to the original LC-ToF-MS data files. ICA sums up the 

intensities of peak pairs that are found to have a specified m/z difference and intensity ratio (I1/I0). This allows 

searching for components having a distinct isotopic pattern such as chlorinated or brominated compounds.  

An overview on the complete identification strategy used to evaluate the LC-ToF-MS data files is shown in 

Figure 5.3. 

 



104 

 

 

Figure 5.3. Identification strategy using TargetAnalysis 1.2 (indicated by the solid arrows on the flow 

chart) and Isotope Cluster Analysis (ICA; indicated by the dash-dot arrows)  

Chemical and toxicological confirmation 

The analytical chemical confirmation of the tentatively identified compounds - for wich pure standards were 

available - was conducted by evaluating their chromatographic and mass spectrometric behavior, e.g. accurate 

mass, isotope pattern and retention time (tR) match. For a satisfactory match we accepted a mass window of 3 

mDa and a tR window of 0.5 min between the peak found in the injected standard and in the extracts accounting 

for possible tR shifts due to matrix effects. The lack of sample material prevented us from doing standard 

addition experiments. A list of the candidates identified by TargetAnalysis 1.2 and tested in the confirmation 

study, their suppliers, usage, chemical structures and Log Kow values can be found in the Supporting Information 

(Table S5.2.). 
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To calculate the contribution of the identified and confirmed compounds to the measured TTR-binding activities 

in the plasma samples, first their plasma levels were estimated. To determine the plasma concentrations (nM) of 

the linear (single isomer, CAS number: 104-40-5) and branched nonylphenol (NP; technical mixture of isomers, 

CAS number: 84852-15-3), the extracts from the three polar bear plasmas (Polar bear 1: 23258/98, Polar bear 2: 

23940/08 and Polar bear 3: 23984/08) that were initially prepared for the target analysis of TTR-binding 

compounds
14

 along with a procedure blank (extraction blank) were reanalyzed by GC-EI-MS after derivatization 

with an acetylating reagent mixture. Concentrations were determined by the use of calibration curves with 5 

calibration points. To prepare the calibration standards, known amounts of the authentic standards were 

derivatized by the same procedure as the plasma samples, and then mixed and diluted to desired concentrations. 

The analytical method is described in more detail in the Supporting Information.  

For the confirmation of the mono- and dihydroxylated-octaCBs using LC-ToF-MS, first their corresponding 

methoxylated congeners were demethylated as described in the Supporting Information. Then, two stock 

solutions (0.2 and 2 µg/mL) were prepared for each standard and injected in the same sequence together with the 

plasma extracts. The calculated concentrations (estimated carefully based on the responses observed after 

injection of the 0.2 and 2 µg/mL stocks) were averaged and expressed in nmol/L (nM) plasma concentrations. 

To determine their TTR-binding potency, the analytically confirmed compounds were also tested in the 
125

I-T4-

TTR binding assay. Dose-response curves were least-squares fitted using nonlinear regression model (Hill 

equation) in GraphPad (GraphPad Prism version 5.02 for Windows, GraphPad Software), yielding 50% 

inhibition concentrations (IC50 in nM). Molar REP-factors were determined as the ratio of IC50  values of the 

reference compound T4 and of the test compound: REP-factortest compound=(IC50T4
)
/(IC50test compound). 

By definition, the REP factor of T4=1, compounds with higher affinity for TTR than T4 have REP-factors>1, and 

compounds with lower affinity than T4 have REP factors<1. By multiplying the calculated plasma concentration 

(nM) and REP-factors of the compounds and summing these products up – similarly as for the target analyzed 

compounds mentioned above - the total TTR-binding activity of the identified and confirmed compounds could 

be estimated (T4-Eq). 
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Results and discussion 

Identification with GC-EI-MS 

GC-EI-MS chromatograms were evaluated with AMDIS, and 6 (unknown) compounds that showed some 

structural resemblance with T4 (i.e. phenolic compounds, which are often halogenated and contain a hydroxy- or 

methoxygroup substituted on meta or para positions
15, 17

) were tentatively identified (data are not shown). Out of 

these 6 suspects, an analytical standard was available only for the pharmaceutical verapamil. The presence of 

verapamil in polar bear plasma, however, could not be chemically confirmed when comparing retention times of 

the standard and the mass signal in the extract.  

Identification and confirmation with LC-ToF-MS 

Initially, the three different plasma extracts from each plasma sample were analyzed by ToF-MS coupled to both 

LC and GC. However, after being able to confirm the earlier target analyzed TTR-binding hydroxylated penta-, 

hexa-, heptaCBs with generic settings of LC-ToF-MS, we continued the identification using the LC-MS data 

files only. Screening for “known unknowns” through the use of compiled compound lists (Table S5.1., 

Supporting Information) resulted in 31 chemical formulas coupled of suspected compounds (‘suspects’; Table 

S5.2., Supporting Information) that contained mainly the 6 most common elements (C, H, N, S, O, P and Si) and 

no particular elements like halogens. After sequential injection of the suspected compounds for which analytical 

standards were commercially available (n=24), and the sample extracts on the LC-ToF-MS, only one compound, 

nonylphenol (NP) in both its linear and branched form, could be analytically confirmed by evaluation of their 

chromatographic and mass spectrometric behaviour. As NPs are known to easily contaminate samples and 

extracts during the various stage of sampling, sample handling and preparation of extracts, the absence of both 

linear and branched NP in the LC-ToF-MS procedure blanks were thoroughly verified.  

Specific isotope pattern search by Isotope Cluster Analysis (ICA) led to the tentative identification of two 

monohydroxylated- and one dihydroxylated-octaCB (Figure S5.4., Supporting Information). Two mono-

methoxylated (4’-MeO-CB201, 3-MeO-CB203) and one dimethoxylated (4,4’-MeO-CB202) suspect congeners 

were ordered (and demethylated) for the confirmation study. These congeners were selected out of the 

commercially available (Greyhound Chromatography) five mono- and one dimethoxylated-octaCBs (MeO-

CB198, -199, -200, -201, -202, -203 and diMeO-CB202) based on the reported environmental occurrence of the 

different hydroxylated octachlorinated analogues (Table 5.2.). Of the synthesized mono- and dihydroxylated 

octa-CBs, 4’-OH-CB201 and 4,4’-(OH)2-CB202 showed retention time matches (0.1 – 0.45 min) and mass 
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matches (0.4-2.3 mDa) with peaks found in all 3 polar bear cub plasma extracts (Figure 5.4.). Although no 

fragmentation spectra could be obtained with the ToF-MS used, this is a  good indication of the identity of the 

congeners. There are only a few existing hydroxylated octachlorinated-CB congeners and their retention 

behavior is different, providing thus sufficient evidence for the identification and verification of the candidate 

compounds. 

In addition to the hydroxylated octaCBs the elemental composition of other halogen containing compounds were 

determined in the plasma extracts by ICA (e.g. C14H6Cl7N6 and C18H9Cl6O2). However, based on searches in 

several databases (e.g. ChemSpider, DrugBank, NIST, PubChem), no compound name could be  found for these 

formulas. This might indicate that the derived formulas are incorrect. Nevertheless, the need for the continous 

extension of current compound databases is clear. 

 

For the confirmation of toxicants that are less common than e.g. pharmaceuticals and pesticides, a very trivial 

but major obstacle is the limited availability of pure standards, even when Chemical Abstracts Service (CAS) 

numbers are known. For compounds that have one or a few halogens in their molecular structure, the typical 

isotopic patterns greatly enhance compound identification. 

In order to obtain significant progress regarding the identification of biologically active compounds in the 

framework of EDA, further development of mass spectral libraries is of major importance. Initiatives for sharing 

mass spectrometric data such as Mass Bank (www.massbank.jp) and its European branch 

(http://massbank.normandata.eu/MassBank) are expected to contribute to the advancement of identification of 

unknown compounds. 

http://www.massbank.jp/
http://massbank.normandata.eu/MassBank
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Figure 5.4. LC-ToF-MS extracted ion chromatogram (EIC) of a.) two monohydroxylated octa-CB congeners in a polar bear extract, b.) 3-OH-CB203 and c.) and 4’-

OH-CB201 congeners with d.) isotope pattern of 4’-OH-CB201 with signal intensity of specific mass traces on the y-axis. e.) The most likely candidate for the 

selected accurate mass (440.7521) is C12H2Cl8O – octachlorinated OH-CB by SmartFormula. 
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Table 5.1. Overview of the total measured and calculated TTR-binding activities of the polar bear extracts measured in the I
125

-T4-TTR binding assay. T4-EQs for 

the individual compounds were calculated by multiplying their plasma concentrations (nM) with their  molar REP-factors. The summation of the T4-EQs of 

individual target analyzed and by EDA identified compounds indicated the calculated activities (nM; ΣT4-Eqcalculated). Explained activities (%) were obtained by 

dividing the calculated activities with the actually measured activities. For all the calculations, measurement uncertainties were taken into account (eg. error of 

plasma concentration levels). 

    
 

  Polar bear 1 (1998) Polar bear 2 (2008) Polar bear 3 (2008) 

  

Molar T4 

REP-factor 
IC50 (nM) 

Molecular 

weight (g/mol) 

Plasma Conc. 

(ng/mL) 
T4-EQ (nM) 

Plasma 

Conc. 

(ng/mL) 

T4-EQ (nM) 

Plasma 

Conc. 

(ng/mL) 

T4-EQ (nM) 

T4 1.0 70.3 776.9 - - - - - - 

NPlinear - - 220.4 27±2 - 12±0.5 - 10±0.1 - 

NPbranched 0.003 23.4*10^3 220.4 6.2±0.1 0.085±0 3±0.1 0.035±0 4±0 0.055±0 

  
 

       

4’-OH-CB201  3.35 21.0 445.8 17±0.1 130±1.1 1±0.1 13±0.1 6.4 48±3.4 

3-OH-CB203 1.59 44.1 445.8 - - - - - - 

unknown OH-octaCB 2.47* - 445.8 164±30** 722±904 8±0.4** 49±2.5 34.1** 150±3.6 

4,4'-(OH)2-CB202 4.34 16.2 461.8 30±5 280±50 35±7 446.4 17.4 163.7 

  

 

       T4-EQmeasured 

 

 

  

3283±22*** 
 

1751±21*** 
 

1134±10*** 

ΣT4-Eqcalculated-target analyzed comp. 

 

1320±105*** 
 

716±49*** 
 

531±50*** 

% Explained activity target analyzed comp. 

 

40±2.8%*** 
 

41±2.1%*** 
 

47±3.8%*** 

ΣT4-Eqcalculated-EDA comp.  

  

1117±149**** 
 

546±40**** 
 

362±20**** 

% Explained activity EDA comp.  
  

34±4.2%**** 
 

31±1.8%**** 
 

32±1.2%**** 

Sum of explained activity target analysis & EDA (%)  74±7%  72±4%  79±5% 
 

* Estimated REP-factor based on the average of the REP-factors determined for 4’-OH-CB201and 3-OH-CB203  
 ** Estimated concentration based on the peak intensity measured for 4’-OH-CB201and 3-OH-CB203 

*** Reported by Bytingsvik et al.23 
**** This study 
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Analytically confirmed compounds and their contribution to the measured activities 

In Table 5.1., the results of the target analysis to estimate linear and branched NP concentrations in stored 

plasma extracts as well as the quantitative assessment of the levels of the identified and partly confirmed mono- 

and dihydroxylated octaCBs in the extracts prepared for the EDA study are shown. No mono- and 

dihydroxylated octa-CBs, linear and branched NPs could be observed in the simultaneously analyzed solvent and 

procedure blanks using LC-ToF-MS. Branched NP was however detected in the procedure blank (n=1) of the 

extraction method used for the plasma samples for the target analysis study
14

 with GC-EI-MS (see also the 

Supporting Information: Nonylphenol analysis by GC-EI-MS – confirmation study). Depending on the polar bear 

and the corresponding varying levels of branched NP, the level in the blank ranged between 19 and 35% of the 

estimated branched NP level. For the final assessment of the branched NP level in the polar bear plasma samples 

the concentration in the blank was subtracted from the concentrations encountered in the sample extracts. 

However, the absence of both linear and branched NP in the polar bear plasma extracts specifically prepared and 

used in the EDA studies strengthen our finding that these compounds were indeed present in the extracts. The tR 

range used for the branched NPs was 11.00 - 12.20 min, and that included at least 8 peaks (including some co-

elutions). The same pattern could be seen for each polar bear sample. Their levels were as closely estimated as 

possible, in the order of a few ng/mL for branched NP and somewhat higher for linear NP (i.e. 10-30 ng/mL). 

Of the initially target analyzed compounds 6 hydroxylated penta-, hexa- and hepta-CBs and 9 PFASs were 

detected in the plasma extracts and those explained 40-47% of the measured activities (Table 5.1. and Figure 

5.5.), as revealed in our previous study.
23

 Except for linear NP, all compounds identified using EDA and 

analytically confirmed in the extracts in this study (i.e. branched NP, 4’-OH-CB-201 and 4,4’-(OH)2-CB202) 

showed TTR-binding potency in the bioassay. In addition to the previously identified target compounds,
23

 these 

compounds explained an additional ~32% of the total measured TTR-binding activities Table 5.1. and Figure 

5.5.). This corresponds to ~55% of the previously unexplained activities
23

 and suggest the importance of 

including mono- and dihydroxylated-octaCBs in future studies dealing with the analysis of OH-PCBs in wildlife 

due to their significant thyroid disruption potency. All three congeners tested in this study showed higher affinity 

(REP-factor>1) to bind to TTR than T4 itself (Table 5.1.). Reliable and meaningful interpolation of an extract or 

individual compound in the calibration curve of a reference compound requires that both the extract/individual 

compound and reference compound have parallel dose-response curves. This criteria is fullfilled in our study (t-

test on fitted slopes) for both extracts (Figure 5.2.) and individual compounds (Figure 5.6.).  
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Figure 5.5. Total measured TTR-binding activities in the three polar bear cub plasma extracts determined 

by the radioligand 
125

I-T4-TTR-binding assay (dotted bars). Calculated activities were obtained by 

multiplying plasma concentrations (nM) of target analysed compounds (previous study [19]: 

∑6hydroxylated penta-, hexa- and hepta-CBs and ∑9PFASs; white bars) and during this EDA study 

identified ∑3hydroxylated-octaCBs (black bars) with the compounds relative potency factor (REP-factor). 

Contribution of identified and confirmed branched NP is negligible compared to the mono- and 

dihydroxylated-octaCBs and not shown in this figure.  

Nonylphenol (NP). The branched NP (mixture of isomers) showed affinity for TTR in the 
125

I-T4-TTR-binding 

assay, whereas the linear NP did not show any response in the assay (Figure 5.6.). Extrapolation of the dose-

response curve of branced NP (Figure 5.6.) to the 50% inhibition level yielded an IC50 of 23 434 nM, which 

corresponds to a REP-factorBranched NP=0.003 (Table 5.1.). Due to this weak TTR-binding potency, the 

contribution to the total measured activity of branched NP is negligible (~0.005%) despite its remarkably high 

plasma concentrations (2.6-6.2 ng/mL, Table 5.1.). 

In the literature, many different CAS numbers are used for nonylphenols and often the correct description of the 

linear- or branched NP is not indicated. In this study, linear NP with CAS number 104-40-5 and branched NP 

with CAS number 84852-15-3 were used. 

To date, NP is always reported as a complex mixture of branched nonylphenols in environmental samples. 

Furthermore, the technical mixture of NPs does not contain any linear NPs.
30, 31

 In the current study, the 

branched (technical mixture) and linear (single isomer) NPs showed different chromatographic and toxicological 

behavior in the confirmation studies. 
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Table 5.2. Qualitative comparison on the of whole blood or blood plasma levels of mono- and dihydroxylated-octaCB congeners in various mammals and cetaceans 

  

Human
#
 Polar bear

##
 Cat

#
 Dog

#
 Raccoon dog

#
 

Northern 

fur seal
#
 

Common 

minke 

whale
#
 

Bryde's 

whale
#
 

Humpback 

whale
#
 

  

Homo 

sapiens 
Ursus maritimus 

Felis silvestris 

catus 

Canis lupus 

familiaris 

Nyctereutes 

procyonoides 

Callorhinus 

ursinus 

Balaenoptera 

acutorostrata 

Balaenoptera 

brydei 

Megaptera 

novaengliae 

Congeners 

determined 
Ref.

27
 Ref.

12
 Ref.

26
 This study Ref.

27
 Ref.

29
 Ref.

27
 Ref.

29
 Ref.

27
 Ref.

29
 Ref.

27
 Ref.

28
 

4'-OH-CB198 x - x - x x x x x x x x x x 

4-OH-CB199 x - x - x x x x x x x x x x 

4-OH-CB200 - - x - - x - x - x - x x x 

4-OH-CB201 x - x x x x x x x x x x x x 

4-OH-CB202 x - x - x x x x x x x x x x 

3'-OH-CB203 x - x - x - x - x - x x x x 

4,4'-diOH-CB202 - x x x - - - - - - - - - - 

Total OH-

octaCBs 

(pg/mL)* 

8.2x10
0
 >10

4
  

~4 

x10
5
 

5.1x10
4
 – 

2.1x10
6
 

3.1 

x10
0
 

<1 

x10
0
 

10
3
 5x10

2
 

2.4 

x10
3
 

1.2 

x10
2
 

4.9 x10
0
 2.9 x10

2
 2.6 x10

1
 6.4 x10

1
 

% of the total 

OH-PCBs 
4 6 ~40 43-62 <1 <1 44 30 60 34 1 81 38 68 

# Analyzed compartment is whole blood 
## Analyzed compartment is blood plasma 

 “-” indicates not analyzed and/or not determined (<limit of detection [LOD]) 

“x” indicates the presence of congener(s) in the whole blood or plasma of the different species 

% of the total OH-PCBs indicates the percentage of the total concentration of the OH-octaCBs compared to the total OH-CBs concentration in terms of mass 

*For easier comparison, pg/g ww concentrations reported in the literature were converted into pg/mL assuming 1 g of plasma corresponds to 1 mL plasma  
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NPs are well known degradation products of the high production volume nonionic surfactants NP-ethoxylates 

(NPEs). They are known to be weakly estrogenic
32

 and anti-androgenic,
33

 and have recently been associated with 

the development of obesity in humans.
34

 NPs are widely found in waste water effluents and in surface water,35 

but also in sea water and atmosphere of the North Sea.
36

 NP/NPEs are included in the list of chemicals for 

priority action of the OSPAR Commission (http://www.ospar.org) and in the Annex X of the Water Framework 

Directive (WFD). 

Since NPs are not produced naturally, their presence in the polar bear plasma is the result of human activities.
37

 

Exposure to NPs in humans, as found in adipose tissue, brain, liver and blood,
38, 39

 might occur by consumption 

of food and drinking water.
35, 38, 39

 NP levels in polar bear blood have not been described earlier. The carefully 

estimated concentrations (10.1-26.6 ng/mL for linear NP and 2.5-6.2 ng/mL for branched NP) in the plasma of 

the polar bear cubs of our study are high compared to levels found in e.g. blood serum of Scandinavian nursing 

women (0.5-0.8 ng/mL
39

). Nonylphenol is a constituent of produced water from the petroleum offshore industy 

in the North Sea and the Nowegian Sea.
40, 41

 About 120-160 m
3
/year of produced water is released into the 

seawater from Norwegian petroleum production offshore installations.
42

 Jonsson et al.
43

 reported NPs among 

various alkylphenols in bile taken from Atlantic cod (Gadus morhua L.) indicating produced water from the 

offshore oil industry as possible pollution source. The fact that NPs are present in polar bears cub plasma at quite 

high estimated concentrations can be regarded as a strong documentation that these compounds are subjected to 

long-range transport, that show significant persistence in the environment and that they bioaccumulate. It is 

possible that the compounds detected in the polar bear plasma samples are transported via ocean currents from 

releases of produced water from the petroleum activity in the North Sea and Norwegian Sea to Svalbard, where 

they are bioaccumulated and possibly biomagnified in the Arctic marine food chain. The documentation of the 

presence of NPs in the plasma of polar bear plasma raises serious concern about the exposure and effects of these 

compounds in Arctic animals. 

. 

 

 

http://www.ospar.org/
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Figure 5.6. Dose-response relationships of the reference compound (T4), linear and branched nonylphenol 

(NP) and of the mono- and dihydroxylated-octa-CBs in the radioligand 
125

I-T4-TTR-binding assay. The 

logarithmically scaled X-axis shows the relative concentration (nM) of T4 and of the test compounds. On 

the Y-axis the percentage (%±SD) of binding of 
125

I-T4 to TTR is indicated. Molar REP-factors were 

determined by the 50% inhibition concentration (IC50) of the reference compounds (T4) and of the test 

compound: REP-factortest comp= (IC50T4)/(IC50test comp). Dotted lines indicate the 20-50% inhibition window. 

Mono- and dihydroxylated-octaCBs. The two mono- and one dihydroxylated-octaCBs showed higher binding 

affinity to TTR in the 
125

I-T4-TTR-binding assay than the reference compound T4 (Table 5.1. and Figure 5.6.). 

Their contribution to the total measured activity could be closely estimated based on the accurately estimated 

plasma concentrations of the congeners and their very similar TTR-binding potency. 

Although the predominant technique for the determination of hydroxylated PCB congeners is GC-MS (or 

multidimensional GC) analysis after derivatization, these compounds can also be analyzed by LC-MS
44

 without 

derivatization. In fact, for dihydroxylated PCB congeners, due to their polarity and low volatility, LC-MS 

analysis is recommended.
45

 The need for derivatization when using GC is an important drawback for the 

identification of (unknown) toxicants. Metabolically-derived hydroxylated-PCB congeners are known and 

frequently monitored blood accumulating compounds in the top predator of the Arctic marine food chain, the 

polar bear (Ursus maritimus).
12, 20, 21, 26

 The congener composition profile of hydroxylated PCBs in blood varies 

between different species due to different species-specific metabolic activities and different exposure rates to the 

higher chlorinated parent PCBs and/or to their metabolites (Table 5.2.). The measured concentration range of the 

two mono- and one dihydroxylated-octaCBs (1.3-164.3 ng/mL) in the polar bear cub plasma samples is much 

higher than the levels found in whole blood of other species such as human (Homo sapiens, 0.008 ng/mL), cat 

(Felis silvestris catus (0.003 ng/mL), dog (Canis lupus familiaris, 0.05-1 ng/mL), raccoon dog (Nyctereutes 
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procyonoides, 2.4 ng/mL) and Northern fur seal (Callorhinus ursinus, 0.005 ng/mL) (Table 5.2.). In adult polar 

bear plasma, a concentration of ~10 ng/mL was earlier reported for 4,4’-diOH-CB202 in one study,
12

 while 

another study reported a total plasma concentration of ~400 ng/mL for 4’-OH-CB199, 4’-OH-CB202 and 4,4’-

diOH-CB202
26

 (Table 5.2.). In comparison to the target analyzed hydroxylated penta-, hexa- and 

heptachlorinated congeners OH-PCB with average plasma concentrations of 68 and 128 ng/mL in 1998 and 

2008, respectively
23

, the measured average plasma concentrations of the two mono- and one dihydroxylated-

octaCBs  (34.9 ng/mL) appear to be also relatively high. This is in accordance with previously reported congener 

compositions investigated in whole blood of dog, raccoon dog and various whales, where the hydroxylated 

octaCB congeners dominated (>40%) the determined total OH-PCB concentrations (Table 5.2.). 

Although Nomiyama and co-workers
28

 and Verreault and co-workers
46

 suggested the affinity of these higher 

chlorinated hydroxylated-CBs to bind to TTR, this is the first study actually demonstrating the TTR-binding 

affinity of any hydroxylated octachlorinated-CB.  

Unraveling the polar bear exposome 

The concept of the exposome - the estimation of the totality and significance of environmental exposure of an 

individual over his or her lifetime - was recently introduced in exposure science for a better understanding of the 

link between environmental exposure and health effects.
47-49

 The most appropriate biological fluid to be studied 

in so-called top-down exposomics is blood, in which the levels of pollutants are generally higher than in matrices 

usually studied in bottom-up exposomics, e.g. air and water.
50

 Because target analysis of large numbers of 

known environmental toxicants in small volumes of biological samples such as plasma is costly or not feasible at 

all, EDA is an effective and powerful approach for investigating the occurrence of pollutants in blood for the 

assessment of the exposome. By selecting a biological (in vitro) assay, or battery of bioassays, to direct the 

analysis that can be related to organism functioning and/or to a disease state, the internal exposure to relevant 

substances can be mapped through the identification of the toxicants that were responsible for the observed (in 

vitro) effects.  

The present study - identifying a number of bioactive toxicants with TTR-binding potency in blood plasma 

samples of suckling polar bear cubs - along with our previous studies on the development of an appropriate 

extraction method for TTR-binding compounds from blood plasma
18

 and on the screening of polar bear cub 

plasma samples (n=31) for TTR-binding activities,
23

 contributes to the unraveling of the polar bear exposome 

with respect to thyroid hormone disruption. We expect our approach to be a useful contribution to future 
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exposome research through providing methods for various stages of EDA: plasma extraction, bioscreening, and 

investigative monitoring of blood samples. 
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Chapter 5 – Supporting Information 

Materials and methods 

Chemical analysis parameters 

GC-EI-MS measurements were performed on a HP 6890 GC with a HP 5973 mass selective detector (Agilent 

Technologies, Amstelveen, The Netherlands), equipped with a 25 m SGE BPX5 column (0.22 mm I.D., 0.25 µm 

film thickness), and helium as the carrier gas. The oven temperature program was: 1 min at 60 °C; increase at 5 

°C /min to 210 °C; increase at 10 °C /min to 300 °C; 15 min at 300 °C. The total run time was 55 min. 

For LC-ToF-MS, the analysis was performed using a Waters Symmetry C18 column (particle size 5µm, i.d. 2.5 

mm, length 50mm) in combination with a Waters Symmetry C18 guard column (particle size 5 µm, i.d. 3.9mm, 

length 20mm).  The mass spectrometer was operated in both negative and positive electrospray ionization (ESI) 

mode. In the negative mode, the mobile phase consisted of methanol (solvent A) and 2 mM ammonium acetate 

(NH4Ac) in water (solvent B). In positive mode, the mobile phase consisted of methanol (solvent A) and 2% 

formic acid (HCOOH) in water (solvent B). The eluent flow rate was 0.3 mLmin−1. The column temperature 

was set at 25 ºC. The gradient elution program was the same in negative and positive ionization mode: 70% 

solvent B during the first 0.5 min, a linear gradient from 70% to 10% water over the next 33.5 min. The column 

was reconditioned for 14.5 min. The operating conditions for the ESI source were as follows: capillary voltage 

1000 V, source temperature 325 ºC, gas flow rate 6 L/min and nebulizer gas pressure 25 psi. Data was aquired 

with a scan range of m/z 50-2300.  

Nonylphenol analysis by GC-EI-MS – confirmation study 

After the analytical confirmation of the presence of linear- and branched NP in the three plasma extracts with 

LC-ToF-MS, the extracts from the three plasma samples which were prepared earlier for the target analysis by 

GC-MS (after acetylation) of the TTR-binding compounds reported by Bytingsvik et al.
1
 were reanalyzed for 

their linear and branched NP concentrations. Because linear and branched NP were not among the compounds to 

be quantitively determined for that study, no specific internal standard for these compounds had been added. The 

three extracts and the associated procedure blank (stored at -20 °C  in capped vials since the target analysis was 

performed) were analyzed by a high-resolution gas chromatograph (Agilent 6890 Series, Agilent Technologies, 

Santa Clara, CA, USA) with auto sampler and split/splitless injector (Agilent 7683 Series) operated in the pulsed 
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splitless mode. This system was connected to a quadrupole mass spectrometer (MS) (Agilent 5973 Series). The 

capillary column was a DB-5 MS (J&W Scientific, 30 m, 0.25 mm i.d., 0.25 μm film thickness). Helium (purity: 

99.9999%, AGA) was used as carrier gas at a constant flow of 1.6 mL/min. The injected volume was 2 μL, and 

the injection temperature was 250 °C. Detection of the linear- and branched NPs  was performed using electron 

ionization (EI) with the following target ions: branched 4-nonylphenols at m/z 135.1 (with m/z 107.1, m/z 149.1 

and m/z 262.3 as qualifier ions) and the linear 4-nonylphenol at m/z 220.2 (with m/z 107.1 as qualifier ion). The 

following temperature programme was used: 80 °C initial; 80–140 °C (20 °C/min); 140–260 °C (5 °C/min); 260-

300 (25 °C/min, hold 2 min). The total runtime was 30.6 min. The concentrations of linear- and branched NPs  

were determined by the use of calibration curves with 5 calibration points. To prepare the calibration standards, 

known amounts of the authentic standards of the linear- and branched NPs were derivatized by the same 

procedure as the plasma samples, and then mixed and diluted to desired concentrations. 

Synthesis of mono- and di-OH-octaCBs congeners 

For the confirmation of the identity of the mono- and diOH-octaCBs, only their corresponding methoxylated 

congeners could be purchased (Greyhound Chromatography). Thus, these had to be demethylated using 

borontribromide (BBr3, Sigma-Aldrich, 1M in DCM) according to Bergman et al.
2
 and Marsch et al.

3
, with 

modifications, prior to the chemical and biological confirmation. Since this demethylation process is very 

sensitive to the presence of water, all clean glassware used for demethylation was dried over the weekend at 

105ºC and stored in a desiccator under N2. All vials used were closed after gassing with N2. Analytical standards 

of 4’-methoxylated-CB201, 3-methoxylated-CB-203 and 4,4’-di-methoxylated-CB202 (and a procedure blank of 

nonane with 10% toluene [similar to the standards]) were first run over a Na2SO4 column (glass pasteur pipettes 

containing 1 gram of Na2SO4) pre-rinsed with dichloromethane (DCM, ultraresi, J.T. Baker, distilled under N2 to 

remove water). The eluates (6 ml of dried DCM) were reduced to a volume of 200-300 µL by evaporation. At 

t=0, demethylation reactions were started by adding 100 µL BBr3 (1 M in DCM) and 500 µL dried DCM to the 

eluate containing the monomethoxylated standards and the procedure blank eluate, and 200 µL BBr3 (1 M in 

DCM) and 400 µL dried DCM to the eluate containing the dimethoxylated standard. The vials were carefully 

closed and placed in a waterbath at 50°C for 120 hours. At t=96 hours, another 100 µL of BBr3 solution was 

added to each vial. At t=120 hours the reaction was stopped by addition of 1 ml of ice-cold MilliQ water. The 

reaction solutions were extracted three times with 1 mL DCM and evaporated to 0.5 mL. To estimate the yield of 

the synthesis of the mono- and di-OH-octaCBs from their corresponding methoxylated congeners i) 1 µL of the 

extract was injected on GC-EI-MS to establish the absence of peaks in the chromatogram that could be attributed 
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to the methoxylated congeners, ii) subsequently 50 µL of the extract (10% of the total) derivatized with 

diazomethane (in order to re-form the methoxylated congeners from the hydroxylated ones) was injected to 

assess that the initial concentration of the methoxylated congeners was recovered in the extracts. Therefore, the 

conversion of the methoxylated-octaCB isomers into their corresponding hydroxylated isomers is assumed to be 

quantitative (yield about 100%). Half of the remaining extracts containing the mono- and dihydroxylated 

congeners was transferred into MeOH for LC-analysis and the other half into DMSO for testing in the TTR-

binding assay. 

References to Supporting Information 

1. Bytingsvik, J., Lie, E., Aars, J., Derocher, A.E., Wiig, Ø., Jenssen, B.M. PCB and OH-PCBs in polar 
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Environ. 2012, 417-418:117-128. 

2. Bergman, Å., Klasson Wehler, E., Kuroki, H.,.Nilsson, A. Synthesis and mass spectrometry of some 
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Figure S5.1. GC-EI-MS full scan chromatogram (m/z 50-650) of a polar bear cub plasma extract 
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a.) 

b.) 

c.) 

d.) 

Figure  S5.2.  a.) Base peak chromatogram (BPC) of polar bear cub plasma; b.) extracted ion chromatogram (EIC) and c.) spectrum of heptachlorinated OH-CBs 

using LC-µToF-MS (ESI-). d.) “Smart Formula Manually” software tool indicates the candidate (C12H2Cl7O – heptachlorinated OH-CB) based on isotope pattern 

and accurate mass 
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b.) 

c.) d.) 

 

 

 

 

 

 

Figure S5.3. a.) Extracted ion chromatogram (EIC), b.) isotope pattern, c.) SmartFormula and  d.) Compass IsotopePattern of a monohydroxylated hexa-CB using 

LC-ToF-MS (ESI-) 
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Figure S5.4. a.) LC-ToF-MS Isotope Cluster Analysis chromatogram (ICA) of a polar bear extract, b.) in which a spectrum of a monohydroxylated octa-CB 

congener was found [peak is indicated by the small arrows on Fig. S5.4.a)]) c.) as identified with the aid of SmartFormula Manually and d.) Compass 

IsotopePattern tools. 
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Table S5.1. Overview of mass libraries screened with TargetAnalysis 1.2 

Mass Library Description/References No. of compounds 

Reported TH-disrupting and 

blood accumulating compounds 
List is set based on literature studies 248 

High production volume  (HPV) 

pharmaceuticals  

Persistent and/or bioaccumulative pharmaceuticals that are listed in 

Howard and Muir., Environ. Sci. Technol. 45, 2011, 6938-6946 
106 

HPV chemicals 
Mainly halogenated compounds that are persistent and/or bioaccumulative. 

Listed in Howard and Muir., Environ. Sci. Technol. 44, 2010, 2277-2285 
594 

EnviMass 
List of fresh water contaminants, pesticides, PFASs available free of 

charge at http://www.eawag.ch/forschung/uchem/software/enviMass1_2 
143 

Bruker mass list List of dyes, pharmaceuticals, pesticides from Bruker Daltonics 225 

Total   1316 

http://www.eawag.ch/forschung/uchem/software/enviMass1_2
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Table S5.2. List of suspected compounds (n=31) tested for retention time (tR)- and mass conformity in parallel injection with the polar bear plasma extracts and 

procedure and solvent blanks after tentative identification by mass library screening with TartgetAnalysis 1.2 (LC-ToF-MS data). 

Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

tR match 

(<0.5 min), mass 

match (<3 

mDa), 

Linear nonylphenol
a
 C15H24O1 104-40-5 5,76 

Degradation products of 

nonylphenol ethoxylates 

(NPEs) that are used as 

nonionic surfactants 

 

Branched nonylphenol
d
 C15H24O1 84852-15-3 5,92 

 

tR difference 

(>0.5 min) 

Bis(aminopropyl)-

tetramethyldisiloxane
e
 

C10H28N2O1Si2 2469-55-8 3,78 

Used in flexibilizing hardener 

for epoxies and endcapper for 

aminopropyl terminated 

silicones.   

Cestolide
b
 C17H24O1 13171-00-1 5,93 Musk fragrance. 

OCH
3

CH
3

CH
3

CH
3

CH
3

CH
3
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

tR difference 

(>0.5 min) 

Fluvastin sodium 

(Lescol XL)
a
 

C24H26F1N1O4 93957-54-1 4,85 

Other trade names are also 

known, such as Lescol, Canef, 

Vastin. It is a member of the 

drug class of statins, used to 

treat hypercholesterolemia and 

to prevent cardiovascular 

disease. 

 

Ibuprofen
a
 C13H18O2 15687-27-1 3,97 

Ibuprofen is a nonsteroidal 

anti-inflammatory drug 

(NSAID) used for pain relief, 

fever reduction and swelling. 

 

Isopropyl-idene-

dicyclohexanol
a
  

C15H28O2 80-04-6 4,55 

Used mainly in synthetic 

materials as a bi-functional 

component, e.g., as a modifier 

in the production of saturated 

and unsaturated polyester 

resins, polycarbonates. 

OH

OH

CH
3

CH
3

 

Methyl-pentanyl-

phenyl-

benzenediamine
e
 

C18H24N2 793-24-8 4,68 Antioxidant/antiozonant. 

N

N

CH
3

CH
3

CH
3

 

http://en.wikipedia.org/wiki/File:Ibuprofen-racemic-2D-skeletal.png
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

tR difference 

(>0.5 min) 

Musk ambrette
a
 C12H16N2O5 83-66-9 4,17 

Nitro musk.  

Perfume fixative. 

N

N

O

O

OO

O

CH
3

CH
3

CH
3 CH

3

CH
3

 

Musk ketone
a
 C14H18N2O5 81-14-1 4,31 

Nitro musk that is widely used 

as a fragrance fixative. 

N
+

N
+

O

O

O

O

O

CH
3

CH
3

CH
3

CH
3 CH

3

CH
3

 

Pentamethylindane
c
 C14H20 81-03-8 5,76 

No production lately. Might be 

polycyclic musk. 

 

CH
3CH

3

CH
3 CH

3

CH
3

 

Phantolide
b
 C17H24O1 15323-35-0 5,85 Synthetic musk fragrance. 

O

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

Mass difference  

(> 3 mDa) 

Ropinirole
a
 C16H24N2O1 91374-21-9 2.7 

Ropinirole is a nonergoline 

dopamine agonist. It is used in 

the treatment of Parkinson's 

disease. 

 

Tetramethyl-tetrahydro-

spirobi(indene)-tetrol
a
 

C21H24O4 77-08-7 5,29 
Information on usage not 

found. 

OH

OH

OH

OH

CH
3

CH
3

CH
3

CH
3

 

Triphenylphosphine
a
 C18H15P1 603-35-0 5,02 

Hydroformylation catalyst for 

ethylene and propylene. 

P

 

Triphenylphosphine 

oxide
a
 

C18H15O1P1 791-28-6 3,1 

It is disclosed in many patents 

as a flame retardant, and may 

find some limited usage as 

such, in the role of a vapor-

phase flame inhibitor. 

P

O

 



131 

 

Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

Mass difference 

(> 3 mDa) 
Yasmin

a
 C24H30O3 67392-87-4 4,71 

Drospirenone (other name used) 

is part of some birth control 

pills and hormone replacement 

therapy. 

 

No peak in the 

standard 

Dimethyl-tert-

butylbenzene
a
 

C12H18 98-19-1 5,00 

Solvent that is used in the 

production of fragrances, 

pharmaceuticals, and 

herbicides. 

CH
3

CH
3

CH
3

CH
3

CH
3

 

Dinoseb
a
 C10H12N2O5 88-85-7 3,67 

Formerly used as herbicide, 

miticide, insecticide, ovicide. 

Significant volume is used 

worldwide as a polymerization 

inhibitor in the production of 

styrene. 

N
+

N
+

O

O

O

O

OH

CH
3

CH
3

 

Tert-butylcyclohexanol 

acetate
a
 

C12H22O2 88-41-5 4,42 

Used for perfuming soap as 

well as bath and household 

products. 

O

O

CH
3

CH
3

CH
3

CH
3
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

No peak in the 

standard 

Tert-butyltoluene
a
 C11H16 98-51-1 4,45 

An intermediate in the 

manufacturing of p-tert-

butylbenzoic acid. 

CH
3

CH
3

CH
3

CH
3

 

Tri-tert-butylphenol
a
 C18H30O1 732-26-3 6,39 

It is the starting material for the 

synthesis of the powerful 

antioxidant 2,6-di-tert-butyl-4-

methoxyphenol. 

OH CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

 

Tert-

butylhemimellitene
f
 

C13H20 98-23-7 5,54 

It is used to prepare 1-tert-

butyl-3,4,5-trimethyl-2,6-

dinitrobenzene. 

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

 

Tert-butyl-o-xylene
a
 C12H18 7397-06-0 5,00 

Used in polymer synthesis and 

as non-aqueous electrolytes for 

lithium batteries. 

CH
3

CH
3

CH
3

CH
3

CH
3

 

Standards were 

too expensive or 

not available 
Dehydroabietadienol C20H30O1 3772-55-2 6,29 

Essential oil component and 

component of campfire smoke. 

CH
3

OH

CH
3

CH
3

CH
3
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

Standards were 

too expensive or 

not available 

Dicyclomine C19H35N1O2 77-19-0 6,05 

Muscle relaxant. It relieves 

muscle spasms and cramping in 

the gastrointestinal tract. Also 

known as dicycloverine. 

 

Luperox 533 C16H32O6 67567-23-1 5,93 

Peroxides used as hydrolysis 

stabilizers and vinyl 

polymerization initiators. O

O

O

O

O

O

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

CH
3

 

Tert-butyl-methyl 

benzene 
C11H16O1 25567-40-2 4,45 Solvent. 

OH

CH
3

CH
3

CH
3

CH
3

OH

CH
3

CH
3

CH
3

CH
3

 

Trimethyl(cyclo-

hexanediyl)diphenol 
C21H26O2 129188-99-4 6,29 

Important component for the 

production of highly heat 

resistant polycarbonates. 

OH OH

CH
3

CH
3CH

3
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Results – 

confirmation 

study 

Compound name 
Molecular 

formula 
CAS-number Log Kow* Usage** Chemical structure* 

Standards were 

too expensive or 

not available 

Trimethylene-

norbornane  
C10H16 6004-38-2 4,01 

It is used to produce 

adamantane that is used in 

some dry etching masks, 

polymer formulations and in 

solid-state NMR spectroscopy, 

adamantane is a common 

standard for chemical shift 

referencing. 

 

Verdyl propionate  C13H18O2 68912-13-0 4,28 
Fragrance component. 

O

O

CH
3

CH
3

CH
3

 

* LogKow values and chemical structures of the compounds are found in the ChemSpider database for the CAS numbers indicated (http://chemspider.com) 

**Information on usage of the listed compounds are found on Wikipedia (http://www.wikipedia.org) and reported by Howard and Muir (Environ. Sci. Technol. (2010) - 44:2277-2285 and (2011) - 

45:6938-6946) 
Purchased by 

a
:Sigma-Aldrich; 

b
:DR. Ehrenstorf; 

c
:Campro Scientific, 

d
:ABCR GmbH, 

e
:Brunschwig Chemical and 

f
:Alfa Aesar 

Blue and red colours of the chemical structures have no special meaning. 

http://chemspider.com/
http://www.wikipedia.org/
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Abstract 

Extracts from various abiotic samples (i.e. passive sampling silicone rubber [SR] sheets, sediments, suspended 

particulate matter [SPM]) and biotic samples (i.e. whole body homogenates from different species) were 

screened for genotoxicity in the Ames fluctuation assay and Comet assay, and for transthyretin (TTR)-binding 

potency in the 
125

I-T4-TTR binding assay. Biota samples showed high cytotoxicity in both Ames and Comet 

assay, which hampered the quantification of the genotoxic activities. TTR-binding activities were found in all 

samples. Causative compounds were investigated by means of effect-directed analysis (EDA) in the selected SR 

sheet and biota samples. The extracts were fractionated on a reverse-phase (RP) column and the RP fractions that 

showed TTR-binding activities were analyzed by liquid chromatography time-of-flight mass spectrometry (LC-

ToF-MS). 

A number of known TTR-binding contaminants, such as hydroxylated polychlorinated biphenyls (OH-PCBs), 

musks, polycyclic aromatic hydrocarbon (PAH) derivatives, nonsteroidal anti-inflammatory drugs (NSAIDs), 

perfluoroalkyl substances (PFASs), triclosan and nonylphenol were tentatively identified in the extracts from the 

selected SR sheet and biota extracts using mass lists. Citalopram and fluconazole were also analytically 

confirmed as emerging contaminants in the extracts, but showed no affinity in the TTR-binding assay. However, 

the presence of pharmaceuticals in passive sampling sheets and biotic samples is highly interesting, given their 

possible potential for bioaccumulation and their unknown potential risk to aquatic species.  

Introduction 

Surface water bodies are exposed to well-known and emerging environmental pollutants, including genotoxic 

chemicals, endocrine disrupting compounds (EDCs), personal care products (PCPs), and drug residues through 

industrial, domestic and agricultural waste water effluents, atmospheric deposition and accidental releases of 

chemicals (spills, surface run-offs, etc.).
1, 2

 Although many studies have focused on the occurrence and fate of 

such contaminants in the abiotic environment,
1-6

 less studies have focused on their toxic potency, bioavailability, 

bioaccumulation, and on their actual risk to ecosystem and/or human health. Furthermore, the risk of complex 

mixtures of pollutants cannot be adequately predicted on the basis of the presence, behavior and effects of 

individual compounds. The combined effect of unknown substances or substances present in complex 

environmental mixtures at concentrations below analytical-chemical detection limits could lead to an 
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underestimation of the actual risk.
7
 By combining chemical and biological analyses, emerging pollutants with a 

potential to cause toxic effects may be detected in environmental samples. Combined analyses in abiotic samples 

can demonstrate the presence of potentially bioactive compounds in the environment, while combined analyses 

in biological samples also take bioavailability and possible biotransformation aspects into account.  

In the identification process of known and unknown bioactive substances, that are not considered in routine 

chemical analysis, effect-directed analysis (EDA) is of great relevance. By combining iterative biotesting, 

fractionation and high-resolution chemical analysis and identification, EDA may facilitate the identification of 

compounds responsible for the toxic potencies observed in abiotic and biotic environmental samples.
8-10

 

However, due to the technical hitches that may occur during the sample extraction and cleanup, EDA has so far 

scarcely been applied to biota.  

In the present study we aimed to characterize compounds with genotoxic and thyroid hormone disrupting 

potencies in several types of abiotic and biotic aquatic samples using the concept of EDA. Genotoxicity and 

thyroid hormone disruption were selected because these endpoints have not frequently been investigated in EDA 

studies of biota. Genotoxic pollutants are environmental contaminants that damage the cell’s genetic material, 

possibly leading to mutations and genotoxic health effects, such as cancer, birth defects and reproductive 

anomalies.
11-12

 Polycyclic aromatic hydrocarbons (PAHs) are the most abundant genotoxic compounds in water 

bodies, where they might be present in different forms: bound to dissolved organic matter, adsorbed to 

suspended particulate matter (SPM) and associated with surface sediments and might be subjected to various 

transformation processes including chemical, biological and photochemical degradation.
1, 13

 Lower aquatic 

organisms with poor biotransformation capacities may accumulate lipophilic PAHs in their fatty tissues through 

their body surface or after ingestion of contaminated food, water, sediment and SPM and then pass on their 

contamination through the aquatic food web. 
14, 15, 16

  

Thyroid hormone disrupting chemicals (TDCs) affect the homeostasis of thyroid hormones (THs), which 

regulate the physiology in mammals and humans and play an important role in fetal brain and somatic 

development. TDCs may modify the structure or function of the thyroid gland, alter TH regulating enzymes, or 

change the circulating or tissue concentrations of THs.
17-19

 In this study we focused on the group of TDCs that 

affect the transport of THs in blood and displace thyroxine (T4) from the blood transport protein thransthyretin 

(TTR). In the aquatic environment, TDCs - similarly to other endocrine disruptors - are bioavailable to biota 

through a variety of routes, e.g. by aquatic respiration, osmoregulation, dermal contact with contaminated 

sediments, or ingestion of contaminated food.
20
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For our study two sampling strategies were applied: active sampling of abiotic compartments (sediment, SPM) 

and biotic compartments (tissue or whole body homogenates of aquatic organisms), and passive sampling of 

hydrophobic compounds in water (silicone rubber [SR] sheets) (Figure 6.1.). Passive sampling techniques are 

able to collect time-weighed average concentrations of a wide range of bioavailable target substances at trace 

levels and can be considered as biomimetic substrates or artificial biota.
21

 Sample extracts were evaluated for 

mutagenicity in the Ames fluctuation test, for DNA damage in the Comet assay and for T4-displacing potency in 

the 
125

I-T4-TTR binding assay. Samples showing activity in a bioassay were fractionated, and fractions were 

tested again in the respective bioassay. Active fractions were chemically analyzed using high-resolution liquid 

chromatography coupled to electrospray ionization time-of-flight mass spectrometry (LC-ESI-ToF-MS). For the 

characterization of the causative compounds mass library-based identification was employed on the LC-ToF-MS 

data. Candidate compounds with unknown genotoxic or TTR-binding activity were tested separately in the 

bioassays to confirm or reject their possible contribution to the observed bioassay response of the total extract. 

Materials and methods 

Samples and sampling sites 

Abiotic samples (sediment, SPM, passive sampler SR sheets) and biological samples (worms, crabs, shrimps, 

fish) were collected from different water bodies at different sampling locations. Sediment, SPM, and several 

benthic species, i.e. worms (lug worm, Arenicola marina), crabs (Carcinus maenas), shrimps (Crangon crangon) 

and flounders (Platichthys flesus) were collected in the river Western Scheldt (Middelplaat, The Netherlands) in 

September 2006. Sediment (5cm top layer) was taken by grab sampling and SPM by filtration of 1 L of water. 

The biota samples were collected by professional fishermen and the lug worms by mud sampling. Also in 

September 2006, Chinese mitten (CM) crabs (Eriocheir sinensis) were collected by net from the river Scheldt 

(Lippenbroek, which is approximately 20 km South-West of Antwerp, Belgium) and cockles (Cerastoderma 

edule) from the coast of the Wadden Sea (Denmark). Biota samples were kept in marine- or fresh water from the 

sampling location for a few hours after collection. Upon arrival in the laboratory, animals were frozen in dry ice 

and homogenized in a blender. Sediment, SPM and homogenized biota samples were stored at -80°C in pre-

cleaned glass jars with polyethene lids until the analysis. Pretreated SR sheets (AlteSil™ translucent material; 

5.5 x 9.5 x 0.05 cm
3
) were purchased from Deltares (Utrecht, The Netherlands). Pre-treatment consisted of 

Soxhlet extraction for >100 hours with ethylacetate to remove any nonpolymerized material. Sheets were placed 
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as passive samplers in the rivers Meuse and Rhine. Sampling in the river Meuse took place near Eijsden, where 

the river enters The Netherlands from Belgium. Sampling in the river Rhine was performed at Lobith, where the 

river enters The Netherlands from Germany. Sheets were hung out in April, August, October and December 

2010 and collected four to six weeks after the deployment. At each sampling location and sampling time, six 

sheets were placed in a stainless steel frame. After collection, sheets were transferred to the laboratory in pre-

cleaned glass jars, where they were scrubbed with pre-cleaned sponges to remove algae and other dirt. 

Subsequently, sheets were air dried and extracted as described below. An overview of the sampling sites of the 

samples is presented in Figure 6.1.  

Figure 6.1. Overview of samples and sampling areas. Benthic abiotic and biotic samples (sediment, 

suspended particulate matter [SPM], worms, crabs and shrimps) were collected in the southwest of the 

Netherlands, in the estuary of the river Scheldt (Western Scheldt). Chinese mitten (CM) crabs were 

collected in Lippenbroek (Belgium) and cockles at the Wadden Sea coast (Denmark). Passive sampler 

silicone rubber (SR) sheets were placed in the river Meuse at Eijsden and in the river Rhine at Lobith, 

where the rivers enter The Netherlands from Belgium and Germany, respectively. 

Sample  extraction and cleanup 

The applied extraction and cleanup procedures are illustrated in Figure 6.2. Half of each sample amount was 

extracted and cleaned up. Sediment (~84 g) and SPM (~11 g) were freeze-dried and all biota samples, worms 

(~62 g), crabs (~15 g), CM crabs (~10 g), cockles (~17 g ), shrimps (~23 g) and flounders (~11 g) (all quantities 

mentioned in wet weight [ww]) were dried with calcined, purified Hydromatrix (Sigma-Aldrich, Zwijndrecht, 
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The Netherlands) in a Hydromatrix weight to ww ratio of 1:1. Dried samples were subjected to pressurized 

liquid extraction (PLE) using dichloromethane (DCM): acetone (3:1 v/v; J.T. Baker, Deventer, the Netherlands) 

in an ASE200 device (Dionex, Sunnyvale, CA). After evaporation under a gentle stream of nitrogen the extracts 

(~0.5 mL) underwent a stepwise and validated clean up process to remove compounds that may interfere with 

the bioassay measurements, i.e sulphur from abiotic samples
22

 and lipids and endogeneous hormones from biotic 

samples.
23

 The cleanup process consisted of three steps, i.e. (1) repetitive dialysis with hexane only for biota 

samples using semipermeable membranes (Brentwood Plastics, USA), (2) gel permeation chromatography 

(GPC) with DCM on two polystyrene-diphenylbenzene columns in series (Polymer Laboratories Ltd., Heerlen, 

The Netherlands), and (3) normal-phase liquid chromatography (NP-HPLC) on a µPorasil column (Waters 

Assoc., Milford, MA) using a mobile phase gradient of hexane, DCM, and acetonitrile (ACN; J.T. Baker). 

Organic sulphur from sediments, which is known to cause cytotoxicity in the bioassays, eluted after 24 min from 

the GPC column,
22

 but it was not present in biota samples. Consequently, for abiotic samples the 16.5-24 min 

GPC fraction was collected and for biotic samples the 16.5-32 min fraction. The collected fractions were 

concentrated to a volume of 0.5 mL and the entire volume was injected on the NP-HPLC to remove endogenous 

hormones. The 0-40 min NP-HPLC fractions were transferred to 350 µL of dimethyl sulfoxide (DMSO; Acros 

Organics, Geel, Belgium), except the worm fraction that, due to the residue that remained after extraction and 

cleanup, needed 500 µL DMSO to dissolve. The extraction solvent without any sample matrix went through the 

entire sample treatment as the procedure blank and was finally taken up in 150 µL DMSO. 

For each of the eight sampling events (i.e. two locations with four sampling periods), six passive sampler SR 

sheets were Soxhlet extracted for 16 hours at 50°C with 150 mL of a 1:1 (v/v) mixture of acetonitrile (ACN, J.T. 

Baker) and methanol (MeOH, J.T. Baker) based on the reported method by Rusina et al.
24

 with modifications. 

The extracts were concentrated to a volume of 100 µL by Kuderna-Danish evaporation with boiling stones. Next, 

500 µL of DCM was added, and the extract was vortexed and concentrated to 100 µL. DCM addition, vortexing 

and evaporation were repeated another three times to get rid of the original extraction solvents ACN and MeOH. 

In a final volume of 500 µL DCM, the extracts were subjected to GPC cleanup and the 16.5-24 min fraction was 

collected and transferred to 150 µL of DMSO. As a procedure blank six clean sheets were extracted, 

concentrated, transferred to DCM and taken up in 150 µL DMSO, similarly as described above. 
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Figure 6.2. Extraction and cleanup of the sediment, SPM and biota samples and the silicone rubber (SR) 

sheets prior to screening for their genotoxic potency (Ames fluctuation test, Comet assay) and TTR-

binding potency (
125

I-T4-TTR binding assay). 

Chemical screening of polycyclic aromatic hydrocarbons (PAHs) 

Prior to transfer to DMSO, 1 µL of the extracts (except of the SR sheets) in hexane (1 mL) was screened for 

polycyclic aromatic hydrocarbons (PAHs) using gas chromatography electron impact mass spectrometry (GC-

EI-MS). Analysis was performed on an Agilent 6890 GC (Agilent Technologies, Waldbronn, Germany), 

equipped with a 30 m × 0.25 µm film HP-5MS fused silica capillary column (Agilent Technologies) and a MS 

(model 5973N, Agilent Technologies). Helium was used as carrier gas at a constant flow of 1 mL/min. Extracts 

were injected in splitless mode. The oven temperature program was: 2 min at 50 °C, increase with 20 °C /min to 

130 °C and then increase with 4 °C /min to 320°C. The injector and transfer line temperature were 220 °C and 

310 °C, respectively. Mass spectral data were collected in a mass range of 50 to 600 atomic mass unit (amu) at 

full scan mode and a scan rate of about 2 scans/s. The following PAHs were identified by single ion monitoring 

and quantified by using standard solutions of different concentrations in the range from 5.0 to 1000 pg/µL (Dr. 

Ehrenstorfer GmbH, Augsburg, Germany): acenaphthene, acenaphtylene, anthracene, benz[a]anthracene, 

benzo[b]fluoranthene, benzo[k]fluoranthene/benzo[j]fluoranthene, benzo[g,h,i]perylene, benzo[a]pyrene, 

benzo[e]pyrene, chrysene (+triphenylene), dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-
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cd]pyrene, naphthalene, perylene, phenanthrene and  pyrene. The detection limit was 5 pg/µL. Measured total 

PAH levels were expressed for abiotic samples as ng/g dry weight (dw) and for biotic samples as ng/g wet 

weight (ww). 

Bioassay screening 

The mutagenic potency of the extracts was assessed by the Ames fluctuation assay and the DNA damaging 

potency by the Comet assay. The Ames fluctuation assay uses a Salmonella typhimirium bacteria strain that is 

auxotrophic by a mutation in one of the genes involved in histidine (his) synthesis.
25, 26

 Consequently, these 

bacteria cannot grow in absence of histidine, unless exposure to a mutagenic compound causes a reversion in the 

his
-
 mutation, making the bacteria strain prototrophic, similar to the wild-type. The assay was performed in 384-

well plates according to the standardized test protocol
27

 with and without exogenous metabolic activation 

(phenobarbital/β-naphthoflavon-induced rat liver homogenate fraction (S9 [Cytotest Cell Research, 

Germany)/cofactor-mix]) using two strains of Salmonella typhimurium. Strain TA 98 is able to detect frameshift 

mutations and TA 100 is sensitive for base-pair substitutions caused by genotoxic agents in the sample extracts. 

Exposure to mutagenic compounds will cause a dose-dependent increase in the number of revertant colonies. 

Bacteria were exposed to two-fold serial dilutions of the sample extracts (50, 100, 200, 400, 800 and 1600 times 

diluted stock concentration in 2% DMSO) as well as a negative control (NC, 2% DMSO) and the corresponding 

positive control (PC) compounds. Exposures were performed in triplicate for 100 minutes at 37°C in 24-well 

plates in medium containing sufficient histidine to support a few cell divisions. Three mutagenic reference 

chemicals were used as positive controls: 4-nitro-o-phenylenediamine (NOPD, 10 µg/mL; tests with TA 98 

without S9-mix), nitrofurantoin (NF, 0.25 µg/mL; tests with TA100 without S9-mix), and 2-aminoanthracene (2-

AA, 0.1 µg/mL, tests with TA 98 with S9-mix; 0.4 µg/mL tests with TA 100 with S9-mix). After this 

preincubation, the exposure cultures were diluted 6-fold in pH indicator medium lacking histidine, and aliquoted 

in a 384-well plate (48 aliquots per dilution level). Each sample extract was tested under four different 

conditions (i.e. in two strains (TA 98 and TA 100) and with and without a metabolic system (S9-mix) ) and each 

exposure condition was aliquoted  in triplicate (i.e. in three 384-wells plates). After 48 hours incubation at 37 °C 

without agitation the number of wells containing revertants was determined spectrophotometrically with the aid 

of the pH indicator medium containing bromocresol purple dye. Due to acidification of the medium because of 

bacterial growth the bromocresol purple changes its colour from purple to yellow. To have an indication on false 

negatives due to bacteriocidal or bacteriostatic effects, a bacterial (cytotoxicity) assay was conducted by 

measuring bacterial density in the sample and NC wells before and after the 100 min preincubation in a 
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spectrophotometer at 595 nm. Growth data served as additional information for the interpretation of negative test 

results. The results of the assay were evaluated by ANOVA randomized Block Design (with experimental days 

and experimental plates as different blocks). Differences with a p<0.05 were considered statistically significant. 

Samples were scored as positive when the number of revertant wells was significantly higher compared to the 

number of revertant wells in the respective negative controls (spontaneous revertants). 

In addition, the contribution of the target analyzed PAHs to the measured mutagenic potentials of the sample 

extracts was evaluated using the concentration-dependent induction factor as proposed by Seitz et al [28] and 

applied to mutagenic sediment extracts by Reifferscheid et al.
25

 For each PAH the number of expected revertants 

was calculated by multiplying its concentration in the Ames assay (µg/mL) with its corresponding concentration-

dependent revertant number (cdr)
25

 expressed as inverse concentrations (mL/µg). The calculation of the PAH-

concentrations in the Ames assay was based on the results of the chemical analysis. The expected total number 

of revertants was calculated by summation of the number of revertants calculated for the individual PAHs in the 

samples. This exercise was only done for the extracts measured with S9-mix since the mutagenicity of PAHs is 

dependent on metabolic activation by CYP450. 

In the Comet assay DNA damage is measured by gel electrophoresis of DNA of individual cells exposed to a 

genotoxicant. In case of DNA damage, fragments of DNA will migrate faster through the gel than the bulk DNA 

from the nucleus, resulting in a comet-like spot in the gel after DNA staining, consisting of a nucleus (bulk 

DNA) and a tail (DNA fragments). The assay was performed using a rainbow trout gonad cell line (RTG-2) 

provided by DSMZ (Deutsche Sammlung für Mikroorganismen und Zellkulturen/ German Collection for 

Microorganisms and Cell Cultures, Braunschweig, Germany) with and without exogenous metabolic activation 

using the same S9-mix as for the Ames fluctuation assay according to Singh et al.
29

 with modifications detailed 

by Schnurstein & Braunbeck
30

 and Kosmehl et al.
31, 32

 The acute cytotoxicity was tested by using a flow 

cytometer (FACSCalibur, BD, Germany) and fluorescein diacetate (FDA) in combination with propidium iodide 

(PI) as staining solution. Via the double staining vital cells stained by FDA could be separated from dead cells 

stained by PI and measured with the cytoflow. Cells (~1x10
6
/well) in 6-well plates cultured in E-MEM medium 

with 20 mM Hepes (Biochrom AG, Germany) and 10% fetal bovine serum (Biochrom AG) were exposed for 24 

hours at 20 ºC to two-fold serial dilutions of the sample extracts (100, 200, 400 and 800 times diluted stock 

concentration in 1% DMSO), the negative solvent control (1% DMSO) and the corresponding PC compounds 

(4-Nitroquinoline-1-oxid [4-NQO] at 0.07 and 0.25 µg/mL assay concentration without metabolic activation and 

2-Aminoanthracene [2-AA] at 2.5 and 5 µg/mL assay concentration with metabolic activation). Cells were then 
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embedded in agarose on a microscope slide and lysed to remove cellular proteins and liberate DNA. Following 

the unwinding under alkaline conditions, the DNA underwent electrophoresis, allowing the broken DNA 

fragments or damaged DNA to migrate away from the nucleus. Before evaluation in a fluorescence microscope 

(Axio Imager Z1, Zeiss, Germany) the slides were stained with SYBR Green (Molecular Probes, Invitrogen, 

US). Three hundred cells per slide were analyzed using an automated image analysis system (Axio Imager Z1, 

Zeiss , Germany, software: Metafer4, MetaSystems, Germany). The %DNA in the tail and the tail moment 

extent (TME [µm]) were taken as measure for DNA damage. The results were statistically analyzed by ANOVA 

on ranks (Kruskal–Wallis) and combined with a post-hoc test (Dunnett test).
31, 32

 Differences with a p<0.05 were 

considered statistically significant. 

The potency of the extracts to act as TH-disruptors by competing with the endogenous hormone T4 for binding to 

its transporter protein TTR was determined in the 
125

I-T4-TTR binding assay according to Lans et al.
33

 with 

modifications reported by Hamers et al.
34

 and Weiss et al.
35

. Dilution series of the extracts (40, 120, 400, 1200, 

2400, 4000 and 12000 times diluted stock concentration in 2.5% DMSO) and the fractions (40, 120 and 400 

times diluted stock concentration in 2.5% DMSO) were incubated overnight in duplicate with 
125

I-T4 

(PerkinElmer, Groningen, The Netherlands) and human TTR (hTTR, Sigma-Aldrich). After incubation, TTR-

bound and free 
125

I-T4 were separated on Biogel (1g, Bio-Rad Laboratories, Veenendaal, The Netherlands) 

columns. The TTR-bound 
125

I-T4-containing eluate was counted for radioactivity on a gamma counter (LKB 

Wallack; 1282 Compu-gamma CS) and corrected for the initial amount of 
125

I-T4 counted in the incubation 

mixture before incubation. The competitive binding activity was measured as percentage inhibition. Finally, the 

inhibition by the most diluted sample concentration causing a response in the 20-50% inhibition window was 

interpolated into the T4-reference curve and the TTR-binding potencies of the extracts were expressed as nM T4 

equivalents (T4-Eq). These potencies in the assay were then recalculated into T4-equivalent concentrations in the 

original samples and were expressed as nmol T4-Eq / g dry weight (dw) for SPM and sediment samples,  nmol 

T4-Eq / g dry sheet for the SR sheets and nmol T4-Eq / g ww for the biota samples. 

Silica cleanup – removing cytotoxic compounds 

Despite the elaborate sample treatment procedures most of the biota extracts revealed high cytotoxicity in both 

the Ames fluctuation assay and the Comet assay (Table 6.1.). To avoid the potential masking effect of 

cytotoxicity on the genotoxic endpoints, additional silica fractionation of the sample extracts was carried out to 

remove cytotoxic compounds. The remaining half of the SPM, sediment, worms and flounder samples were 

newly extracted and cleaned up in similar amounts and in the same way as the initial sample set (described 
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above). After NP-HPLC fractionation the extracts were split into two and run simultaneously on two 2% 

deactivated silica columns (2 g). Four fractions (F) were subsequently eluted from each column: FA with 20 mL 

hexane, FB with 20 mL hexane/DCM (1:1 v/v), FC with 20 mL DCM and FD with 30 mL MeOH. The 

corresponding fractions were combined, evaporated, reconstituted in DMSO and retested in the bioassays. 

 

 

 

 

 

 

Figure 6.3. EDA study design used to charachterize the compounds responsible for the measured TTR-

binding activities in the selected samples (worms, crabs, flounder and silicone rubber [SR] sheets). After 

reverse-phase fractionation, suspect compounds were tentatively identified in the active fractions and 

confirmed with the aid of the corresponding analytical standards after the evaluation of their 

chromatographic behavior and toxic potencies in the 
125

I-T4-TTR-binding assay. 

Effect-directed analysis 

The study design of the EDA is schematically shown in Figure 6.3. Ten µL of the selected sample extracts (SR 

sheets, worms, crabs and flounders) were dissolved in 190 µL MeOH  and fractionated on a C18-bonded reverse 

phase (RP)-HPLC silica column (Symmetry, Waters) following the method described by Verbruggen et al.
36

 

Five minute-fractions (n=18) were collected: half of each RP-LC fraction was reconstituted in 50 µL of DMSO 

and tested in the 
125

I-T4-TTR-binding assay and the other half was kept in MeOH for chemical analysis. 

Fractions that showed TTR-binding activities were injected on high-resolution liquid chromatography coupled to 

electrospray ionization time-of-flight mass spectrometry (LC-ESI-ToF-MS) using a MicrOTOF II (Bruker 

Daltonics) to identify compounds suspected to be responsible for the observed activities. LC-ESI-ToF-MS 

analysis was performed on a Waters Symmetry C18 column (particle size 5µm, i.d. 2.5 mm, length 50 mm) with 

a Waters Symmetry C18 guard column (particle size 5 µm, i.d. 3.9 mm, length 20 mm) according to Simon et 
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al.
37

 The mass spectrometer was operated in both negative and positive electrospray ionization (ESI) mode. In 

the negative mode, the mobile phase consisted of methanol (solvent A) and 2 mM ammonium acetate (NH4Ac) 

in water (solvent B). In positive mode, the mobile phase consisted of methanol (solvent A) and 2% formic acid 

(HCOOH) in water (solvent B). A similar gradient elution program was used in negative and positive ionization 

mode: 30% solvent A and 70% solvent B during the first 0.5 min and then a linear gradient from 30% to 90% 

solvent B and from 70% to 10% solvent B over the next 33.5 min. The column was reconditioned for 14.5 min. 

The operating conditions for the ESI source were as follows: capillary voltage 1000 V, source temperature 

325ºC, gas flow rate 6 L/min and nebulizer gas pressure 25 psi. Data was aquired with a scan range of m/z 50-

2300. 

Lists of known genotoxic and TTR-binding compounds, freshwater contaminants (pharmaceuticals, pesticides, 

plasticizers, surfactants and personal care products), high production volume halogenated chemicals, and 

pharmaceuticals were compiled resulting in lists of in total 1331 compounds. These lists (libraries, n=5, Table 

S6.1.,  Supporting Information) contained the name and elemental composition of each compound and were 

saved in “csv” format. Target Analysis 1.2 software (Bruker Daltonics) couples theoretical isotope patterns and 

accurate masses to the elemental composition of the compounds indicated in the mass libraries and provides a 

list of matches. The isotope pattern match factor (mSigma) is based on the deviations of the signal intensities. 

The lower the mSigma value is, the better the isotopic match generation of the theoretical isotope pattern for the 

assumed molecule. By means of TargetAnalysis 1.2 the LC-MS (full scan) data were evaluated against the 

compiled libraries and provided a list of compounds (“suspects”) that showed acceptable matches (accurate mass 

window of 3 mDa, retention time (tR) window of 0.5 min and mSigma value<20) between the LC-MS data and 

the libraries. The detailed description of the mass library-based identification strategy is reported in our previous 

study.
37

  

The analytical chemical confirmation was performed by simultaneous injection of the analytical standards of the 

tentatively identified compounds and the corresponding subfractions of the extracts on the LC-ESI-ToF-MS with 

the same conditions as mentioned above. Matching of accurate mass and tR of the analytical standards with the 

sample extract peaks was evaluated. Ultimately, analytically confirmed compounds were also tested in the 
125

I-

T4-TTR binding assay to confirm their TTR-binding potency. 
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Table 6.1. Summary of the measured in vitro bioassay responses in the abiotic and biotic samples and silicone rubber sheets in the Ames fluctuation test with 

different Salmonella typhimurium strains (TA98 and TA100) with and without metabolic activation (S9), in the Comet assay with metabolic activation (S9+) and in the 
125

I-T4-TTR binding assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 “-“ indicates no  significant mutagenic potency according to the statistical analysis 
“+“ indicates significant mutagenic potency (p<0.05), but only in the undiluted extracts  
“cyto“ indicates appearance of cytotoxicity in the assay caused by the sample extract; in the AMES assay only the TA98 strain was tested for cytotoxicity 

  Ames fluctuation assay 
 

Comet assay
 

 
125

I-T4-TTR binding assay 

  
TA98  S9- TA98 S9+ TA100 S9- TA100 S9+ 

 
S9+ 

 
nmol T4-Eq / g sample 

SPM  - + - +  -  
0.7 dw 

Sediment  - + - +  -  0.0 dw 

Worms  -cyto + - +  +  19.9 ww 

Cockles  -cyto -cyto - -  +cyto  2.7 ww 

CM Crabs  -cyto -cyto - -  +cyto  18.3 ww 

Crabs  -cyto -cyto - -  +cyto  42.6 ww 

Shrimps  -cyto -cyto - -  -cyto  4.2 ww 

Flounders  -cyto +cyto - +  +cyto  8.7 ww 

          

SR sheets Eijsden April  - - - -  

n
o

t 
te

st
ed

 

 2.2 

n
m

o
l T

4-
Eq

 /
 g

 s
h

ee
t SR sheets Eijsden August  - - - -   0.5 

SR sheets Eijsden October  - + - -   0.7 

SR sheets Eijsden November  - - - -   0.4 

SR sheets Lobith April  - + - -   0.3 

SR sheets Lobith August  - + - -   0.6 

SR sheets Lobith October  - + - -   0.2 

SR sheets Lobith November  - + - -   0.2 
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Table 6.2. Genotoxic activities of SPM, sediment, worms, and flounders in the AMES fluctuation test with 

different Salmonella typhimurium strains (TA98 and TA100) with and without metabolic activation (S9) and 

in the Comet assay with metabolic activation (S9+) after additional silica fractionation to remove cytotoxic 

compartments. 

 

“cyto“ indicates appearance of cytotoxicity in the assay caused by the sample extract;  
in the AMES assay only the TA98 strain was tested for cytotoxicity 

 

Results and discussion 

Genotoxicity measurements and PAH levels 

Only in the highest concentration tested, extracts from sediment, SPM, worms and flounders showed positive 

results in the Ames fluctuation assay in both strains (TA98 and TA100) with exogenous metabolic activation, but 

not without metabolic activation (Table 6.1.). Extracts from cockles, crabs, shrimps, SR sheets and the procedure 

blanks showed no mutagenic response in any of the test conditions. Mutagenicity testing was hampered by 

significant cytotoxic effects of biota extracts in the Ames assay. For these cytotoxic samples, negative results in 

the Ames fluctuation assay should be interpreted with care, since possible revertants may have been undetected 

due to bacterial death. In the Comet-assay, significantly increased tail moments were found for all biota extracts 

except for the shrimp extract (Table 6.1.). Except for the extract of worms, increased tail moments corresponded 

with cytotoxic effects on the RTG-2 cells. Since no difference could be observed between the extracts tested 

   Ames fluctuation assay  Comet assay 

   TA98  
S9- 

TA98 
S9+ 

TA100 
S9- 

TA100 
S9+ 

 
S9+ 

SPM 

FA  - - - -  - 
FB  - + - +  - 
FC  + + - +  + 
FD  - - - -  - 

Sediment 

FA  - - - -  - 
FB  - + - +  - 
FC  + + - +  + 
FD  - - - -  - 

Worms 

FA  - - - -  - 
FB  - - - -  - 
FC  -cyto +cyto - +  +cyto 
FD  -cyto +cyto - +  +cyto 

Flounders 

FA  - - - -  - 
FB  -cyto - - -  - 
FC  -cyto -cyto - -  +cyto

 

FD  -cyto -cyto - -  +cyto
 

 



149 

 

with and without metabolic activation in the Comet-assay, only the results obtained after metabolic activation are 

presented (Table 6.1. and Table 6.2.). For the Comet assay, positive results from cytotoxic extracts should be 

interpreted with care, since the observed DNA damage may be caused by apoptosis, rather than by direct 

interaction of genotoxic compounds with DNA. For both the Ames and the Comet assay, additional silica 

fractionation did not help to separate the cytotoxic compounds from the genotoxic compounds in the biota 

extracts. Both the genotoxic and the cytotoxic potency of the biota samples were observed in the semipolar and 

polar fractions (FC (DCM) and FD (MeOH); Table 6.2.) and hampered the assessment and interpretation of 

genotoxicity in the studied biota samples. Therefore, the other biota samples were not further fractionated for 

additional investigation. However, interesting to mention that in the FC fraction without metabolic activation 

(TA98 S9-) of the SPM and sediment extracts mutagenic activity was found in both the Ames and Comet assays, 

while their total extracts showed no activities without metabolic activation. This might suggest that for abiotic 

samples the silica fractionation revealed some activities, that were suppressed in the total extracts by interferring 

substances.  

Table 6.3. Overview of the total measured PAH (ΣPAH) concentrations in the food web samples. 

Total PAH Sampling location ng/g ww ng/g dw ng/g lipid 

SPM Western Scheldt 668 1385 - 

Sediment Western Scheldt 43 57 - 

Worms Western Scheldt 93 - 9340 

Cockles Wadden Sea 30 - 3030 

CM Crabs Lippenbroek 18 - 889 

Crabs Western Scheldt 12 - 588 

Shrimps Western Scheldt 7 - 352 

Flounders Western Scheldt 7 - 188 

“-“ indicates not applicable 

Parallel to the bioscreening, sediment, SPM and the biota samples were analyzed for PAHs and concentrations 

are expressed for abiotic samples as ng/g dw and for biotic samples as ng/g ww and ng/g lipid (Table 6.3. and 

Figure 6.4.). The ΣPAH level in SPM (1.4 µg/g dw) was almost 25 times higher than in sediment (0.057 µg/g 

dw). This result is in accordance with another study,
15

 in which SPM (1.7-15.5 µg/g dw) was reported to be more 

polluted than sediment (0.16-0.27 µg/g dw). Hubert and co-workers
16

 showed higher genotoxic activities in SPM 

than in sediment from the river Seine using Ames and Comet assays, but did not determine PAH levels in SPM 

and sediment. Compared to sediment, SPM contains both short-living and persistent genotoxic compounds and 
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represents a dynamic medium
16

 that may contribute to the genotoxicity of the sediment and to the exposure of 

aquatic organisms to genotoxic compounds in the water column. The investigation of SPM is very helpful in 

understanding the source of water genotoxicity
16

. In biota samples, total PAH concentrations ranged from 7 to 93 

ng/g ww (Table 6.3.). Kayal et al.
38

 reported a similar ΣPAH concentration range (43-195 ng / g ww) in tissues 

of crabs, different fish species and birds from the Brisbane river Estuary (Australia). Patrolecco et al.
15

 reported a 

total PAH concentration of 18.5 ng/g ww in common eels (Anguilla anguilla) from the River Tiber (Italy). 

 

Figure 6.4. Total PAH concentrations in the benthic abiotic and biotic samples expressed as ng g
-1

 sample 

(dry weight for SPM and sediment and wet weight for the biota samples) on the left Y axis and ng g
-1

 lipid 

on the right Y axis. 𝜮PAHs include the following: acenaphthene, acenaphtylene, anthracene, 

benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene / benzo[j]fluoranthene, 

benzo[g,h,i]perylene, benzo[a]pyrene, benzo[e]pyrene, chrysene (+triphenylene), dibenzo[a,h]anthracene, 

fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, naphthalene, perylene, phenanthrene and  pyrene. 

Based on the measured PAH levels in our abiotic and biotic samples, the expected revertant numbers (cdr) could 

be calculated in the presence of metabolic activation for each sample and compared to the actually measured 

number of revertants in the extracts (Figure 6.5.). For sediment, SPM, and worms, significantly higher revertant 

numbers were estimated with metabolic activation in both strains (TA98 and TA100) than the number of 

spontenaous revertants (negative control, marked with a horizontal line on the figure). The calculated numbers 

are in very good agreement with the measured results found in the Ames fluctuation assay (Table 6.1., Figure 

6.5.). The measured PAHs seem to completely explain the measured activities in sediment, SPM and worms as 
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indicated by the very similar expected and measured mutagenic potentials (Figure 6.5.). For the other biota 

samples (cockles, CM crabs, crabs, shrimps, flounders) no significant mutagenic potential was expected based 

on the determined PAH concentrations. Except for flounders, this is in accordance with the observed absence of 

genotoxic potencies in the Ames and Comet assays. Flounder extracts showed low genotoxicity in both assays, 

possibly due to genotoxic compounds other than the analyzed PAHs. Low PAH concentrations in species at 

higher trophic levels compared to abiotic samples and to species at lower trophic levels do not necessarily imply 

that the sampled organisms are not exposed to genotoxic compounds. Genotoxic substances, and PAHs in 

particular, are highly reactive and rapidly metabolized in many species, especially at higher trophic levels.
14

 

Since the expected genotoxic activities based on PAH levels were generally in very good agreement with the 

observed genotoxic potencies in the abiotic samples (sediment and SPM) and no or weak genotoxic activities 

were measured in the biota extracts, no samples were selected for in-depth EDA study. 

Figure 6.5. Expected contribution of the target analyzed PAHs to the mutagenicity of the samples 

evaluated with TA98 and TA100 strains with metabolic activation (S9+). Expected mutagenic potential of 

the samples was determined by summation of the mutagenic potential of the individual PAHs found in the 

extract. Mutagenic potential of the individual PAHs was calculated by the multiplication of the compound 

specific concentration-dependent revertant number (‘cdr’; ml/µg) and the concentration of the compound 

in the assay (µg/mL). The horizontal line represents the average number of spontenaous revertant 

numbers observed in the assay. 

TTR-binding activities  

Extracts of the abiotic compartments showed no (sediment) or lower (0.7 nmol T4-eq/g dw in SPM) TTR-

binding activities than the extracts of the biotic compartments. In biota extracts, activities ranged from 2.7 to 

42.6 nmol T4-eq/g ww and in the SR sheet extracts from 0.2 to 2.2 nmol T4-eq/g dry sheet (Table 6.1.). Lowest 

activity in biota extracts was found for cockles (2.7 nmol T4-eq/g ww), which were collected in the relative clean 

Wadden Sea. TTR-binding potency first increases (e.g. worms, crabs), then decreases (e.g. flounders) with 
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trophic level. No TTR-binding activity was found in any of the procedure blanks. The TTR-binding activities 

found in the studied abiotic and biotic compartments are in accordance with earlier studies. Lübcke-von Varel et 

al.
39

 found no or low activities in sediment extracts using a similar extraction and cleanup method (ASE-GPC). 

Houtman et al.
40

 found 0.006-0.016 nmol T4-eq/g dw in extracts of surface sediments from the Dutch Delta. In 

our previous study using the same extraction and cleanup method,
23

 1.3 nmol T4-eq/g ww was found in eel 

(Anguilla anguilla) from the harbor of Antwerp (Belgium) and 8.6 nmol T4-eq/g ww in flathead mullet (Mugil 

cephalus) from the Western Scheldt estuary. No study was found evaluating TTR-binding activities of extracts 

of SR sheets or changes in TTR-binding activities between abiotic and biotic compartments towards higher 

trophic levels.  

For an in-depth EDA study, the extracts of biota samples from different trophic levels (worms, crabs, flounders) 

with relatively high TTR-binding activities (19.9, 42.6 and 8.7 nmol T4-eq/g ww respectively) as well as the SR 

sheets with the highest measured activity (2.2 nmol T4-eq/g; employed in river Meuse at Eijsden in April 2010) 

were selected to characterize the causative compounds. To reduce the complexity of the extracts, total extracts 

were first fractionated according to polarity with RP-HPLC (Figure 6.3.). The 18 fractions were then tested in 

the 
125

I-T4-TTR binding assay. For all four samples, the highest TTR-binding activity was measured in the F9 – 

F14 fractions (Figure 6.6.), when the gradient ranged between 95% MeOH (F9) and 100% MeOH (F10-F14). For 

the biota extracts, summation of the activities of the active fractions shows that the potency was lower than the 

activities measured in the corresponding total extracts (51% lower for the worms, 56% lower for the crabs, and 

51% lower for the flounders). The decrease may indicate the loss of compounds during fractionation. 

Furthermore, the fatty acids, that might still be present in the total extracts despite the stepwise cleanup as found 

in our previous study,
23

 might lead to an overestimation of the TTR-binding potency as reported earlier.
23, 35

 

Possible remaining fatty acids in the extracts might, however, be eliminated during the RP-LC fractionation (i.e. 

distributed among the fractions over the gradient and/or eluted at the end of the gradient from the C18 column) 

leading to lower activities in the summation of the active fractions. The opposite effect was observed in the SR 

sheets. The summation of the activities of the subfractions was almost 2-fold higher than was found in the total 

measured extracts ( 6.6.). Currently we have no explanation for the lower TTR-binding activity observed in the 

total extract compared to the summed activity of the fractions, since we are not aware of any antagonistic 

mechanism that may mask the TTR-binding potency of compounds in the total extract, but disappears after 

fractionation.  
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The active subfractions of each extract (worms, crabs, flounders and SR sheets) were then pooled and retested in 

the bioassay. For biota extracts, the activities measured in the pooled active subfractions were in a very good 

agreement with the activity summed over all active subfractions (Figure 6.6.). This finding confirms the possible 

loss of TTR-binding compounds during fractionation. For the abiotic SR sheet, the activity of the pooled active 

subfractions was closer to the activity measured for the total extract than to the activity summed over all active 

subfractions. 

Figure 6.6. A comparison of the TTR-binding activities expressed as nmol T4-Eq/g sheet for SR sheets, and 

as nmol T4-Eq/g ww for worms, crabs and flounders extracts after reversed-phase (RP) fractionation. The 

activities measured in the fractions (F9-F14) are compared to the calculated summed up activities (ΣF9-F14), 

to the measured pooled activities and to the total measured activities of the extracts.  

EDA on TTR-binding toxicants 

Library-based identification was performed on the LC-ToF-MS data of the active RP-LC fractions of worms, 

crabs, flounders and SR sheets in order to identify the suspects responsible for the observed TTR-binding 

activity. Screening for matches between the compiled compound lists (Supporting Information, Table S6.1.) and 
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the LC-ToF-MS data regarding accurate mass and isotope pattern revealed the presence of a number of known 

TTR-binding compounds in the extracts (Table 6.4.) such as nonylphenol, the nonsteroidal anti-inflammatory 

drugs (NSAIDs) diflusinal and flubiprofen, hydroxylated tri-, tetra- and pentachlorinated biphenyl congeners 

(OH-tri/tetra/pentaCBs), triclosan, PAH derivatives, perfluoroalkyl and polyfluoroalkyl substances (PFASs) and 

musk ambrette. In the extract from the SR sheets many from the above mentioned compound classes were found. 

In the biota extracts nonylphenol, PFASs and musk ambrette are suggested to be potential contributors to the 

measured TTR-binding activities.  

Triclosan, OH-PCBs, nonylphenol and PFASs are known contaminants in the aquatic environment as reported in 

various studies and review papers.
e.g.41-44

 Interestingly, various synthetic musk compounds were detected in both 

biota and SR sheets (Table 6.4.), out of which only musk ambrette showed affinity to bind to TTR. Polycyclic 

musks (i.e. cestolide, galaxolide, phantolide, tonalide and traseolide) were reported earlier in different abiotic 

and biotic environmental compartments, such as sediment, surface water and eel (Anguilla anguilla) from the 

German rivers Dahme, Spree and Havel.
45

 Fromme et al.
45

 also indicated the transfer of these musks from water 

to eel. Rimkus
46

 reviewed the presence of both polycyclic and nitro musks (i.e. musk ambrette, - ketone, - 

xylene) in the aquatic environment including sediment, SPM, water, sewage sludge and biota. Highest 

concentrations of especially the polycyclic musks were found in water, sewage sludge and biota from sewage 

ponds. In biota (e.g. various mussles, shrimps and fish) mainly cestolide and galaxolide were found and no 

ketone or xylene,
46

 which is in accordance with our results (Table 6.4.).  

Most of the suspected compounds (NSAIDs, OH-PCBs, PFASs and the pharmaceuticals) tentatively identified in 

the extracts contained one or more halogen atom providing unique isotopic distributions. For these compounds 

an even better matching factor between theoretical and measured isotope patterns was obtained than for 

compounds without halogens. Isotopic pattern matching in conjunction with accurate mass measurements is 

applied more and more often in screening studies for confirming compound identity and aiding chemical 

structure characterization, because it is information-rich and almost independent of instrument type and 

ionization technique. In the current study, analytical and toxicological confirmation was performed on three 

selected pharmaceuticals, which were tentatively characterized in the extracts: citalopram, fluconazole and 

linezolid. These selected suspects all contained halogen atoms and their TTR-binding potency was unknown. For 

the other compounds we relied on true positive findings based on the excellent agreement between theoretical 

and measured accurate mass (±3 mDa) and isotope pattern (mSigma<20) of the suspects. In our analytical 

confirmation study, citalopram and fluconazole showed tR matches (±0.3 min) and accurate mass matches (±2.1 
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mDa) with the analytical standards in the extracts. Linezolid could not be analytically confirmed in any of the 

extracts. The analytical standards of citalopram and fluconazole were then tested in the 
125

I-T4-TTR binding 

assay. Both pharmaceuticals did not show TTR-binding potency. The anti-depressant (serotonin re-uptake 

inhibitor [SSRI]), citalopram has been commonly found in treated sewage effluents and surface water
47-48

 and 

was indicated to bioaccumulate in aquatic biota prior to its degradation.
49

 To date very little is known about the 

toxicity of citalopram to aquatic organisms.
49

 The antifungal drug, fluconazole was also reported to be mainly 

released in its unchanged form
50

 and was found in sewage treatment plant (STP) effluents in Switzerland,
51

 

Japan
52

 and Sweden.
53

 Kahle et al.
51

 also reported its presence in Swiss lakes and suggested its potential to affect 

the endocrine system by interacting with steroidogenesis, similar as other azole compounds.
51

 Further 

investigation into the endocrine disrupting potency of azole compounds including fluconazole is required.   

Combination of bioassays and  chemical analyses 

The present study generally confirms the importance of combined bioassay and chemical analyses in the 

characterization of emerging pollutants which may have the potential to cause effects in the aquatic environment.  

Target analysed PAHs, which are relevant genotoxic compounds in the aquatic environment, showed good 

correlation with the genotoxic potencies found in the extracts of the abiotic and biotic samples. In addition, 

PAHs and genotoxic potencies were transfered from abiotic (sediment and SPM) to biotic (worms) 

compartments but did not increase with increasing trophic level (Figure 6.4. and Table 6.1.), indicating rapid 

metabolism of the PAHs at a higher trophic level. However, interpretation of the genotoxic potency in especially 

the biota samples, was hampered by cytotoxicity. 

A number of known TTR-binding compounds covering a broad range of chemical classes were detected in the 

selected extracts (worms, crabs, flounders and SR sheets) as potential sources of the measured activities (Table 

6.4.). Extracts from crabs (42.6 nmol T4-eg/g ww) had more than 2-times higher TTR-binding potency than 

from worms (19.9 nmol T4-eg/g ww) collected at the same location and time point (Table 6.1.). Furthermore, 

some compounds were indicated to be present in both worms and crabs extracts, such as: DoFHpA, PFPA, musk 

ambrette and citalopram, which suggests their potential for bioaccumulation. Both the biological and chemical 

analyses suggest the transfer of the TTR-binding potency from abiotic to biotic compartments at lower trophic 

levels (worms, crabs, CM crabs), but no distinct pattern could be observed in these potencies from sediment 

towards to flounders. 
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Table 6.4. Tentatively identified suspects for TTR-binding in SR sheets, worms, crabs and flounder as revealed in the EDA study. Citalopram and fluconazole were 

also analytically confirmed in the extracts. 

  
 

Molar 

REP-factor 

 
References 

Silicone rubber 

 sheets 
Worms Crabs Flounders 

 

4-nonylphenol 1.8x10-2  [37] x x x x 

NSAIDs 
Diflunisal n.a.  

[55] 
x       

Flubiprofen (FLP) n.a. x       

Halogenated 

compounds 

OH-triCB1 

8.4x100* 

 

[33] 

x       

OH-triCB2 x 

   OH-triCB3 x 

   OH-tetraCB1 

10.2 x100* 

x 

   OH-tetraCB2 x 

   OH-tetraCB3 x 

   OH-tetraCB4 x 

   OH-tetraCB5 x 

   OH-pentaCB1 5.9 x100* x 

   Triclosan 1.0x10-2  [56] x       

PAH derivatives 

1,2-Benzathraquinone n.a.  

[57]  

x 

   Benzo(c)phenanthrene-1,4-quinone n.a. x 

   1,4-Chrysenequinone n.a. x 

   

PFASs 

6:2 FTUCA (2H-Perfluoro-2-octenoic acid) 7.0x10-3  

[35] 

x       

7H-PFHpA (7H-Perfluoroheptanoic acid) 7.0x10-3 x x x 

 PFBS  (Perfluorobutane sulfonate) 3.0x10-3 

 

x 

  PFUnA ( Perfluoroundecanoic acid ) 3.0x10-3 

  

x 

 PFPA (Perfluorooctyl phosphonic acid) 1.8x10-1  [54]   x x   

Musks 

Cestolide/Phantolide -  

This study 

x x 

 

x 

Galaxolide/Tonalide/Traseolide - x x 

  Musk ambrette 5.0x10-2 

 

x x 

 Musk ketone - x 

   Musk xylene -       x 

Pharmaceuticals 
Citalopram -  

This study 
 

x x x 

Fluconazole - x       
“n.a.” indicates not applicable. These compounds have TTR-binding potential, but no REP-values were reported in the referred studies, only the binding affinity (%) of the specific compound to TTR  

“-” indicates no TTR-bindig activity observed 

*Average value based on the REP-factors determined for various tri-, tetra- and pentaCB congeners  
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Passive sampler silicone rubber sheets 

Bioanalysis of biota extracts is often hampered by cytotoxic potential (e.g. Wong et al.
57

) of the extracts as was 

also experienced in the present study in both Ames and Comet assays. No cytotoxicity was observed in the 

extracts of the biomimetic SR sheets (Table 6.1.), which seem to be a valid alternative sampling matrix 

compared to biota samples for bioassay screening of bioavailable genotoxic compounds in the sampling spot. 

Sampling location and sampling time of the SR sheets differed from the biota samples. Consequently, causative 

compounds found in the SR sheets cannot be directly related to the compounds found in the biota samples. 

Nevertheless, similar compound classes (nonylphenol, PFASs, musks and pharmaceuticals) were found in the 

biota samples and the SR sheets (Table 6.4.). Furthermore, additional compound classes (triclosan, NSAIDs, 

OH-PCBs and PAH derivatives) were detected in the SR sheets. The applicability of passive sampling 

techniques for sampling parent PCBs and PAHs has been widely reported,
e.g.

 
58-60

 but no earlier studies described 

their applicability to sample metabolites of PCBs and PAHs.   

The wide range of TTR-binding compound classes found in the extracts of the SR sheets underpins the 

suitability of passive sampling techniques for demonstrating the presence of biologically relevant toxic 

compounds in the aquatic environment at a given sampling location and period. The investigation of abiotic 

compartments, such as sediment or SPM, does not take into account the bioavailability of the toxicants and may 

therefore overestimate actual exposure. Testing extracts from aquatic biota or the “artificial biota” passive 

samplers opens the door to accounting for bioavailability in EDA studies. Both biota and passive samplers 

provide information on the bioavailablity of  aquatic contaminants. The choice of sampling matrix depends on 

the primary interest. For monitoring bioavailable concentrations of a broad range of compounds in the aquatic 

environment, passive samplers are the sampling matrix of choice. For the evaluation of biological samples that 

are highly relevant for food quality (e.g. mussles, shrimps, fish) internal concentrations should be analyzed in 

these species.
21, 61, 62

 Internal exposure is not only influenced by passive diffusion (as can also be determined by 

passive samplers), but also by active uptake, depuration, metabolism, and excretion rates, which are again 

affected by stress, viability and condition of the biota.
21

 Finally, internal exposure levels of bioactive toxicants in 

biota can be directly related to possible effects observed in the very same organisms. 
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Conclusions 

The present study aimed to characterize genotoxic and TTR-binding compounds in various abiotic and biotic 

aquatic compartments using the concept of EDA. The expected mutagenic potencies in the abiotic samples based 

on the target analyzed PAH concentrations correlated with the measured mutagenic potencies. SPM showed the 

highest mutagenic activity. SPM represents a dynamic medium that may contribute to the mutagenicity of the 

sediment and to the exposure of aquatic organisms to toxic compounds in the water column. However, the 

interpretation of the genotoxicity in biotic samples was hampered by cytotoxicity.  

The results of both the biological and chemical analyses suggest the transfer of the TTR-binding potency from 

abiotic to biotic compartments, but no clear pattern could be observed in these potencies along the trophic level 

gradient. Screening the LC-ToF-MS data files against compound lists appeared to be an effective and rapid 

identification strategy in EDA, accelerating the interpretation of large high-resolution MS data sets. A number of 

TTR-binding compound classes were characterized in the selected samples and suggested to be the source of 

observed toxicity. Subsequent quantitative analysis could specify the contributions of the tentatively identified 

TTR-binding compounds to the total measured activities. The analysis also revealed and confirmed the presence 

of two pharmaceuticals (citalopram and fluconazole) in the extracts, although these did not show no TTR-

binding activity.  
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Chapter 6 - Supporting Information 

 

 

Table S6.1. Overview of the mass lists (libraries), for which the LC-ToF-MS data file of the extracts of 

abiotic, biotic and silicone rubber sheets were screened with TargetAnalysis 1.2 (Bruker Daltonics) 

Mass Library Description/References No. of compounds 

Reported TTR-binding 

compounds 
List is set based on literature studies 263 

High production volume  (HPV) 

pharmaceuticals  
Persistent and/or bioaccumulative  

pharmaceuticals [1] 
106 

HPV chemicals 
Persistent and/or bioaccumulating  

compounds (mainly halogenated) [2] 
594 

Envimass mass list  
List of fresh water contaminants,  

pesticides, PFASs 
143 

Bruker mass list 
List of dyes, pharmaceuticals,  

pesticides from Bruker Daltonics 
225 

Total   1331 
[1] Howard and Muir, 2011, Environ. Sci. Technol. 45:6938-6946 

[2] Howard and Muir, 2010, Environ. Sci. Technol. 44: 2277-2285 
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Chapter 7 

General discussion, concluding remarks and outlook 
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General discussion 

This study resulted in the identification of several bioavailable toxicants with a potency to disrupt the thyroid 

hormone system in both solid and liquid biota samples after applying the concept of effect-directed analysis 

(EDA) based on validated sample preparation techniques and identification strategies. By implementation of the 

TTR-binding assay it was demonstrated that expansion of the EDA scope to novel toxic endpoints was possible, 

while also an expansion of EDA to biological matrices was realized. Finally, a substantial improvement was 

made with regard to identification strategies by using LC-ToF-MS and several new mass libraries and software 

features.  

EDA of biota – challenges step by step 

Sample preparation. EDA of endocrine disrupting compounds in aquatic biota has not yet been performed on a 

wide scale. The major problem is the removal of co-extracted matrix components to minimize negative effects 

on subsequent biological and chemical analyses without discriminating, destroying or degrading the analytes of 

interest. This is extremely important in EDA because the ultimate goal is to extract all possible toxicants present 

in the sample that could cause the bioassay response and of which the identity is unknown. The quality of the 

extraction and cleanup steps are thus key factors in EDA. 

The method developed, validated and applied to tissue and whole body homogenates of aquatic organisms 

(combination of dialysis, GPC and NP-LC; Chapter 2) overcomes these problems and enabled the investigation 

of genotoxic and endocrine disrupting capacity of the extracts in in-depth EDA studies of biota samples after the 

removal of co-extracted lipids and endogenous hormones (Chapter 6). This was even possible for sample 

preparation of large sample amounts (up to 100 g), often necessary in toxicological studies of biota, in which 

contaminants are present in low quantities. Efforts were also dedicated to the reduction of the number of 

subsequent cleanup steps, especially to eliminate the GPC step that consumes large volumes of the toxic solvent 

dichloromethane. However, this cleanup step appeared to be essential. Without the GPC step the interpretation of 

the bioassay results was hampered due to the high lipid content of the extract. Also, the NP-LC step proved to be 

essential to separate the endogenous hormones from the xenobiotic compounds.  

In spite of the laborious, stepwise cleanup, the lipid profile showed that some small lipids (cholesterol and fatty 

acids) still remained in the cleaned extracts. These might be cause experimental artifacts in the bioassays, such as 

co-transport of radiolabeled thyroid hormone in the TTR-binding assay leading to an overestimation of the 

binding activities. From additional experiments – testing several mixtures of cholesterol, fatty acids and 
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triglycerides in the in vitro bioassays – it was, however, concluded that the remaining lipid contents are too low 

to influence the bioassay results (Chapter 2).  

In the sample preparation method (combination of SPE and LLE) used for blood plasma samples to investigate 

compounds that might displace the thyroid hormone (TH) T4 from its transport protein TTR, the presence of co-

extracted lipids was negligible (Chapter 3). In addition, SPE removed approximately 95% of the initial 

endogenous TH concentrations from the cow plasma in the validation study. To assess whether the remaining T4 

levels could influence the bioassay result, the total T4 levels (nM) measured in plasma of different species (e.g. 

human, polar bear) were compared and an estimation of their corresponding highest concentration in the TTR-

binding assay after the SPE-LLE method was made. Estimated values were all below the lowest level of T4 (16 

nM) causing an effect in the assay. Therefore, no additional endogenous TH removal step (e.g. LC fractionation) 

was applied to the plasma samples.  

Both sample treatment methods were thoroughly validated: recoveries of a wide range of spiked toxicants were 

determined, the possible effects of remaining matrix components were studied and the necessity of all 

subsequent steps (e.g. GPC and/or NP-LC) was assessed. Both methods proved to be suitable for investigating 

endocrine disrupting potencies (with a focus on TTR-binding compounds) in biological materials and to be used 

in EDA studies providing more information on bioavailability and toxicokinetics of environmental pollutants. 

However, these studies also revealed that proper sample treatment techniques are still highly laborious and time-

consuming.  

Identification. Another challenging part of all EDA studies is the chemical identification of the causative 

compounds and the processing of large sets of mass spectral data. Gas chromatography/mass spectrometry 

(GC/MS) is ideal for the characterization of non-polar and moderately polar unknown compounds in EDA 

studies. Liquid chromatography (LC) coupled to MS is the method of choice for the analysis of more polar 

compounds. In the two conducted EDA studies on polar bear cub plasma samples (Chapter 5) and on various 

benthic biota samples and passive sampler silicone rubber sheets (Chapter 6), novel identification strategies 

applied to LC/MS data were successfully implemented. Specific isotope pattern search by Isotope Cluster 

Analysis (ICA, Bruker Daltonics) led to the tentative identification of hydroxylated octachlorinated biphenyl 

congeners without any additional derivatization step. This is highly interesting, since GC/MS after the 

derivatization of the sample extract would be the predominant technique for the analysis of metabolically-

derived polychlorinated biphenyls. Derivatization is, however, an important drawback for the identification of 

unknown compounds, of which original chemical compositions and/or chemical properties can be changed after 
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this chemical conversion. Using ICA, a number of elemental compositions containing halogens were determined 

in the plasma extracts (Chapter 5), to which no compound name could be coupled despite the extensive searches 

for possible matches in commercially available databases (e.g. ChemSpider, DrugBank, PubChem, NIST).  

Another strategy applied in these EDA studies of biota extracts is the screening for unknowns through the use of 

compiled compound lists with the TargetAnalysis 1.2 software tool (Bruker Daltonics). This led to the 

identification of a number of known and novel TTR-binding compounds in the polar bear plasma (Chapter 5), 

benthic biota samples and the silicon rubber sheets (Chapter 6). These findings underline the need for continuous 

extension of current compound databases and for accessible, easy-to-use spectral libraries for LC/MS techniques.  

Confirmation studies. Procurement of authentic standards of tentatively identified compounds (“suspects”) is 

required for complete chemical and toxicological confirmation. The major obstacle in confirmation studies is the 

limited availability of pure standards, even when Chemical Abstract Service (CAS) numbers are known. Custom 

synthesis is often expensive, time-consuming and difficult to carry out. 

Importance and relevance of the findings 

TTR-binding activity of polar bear cub plasma samples. The screening of thirty-one polar bear cub plasma 

samples for TTR-binding activities revealed important results (Chapter 4). Firstly, the majority of plasma 

extracts showed a TTR-binding potency that was in accordance with these cub’s initially target analyzed plasma 

levels of the known, potent TTR-binding hydroxylated polychlorinated biphenyls (OH-PCBs). For some 

individual cubs, however, only 30-40% of the measured activities was explained by the measured OH-PCBs 

indicating the presence of other, unidentified TTR-binding compounds. This supports the importance of 

combined use of analytical chemical and bioassay analyses to better understand cause-effect relationships. 

Secondly, the TTR binding activity of contaminants in polar bear cubs was about 45% lower in the plasmas 

sampled in 2008 compared to those in 1998. The between-year differences in TTR-binding activity may be 

explained by geographical differences in contaminant levels and profiles due to somewhat different sample 

locations, or differences in exposure of the cubs’ mothers due to between-year differences in ecological factors. 

Finally, through the EDA study performed on the three selected polar bear cub plasma samples (Chapter 5), three 

hydroxylated octaCB congeners and linear and branched nonylphenols (NPs) were identified and analytically 

confirmed in the extracts. Hydroxylated octaCBs and branched NPs also showed a TTR-binding potency that 

accounted for a significant part of the initially measured activities (32±2%). The TTR-binding affinity of the 
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hydroxylated octaCBs was demonstrated for the first time. Similarly, the presence of linear and branched NPs 

was observed for the first time in polar bears. Thus, including these compounds in future studies, e.g. in the 

target analysis of TTR-binding compounds and/or blood-accumulating compounds in wildlife, is highly 

recommended. 

Biota versus passive samplers. Given the broad range of TTR-binding compound classes accumulated and 

characterized in the passive sampler silicone rubber sheets by EDA (Chapter 6) and the simple data 

interpretation of the bioassay results that was not hampered by cytotoxicity of the co-extracted matrix 

components compared to the biota extracts, one might wonder “why bother with biota in endocrine disruption 

research”? The answer is, however, more complex. The choice of matrix to be sampled and investigated depends 

on the study. Both biota and passive samplers yield information on bioavailable aquatic contaminants. Passive 

samplers clearly are the matrix of choice for monitoring of external exposure concentrations of a broad range of 

bioavailable compounds in the aquatic environment in their actual form. However, biota provide the internal 

concentration of contaminants, of which the fate might be influenced by certain factors, such as species 

dependent metabolic activity, excretion or the current condition of the organism. Therefore, EDA in biota is a 

valuable addition to the range of analysis options. Interesting findings are the presence of pharmaceutical 

compounds (citalopram and fluconazole; Table 7.1.) accumulated in biota and in the silicone rubber sheets and 

the metabolites of PCBs and PAHs (polycyclic aromatic hydrocarbons) characterized only in the studied silicon 

rubber sheets. The latter was not reported earlier to be found in passive sampler silicone rubber sheets.  
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Table 7.1. Overview of some of the compounds identified and confirmed during the EDA studies described in this thesis.  

Compound identified and 

confirmed* 
Sample 

CAS 

number 

Molar T4 

REP-factor 
IC50 (nM) Usage Structure 

Branched nonylphenol 

P
o
la

r 
b
ea

r 
cu

b
 b

lo
o
d
 p

la
sm

a 

84852-15-3 0.003 23321 

Industrial surfactant 
 

Linear nonylphenol 104-40-5 n.d. n.d. 

 

4’-OH-CB201 n.a. 3.35 22.61 

Metabolites of the 

corresponding 

polychlorinated 

biphenyls (PCBs) 

that are coolants, 

plasticizers, flame 

retardants 

 

4,4’-(OH)2-CB202 n.a. 4.34 13.53 

 

Citalopram 
Worms, Crabs 

and Flounder 
59729-32-7 n.d. n.d. Antidepressant drug 

 

Fluconazole 

Passive sampler 

silicone rubber 

sheet 

86386-73-4 n.d. n.d. Antifungal drug 

 

“n.a.” indicates not applicable; “n.d. indicates not detected; *: further TTR-binding compound classes characterized in Chapter 6 are not listed here

http://en.wikipedia.org/wiki/Surfactant
javascript:openWindow('/ImageView.aspx?id=300245',%20'zoom',%20500,%20550,%20'toolbar=no,menubar=no,resizable=no');%20void%200;
javascript:openWindow('/ImageView.aspx?id=1688',%20'zoom',%20500,%20550,%20'toolbar=no,menubar=no,resizable=no');%20void%200;
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Concluding remarks and outlook 

The present study demonstrated the suitability of the EDA approach for the investigation of endocrine disruption 

in complex biological matrices caused by unknown substances. The acceleration of identification strategies by 

using library-based screening and Isotope Cluster Analysis led to a better strategic mass data interpretation and 

to the identification of novel compounds in biota samples (Table 7.1.). The results stress the global nature of 

pollution due to anthropogenic, industrial activities.  

The developed sample preparation method for biological samples, the addition of TTR-binding as an endpoint 

and the advanced identification strategies contribute to a wider applicability of EDA. The development of such 

tools is an important step forward regarding the implementation of international programs such as the European 

Water Framework Directive (WFD) and the Marine Strategy Framework Directive (MSFD). 

Monitoring environmental concentrations of priority pollutants alone without considering combined effects of 

these pollutants and their possible consequences for the environment, is a poor indicator of toxicity and may end 

up monitoring irrelevant compounds. The importance of EDA studies, in which chemical and biological 

approaches are combined, is evident. The application of this multidisciplinary approach and the utilization of 

existing knowledge regarding the exposure of the environment and humans is a very useful concept in 

environmental risk assessment. 

In addition, this approach is expected to be a useful contribution to future exposome research through providing 

(improved) methods for various stages of EDA: sample preparation, bioscreening, identification strategies and 

investigative monitoring of biota. The exposome can be defined as the measure of all the exposures of an 

individual during a lifetime and their relation to health. For the assessment and modeling of environmental 

exposure, the identification of known and emerging pollutants is a prerequisite. 

Despite its high relevance for investigative monitoring and creating the causal link between chemical 

contamination and observed toxic effects, due to its laboriousness, costliness and time-consuming nature EDA is 

not widely applied yet. The application of high-throughput, automated bioassays and fractionation techniques 

combined with accelerated identification strategies would facilitate its broader application in environmental 

exposure and risk assessment. 

The success of identification and confirmation of toxicants by means of EDA also depends on the availability of 

analytical standards on one hand and on freely available mass spectral databases for LC/MS data and the 
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continuous update of compound/substance databases, such as Chemspider on the other. This study reveals that 

lack of standards hampers the identification and confirmation of unknowns, and it also stresses the need for the 

further development and sharing of expanded mass libraries. 
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Summary 

This thesis describes a study on the applicability of effect-directed analysis (EDA) to biological matrices, 

including an expansion of the scope of EDA with the investigation of thyroid hormone disruption and the use of 

new mass libraries and screening methods for the identification of contaminants. 

Chapter 1 provides the background and aim of the studies described in this thesis. It emphasizes the need for 

broadening the scope of EDA studies by i) investigating to date less studied endocrine disrupting endpoints in 

EDA, like thyroid hormone disruption, ii) focusing on bioavailable toxicants and thus apply the EDA approach 

to biological materials and iii) accelerate mass spectral data interpretation and improve identification strategies 

in EDA that are fundamental parts of a successful EDA study. 

To enable the effect-directed identification of bioavailable toxicants in aquatic biota, the development and 

validation of suitable methods for their extraction from the sample matrix is crucial. Removal of endogenous, 

natural hormones from the biota extracts is of great importance because their presence in the extracts might lead 

to the overestimation of the hormone-like activities investigated in the in vitro bioassays.  

A stepwise-designed sample preparation technique for solid biota, such as tissues and whole body homogenates 

was developed and validated in Chapter 2. The method consisted of pressurized liquid extraction (PLE) followed 

by dialysis, gel permeation chromatography (GPC) and normal phase liquid chromatography (NP-LC) as an 

elaborate cleanup. Besides extracting a broad range of genotoxic and/or hormone-like compounds and enabling 

the bioassay screening of the extracts, the sample preparation method sufficiently removed the co-extracted 

natural hormones from the sample extracts by NP-LC fractionation. Furthermore, co-extracted lipids and 

proteins that often hamper chemical analysis and bioassay testing of biota extracts were also sufficiently 

eliminated by the applied cleanup steps (dialysis and GPC) and by appropriate dilution of the extracts prior to 

chemical and bioassay analyses. 

Similarly, a sample preparation method that combined solid-phase extraction (SPE) and liquid-liquid extraction 

(LLE) was developed and validated to be used in EDA of liquid biota (e.g. blood plasma) in Chapter 3. Blood 

plasma generally contains less lipids than tissue or whole body homogenates. Therefore, a simpler cleanup was 

sufficient for this type of biological material. The adequate natural hormone removal capability of this method 

was proven in addition to its suitability for extracting a broad range of thyroid hormone (TH)-disruptors 

accumulated in blood plasma. 
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The extraction and cleanup procedures employed to the solid biota samples (i.e. fish tissues with various fat 

content) and liquid biota (i.e. cow and polar bear blood plasma) in the method development studies yielded high 

chemical and biological recoveries, generally above 70% for the spiked compounds. Recoveries of the wide 

range of spiking compounds from the spiked extracts were chemically determined by gas and liquid 

chromatography (GC and LC) coupled to mass spectrometry (MS) and recoveries of their toxic activities were 

biologically determined in the corresponding in vitro bioassay.  

To demonstrate the applicability of the validated sample preparation technique from Chapter 3 for toxicity 

profiling and/or further EDA studies, blood plasma samples from polar bear cubs (n=31) were extracted and the 

capacity of blood-accumulating compounds in the extracts to displace thyroid hormone (TH) from its transport 

protein, transthyretin (TTR), were measured in the 
125

I-T4-TTR-binding assay in Chapter 4. All extracts showed 

TTR-binding activities. The contribution of target-analyzed halogenated compounds to the total measured TTR-

binding activity could be determined based on their plasma concentrations and on their relative TTR-binding 

potencies. For a few plasma samples, the target compounds only explained half of the observed TTR-binding 

activity, suggesting the relevance of an EDA study to identify the contaminants responsible for the remaining 

unexplained part.  

Three polar bear plasma extracts were selected for such an in-depth EDA study. This resulted in successful 

identification of four novel TTR-binding compounds in the plasma extracts as presented in Chapter 5. The 

identification strategy consisted of compiled mass library screening and cluster analysis of specific halogenated 

isotope patterns with the aid of instrument related software tools. The identified and analytically confirmed 

(based on retention time match with the corresponding standards) mono- and dihydroxylated octachlorinated 

biphenyls (4’-OH-CB201, a monohydroxy octa-CB with unknown substitution pattern and 4,4’-diOH-CB202) 

and branched nonylphenol were estimated to explain 32±2% of the total measured activity in the polar bear 

plasma extracts. 

In the last study, described in Chapter 6, the developed sample preparation method for solid biota samples, 

identification strategies and knowledge on toxicity profiling and bioassay-directed identification were all 

combined. A large set of aquatic abiotic (sediment, suspended particulate matter) and biotic (worms, shrimps, 

crabs, cockles, and predatory fish) compartments was collected from the Western Scheldt estuary (The 

Netherlands), the Danish Wadden Sea, and the Scheldt-estuary near Lippenbroek (Belgium). The sample set 

was extended with passive sampler silicone rubber sheets collected from the river Meuse near Eijsden and river 

Rhine near Lobith (The Netherlands), which were considered as “artificial” biota. All samples were extracted 
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and screened for genotoxicity and TTR-binding activity. All biota samples caused high cytotoxicity in the Ames 

test, which prohibited the quantification of genotoxic activities. All samples showed, however, quantifiable TTR-

binding activity. The extracts of passive sampler sheets, worms, crabs and flounders were selected for an in-

depth EDA study including fractionation steps to identify the compounds responsible for the measured activities. 

A number of TTR-binding compounds were tentatively identified in the sample extracts, such as triclosan, 

nonylphenol, musk ambrette, hydroxylated polychlorinated biphenyls (OH-PCBs), nonsteroidal anti-

inflammatory agents (NSAIDs) and perfluorinated alkyl substances (PFASs). Furthermore, the pharmaceuticals 

citalopram and fluconazole could be identified and confirmed in the selected sample extracts. These compounds 

had no TTR-binding activity.  

Finally, in Chapter 7, the results of this thesis are discussed. The thoroughly validated sample preparation 

techniques for both solid and liquid biological materials enabled the successful incorporation of bioavailability 

aspects in the concept of EDA. However, the present study also revealed that EDA studies in general would 

enormously benefit from high throughput, automated bioassays and fractionation techniques. Also, a clear need 

for more analytical standards was identified. Novel strategies facilitated the identification of bioactive TTR-

binding compounds in various biota samples and emphasized the importance of the continuous extension of mass 

libraries and compound databases.  
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Samenvatting 

Dit proefschrift beschrijft een studie naar de mogelijkheid om effectgerichte analyse (Effect Directed Analysis 

(EDA)) toe te passen op biologische matrices. Door de aandacht voor schildklierhormoon-verstoring als 

toxicologisch eindpunt, het analyseren van hormoonverstorende stoffen in biologische matrices en het gebruik 

van  nieuwe massa-pectrum bibliotheken en screeningsmethoden om de verantwoordelijke 

milieuverontreinigende stoffen te indentificeren verbreedt deze studie het toepassingsgebied van EDA. 

Hoofdstuk 1 beschrijft de achtergrond en het doel van het onderzoek beschreven in dit proefschrift. Dit 

hoofdstuk benadrukt de behoefte om het huidige EDA onderzoek i) uit te breiden met hormonaal verstorende 

eindpunten die tot nu toe zijn onderbelicht in EDA studies, zoals schildklierhormoon verstoring, ii) te richten op 

biobeschikbare stoffen, door EDA toe te passen op biologische matrices en iii) te versnellen door de analyse van 

massaspectra en de strategieën om stoffen te identificeren, te verbeteren. 

Om de effectgebaseerde identificatie van toxische stoffen in biota mogelijk te maken, is de ontwikkeling en 

validatie van geschikte extractiemethoden cruciaal. Daarbij dienen de natuurlijke, endogene hormonen zo goed 

mogelijk verwijderd te worden, omdat hun aanwezigheid in het extract kan leiden tot een overschatting van de 

totale hoeveelheid milieuvreemde, hormoonachtige activiteit wanneer deze wordt bepaald met in vitro bioassays. 

De ontwikkeling en validatie van een stapsgewijze, geschikte opwerkingsmethode voor homogenaten van vaste 

biota monsters, zoals weefsels en hele organismen, staat beschreven in hoofdstuk 2. Deze methode bestaat uit 

vloeistofextractie onder hoge druk (Pressurized Liquid Extraction (PLE)), gevolgd door zuivering van het extract 

met dialyse, gelpermeatiechromatografie (GPC) en normale fase vloeistofchromatografie (Normal Phase Liquid 

Chromatography (NP-LC)). Het uiteindelijke extract is geschikt voor analyse met bioassays, omdat de 

ontwikkelde methode een breed scala aan genotoxische en hormoonachtige stoffen extraheert waarbij de NP-LC 

fractionering de natuurlijke hormonen uit het extract verwijdert. Additionele zuivering met dialyse en GPC en 

verdere verdunning van de extracten voorkomen bovendien dat meegeëxtraheerde vetten en eiwitten de 

chemische en bioassay analyse kunnen verstoren. 

Hoofdstuk 3 beschrijft de ontwikkeling en validatie van een soortgelijke opwerkingsmethode om vloeibare biota 

monsters (zoals bloed plasma) te kunnen testen in EDA. Deze methode is gebaseerd op een combinatie van vaste 

fase extractie en vloeistof-vloeistof extractie. Omdat bloedplasma doorgaans minder vet bevat dan homogenaten 

van weefsels of hele organismen, volstaat een eenvoudigere zuiveringsmethode voor dergelijke biota monsters. 
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De ontwikkelde methode blijkt natuurlijke hormonen voldoende te verwijderen en daarnaast een breed scala aan 

schildklierhormoon-verstorende stoffen te extraheren die zijn opgehoopt in bloedplasma. 

Na toevoeging van een breed scala aan hormoonverstorende stoffen aan vaste (visweefsels met verschillende 

vetpercentages) en vloeibare biota monsters (bloedplasma van koe en ijsbeer), werd met de ontwikkelde 

extractie- en zuiveringsmethoden meer dan 70% van de stoffen teruggevonden. Deze “recovery” is bepaald door 

chemische analyse van de concentratie van teruggevonden stoffen met gas- en vloeistofchromatografie (GC en 

LC) gevolgd door massapectrometrie en door biologische analyse van de toxische activiteit van de 

teruggevonden stoffen met specifieke in vitro bioassays. 

Om aan te tonen dat de gevalideerde opwerkingsmethode uit hoofdstuk 3 geschikt is voor het maken van een 

toxiciteitsprofiel en/of voor verdere EDA studies, is de methode in hoofdstuk 4 gebruikt om het bloedplasma van 

ijsbeer jongen (n=31) te extraheren. Vervolgens zijn de extracten getest in de 
125

I-T4-TTR-verdringingstest. Alle 

extracten bleken stoffen te bevatten die ophopen in het bloed en in staat zijn om het schildklierhormoon T4 van 

zijn transporteiwit transthyretine (TTR) te verdringen. De bijdrage van de geanalyseerde gehalogeneerde stoffen 

aan de totale gemeten T4-verdringings capaciteit is berekend op basis van de concentratie en de TTR-

bindingsaffiniteit van de individuele stoffen. Voor enkele plasmamonsters kon de gemeten TTR-

bindingsactiviteit slechts voor de helft worden toegeschreven aan de chemisch geanalyseerde stoffen. Voor deze 

extracten is EDA zinvol om te pogen  aanvullende stoffen te identificeren waaraan (een deel van) de resterende, 

onverklaarde TTR-bindingscapaciteit kan worden toegeschreven. 

Drie van deze extracten zijn in hoofdstuk 5 geselecteerd voor zo’n diepgaande EDA studie die leidde tot de 

succesvolle identificatie van vier nieuwe TTR-bindende stoffen in ijsbeer plasma. De identificatiestrategie 

bestond uit het screenen van de gemeten massa's in een samengestelde massaspectrum bibliotheek, gevolgd door 

cluster analyse van bekende specifieke isotooppatronen voor halogenen. Enkel en tweevoudig gehydroxyleerde 

octa-chloorbifenylen (4'-OH-CB201, een monohydroxy octa-CB met onbekend substitutiepatroon en 4,4'-diOH-

CB202) en vertakt (niet-lineair) nonylfenol werden geïdentificeerd en analytisch bevestigd (gebaseerd op 

bekende retentietijden van de betreffende standaarden) in de extracten. De aanwezigheid van deze stoffen 

verklaarde 32±2% van de totaal gemeten TTR-bindende activiteit van de ijsbeerplasma extracten. 

In de laatste studie, beschreven in hoofdstuk 6, zijn de ontwikkelde opwerkingsmethoden voor vaste biota 

monsters, de ontwikkelde identificatiestrategieën en de kennis over toxiciteitprofilering en bioassay gebaseerde 

identificatie gecombineerd. Een uitgebreide set aquatische monsters afkomstig uit verschillende abiotische 

(sediment, zwevend stof) en biotische (wormen, garnalen, krab, kokkels and roofvissen) compartimenten is 
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verzameld in de Westerschelde , de Deense Waddenzee en het Schelde-estuarium in de buurt van Lippenbroek 

(België). Aanvullende passieve bemonstering is uitgevoerd met velletjes siliconenrubber in de Maas (bij Eijsden) 

en de Rijn (bij Lobith). Deze passieve monsters kunnen worden beschouwd als "kunstmatige" biota monsters. 

Alle monsters zijn geëxtraheerd en getest op genotoxische en TTR- bindende activiteit. Alle biota monsters 

waren zeer cytotoxisch in de Ames mutageniteitstest, waardoor de genotoxische activiteit niet kon worden 

bepaald. Alle monsters bevatten echter wel een kwantificeerbare hoeveelheid TTR-bindingsactiviteit. Extracten 

van de passieve bemonstering, wormen, krab en bot zijn gefractioneerd en getest in een EDA studie om de 

verantwoordelijke TTR-bindende stoffen te achterhalen. Een aantal TTR-bindende stoffen kon onder 

voorbehoud worden geïdentificeerd in de monsterextracten, waaronder triclosan, nonylphenol, musk ambrette, 

gehydroxyleerde polychloorbifenylen (OH-PCBs), niet-steroidale ontstekingsremmers (NSAIDs) en 

geperfluoreerde alkylverbindingen (PFASs). Daarnaast werden het antidepressivum citalopram en het anti-

schimmelmiddel fluconazol geïdentificeerd en bevestigd in de geselecteerde monsterextracten, maar deze stoffen 

vertoonden geen TTR-bindingsactiviteit. 

In hoofdstuk 7 worden de resultaten van dit proefschrift bediscussieerd. De grondig gevalideerde 

monsteropwerkingsmethoden voor zowel vaste als vloeibare biologische monstermatrices maken het mogelijk 

om biobeschikbaarheid op te nemen in het EDA concept. De studie laat echter ook zien dat EDA onderzoek in 

het algemeen enorm zou kunnen profiteren van snelle, geautomatiseerde bioassays en fractioneringtechnieken. 

Daarnaast is er duidelijk een grote behoefte aan analytische standaarden van kandidaatstoffen die door EDA 

worden aangewezen als mogelijke verklaring voor de onverklaarde toxiciteit. De nieuw ontwikkelde strategieën 

maken het mogelijk om in verschillende biologische matrices bioactieve stoffen te identificeren die aan TTR 

kunnen binden, en benadrukken de noodzaak om de bestaande massaspectrum bibliotheken te blijven uitbreiden. 
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