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Chapter 7 

General discussion, concluding remarks and outlook 

 



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 



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 



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 



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.  



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
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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 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. 

 


