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Summary in English

Summary in English
Introduction: The environment is under a constant pressure from a multitude of manmade lipophilic chemicals, many of which
degrade very slowly and because of that they can accumulate in organisms. These chemicals originate from many sources, but the
major contributors are combustion by-products from incineration plants, plastic additives, technical industry products, pesticides
from the farming industry and detergent degradation products. Many of these substances can interfere with the hormonal system
in organisms. The common name for these compounds is endocrine disrupters (EDCs). Some EDCs are persistent to degradation
and are also called persistent organic pollutants (POPs). Endocrine disrupters are compounds that can interfere with an organism’s
hormone system by interacting with the hormone receptors. Many of an organism’s body functions are controlled by interactions
between hormones and hormone receptors and disturbance of these interactions can result in diseases and malfunctions.
Compounds that exhibit endocrine disrupting properties have been linked to many diseases including genital malformations,
neurological disorders, reproductive problems, insulin resistance and cancers. All living organisms are exposed to EDCs in
complex mixtures and there is a need for methods with which to estimate the combined action of accumulated EDCs on nuclear
hormone receptors such as the estrogen receptor (ER), androgen receptor (AR) and the thyroid hormone receptor (TR).
Objectives: The objectives of the research were to 1) isolate low density lipoproteins (LDL) from human serum and 2) to study
the uptake of the pesticide p,p’-dichlorodiphenyl trichloroethane (DDT) mediated by lipoproteins into cells with and without the
LDL receptors present; 3) to extract EDCs from human serum and to clear these extracts from endogenous estrogens and
androgens; 4) to determine ex vivo the combined activity of EDCs extracted from serum samples collected in three international
study groups; and finally 5) to extract EDCs and estrogens from human breast milk and to reduce the lipid content in the extracts
before analysis in an ER reporter gene assay.
Methods: Paper 1. Lipoproteins were isolated from human serum using ultracentrifugation. The density was adjusted by adding
solid potassium chloride to the serum prior to centrifugation enabling the isolation of low density lipoproteins (LDL). The uptake
studies were carried out using mouse embryonic fibroblast (MEF) cells that had been genetically modified so that one cell line had
both its lipoprotein receptors present in the cell membrane, the wild-type (MEF-1 cells) while the other cell line had both
lipoprotein receptors inactivated (MEF-4 cells). The MEF-4 cells lacked the low density lipoprotein receptor-related protein
(LRP) and the low density lipoprotein receptor (LDLR), respectively. The uptake was studied using [C-14]-DDT that was
previously incubated with different concentrations of LDL. To study the receptor function, the receptor-associated protein (RAP)
was incubated in parallel with the DDT-LDL mixture. RAP is a 40-kDa protein that blocks the lipoprotein receptors.
Paper II. Extraction of EDCs from serum was achieved using solid phase extraction (SPE) together with high performance liquid
chromatography (HPLC) that utilises that the retention of EDCs are less than the retention for hormones, and it is therefore
possible to produce serum extracts that contains EDCs with no traces of endogenous hormones. Paper III. These hormone-free
extracts were subsequently analysed in an ER transactivation assay that is a reporter gene assay based on the stable transfected
MVLN cell line. MVLN cells respond to exposure by estrogens or estrogen-like chemicals by excreting the enzyme luciferase
proportionally to the degree of receptor activation. By measuring the concentration of luciferase, it is then possible to quantify the
degree of receptor activation and thus the level of endocrine disrupting activity in the sample.
Paper IV. Breast milk was extracted using SPE and these extracts were further processed using polyethylene membranes in a
dialytic setup (MDE extraction). The purpose of the dialysis was to reduce the content of lipids in the raw SPE extracts because
MVLN cells in the reporter gene assay is vulnerable to samples with high lipid content. Estrogens are inactivated by extraction
methods employing concentrated sulphuric acid and the lipid removal therefore had to be gentle.
Results: Paper I: The uptake of DDT into MEF cells was only partially mediated by lipoprotein receptors and if the concentration
of LDL in the media was increased, the uptake decreased. Paper II: Serum extracts rich in EDCs were obtained free of
endogenous hormones by employing a combined SPE and HPLC procedure. Extracts from Inuit serum and PCB-spiked control
serum both showed antiestrogenic activity in the hormone free fractions, while the subsequent fractions containing endogenous
hormones showed estrogenic activity. Paper III: Agonistic estrogenic activity was predominantly seen in European serum
extracts. Contrary to this elicited the major part of Inuit samples antiestrogenic activity. For the Inuit an inverse correlation
between serum xenoestrogenicity and p,p’-DDE and borderline inverse to PCB-153 was observed, whereas the European study
groups elicited a positive and negative correlation between xenoestrogenicity and p,p’-DDE and PCB-153, respectively. Although
no strong correlations were found for the pooled data between xenoestrogenicity and the two POP-biomarkers PCB-153 and p,p’DDE. Paper IV: Good recoveries of DDT could be obtained using MDE extraction, but recoveries of estrogens were not adequate.
Lipids in the extracts were reduced by about 88% after 24 hours of dialysis.
Conclusions: Paper I: Uptake of DDT in MEF cells is mediated both by passive diffusion and to a lesser extent by lipoprotein
receptors. DDT prefers LDL particles to cells and for experimental work LDL concentration has to be controlled to be able to
compare different studies with respect to uptake of lipophilic compounds. Paper II: Inuit EDC fractions contain high levels of
PCBs that are antiestrogenic. These results were comparable with PCB spiked control samples supporting those results. Upon
analysis of the hormone fractions, estrogenic activity was seen with large differences between men and women indicating that
estradiol was not present in the EDC fraction. Paper III: The chosen POP-biomarkers of exposure and receptor effects alone
cannot be used to describe body burden of EDCs because the serum mixture profile differs geographically. Paper IV: The breast
milk extraction method is suitable for EDCs, whereas estrogens were not extracted in acceptable quantities and the method is
therefore not suitable for analyses where estrogens must be present. Lipid reduction was not satisfactory for studies where MVLN
cells are employed because the remaining content of lipids in the extracts kills the cells. The method is not suitable for further
analysis using MVLN cells.
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Dansk Resumé
Indledning: Miljøet er under et konstant pres fra en lang række menneskeskabte fedtopløselige stoffer, hvoraf mange
nedbrydes meget langsomt og som følge heraf kan de ophobes i organismer. Disse stoffer stammer fra mange
forskellige kilder, hvoraf de største bidragydere er forbrændingsprodukter fra forbrændingsanlæg, tilsætningsstoffer fra
plastik, tekniske industriprodukter, pesticider fra landbruget og nedbrydningsprodukter fra vaskemidler og detergenter.
Den fælles betegnelse for disse stoffer er hormonforstyrrende stoffer (forkortet på engelsk til EDCs). Nogle EDCs er
svært nedbrydelige i miljøet, og kaldes også for persistente organiske miljøgifte (forkortet på engelsk til POPs).
Hormonforstyrrende stoffer er forbindelser der kan forstyrre en organismes hormonsystem ved at interagere med
organismens hormonreceptorer. Mange af en organismes kropsfunktioner styres af samspillet mellem hormoner og
hormonreceptorer, og forstyrrelser af dette samspil kan resultere i sygdomme og fejlfunktioner. Stoffer, som udviser
hormonforstyrrende egenskaber er blevet forbundet med mange sygdomme, herunder misdannelser af kønsorganer,
neurologiske lidelser, reproduktive problemer, insulinresistens og kræft. Alle levende organismer er udsat for
hormonforstyrrende stoffer i komplekse blandinger, og der er derfor et behov for metoder der kan vurdere den
kombinerede effekt af disse akkumulerede hormonforstyrrende stoffer på organismens kerne-hormonreceptorer såsom
på østrogenreceptoren (ER), androgenreceptoren (AR) og thyroidhormonreceptoren (TR).
Formål: Formålet med forskningen var 1) at isolere lav-densitet-lipoprotein (LDL) fra human serum og 2) at undersøge
LDL-faciliteret optag af pesticidet p,p’-dichlorodiphenyl trichloroethane (DDT) i celler med og uden LDL-receptorer
tilstede i cellemembranen; 3) at ekstrahere hormonforstyrrende stoffer fra humant serum og rense disse ekstrakter for
østrogener og androgener; 4) at måle, ex vivo den kombinerede aktivitet af hormonforstyrrende stoffer ekstraheret fra
serumprøver indsamlet i tre internationale studiegrupper, og endelig 5) at ekstrahere EDCs og østrogener fra brystmælk
og at reducere indholdet af lipider i ekstraktet forud for analyser i et ER-reportergen assay.
Metoder: Artikel I. Lipoprotein blev isoleret fra humant serum ved hjælp af ultracentrifugering. Massefylden blev
justeret ved at tilsætte fast kaliumklorid til serumprøven før centrifugering, således at LDL kunne isoleres.
Undersøgelser af DDT-optag blev udført ved hjælp af muse-embryonale fibroblastceller (MEF), der var genetisk
modificeret således, at den ene cellelinie havde begge sine lipoproteinreceptorer i cellemembranen aktive, vild-typen
(MEF-1 celler), mens den anden cellelinje havde begge sine lipoproteinreceptorer inaktiveret (MEF-4 celler). MEF-4
celler mangler derfor lav-densitet-lipoprotein receptor-relateret protein (LRP) og lav-densitet-lipoprotein receptor
(LDLR), henholdsvis. Optaget blev undersøgt ved hjælp af [C-14]-DDT, der forud for eksponeringen var blevet
inkuberet med forskellige koncentrationer af LDL. Til at studere receptorfunktion blev det receptor-associerede protein
(RAP) inkuberet med DDT-LDL opløsningen sideløbende. RAP er et 40 kDa protein, der blokerer
lipoproteinreceptorer.
Artikel II. Ekstraktion af hormonforstyrrende stoffer fra serum blev gennemført med fastfase ekstraktion (SPE) sammen
med væskekromatografi (HPLC). Det udnyttes, at retentionstiden for EDCs er mindre end retentionstiden for hormoner,
og det muliggør fremstilling af serumekstrakter, der indeholder EDCs uden spor af endogene hormoner. Artikel III.
Disse hormonfri ekstrakter blev efterfølgende analyseret i et ER transactivation assay, der er et reportergen assay, der er
baseret på en stabil-transfekteret MVLN cellelinje. MVLN celler reagerer på eksponering af østrogen eller
østrogenlignende kemikalier ved at udskille enzymet luciferase proportionalt med graden af receptoraktivering. Ved at
måle koncentrationen af luciferase, er det derefter muligt at kvantificere graden af receptoraktivering og dermed
bestemme omfanget af den hormonforstyrrende aktivitet i prøven.
Artikel IV. Modermælk blev ekstraheret ved hjælp af SPE og disse ekstrakter blev yderligere behandlet ved hjælp af
polyethylen membraner i et dialytisk setup (MDE ekstraktion). Formålet med dialyse var at reducere indholdet af lipider
i det rå SPE ekstrakt fordi MVLN celler er sårbare over for prøver med højt lipidindhold. Østrogener nedbrydes ved
ekstraktionsmetoder der inkluderer brugen af koncentreret svovlsyre og lipidreduktionen skulle derfor være skånsom.
Resultater: Artikel I: Optaget af DDT i MEF celler blev kun delvist medieret af lipoproteinreceptorer. En forøgelse
af LDL koncentrationen i vækstmediet resulterede i faldende optag af DDT i cellerne. Artikel II: Serum ekstrakter
indeholdende EDCs og renset for endogene hormoner kunne opnås ved at anvende en kombineret SPE og HPLC
procedure. Ekstrakter fra Inuit serum og PCB-spiket kontrolserum viste anti-østrogen aktivitet i de hormonfrie
fraktioner, mens de efterfølgende fraktioner der indeholder endogene hormoner viste østrogen aktivitet. Artikel III:
Agonistisk østrogenaktivitet kunne hovedsageligt måles i de europæiske serumekstrakter. I modsætning til dette var den
største del af Inuit prøverne anti-østrogene. For Inuitter sås en invers korrelation mellem serum xenoestrogenicitet og
p,p’-DDE og borderline invers til PCB-153 kunne observeres, hvorimod de europæiske studiegrupper fremkaldte en
positiv og en negativ korrelation mellem xenoestrogenicitet og p,p’-DDE og PCB-153, henholdsvis. Selvom der ikke
var nogen stærk korrelation for de poolede data mellem xenoestrogeniciteten og de to POP-biomarkører PCB-153 og
p,p'-DDE. Artikel IV: Der kunne opnås et godt recovery af DDT ved hjælp af MDE ekstraktion, men for østrogener var
recovery ikke tilstrækkeligt. Lipider i ekstraktet blev reduceret med ca. 88% efter 24 timers dialyse.
Konklusioner: Artikel I: Optagelse af DDT i MEF celler foregår ved både passiv diffusion og i mindre grad via
lipoprotein receptorer. I vækstmediet har DDT en præference for LDL partikler over celler, og ved eksperimentelt
cellearbejde skal LDL koncentrationen være sammenlignelig for at man kan være i stand til at sammenligne forskellige
undersøgelser med hensyn til optag af lipofile forbindelser i celler. Artikel II: Inuit EDC-fraktionerne indeholder høje
niveauer af PCB, som er anti-østrogent. Disse resultater er sammenlignelige med resultater fra PCB spikede
kontrolprøver, der understøtter dette resultat. Ved analyse af hormon-fraktionerne sås en østrogenaktivitet der viste
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store forskelle mellem prøver fra mænd og kvinder, hvilket antyder at østradiol var fjernet i EDC fraktion. Artikel III:
De valgte POP-biomarkører for eksponerings- og receptoreffekter, isoleret set, kan ikke bruges til at beskrive en
organismes EDC-byrde, fordi serum blandingsprofilen varierer geografisk. Artikel IV: Modermælksekstraktionen er
egnet for EDCs, hvorimod østrogener ikke kunne ekstraheres i acceptable mængder og metoden er derfor ikke egnet til
analyser, hvor østrogener skal være til stede. Lipid reduktionen var ikke tilfredsstillende for undersøgelser hvor MVLN
celler skal benyttes, fordi det tilbageværende fedt i ekstrakterne dræber cellerne. Metoden er derfor ikke egnet til
yderligere analyser baseret på MVLN celler.

1 Introduction
The focus of this thesis is on the extraction of compounds with endocrine disrupting properties
found in some human tissues, and to evaluate their endocrine disrupting potential. The thesis will
introduce the kinds of chemicals that have the potential to be hormone-disrupting and then describe
one possible route for the compounds to enter the cells and become available for the hormone
receptors. It will go on to describe how to isolate compounds from human blood and breast milk to
investigate the disrupting capacity of the given individuals personal chemical mixture, and finally
describe some overall patterns of contaminants in humans across continents from the Arctic to
Europe.
1.1 Chemicals in the Environment
At the beginning of the industrialised world, it was of no concern to synthesise and produce large
quantities of chemical substances. In cooperation with the scientific community, the emerging
chemical industry synthesised thousands of exogenous chemicals, some of which had great
potential in many different commercial products. It was not until later that it became evident that
some of the products had unexpected properties with respect to human health, and a more formal
registration of these properties of already known substances was established. The European
Community indexed 100,204 compounds between 1st of January 1971 and 18th of September 1981
in an index called EINECS (European Inventory of Existing Commercial Chemical Substances) [1,
2]. The list contained the so-called existing compounds. Since 1981 and to the present day, a further
5,292 compounds have been indexed in the European List of Notified Chemical Substances
(ELINCS) [3], which lists new manufactured compounds. The European Chemicals Bureau (ECB),
which administrates these lists received submissions of between 272 and 443 new compounds every
year between 1994-2008 [4], and this trend is not likely to decrease in the future. ECB has since
2008 been replaced by the European Chemicals Agency (ECHA). The purpose of ECHA is to
manage the REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals)
regulations. REACH is an EU regulatory framework that “aims to improve the protection of human
health and the environment while maintaining the competitiveness and enhancing the innovative
capability of the EU chemicals industry” [5].
1.2 Human Exposure to Industrial Chemicals
Human exposure to environmental contaminants is ubiquitous and can affect individuals living
close to as well as remotely from the sources of contamination. Typical sources of contamination
are combustion plants, which emit dioxins, old power transformers that leak polychlorinated
biphenyls (PCBs) and agricultural farming that utilises pesticides. A class of these environmental
compounds is known as persistent organic pollutants (POPs). POPs includes polychlorinated
dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs), PCBs, and certain organochlor pesticide
residues like dichlorodiphenyl trichloroethane (DDT), and its metabolites dichlorodiphenyl
dichloroethene (DDE) and dichlorodiphenyl dichloroethane (DDD), toxaphenes, γ-hexachloro
cyclohexane (γ-HCH), chlordanes, and hexachlorobenzene. Perfluorinated chemicals e.g.
perfluorooctane sulfonic acid and its salts also belong to the group of POPs.
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The characteristic properties of POPs as defined by the US EPA [6] are:
• POPs are synthetic chemicals.
• They are toxic and can have adverse effects on human health and animals.
• They are chemically stable and do not readily degrade in the environment.
• They are lipophilic (have an affinity for fats) and easily soluble in fat.
• They accumulate and biomagnify as they move up through the food chain.
• They move over long distances in nature and can be found in regions far from their points of
origin or use.
The group of perfluorinated chemicals is also persistent in the environment, although they do not
preferentially accumulate in fatty tissues, but instead are predominantly distributed in the liver,
serum, and kidney [7]. Being persistent in the environment places them in the group of POPs
because they have many of the same properties as described in the definition by US EPA. They
have been added to the list of POPs in the amendment to the Stockholm Convention from 2009 [8].
Many of the compounds are lipophilic and degrade slowly in the environment with long halflives in organisms: for PCBs in blood the half-life is 1-10 years depending on the congeners and
>10 years for p,p’-DDE according to a previous study [9]. Recently a study using cross-sectional
biomonitoring data in a multi-individual pharmacokinetic model found half-lives in humans to be
7.6 years and 2.1 years for p,p´-DDE and p,p´-DDT, respectively [10]. These properties result in
bioaccumulation and biomagnification through the food web [11]. Indeed, POPs have been detected
in food items, especially in the fatty tissues of marine top predator animals, and in human adipose
tissue, breast milk and blood [11, 12]. All individuals carry therefore a burden of the POPs in their
body. Exposure to POPs elicits a number of species- and tissue-specific toxic responses, including
effects on the reproductive-, immune- and thyroid system [13-18]. Studies on wildlife populations
have documented adverse effects, including reproductive and developmental effects that correlate
with exposure to one or more of these compounds. Especially the exposure during foetal and early
life is critical. The commonly accepted name for compounds that alter the function of endogenous
hormones has been widely known as endocrine-disrupting chemicals (EDCs). A definition of EDCs
is given by the International Programme on Chemical Safety (IPCS) in a document called “Global
assessment of the state-of-the-science of endocrine disruptors” from 2002 [19]. It states, “An
endocrine disruptor is an exogenous substance or mixture that alters function(s) of the endocrine
system and consequently causes adverse health effects in an intact organism, or its progeny, or
(sub) populations”. The meaning of this sentence can be further elaborated: Endocrine disrupters
can affect an organism in several ways by either blocking or mimicking the function of naturally
occurring hormones. They can bind to receptors within cells and interfere with the normal receptor
function. They can have either agonising or antagonising effects on hormone receptors,
respectively, thus enhancing or decreasing the function of the naturally occurring hormones.
Endocrine disrupters can also influence hormone levels in the body if they block metabolism in the
liver or interfere with the hormone synthesis in the glands [20].
Compounds that are accumulated in the body can be present in very small quantities that might
not be detectable by modern analytical methods. They can even be present at levels that do not give
a response in sensitive biological assays. They are able to exert their toxic effects nonetheless,
because the action of every single compound when acting together gives a detectable response [21].
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1.3 Steroid Hormones, Thyroid Hormones, and Nuclear Hormone Receptors
1.3.1 Steroid Hormones
Steroid hormones regulate many of the functions in the body mediating their function through
interaction with their specific target receptors. There are five major classes of steroid hormones:
androgens and estrogens, progestagens, glucocorticoids, and mineralocorticoids. All these
hormones are synthesised with cholesterol (Figure 1.1a) as precursor. Androgens and estrogens are
also referred to as the sex hormones. The biosynthesis of testosterone (an androgen) follows a
pathway where cholesterol during several steps is converted to testosterone (Figure 1.1b) through
the activity of the cytochrome P450 family of enzymes [22]. Testosterone is further converted to
17β-estradiol (an estrogen) (Figure 1.1c) through the activity of aromatase [22]. The hormones are
ligands for their respective nuclear hormone receptors (see section 1.3.5).
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Figure 1.1. Biosynthesis of testosterone and 17β-estradiol with cholesterol as precursor [22].

Testosterone and estradiol are present in both genders although in varying proportions with
testosterone being most abundant in males and estradiol being most abundant in females. The
reference interval for serum concentration of testosterone in men is 3–10 ng mL-1 and in women it
is <1 ng mL-1 [23]. Serum levels of estradiol in men is 12-68 pg mL-1 [24]. The circulating estradiol
levels in women fluctuate from 40 to 200–400 pg mL-1 during the menstrual cycle and after
menopause estradiol levels drop to less than 20 pg mL-1 [25].
The sex hormones are transported in the blood bound primarily to sex-hormone binding globulin
(SHBG) and to albumin. Testosterone is bound primarily to SHBG (69%) and albumin (30%)
which leaves only 1% to be travelling freely [26], while estradiol is bound to SHBG (38%) and to
albumin (60%) leaving 2-3% free [27]. The unbound or free hormones are available to tissues and
can by diffusion enter cells and thereby reach their target receptors [27].
1.3.2 Androgens
Testosterone (Figure 1.1b) is required for the development of secondary male sex characteristics.
Through its action in the brain testosterone is also involved in the development of male sexual
behaviour and regulate the development of the testes and muscle mass. It is primarily produced in
the testes [28]. Testosterone in the female is secreted by the ovaries and adrenal glands [29] and
some of the roles of testosterone in women is to maintain bone and muscle mass, and to contribute
to sexual desire and arousal [30].
1.3.3 Estrogens
17β-estradiol (Figure 1.1c) is required for development of secondary female sex characteristics
and participates in the ovarian cycle. It is primarily produced in the ovaries and to a lesser extent in
the bone, breast, brain, and adipose tissue [31]. In males estrogens play an important role in
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spermatogenesis and the maintenance of bone mineralisation and prevention of osteoporosis [31]
and for both sexes estrogens are important in the development of the foetus [18].
1.3.4 Thyroid Hormones
Other important hormones are the thyroid hormones (see Figure 1.2) which do not belong to the
group of steroid hormones. Thyroid hormones (T4 and T3) with tyrosine and iodine as precursors
are synthesised and excreted by the thyroid gland [32]. Thyroid hormones are involved in regulation
of metabolism, development and differentiation of cells in the body, and neuronal maturation in the
brain [33].
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Figure 1.2. Thyroid hormones. (a) Triiodothyronine (T3). (b) Thyroxine (T4).

1.3.5 Nuclear Hormone Receptors
Nuclear hormone receptors are a group of intracellular proteins that are part of a superfamily of
ligand-dependent transcription factors that share a common domain structure consisting of separate
DNA- and ligand-binding domains [34] (see as an example Figure 1.3). The nuclear receptor (NR)
superfamily includes the class I NR, the steroid receptors, e.g. estrogen receptor (ER) and the
androgen receptor (AR), and the class II NR, e.g. thyroid receptor (TR) [35, 36]. The NR
superfamily also includes numerous orphan receptors of which their endogenous ligands are not yet
identified or well described [35]. The nuclear receptors like ER, AR, and TR specifically regulate
the expression of target genes involved in development, reproduction, and metabolism, [37].
1.4 The Estrogen Receptor
1.4.1 ER Function

Figure 1.3. Structural domains of the human ERα and
ERβ. Regions of the receptors responsible for specific
functions (transcriptional activation, nuclear localisation,
dimerisation, DNA-binding, coactivator and corepressor
binding) NTD (N-terminal domain); DBD (DNA binding
domain); LBD (ligand binding domain). Adapted from [38].

The regulation of body functions by
estrogens involves the binding of a ligand to
ER which triggers conformational changes in
the receptor leading to changes in the rate of
transcription of estrogen-regulated genes. The
ERα and ERβ are shown schematically in
Figure 1.3 that contains the elements of a
typical nuclear receptor which is a variable Nterminal region (A/B), a conserved DNAbinding-domain (DBD) (C), a variable hinge
region (D), a conserved ligand-bindingdomain (LBD) (E), and a variable C-terminal
region (F) [36]. It is suggested that ERβ
modulates the effects mediated by ERα, and
that ERβ has an inhibiting effect on cell

proliferation [39].
Binding to its ligands causes the ER to dimerize followed by translocation into the nucleus of the
cell where the DBD binds to the DNA at a specific site called the estrogen response element (ERE)
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thereby expressing the genes related to the receptor by transcribing the DNA into mRNA and then
eventually into protein that can cause a change in the cell function [38, 40].
1.4.2 ER Structure
The binding of ligands to the ER causes structural changes in the protein (see Figure 1.4). The
function of the receptor/DNA complex depends on the conformation of the receptor and this
conformation is not the same upon interactions with agonists or antagonists, respectively which
explains the variability of effects upon exposure to different ligands.
a

b

Figure 1.4. Structure of the ligand-binding domain of ERβ. (a) In the presence of a partial agonist Genistein. (b) In
the presence of a full antagonist Raloxifene [41].

1.4.4 Types of Endocrine Disruption
The main types of interference that

450
RLU/protein; solvent = 100%

1.4.3 Estradiol Equivalents
Estradiol equivalent factors (EEQ)
are used for determination of the
estrogenicity of a sample by comparing
its estrogenicity with a dose-response
curve for 17β-estradiol (see Figure 1.5).
EEQ for the samples are calculated by
measuring the effective concentration
required to elicit a 50% response in the
transactivation assay (EC50-E2) for the
17β-estradiol-positive
control
and
determining the percent of sample
(EC50-Sample) required to give an
equivalent response (same adjusted
activity indicating the equivalent
activation of the ER) [43]. Calculation
of EEQ is done using the formula: EEQ
= EC50-E2/EC50-Sample
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MVLN cells; EC100 = 150 pM
EC50 = 33 pM
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Figure 1.5. E2 dose response in MVLN cells. The MVLN cells
were seeded in 96 well plates at a density at 3x104 cells/well and
exposed to E2 in the concentration range 0.05 pM to 500 pM for 24
hours. Solvent control (EtOH) was set to 100%. Mean values ±
standard deviations are shown. n=10. RLU: Relative light units per
microgram of protein (RLU/μg). Bonefeld-Jørgensen et al. [42].
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endocrine disrupters can have with the nuclear hormone receptors are as agonists, antagonists, or
blockers. The antagonists can down-regulate the expression of the gene involved with the ligandreceptor complex. Conversely, agonists induce the receptor activity and thus up-regulate the gene
expression. The blockers completely inhibit receptor function and expression of the related gene.
Examples of ER agonists could be e.g. bisphenol A and nonylphenol [44], ER antagonists could be
e.g. PCB-138, PCB-153, and PCB-180 [45], and ER antiestrogens (or ER blockers) could be e.g.
Raloxifene [41] or 4-hydroxytamoxifen [46].
Other disruptive behaviours are interference with metabolic enzymes or with hormone
synthesising enzymes leading to slower excretion rates or lower hormone levels, respectively.
Slower excretion rates result in a condition similar to over-expression of the hormones while lower
hormone levels leads to a condition similar to under-expression of the hormones [20].
1.4.5 The Aryl hydrocarbon Receptor
The aryl hydrocarbon receptor (AhR) is involved in inducing an array of enzymes e.g. the
cytochrome P4501A1 and P4501B1 proteins (CYP1A1 and CYP1B1) which are involved in the
phase I metabolism in the body. The oxidative metabolism involving the P450 system creates active
sites e.g. the addition of hydroxyl functional groups such that the metabolised compounds can
conjugate with polar units like glucuronate and sulphate, and thereby enhance their excretion rates.
AhR is activated through binding to its ligands and metabolisation of the ligand is thereby
initialised.
1.5 Compounds with Endocrine Disrupting Potential
The wide range of compounds that are able to interfere with the endocrine system can be divided
into two main groups i.e. the persistent EDCs and the non-persistent EDCs. The persistent EDCs
include the dioxins, furans, and PCBs, persistent pesticides, brominated flame retardants, UV-filters
[47], and perfluoroalkyl acids. The non-persistent EDCs includes plasticisers, bisphenol A [48],
alkylphenols and alkylphenol ethoxylates, phytoestrogens, parabens [49], phthalates [48], and the
non-persistent pesticides e.g. organophosphates, carbamates, and pyrethroids.
The common property of all these EDCs is their ability to interfere with the normal function of
nuclear hormone receptors, including the ER, AR, and TR. Some compounds also activate and/or
interfere with the aryl hydrocarbon (Ah) receptor function [44, 50]. Mixture effects are common
and are seen for pesticides acting on the AR [51], for plasticisers acting on the ER and the TR [52],
for PCBs acting on the ER and AR [45], and for phenols and plasticisers acting on the AR and the
AhR [53]. UV filters represent a new class of endocrine active chemicals with estrogenic and
antiandrogenic activity [54]. Parabens have also been shown to be estrogen agonists and androgen
antagonists [55].
1.5.1 Dioxins, Furans and PCBs
Dioxins and furans
Dibenzodioxin and dibenzofuran are chemical structures made up of two benzene rings
connected through two oxygen bridges (dioxin) and one oxygen bridge (furan) (Figure 1.6). If the
hydrogen on the benzene rings is substituted with chlorine, then the compounds are called
polychlorinated dibenzodioxins (PCDD) and polychlorinated dibenzofurans (PCDF) respectively
(Figure 1.6). PCDDs are often just called dioxins and the group contains 75 congeners while the
group of PCDFs contain 135 congeners [56].
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Figure 1.6. Chemical structures of dioxins and furans. (a) Dibenzodioxin with
numbering according to IUPAC. (b) Dibenzofuran with numbering according to IUPAC.
(c) Chemical structure of 2,3,7,8-TCDD. (d) Chemical structure of 2,3,7,8-TCDF.

PCDDs and PCDFs are primarily by-products of incomplete combustion of municipal waste that
contains chlorine e.g. PVC, from combustion engines, and from industrial production e.g. the
melting of metals in the metal industry. The paper industry also contributes to dioxin pollution by
the outlet of waste water from the bleaching process. Production of chlorinated pesticides and other
chemical processes can also be a source of dioxin contamination. The toxicity of PCDFs and
PCDDs depends on the specific congener and the tetra and penta chlorinated furans are generally
less toxic than the corresponding tetra and penta chlorinated dioxins (see Table 1.1). Since the two
classes of compounds often co-exist in various concentrations and mixtures, it has been necessary to
have a tool that can estimate the toxicity of a specific mixture. This approach is chosen because not
all congeners are equally toxic. The tool for estimating the toxicity of a mixture of dioxins and
furans are called the Toxic Equivalence Factor (TEF). The most toxic congener, 2,3,7,8-tetrachloro
dibenzodioxin (2,3,7,8-TCDD), is assigned a TEF value of 1 and all other congeners are assigned
values relative to 1 (Table 1.1). The toxicity of a mixture is then calculated by multiplying the
concentration of a congener with its respective TEF value, and then summing the products. The
resulting concentration is called the Toxic Equivalence (TEQ) of 2,3,7,8-TCDD and is interpreted
as if 2,3,7,8-TCDD were acting alone at the concentration obtained in the calculation [57].
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Table 1.1. WHO-TEF values. Assessed 1998 and 2005.
Compound

WHO 1998 TEF

WHO 2005 TEF*

1

1

Chlorinated dibenzo-p-dioxins
2,3,7,8-TCDD
1,2,3,7,8-PeCDD

1

1

1,2,3,4,7,8-HxCDD

0.1

0.1

1,2,3,6,7,8-HxCDD

0.1

0.1

1,2,3,7,8,9-HxCDD

0.1

0.1

1,2,3,4,6,7,8-HpCDD

0.01

0.01

OCDD

0.0001

0.0003

Chlorinated dibenzofurans
2,3,7,8-TCDF

0.1

0.1

1,2,3,7,8-PeCDF

0.05

0.03

2,3,4,7,8-PeCDF

0.5

0.3

1,2,3,4,7,8-HxCDF

0.1

0.1

1,2,3,6,7,8-HxCDF

0.1

0.1

1,2,3,7,8,9-HxCDF

0.1

0.1

2,3,4,6,7,8-HxCDF

0.1

0.1

1,2,3,4,6,7,8-HpCDF

0.01

0.01

1,2,3,4,7,8,9-HpCDF

0.01

0.01

OCDF

0.0001

0.0003

Non-ortho substituted PCBs
PCB-77

0.0001

0.0001

PCB-81

0.0001

0.0003

PCB-126

0.1

0.1

PCB-169

0.01

0.03

0.0001

0.00003
0.00003

Mono-ortho substituted PCBs
PCB-105
PCB-114

0.0005

PCB-118

0.0001

0.00003

PCB-123

0.0001

0.00003

PCB-156

0.0005

0.00003

PCB-157

0.0005

0.00003

PCB-167

0.00001

0.00003

PCB-189

0.0001

0.00003

(*) Numbers in bold indicate a change in TEF values between the
two assessments [58].

TEF values are based on animal studies where in vitro aryl hydrocarbon receptor binding and in
vitro and in vivo toxicity studies have been performed using individual congeners. There have been
a number of systems that define TEF values over time including Eadon(1982), Ontario(1984),
Germany(1985), California(1986), US EPA(1987), Nordic(1988), NATO-I(1989), WHO(1994),
WHO(1998), and WHO(2005) [59]. The WHO-TEF has been revised a number of times and it is
therefore important to state which version has been used when comparing different studies (Table
1.1). Caution should be taken especially with respect to the latest revision of the WHO-TEF, which
had changes for a few values between the version from 1998 and the present version from 2005. A
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recent study investigated the effect on calculated TEQ values for samples of blood, household dust,
and soil when using WHO-TEF1998 and WHO-TEF2005 values [60]. Their conclusion was that the
mean value for the total TEQ was significantly reduced when going from 1998 to 2005. The
reduction was 26%, 12% and 14% for serum, household dust, and soil, respectively [60]. This
emphasises the importance of stating which TEF values have been used when comparing different
studies.
The toxicity of PCDDs and PCDFs are related to the AhR. Binding to the AhR is stronger for
congeners with a planar conformation and chlorine at the 2,3,7 and 8 positions [61] (Figure 1.6).
The AhR is activated by binding to its ligands. The activated AhR then induces e.g. the CYP1A1
and CYP1B1 proteins, involved in the phase I xenobiotic metabolism. The induced CYP1A1 and
CYP1B1 proteins facilitate the enzymatic metabolisation of the ligand by oxidation. In certain
cases, the product of this oxidation will be more potent than the precursor, e.g. TCDD and making it
such a harmful substance. This behaviour of AhR is responsible for the toxicity of a wide range of
substances including PCDDs, PCDFs, polycyclic aromatic hydrocarbons (PAHs) and PCBs. Thus
in some cases, the metabolisation by CYP1A1 of certain compounds enhances their toxicity by
producing reactive carcinogenic metabolites [62].
CYP1A1 Inhibition
AhR activity can be determined by measuring the ethoxyresorufin-O-deethylase (EROD)
induction in e.g. cultured chicken embryo hepatocytes exposed to TCDD [63] or in other AhR
containing cell lines like the rat H4IIE cell line [64]. The CYP1A1-associated enzymes,
ethoxyresorufin-O-deethylase and aryl hydrocarbon hydroxylase, are induced by DLCs [63]. The
EROD assay can be used to establish dose-response curves for the AhR activity after exposure to
POPs like TCDDs or dioxin-like PCBs. Such dose-response relationships can then be used to
estimate TCDD-TEFs of DLCs [63]. One limitation, however is that many of the DLCs also act as
inhibitors of the EROD activity at high doses which is specifically seen for PCBs both in PCB
mixtures as well as individual PCB congeners [65]. These phenomena could lead to an
underestimation of the degree of induction, based on the catalytic activity [65]. Underestimation of
the EROD activity obtained using a system where the test compounds exhibit inhibition of the
CYP1A1-associated enzymes might be observed and the resulting calculations might also result in
underestimated TEFs [65].
Outcomes of PCDD exposure
The outcomes of PCDD and PCDF exposure are numerous and include a modest risk of cancer
(especially lung cancer, non-Hodgkin's lymphoma, soft tissue sarcoma, and urinary and genital
cancers) [66-70], a risk of genital malformations such as hypospadias and cryptorchism [71],
enamel defects in children’s teeth [72], thyroid disorders that affects growth and hormone levels in
children [73], and immune system disorders [74].
PCBs
PCBs have been manufactured in large quantities between 1929 and 1979 because of their good
electrical insulating properties, good heat-conducting properties and fire resistance. Their main uses
has been in transformer stations as insulating fluids and coolants, but have also been used in paints,
as plasticisers, and as fire retardants in building materials. PCBs have been banned by the United
States Congress since 1979 [75]. Restricted use of PCBs in Denmark was declared January 1st 1977
[76] and a total ban by law in Denmark came November 1st 1986 [76]. Many other countries have
regulations for the use and disposal of PCBs and within the European Union PCBs have been
regulated since 1975 [77].
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PCBs are a class of compounds that consist of 209 congeners. It is a bi-phenyl ring system with
chlorine substitutions on one or both rings (Figure 1.7a). Each congener is assigned a number
defined by IUPAC that identifies it in the group of congeners. An example using this nomenclature
is the PCB in Figure 1.7b labelled 126.
a

Ortho

3'

2'

4'

2

3

6'

6

Ortho

Cl

Cl
4

1' 1
5'

Cl
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Meta

Cl
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Figure 1.7. PCB nomenclature. (a) Numbering scheme for chlorine positions in PCBs.
The positions ortho, meta, and para are shown. (b) Chemical structure of 3,3’,4,4’,5’pentachlorobiphenyl (PCB-126), a non-ortho PCB.

Table 1.2. Selected PCB congeners.
PCB Congener
Log Kow
3-chlorobiphenyl (PCB-2)
4.54
2,4’-dichlorobiphenyl (PCB-8)
5.02
3,3’,5-trichlorobiphenyl (PCB-36)
5.69
3,3',4,4'-tetrachlorobiphenyl (PCB-77)
6.00
3,3',4,4',5-pentachlorobiphenyl (PCB-126)
6.45
2,2',3,4,4',5'-hexachlorobiphenyl (PCB-138)
6.78
2,2',4,4',5,5'-hexachlorobiphenyl (PCB-153)
6.83
2,2',3,4,4',5,5'-heptachlorobiphenyl (PCB-180)
7.16
Log Kow values were calculated using ChemSketch v12.01.

Lipophilicity

Their physical properties depend on the number of chlorine substituents, where a higher degree
of chlorination results in increasing melting points and lipophilicity, but in lower vapour pressure.
The lipophilicity can be determined by measuring the octanol/water partition coefficient (log Kow)
where it can be observed that the log Kow increase with increasing chlorine substitution. Examples
of calculated log Kow values for a selection of PCBs are given in Table 1.2.
The toxicity of PCBs depends to some degree on their conformation. Some PCBs are known as
dioxin-like PCBs because their conformation resembles that of dioxin. These PCBs are referred to
as being co-planar. The term co-planar refers to the orientation of the two phenyl rings in the
structure. The structure is co-planar when both rings are in the same plane. Because this
conformation is a flat structure, it is often called a planar structure and PCBs with this structure are
sometimes called planar PCBs. There is only space for one chlorine atom at the ortho position if the
planar conformation must be maintained. Because of steric hindrance, the phenyl rings will turn if
additional ortho positions become occupied. When this occurs, the co-planarity will disappear and
the PCB will no longer be dioxin-like. This is one of the reasons why PCBs has to be non-ortho or
mono-ortho for being dioxin-like.
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Dioxin-like PCBs are characterised by 4 properties as defined by the US EPA [78]:
1)
2)
3)
4)

None or 1 only of 4 ortho positions occupied
At least 2 of 4 meta positions occupied
Both para positions occupied
The congener must have 4 or more chlorine substituents in total

Twelve of the 209 PCB congeners are dioxin-like. These are the PCBs 77, 81, 105, 114, 118, 123,
126, 156, 157, 167, 169 and 189. In Figure 1.8, it is readily seen that there is a similarity between
dioxin and the dioxin-like PCBs when the chemical structures of the two are overlaid.
The molecular size of the two compounds is also very close
Cl
Cl
to each other. TCDD has an inter-nuclear distance between the Cl
O
Cl
two most distant chlorine atoms of 11.27 Å, which can be
Cl
compared to the inter-nuclear distance between the two most Cl
distant chlorine atoms of 11.11 Å for PCB-126. The same
Cl
O
Cl
distance for 2,3,7,8-TCDF is a little smaller with its 10.67 Å.
Cl
The physical resemblance of co-planar PCBs with 2,3,7,8TCDD is probably the major reason why co-planar PCBs are Figure 1.8. Structural similarity of
also able to bind to AhR and induce CYP1A1 and CYP1B1 dioxin and PCBs. An overlay of
PCB-126 (red) on top of 2,3,7,8[79], and the main reason why they are called dioxin-like.
The co-planar PCBs behave like dioxins and competitively TCDD (green) show structural
similarities.
bind to the aryl hydrocarbon receptor and exhibit AhR agonist
activity [79].
The main sources of contamination are leaking PCB-containing equipment and improper
disposal of PCB-containing materials such as building materials, electrical equipment, and plastics
in industrial and municipal waste disposal sites. Some of the contamination can also be attributed to
the handling of PCBs during manufacture. Recently it has also been proposed that improper
disposal of electrical and electronic equipments, also called e-waste, in dedicated disposal plants in
west Africa are still a major source of PCB and dioxin contamination [80].
A common trait of dioxins, furans, and PCBs is that they bioaccumulate through the food chain,
i.e. top predators like humans are susceptible to exposure when eating foodstuffs that are rich in fat.
Furthermore, it is problematic that the accumulation of these compounds in young women can
result in elevated levels of these contaminants in the blood and breast milk. Exposure to dioxins and
furans in utero affects growth and hormone levels in preschool children [73]. Following birth, the
breast-feeding of children raises the children’s basic levels of contaminants further which increase
the risk of disease development.
1.5.2 DDT and Other Persistent Pesticides
Pesticides exist in a large variety of products and many of them have been banned due to their
harmful interaction within the environment and within humans and animals. Among the worst are
the so-called “Dirty dozen” which is a list of twelve compounds defined in the Stockholm
Convention on Persistent Organic Pollutants, which was adopted in 2001 and entered into force in
2004 [81]. The Stockholm Convention is a global treaty to protect human health and the
environment from POPs. The dirty dozen are, except for three compounds, all chlorinated
pesticides. These three are the dioxins, the furans, and the PCBs. The dirty dozen are PCBs,
PCDDs, PCDFs, Aldrin, Dieldrin, DDT, Endrin, Chlordane, Hexachlorobenzene (HCB), Mirex,
Toxaphene, and Heptachlor. Parties that consented to be bound by the Stockholm Convention
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thereby agreed on eliminating nine of the dirty dozen, restricting the use of DDT to malaria control,
and avoid unintentional production of dioxins and furans. All but one of the listed pesticides is now
obsolete except for DDT. DDT is still in use today in certain countries because of its effectiveness
against mosquitoes and consequently against malaria. Malaria kills between one and three million
people each year, mostly children [82]. Although DDT is an effective weapon against malaria, it is
unfortunately also harmful towards humans and animals. When DDT is metabolised, it is converted
to DDE, which is a persistent compound that accumulates in fatty tissues. DDE is an endocrine
disrupter [18] acting as an androgen receptor antagonist [83], an estrogen receptor agonist [84-86]
and an aromatase activity inhibitor [87]. These properties result in immune system disorders [74,
88], low sperm quality [89-91], mental disorders [92], and developmental neurotoxicity [93] in
exposed individuals.
A recent amendment to the Stockholm Convention from 2009 includes additional five
chlorinated pesticides to be banned (α-hexachloro cyclohexane, β-hexachloro cyclohexane, γhexachloro cyclohexane (Lindane), Pentachlorobenzene, and chlordecone) [8].
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1.5.3 Brominated Flame Retardants
Br
Br
Brominated flame retardants (BFRs) are a class of
a
CH3
compounds belonging to the POPs showing
similarities with the PCBs and the furans, where
HO
OH
chlorine has been substituted with bromine (Figure
CH3
1.9).
Br
Br
The five major BFRs are tetrabromobisphenol A
Br
b
(TBBPA), hexabromocyclododecane (HBCD), and
three commercial mixtures of polybrominated
Br
diphenyl
ethers
(PBDEs),
known
as
decabromodiphenyl
ether
(Deca-BDE),
Br
octabromodiphenyl
ether
(Octa-BDE),
and
pentabromodiphenyl ether (Penta-BDE) [94]. The
global production of these five compounds are
Br
Br
measured in thousands of tons [95].
Br
The sources of contamination of BFRs are
Br
Br
c
primarily from plastics used in electronic devices,
O
furniture, and from clothing, where the BFRs have
been incorporated into the material to reduce the risk
of catching fire. Emissions from the surface of the
Br
Br
materials contribute to exposure through the air,
while another important source is from contaminated
Br
dust released by improper disposal of PBDEBr
Br
d
containing materials. A recent study investigating the
Br
O
Br
release of PBDEs from an e-waste recycling plant
found contaminated leaves as far as 74 km from the
source [96]. Workers employed at e-waste recycling
Br
Br
plants are highly exposed to low-chlorinated PCBs
Br
Br
and high-brominated BDEs, and occupationallyBr
e
Br
exposed women had high levels of PBDEs in their
O
breast milk [97]. Once outside the regulated areas, the
Br
Br
compounds are free to travel to faraway destinations
because of their resistance to degradation [98]. Some
BFRs are resistant to degradation and especially
Br
Br Br
Br
TBBPA degrades slowly in anaerobic soil, and it can
Br
Br
be assumed that it will persist in the environment for
a long time [99]. After entering the environment, the
Figure 1.9. Chemical structures of
uptake routes of BFRs are primarily dust ingestion
brominated flame retardants. (a) TBBPA.
and air inhalation, which make a significant
(b) HBCD. (c) Penta-BDE. (d) Octa-BDE. (e)
contribution to the overall exposure of humans [100].
Deca-BDE.
The major route of exposure of BFRs to children has
been thought to be through dust ingestion, but a recent study concluded that inhalation of
contaminated air should be considered the most probable route of indoor exposure for children too
[95]. Exposure of adult women to PBDEs results in the risk of prenatal exposure because PBDEs
have been found in the placenta [101] and cord blood [102]. BFRs are suspected endocrine
disrupters and PBDEs have the ability to disrupt cellular thyroid hormone (TH) signalling resulting
in disturbance of neural development [103, 104]. The disturbance of thyroid hormone functions can
result in abnormal brain development. A correlation has been reported between cord blood PBDE
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concentrations and several neurodevelopmental effects, such as low scores on tests of mental and
physical development and IQ [102]. Exposure to PBDEs also decrease fecundability for exposed
women [105].
Several brominated flame retardants have been banned according to the amendments to the
Stockholm Convention from May 2009 including hexabromobiphenyl, hexabromodiphenyl ether
and heptabromodiphenyl ether, tetrabromodiphenyl ether and pentabromodiphenyl ether [8].
1.6 Transport of Lipophilic Compounds in the Blood
Fats and oils from the diet, and lipids synthesised by the liver and adipose tissue are transported
in the blood plasma to reach target organs and tissues. This imposes a problem, since fats are
hydrophobic and blood plasma is aqueous. Lipoproteins are present in the plasma to overcome this
problem. Lipoproteins (Figure 1.10) are particles composed of an inner core of nonpolar lipids
(triacylglycerol and cholesterylesters) surrounded by amphipathic lipids (phospholipids and
cholesterol) and proteins, making the particle water miscible [106]. This combination of hydrophilic
and hydrophobic properties enables lipoproteins to associate with lipids and hydrophobic
compounds in order to transport in the plasma.
Lipoproteins are divided into categories of increasing density ranging from <0.95 g/mL for the
chylomicrons (CM), 0.95-1.006 g/mL for very low density lipoproteins (VLDL), 1.006-1.019 g/mL
for intermediate density lipoproteins (IDL), 1.019-1.063 g/mL for low density lipoproteins (LDL),
1.063-1.21 g/mL for high density lipoproteins (HDL), and >1.2810 g/mL for the albumin and free
fatty acid fraction, also called the bottom fraction (BF) [106].
The concentration of LDL in tissue fluid is considered approximately 25 µg LDL protein/mL and
the approximate concentration in serum to be 1.0 mg LDL protein/mL [107-109]. Havel et al. found
that the LDL concentration in human serum was as high as 3.6 mg/mL for females and 3.2 mg/mL
for males [110].
When lipophilic exogenous compounds such as e.g. DDT or benzo(a)pyrene is ingested in rats,
they are transported via the gut into the lymph system and taken up by lymph-lipoproteins
(chylomicrons). The chylomicrons are transferred into the blood plasma, where they deliver the
lipophilic compounds to HDL particles. The shift from CM to HDL is rapid [111, 112]. It appears
that an equilibrium is established between the uptake and efflux of lipophilic compounds of the
cells, which, however, is not totally reversible and 10-20% are not released from e.g. human liver
cells [113].
Much effort has gone into investigating the uptake
of POPs into cells [107, 108, 113, 115-118]. The main
routes are by passive diffusion through the cell
membrane and by endocytosis [113]. The endocytosis
mechanism only partially accommodates the transfer,
and for some compounds, e.g. TCDD the uptake can
be facilitated by the LDL-receptor [108]. When PCB153 is examined, it turns out that HDL is dominant
over LDL in its ability to transport the compounds into
the cell [107]. For cellular efflux of lipophilic
compounds, it is more difficult to pinpoint the
mechanisms. In some test systems, it was shown that
HDL is the most active component in transport out of
the cells [108] and in other systems LDL [107].
Figure 1.10. Lipoprotein. Schematic structure of
Mangelsdorf et al. [113] suggested that a large amount
a plasma LP particle. Modified after Harper’s
of compound is bound to the cell membrane itself,
Biochemistry [106, 114].

1.7. Background for the Extraction Methodologies and Analyses Used in the Study

33

rendering it unavailable for interactions. Several studies have been undertaken to clarify the
preference of xenobiotic compounds binding to lipoproteins, when several kinds of lipoproteins
compete for the same compound [111, 119-126].
The partitioning process depends on the compound in question and no general rules about
affinity can be established. A review of several studies illustrates this point very well [127]. The
distribution of e.g. parathion and DDT follows the same pattern, although their polarities are very
different when looking at their log Kow coefficient. The same is true for the proportion of a
compound that enters a specific lipoprotein e.g. the proportion of Lindane and DDT that enters LDL
in almost similar proportions (38% and 35%, respectively) [127].
In vitro studies of human and rat whole blood demonstrated that the serum albumin and steroidbinding globulin (SBG) were capable of competing with the lipoproteins for PCB-153 uptake [124].
Studies of transport and cellular uptake of PCBs in pigeons, that have a poorly developed lymphatic
system, showed that most of the congeners were associated with the LDL and HDL. It was however
concluded, that the distribution of the PCB congeners were more complex than could be explained
by solubility in lipid components, and it was suggested that PCBs are taken up by cells as
lipoprotein-PCB complexes [125].
Experimentation has indicated that compounds such as DDT and DDE incorporate into the
biomembranes of both prokaryotes and eukaryotic origin and cause a change in physical properties
such as membrane fluidity and function, which can impair cell viability and growth and toxicity
[128].
The complexity of lipoprotein transfer of lipophilic compounds is further elucidated by the
findings of Borlakoglu et al. [129] who investigated the influence of PCBs on the levels of
lipoproteins in the blood. Administration of Aroclor-PCB to pigeons reduced the levels of total
protein, albumin, and total lipoproteins (VLDL, LDL and HDL), whereas increased levels of
cholesterol and triacylglycerol were found. These findings suggest that the transport and cellular
uptake of organic lipophilic compounds by lipoproteins might be auto-inhibited. Whether that in
turn can account for the decreased cellular response in vitro when cells are incubated with test
substances to measure effects through intracellular receptors compared to the application of the
same test compounds added directly onto the receptors [86] requires further investigation.
Studies have shown an inverse relationship between LDL concentration in the growth media and
uptake of the POP-lipoprotein complex [108, 118]. The implications of this relationship are
primarily important in research areas using cell-based assays, where serum and consequently
lipoproteins are components in the media. It is important because the uptake of the substances under
investigation can be influenced by the serum concentrations and therefore inter-assay or inter-study
comparisons have to take these considerations into account.
1.7 Background for the Extraction Methodologies and Analyses Used in the Study
The analysis of any substance or compound originally found in a sample requires the compound
of interest to be freed from its matrix i.e. the surrounding tissues, blood, serum, breast milk, or
similar compartment. Many extraction techniques are available in the chemistry laboratory of which
solid phase extraction (SPE), high performance liquid chromatography (HPLC), ultracentrifugation,
and dialysis are probably some of the most frequently encountered.
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1.7.1 Ultracentrifugation
Centrifuges that rotate with speeds fast enough to sediment
proteins and small macromolecules at reasonable rates are
termed ultracentrifuges. They typically operate at 50.000 to
100.000 rounds per minute (rpm) and reach g-forces of up to
600.000 g [130]. Sedimentation is the process in which
molecules and particles in a solution are grouped together in
zones or “bands” according to their molecular mass during
centrifugation. By adjusting the density of the solution with a
carefully chosen additive, it is possible to control where the
sedimentation of the molecules of interest appears in the Figure 1.11. Ultracentrifugation.
centrifuge tube. If the resulting bands are adequately separated, Example of sedimented lipoproteins
it is possible to extract the relevant molecules without divided into groups by their wellinterference from the rest of the mixture (Figure 1.11). The defined densities. Each band contains
lipoprotein particles with discrete
additive must both be unreactive towards the analytes and heavy densities.
enough so that the densest analytes can float in the solution. The
technique is called density gradient centrifugation and it can be applied in two different ways: Zonal
centrifugation (also called rate-zonal centrifugation) is done by making a density gradient in a
solution made up of e.g. sucrose so that the sucrose concentration is continuously increasing from
meniscus to the bottom of the tube. This type of centrifugation separates by particle size and mass
rather than on density [131, 132]. The other method is called isopycnic centrifugation (isopycnic =
equal density), which is performed by layering solutions of decreasing density in the tube, gradient
layering, but opposed to rate-zonal centrifugation the layers are discrete and not continuous [131].
Isopycnic centrifugation separates particles purely upon the basis of differences in their buoyant
densities [132] which is useful when separating particles of similar size but with different
morphology. Isopycnic centrifugation for isolation of lipoprotein can be done using potassium
bromide (KBr) that has a well-described relationship between density and concentration when
dissolved in water. The Handbook of Chemistry and Physics has a table of concentrations with
corresponding densities of KBr dissolved in water [133] tabulated in the range 0.5-40.0 weight per
cent (0.042 M-4.620 M). The data are tabulated in discrete pairs of density and molar concentration,
and it is thus necessary to interpolate to be able to find the exact density for a concentration that lies
between two tabulated values. The interpolation can be achieved by plotting the density and
concentration data and fitting these to a 5th order polynomial, see equation (1.1), as described by the
authors of the sedimentation simulation software SEDNTERP [134] in the help file of the software.
(1.1)
ρ = y0 + ax1/2 + bx + cx2 + dx3 + ex4 +fx5
Using equation (1.1) with the coefficients from the fit and substituting x with the desired value
for KBr concentration in mol/L the corresponding density can be calculated. Very accurate volumes
of water can be obtained by weighing thus avoiding measurement inaccuracy by volumetric
methods that depends on temperature. This procedure produces solutions of very precise densities
for layering in the centrifuge tubes.
Two steps are necessary to achieve the actual band separation in serum during
ultracentrifugation. These include making a KBr solution in water with a density adjusted to make
light molecules float. This is achieved by fitting the equation (1.1) and calculating the desired
density. Next, the serum must have its density adjusted by addition of solid KBr, so that some
molecules stay at the bottom while others will begin to float during centrifugation. When 2/3 of the
volume of the tube is filled with the adjusted serum and the remaining 1/3 is topped gently with the
density adjusted water, it is then possible to separate the mixture into components according to their
densities.

1.7. Background for the Extraction Methodologies and Analyses Used in the Study

35

Equation (1.1) however, is not suitable for calculating the amount of KBr to be added to the
serum to achieve a certain density. This is because the fitted equation is based on addition of KBr to
pure water with a density of 1.000 g/mL by definition. Fortunately, another relationship is proposed
in which the amount of solid KBr that is added to a solution with known density can be determined
when the final density is chosen. This equation is known as the Radding-Steinberg formula [135,
136], see equation (1.2):
X = V×(df - di)/[1 - (0.312×df)]

(1.2)

where X is KBr in grammes added, di is initial density, df is final density, V is the volume of the
liquid in millilitres (mL) and 0.312 is the partial specific volume of KBr [136].
It is necessary to measure the initial density of the serum before application of the RaddingSteinberg formula. This is done using a 2 mL pycnometer that is a little flask with a very precise
indication of the volume it holds. The density can be determined with great accuracy by weighing.
Centrifugation is carried out at low temperatures to avoid decomposition of the lipoproteins and the
centrifugation chamber is evacuated to avoid heating of the rotor due to friction. The duration of
operation for separating small molecules like low density lipoproteins are often 18 hours or more
due to the slow speed of sedimentation. The sedimentation time for a given substance depends on
the speed and size of the rotor and on the sedimentation coefficients of the particles. Sedimentation
coefficients are measured in the Svedberg unit, S, and differ according to the density of the particles
(Table 1.3). It is possible to estimate the sedimentation time for a certain particle when the type of
rotor is known.
Table 1.3. Lipoprotein floatation rates and densities.
Definition of the lipoprotein densities and sedimentation
coefficients.

Type
CM
VLDL
IDL
LDL
HDL2
HDL3
Albumin-FFA

1

Svedberg rate
(10-13 sec)
Sf > 400
Sf = 20-400
Sf = 12-20
Sf = 2-12
2
F1.20 = 0-9
2
F1.20 = 0-9

Density range
(g/mL)
< 0.95
0.95-1.006
1.006-1.019
1.019-1.063
1.063-1.125
1.125-1.210
> 1.2810

Reference: 1[137], 2[138].

A rotor is often categorised by its clearing factor, k, which is defined by the rotor’s physical
dimensions and the speed it operates at, see equation (1.3) [139]. The k-factor represents the
average centrifugal force achieved inside the centrifuge tube and is based on the maximum and
minimum radii from the centrifugal axis and the angular velocity of the rotor. As can be seen from
the equation the k-factor will decrease when the angular velocity increase. This means that a low kfactor results in a faster sedimentation [140],
max / min

OR

.

max / min

rpm/

(1.3)

where rmax = maximum radius from centrifugal axis, rmin = minimum radius from centrifugal axis,
and ω = angular velocity in radians/second = 0.10472 × rpm.
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When the k-factor for the rotor is known, it is then possible to calculate the pelleting time for the
particles by using equation (1.4) [140],
t = k/s

(1.4)

s = sedimentation coefficient in Svedberg units, where 1 S = 10-13 seconds and t = time in hours.
Equation (1.4) can be used to find the equivalent pelleting time for a specific particle on a rotor
operating at another speed and with another dimension, given the k-factor for both rotors. By
equating the sedimentation coefficient for the particle and upon rearrangement of equation (1.4) we
get a relation between pelleting times and k-factors [139], equation (1.5).
(1.5)
To adjust, the k-factor for centrifuge runs with rotor speeds less than maximum rotor speed, an
adjustment relation exists, equation (1.6) [140]:
adj

maximum rated speed of rotor
actual run speed

(1.6)

1.7.2 Solid Phase Extraction
Very often is the analyte of interest embedded in a matrix that contains a large number of
unwanted compounds that interferes with the measurement to be carried out. This is typical for
serum, urine, breast milk, wastewater, and tissue extracts. It is also common that the analytes are
found at very low concentrations. In such cases, it is beneficial to clean and concentrate the analytes
using SPE. The principle of SPE is that the compounds in the sample adhere to the material inside
the SPE cartridge (the sorbent) with varying affinity (Figure 1.12).
Some compounds are loosely bound, while others are
more strongly bound. By choosing the right wash solvent, it
is thus possible to wash most of the unwanted solutes and
the initial matrix from the column, while retaining the
analytes of interest. After the wash, it is then possible to
elute the analytes sequentially, so that the analytes of interest
can be collected separated from analytes that are not of
interest. The choice of wash solvent and elution solvent
depends on the SPE sorbent that again depends on the
sample matrix and the analytes. The most often encountered
types of SPE sorbent are the reversed phase, normal phase,
Figure 1.12. Solid phase extraction.
and ion exchange sorbents. Ion exchange sorbents are Principle of SPE for isolation of analytes.
primarily used for charged compounds in polar or non-polar Reproduced from [141].
solvents. Reversed phase and normal phase sorbents bind
strongly to non-polar compounds and polar compounds, respectively. A recent stationary phase that
has gained success is the polymeric type like the hyper cross-linked hydroxylated polystyrenedivinylbenzene copolymers found in the Isolute® ENV+ [91, 142, 143] or N-vinylpyrrolidonedivinylbenzene copolymer found in the Oasis® HLB sorbent. Polymeric sorbents are often very
stable towards the entire pH range (0-14) without degrading, which makes them well-fitted for
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solutions with extreme pH values. Oasis HLB are considered both reversed phase and normal phase
depending on the elution solvent, and therefore enables good retention of solutes with a wide
polarity range.
EDC extractions have for many years been done using liquid-liquid extraction (LLE) techniques
[144-147]. These techniques are often time-consuming and they require large volumes of solvents
and handling of delicate glassware. Formation of emulsions in aqueous solutions that is difficult to
extract can also be a problem in LLE. SPE on the other hand, reduces the solvent consumption up to
10-fold compared to LLE and it allows for numerous samples to be extracted simultaneously, which
is why it has become the most popular sample preparation technique for liquid samples [148].
There is a huge number of sorbents to choose from when a new extraction method is under
development. Before choosing the SPE sorbent, it is thus important to analyse the requirements of
the analysis. This can be done in six steps according to Thurman and Mills [141]:
1.
2.
3.
4.
5.
6.

What is solute structure?
Identify the goal
Obtain physical constants
Choose the mode (mechanism) of SPE
Elute the SPE cartridge
Perform the sorption experiment and determine breakthrough

When running through these six steps for extracting EDCs from serum samples, it became evident
that a polymeric sorbent would be applicable because of its ability to retain a large range of
nonpolar solutes while excluding salts, proteins, and other water soluble components. A review of
the literature of extraction of EDCs from serum showed that other researchers had previously
examined the extraction efficiency of the Oasis HLB sorbent by extracting EDCs from water [149,
150] and from serum [151-153], finding that it was superior to other sorbents. Despite the good
results obtained with the Oasis HLB sorbent elsewhere, it appeared that if the goal was to extract all
possible EDCs from a sample then it had to be on the cost of perfect recovery. Optimisation to one
single compound is possible for any matrix and compound, but optimisation for compounds that
range from nonpolar to semi-polar is a completely different matter. So, if a large range of solutes
are to be recovered, they will not all be extracted with equal efficiency.
1.7.3 High Performance Liquid Chromatography
One of the most important separation technologies at present is probably HPLC. Since its
invention by Mikhail Tswett (1872-1919) in 1901 using open glass columns with calcium carbonate
to the present using short steel columns with particles sized 1 µm and very high pressures, it has
become a standard technique in any chemistry laboratory. Its usefulness is demonstrated in the vast
number of scientific papers covering separations of almost any mixture in a wide range of
applications.
The separation is achieved by the same mechanisms as described for SPE with the added benefit
of being controlled by computers and the ability to record the separation with a multitude of
different detectors. The recording of a chromatographic separation is called a chromatogram, and is
a graphical representation of the individual compounds in the mix depicted as peaks on a timeline.
Common detectors are UV-detectors and mass-spectrometry detectors. Less common is light
scattering detectors, electro chemical detectors, fluorescence detectors, refractive index detectors,
and radioactive detectors among others.

38

Chapter 1. Introduction

HPLC applications can roughly be divided into two categories i.e. analytical and preparative. In
analytical HPLC, it is the identification of every single compound in the mix that is favoured. To
make a clear identification of compounds in a mix, the method development will focus on
chromatographic separation of every compound in the mix. Chromatographic separation can more
formally be described as the case where two adjacent peaks will have no overlap at baseline i.e. the
first peak will have reached baseline before the next begins to rise. Peak separation is quantified by
the resolution (Rs), which is the distance between the peak centres of two adjacent peaks divided by
their average peak width [155] (see appendix 1). The peak centres are the same as the retention time
(tR) for the peaks, which is the time elapsed when the peak has reached its maximum (Figure 1.13).
There is a resolution value for each pair of peaks in a chromatogram and therefore a chromatogram
with e.g. five peaks will have four Rs values. Baseline separation is achieved when Rs > 1.5 for
equally sized peaks, but a desirable value during method development will be Rs ≥ 2, which
ensures that peaks with a bad peak shape will still be adequately separated [155]. With the proper
choice of detector and pure standards, it is then possible to identify each of the compounds in the
chromatogram.
In preparative HPLC, it is not
necessarily the goal to have perfect
separation between every peak in the
chromatogram. In this type of
application it is usually more important
that a given peak or collection of peaks
are distinct from the rest of the
compounds in the mix. This approach
is chosen when unwanted components
in a mixture must be removed from the
sample in a purification strategy. In
such cases, it is more important to
group
together
the
important
compounds
separate
from
the
unwanted such that they can be
collected
while
the
unwanted
compounds are directed to waste. In
this kind of setup, it is usual to attach a
fraction collector at the end of the Figure 1.13. Chromatographic parameters. Calculation of
HPLC system such that the peaks of retention time (tR), peak width (W), and resolution (Rs) in isocratic
interest are collected in vials while the elution. Reproduced from [154].
rest is directed to waste. An optimal
approach to this scenario is to group the interesting compounds early in the chromatogram because
there is a tendency for peaks to widen, when retention time increases. The wider the peaks, the
greater are the risk of overlap. For nonpolar analytes e.g. lipophilic EDCs, it is beneficial to use a
normal phase column because such analytes will elute early from the column (i.e. PCBs on a silica
column). Another benefit of using a normal phase system for purification of samples is that the
nonpolar solvents used as mobile phase i.e. n-hexane usually evaporate easily, which shortens the
duration of the concentration step of the collected fractions considerably.
1.7.4 Membrane Dialysis Extraction
Extraction techniques like SPE or liquid-liquid extraction preserves both lipids and lipophilic
compounds in the extracts. Sometimes the lipids interfere with the forthcoming analysis e.g. gas
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chromatography or cell based assays and removal of lipids using sulphuric acid is a common
approach when this is the case. Unfortunately, sulphuric acid can destroy certain components of
interest, since not all are resistant to strong acids. To overcome this problem, membrane dialysis
extraction (MDE) is a feasible method for isolation of lipophilic compounds from fatty matrices.
One type of membrane that has proved useful in dialysis with organic solvents is the low density
polyethylene (LDPE) polymer. LDPE has a density of 0.915-0.940 at 25 °C [156] and is composed
of ethylene units that is polymerised in a branched structure. It is stable towards many organic
solvents in tests where the polymer has been submerged in the solvent for 60 days at 20 °C and 60
°C before being tested for material loss, structural damage, and deformation and breaks in tensile
stress tests. For each solvent tested, LDPE scores a classification of Satisfactory, Limited, or Not
Satisfactory with respect to withstand exposure to that particular solvent [157]. LDPE has been
tested with about 300 different solvents of which water, methanol, and n-hexane were classified as
Satisfactory at 20 °C. Acetone was classified as Limited while dichloromethane (DCM) was
classified as Not Satisfactory at 20 °C [157].
Dialysis bags can be made from cutting LDPE tubing into appropriate lengths and closing both
ends together forming a u-shaped container. Such polyethylene bags with a wall thickness of 50100 µm and a width of 2-5 cm allow small molecules to travel through the wall via pores or
channels in the material [158-162]. The pore size of LDPE is ≈10 Å which restricts the passage of
larger molecules like triglycerides and phospholipids [161]. A molecule like TCDD has a maximum
molecular length of 9.4 Å [163] and would easily pass the membrane, if molecular size was the only
factor influencing passage. Other factors that have an influence on passage and thus recovery of
lipophilic compounds when LDPE is applied in dialysis extraction are:
Table 1.4. Parameter that has an influence on recovery and lipid carryover in MDE extraction.

a)
b)
c)
d)
e)
f)
g)
h)

Solvent replacement: 2 × 300 mL yields better recovery than 1 × 600 mL [159].
Temperature: no large effect on recovery [159] but poses a problem with lipid carryover.
Ratio of dialytic solvent volume to sample volume: a ratio of 20:1 is optimal [159, 161].
Duration of dialysis: longer dialysis time = better recovery [160].
Dialysis bag area in contact with dialysis solvent: greater area = higher recovery [160, 161].
Polarity of compounds: The more nonpolar compounds are recovered better [161].
Molecular size or molecular weight of solutes: larger size = lower recovery [160, 162, 164].
Solvent composition: complex relationship.

A problem that needs to be addressed is lipid carryover, which is the phenomenon that some
lipids will cross the membrane and end in the extract. Lipid carryover depends on some of the
factors that also have an influence on the recovery, which makes optimisation difficult. The most
important parameter that has an influence on lipid carryover is solvent shifts (see Table 1.4a). Two
shifts are considered optimal, since a third shift (each shift with duration of 24 hours) will increase
lipid carryover [159, 161, 162]. Meadows et al. investigated the dependence on temperature on
recovery, and found that increasing the temperature does not increase recovery (see Table 1.4b). On
the contrary, it increased lipid carryover and room temperature was chosen as a good compromise
[159].
1.7.5 Solvent Composition
The optimum extraction solvents depend on factors such as availability and cost, but more
importantly on its ability to make the polymer permeable and to dissolve the extracted compounds
(see Table 1.4h). The study performed by Meadows et al. [159] found that a mixture of nhexane/DCM (80:20, vol/vol) performed best in their experiments extracting organochlorine
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pesticides and polychlorinated biphenyls from fish lipids, eggs, and peanut oil. Their choice of
solvent was based on solubility considerations with foundation in the theory of Hildebrand and his
development of the Hildebrand solubility parameter (HSP) (δ). The Hildebrand solubility parameter
(see appendix 2) is descriptive for the ability of solvents to mix well and for solvents to be able to
solubilise substances. For solvents to be miscible, the individual components must have their HSP
in the same range. The same rule applies for dissolution of substances. The more a substance HSP
deviates from the HSP of the solvent, the less it will be likely to dissolve well. The HSP for LDPE
is determined experimentally to be in the range 16.3-17.9 MPa½ [165], which is in good agreement
with the study by Meadows et al. that used a mixture of n-hexane/DCM with a HSP for the mix: δ =
15.9 MPa½. Another consideration is the ability of the solvent to soften the membrane. While nhexane does not cause LDPE any physical damage; the same is not true for DCM according to
compatibility testing of the materials [156]. This does not mean that DCM destroys or dissolves the
polymer, but merely that the structure of the polymer is altered while under influence of the solvent
rendering it more penetrable.
1.8 Assessment of Endocrine Disrupting Potential of Xenobiotics
A common approach to study interactions between bioactive compounds and their effects on
hormone receptors is to use cell proliferation assays and receptor mediated reporter gene assays.
Soto et al. developed an assay to determine the estrogenicity of several endocrine disrupters
using a cell proliferation assay called the E-SCREEN that measures the proliferation of the human
breast cancer cell line MCF-7 [166]. The researchers used the assay to test the estrogenicity by
measuring the biological endpoint of cell proliferation after exposure to alkylphenols, phthalates,
PCBs, hydroxylated PCBs, and some pesticides [166]. An increased cell count was assessed as
being proportional to estrogenic activity. Proliferation of cells after exposure to the test compound
was compared with cells in absence of 17β-estradiol (E2) (negative control) and presence of E2
(positive control). The tested compounds showed estrogenicity in this assay. A disadvantage of the
E-SCREEN assay is that cell proliferation can be regulated by other factors than estrogen. Growth
factors and other hormones can modulate the steroid receptor function [167] and the response is
therefore not exclusively related to estrogenicity. Furthermore, it has been reported that cells that
express an ERα protein in a MCF-7 cell clone, that do not bind DNA and do not induce EREdependent genes, still grow in response to estrogen. This means that ERα DNA binding is not
necessary for estrogens to facilitate cell proliferation in MCF-7 cells [168].
A receptor-mediated reporter gene assay like a eukaryotic yeast-based system has also been used
to screen for estrogenic compounds [169, 170]. The test compounds are incubated in a medium
containing an estrogen-inducible strain of yeast (Saccharomyces cerevisiae). The yeast has had a
DNA sequence of the human estrogen receptor integrated into the genome, thereby expressing the
estrogen receptor. The response in this assay is a colour change in the medium from yellow to red
after incubation with estrogenic compounds due to the release of β-galactosidase that breaks down
the chromogenic substrate chlorophenol red-β-D-galactopyranoside. The activity of induced
estrogenic activity is compared with the activity induced by the natural ligand 17β-estradiol. One
limitation of the yeast assay is that certain pesticides are designed to kill fungi and if such
compounds are present in the samples, the assay will give erroneous results. Another limitation is
that yeast cells do not have even a remote resemblance to human cells, and the results obtained in
vitro with yeast must therefore be interpreted with caution if the results are to be compared with
equal responses in humans. Obviously all in vitro assays have to be interpreted with caution, but the
ideal must be to study cells that have human origin. An attempt to do this is the ER reporter gene
assay based on the human breast cancer cell line MCF-7, which have been stably transfected with
the firefly luciferase structural gene placed in front of the ERE [171]. The cell line thus obtained is
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called MVLN. The principle of the assay (Figure
1.14) is that when a ligand enters the cell and
binds to the estrogen receptor it results in
dimerisation of the estrogen receptor followed by
translocation of the ligand-receptor complex to
the nucleus. Inside the nucleus, the ligandreceptor complex binds to the estrogen response
element of the DNA, thus activating luciferase
gene expression. The resulting mRNA translates
into the luciferase enzyme that can be detected as
bioluminescent light after addition of luciferin
substrate. The light emitted is proportional to the
estrogenic activity of the sample. The advantage
of this approach over the proliferation assay with
MCF-7 cells is that estrogens in the medium Figure 1.14. Schematic of the MVLN cell. Principle of
selectively produce the measured response via ER transactivation in the MVLN cell. Drawing used
with permission from Mandana Ghisari.
ER-ERE interaction, so that interference from
other factors present can be ruled out. MVLN
cells have also been used to investigate the estrogenicity of some pesticides [42]. This type of assay
is often referred to as an ER transactivation assay.
With respect to sensitivity are both the MCF-7 proliferation assay and the MVLN transactivation
assay equally sensitive with respect to 17β-estradiol [42, 172].
Other cell-based assays have been introduced to study the effects of xenoandrogens and on
thyroid hormone disrupters. Androgen receptor activation by xenobiotics can be studied using the
Chinese hamster ovary cell line (CHO-K1) transient co-transfected with the MMTV-LUC reporter
vector [53] and thyroid hormone function can be studied by using the rat pituitary cell line GH3,
which is used in a cell proliferation assay where the proliferation of the GH3 cells depend on
thyroid hormone concentration [104]. Interactions with the AhR can be studied using the AhR
transactivation assay utilising the mouse hepatoma Hepa1.12cR cells stably transfected with the
polycyclic aromatic hydrocarbon/halogenated aromatic hydrocarbon (PAH/HAH)-inducible
luciferase expression vector pGudLuc1.1 [53, 173].
It is also possible to determine estrogenic activity in environmental samples by using the
enzyme-linked receptor assay (ELRA) [174, 175] that utilises estrogen receptors bound to
antibodies in a 96 well plate system. This assay employs the principle as competitive immunoassay
based on ligand–protein interaction [176]. The ELRA assay is robust towards infections and
cytotoxicity because it does not need to be incubated and it is readily usable for samples with high
salt content [177]. It is useful as a fast screening assay for xenoestrogenicity, but will have to be
accompanied by an ER transactivation assay for thorough analysis of active compounds because it
lacks the ability to distinguish antagonist from agonists.
Other methods of estimating receptor-ligand interaction are the so-called in silica methods i.e.
computer-aided modelling of the physical interaction of ligands and receptors. Such an assay is the
quantitative structure-activity relationship (QSAR), which correlates experimentally obtained
receptor activity results with data on physical properties like molecular shape, size, and orientation
for the test compounds using complex statistical methods [178, 179]. The QSAR approach is useful
for estimating the activity of bioactive compounds based on their chemical structure. It rapidly
gives a list of candidates for a more thorough screening via the more accurate biological assays.

2 Hypothesis and Aim
The potential risk for deleterious effects on human health, physically, mentally and on
reproduction caused by the exposure to EDCs necessitates further investigation. It is of special
importance to look more deeply into the effects of the mixture of EDCs found in human serum and
breast milk to determine their combined action on hormone nuclear receptor activity.
The main thread in the present PhD study is to follow the route of lipophilic EDCs (L-EDCs)
from they enter the blood till they cause a response after interaction with nuclear hormone receptors
inside human cells. The specific aims are obtained firstly by studying the transport of L-EDCs into
cells, secondly to extract the L-EDCs from human serum and breast milk in order to assess their
combined effect ex vivo on the estrogen receptor transactivity, and thirdly to compare the level of
xenoestrogenic activity in serum of study groups with different POP exposure.

Hypotheses
I.
II.
III.
IV.

L-EDCs can be transported in the blood by associating with lipoproteins. The L-EDClipoprotein complex can be taken up by cells facilitated by lipoprotein receptors present in
cell membranes.
L-EDCs can be extracted from human serum and subsequently be separated from coextracted natural endogenous hormones using chromatographic methods.
PCBs interfere with the estrogen receptor transactivity.
L-EDCs and estrogens can be extracted from human breast milk and subsequently be
separated from co-extracted lipids using chromatographic and dialytic methods.
Xenobiotic chemical mixtures are present in human serum and have the potential to interfere
with the estrogen receptor function. Serum levels of specific single POP exposure
biomarkers correlate with the POP-effect biomarker, xenoestrogenic transactivity, in human
serum samples obtained from study populations with different POP exposures.”

Aims
Paper I: To isolate lipoproteins from human serum by ultracentrifugation. To study if the rate
of cellular uptake of lipophilic EDCs is mediated by low density lipoproteins by using two types
of mouse embryonic fibroblast cells with and without LDL-receptors present in the cell
membranes, respectively.
Paper II: To extract lipophilic EDCs from human serum using solid phase extraction in
combination with high performance chromatography (SPE-HPLC). To obtain L-EDC extracts
free from endogenous hormones.
To determine the effect of selected PCBs on the estrogen receptor transactivity by exposing
MVLN cells to specific PCBs alone and in mixtures by adding the pure standards or by adding
SPE-HPLC extracts from PCB-spiked serum samples.
Paper III: To compare the level of POP related xenoestrogenic activity in serum of study
groups with different POP exposure, and to evaluate correlations to the POP-biomarkers PCB153 and p,p’-DDE.
Paper IV: To isolate lipophilic EDCs and estrogens from breast milk using solid phase
extraction in combination with membrane dialysis extraction. To obtain extracts containing LEDCs and estrogens void of milk lipids.
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3 Review of the Scientific Work
The following chapters are devoted to reviews of the scientific work that make the basis of the
present PhD dissertation. Each paper is discussed separately within its own chapter which includes
the study design, sample handling, a presentation of the methods employed, a presentation of the
results, and finally a discussions of the results.
At the end of these chapters will be an overall discussion with concluding remarks and
suggestions for future studies.
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4 Cellular Uptake of Lipoproteins - Paper I
Cellular Uptake of Lipoproteins and Persistent Organic Compounds - an Update and New Data
4.1 Study Design
The study was a part of a project collaboration between Anders Nykjær (Institute of Medical
Biochemistry, Aarhus University), Peter Andreasen (Department of Molecular Biology, Aarhus
University), and Eva C. Bonefeld-Jørgensen (Department of Environmental and Occupational
Medicine, Aarhus University) funded by the Danish Medical Research Council (Statens
Sundhedsvidenskabelige Forskningsråd, SSVF). The aim of the study was to look into the role of
lipoprotein receptors on the uptake of the environmental xenobiotic compound DDT in murine
embryonic fibroblast (MEF) cells. Several other studies on this subject have been done before but
not with MEF cells. In addition to this, we had the option to test receptor blocking by using the
receptor-associated protein (RAP), which is a blocker of lipoprotein receptors. This enabled us to
see if transport into the cells was actually mediated by the lipoprotein receptors or if other routes
also existed. The experiments were carried out using [C-14]-DDT and lipoproteins were prepared
routinely from human serum samples using ultracentrifugation.
4.2 Samples and Sample Preparation
The [C-14]-labelling was done on the carbons in the ring structure of the DDT molecule. The
specific activity was 9.63 MBq/mg and the purity was 99.31%. The compound was purchased from
the chemical company Izotop (Institute of Isotopes Co., Ltd., Budapest, Hungary).
The uptake experiments were carried out using LDL that were routinely produced by
ultracentrifugation of human serum samples, which were kindly donated by the blood bank at
Skejby University Hospital, Aarhus.
The ultracentrifugation method initially used for isolating LDL was performed on a small
tabletop ultracentrifuge (Beckman Optima TLX ultracentrifuge) with a TLA-100.4 rotor. The kfactor for the TLA-100.4 rotor operated at 100.000 rpm is 15.8 exerting a g-force on the particles of
543.000 g. The method used was originally described by Sattler et al. [180] in a technical
information sheet published by the Beckman company. The resulting sedimentation gave a good
separation of LDL particles (Figure 4.1) in only four hours.
1
2
The method described by Sattler et al. was an isopycnic
VLDL
centrifugation method where two layers were placed in a 5
mL centrifuge tube. The bottom layer was 1.7 mL serum
adjusted to a density of 1.24 g/mL, and the top was 3.3 mL
LDL
water adjusted to a density of 1.006 g/mL. Densities were
calculated using equation (1.1). The coefficients y0 and a-f
were found by fitting equation (1.1) with the KBr density
HDL2 and concentration data obtained from The Handbook of
HDL3 Chemistry and Physics [133] using the software package
SigmaPlot. The fit gave the following result:

Figure 4.1. Lipoproteins in centrifuge
tubes. Flotation pattern of VLDL, LDL,
and HDL (partially separated into HDL2
and HDL3) by isopycnic centrifugation
[180].

y0 = 1.000018, a = 0.000017, b = 0.085311, c = -0.001703, d =
0.000426, e = -0.000072, f = 0.000005

The separation described by Sattler et al. was fast due to
the high speed of the centrifuge, but the quantity of LDL
recovered was small compared to the volume needed for the
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uptake experiments. This resulted in the development of an up-scaled method. The new method was
made for an Optima LE-80 K preparative centrifuge equipped with a type 50.2 Ti fixed angle rotor.
This rotor has a k-factor of 69.4 when operated at its maximum speed of 50.000 rpm. Compared to
the k-factor of the TLA-100.4 rotor, this is a slower centrifuge and sedimentation therefore takes
longer. The actual rotor employed in the separations was old and worn and was consequently
classified to be run at only 40.000 rpm due to the onset of cracks in the rotor metal caused by the
deformations occurring at high speeds. The k-factor for a 50.2 Ti rotor at 40.000 rpm is 108.4. A
calculation using equation (1.5) gave a sedimentation time of more than 27 hours on this rotor, and
therefore another approach was chosen. This approach included the separation of all lipoproteins in
a single preliminary run by centrifuging 22 mL serum adjusted to 1.21 g/mL for 18 hours. This raw
lipoprotein mix was then re-adjusted to 1.079 g/mL of which 8 mL was layered under 16 mL of
water adjusted to 1.006 g/mL and then processed in a second centrifugation run for 18 hours. After
the second run VLDL, LDL, and HDL could be separated from the raw mix, and by a third run be
purified from traces from the neighbouring layers (Figure 1.11).
The density was adjusted by adding solid KBr to the solutions and readjustment was often
carried out by first dialysing the solution in water to reduce the salt content followed by adjusting
by solid KBr. The LDL solution would finally be dialysed for 24 hours to remove excess KBr. The
clean LDL solution would at this stage be in a very diluted form and removal of excess water was
done by dialysing in a solution of 20% polyethylene glycol (PEG), which is a polymer that binds
water very strongly. Traces of PEG were removed by dialysing in cold phosphate buffered saline
(PBS) for one hour. The concentrated LDL particles were controlled for purity once by gel
electrophoresis.
4.3 MEF Cells
MEF cells are primary cells extracted from the embryonic fibroblasts in mice. MEF cells have
two different types of lipoprotein receptors in the cell membrane called low density lipoprotein
receptor-related protein (LRP) and low density lipoprotein receptor (LDLR), respectively. The
unique characteristic for the MEF cells is that they can be genetically modified in such a way that
the lipoprotein receptors are either active or not active. The wild type MEF cells (MEF-1) have both
receptors active. MEF cells homozygous for disruption of the LRP gene are called MEF-2 cells,
MEF cells homozygous for disruption of the LDL receptor gene are called MEF-3 cells, and MEF
cells homozygous for disruption of both the LRP and the LDL receptor genes are called MEF-4
cells. In the present study, only two of the four cell types were used, namely the MEF-1 type and
the MEF-4 type.
Cells were grown as monolayer in phenol red free Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with P/S (100 U/mL penicillin, 0.1 mg/mL streptomycin), glutamine (4
mM) and 10% foetal calf serum (FCS) in 95% air/5% CO2 at 37 °C in a humidified incubator. They
were seeded in 12-well plates at a density of 7000 cells per well and cultured for three days. At day
four, they were grown in lipoprotein deficient serum and on day five, they were exposed to the test
compounds and harvested on the same day. The test compound was a mixture of the LDL solution
at different concentrations and [C-14]-DDT at a fixed concentration. To study if the uptake of
lipoprotein associated DDT was receptor-dependent; some of the cells were incubated together with
the 40-kDa protein RAP that is a lipoprotein receptor blocker. Anders Nykjær, Aarhus University,
kindly donated the MEF cell lines and RAP.
4.4 Statistical Analysis
Data analysis was performed using the statistics package Intercooled Stata 9.2 (StataCorp, TX,
USA). Statistical significance was evaluated using a nonparametric method (Spearman rank
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correlation) to determine the level of significance for the observed trend. Student’s t-test was used
to determine if the values were significantly different from each other while a variance ratio test
was used to determine equal variance between the groups. Significance was assumed on a 95%
confidence interval. Regression analysis was used to estimate the correlation coefficient of the
relationship between per cent unbound [C-14]-DDT and per cent MEF-1 uptake of [C-14]-DDT.
4.5 Results
There was a significant decrease in uptake of the DDT-LDL complex with increasing LDL
concentration in the media (p < 0.00001) (Figure 4.2). The relationship between unbound DDT and
cell-associated DDT was negatively correlated (R2 = 0.86) (Figure 4.3). There was a statistically
significant difference between the uptake of MEF-1 cells and blocked MEF-1 cells (MEF-1 + RAP)
indicating that the receptor facilitates uptake. No difference was seen when comparing MEF-4 cells
with blocked MEF-4 cells (MEF-4 + RAP) (Table 4.1).

Figure 4.2. Cell-associated [C-14]-DDT as function of
concentration of LDL particles in the media. LDL
concentration was 10, 25, 50, 75, and 100 µg LDL/mL
media. Cells were incubated under standard conditions and
[C-14]-DDT was added to the media at 100 ng/mL. The
data are given as the percentage (cpm cells)/(cpm cells +
cpm media) x 100%.

Figure 4.3. Correlation between unbound [C-14]-DDT
and bound [C-14]-DDT in MEF-1 cells. Strong
correlation was seen (R2 = 0.86). Unbound [C-14] was
calculated as the ratio (cpm media)/(cpm cells + cpm
media) and MEF-1 uptake of [C-14] as the ratio (cpm
cells)/(cpm cells + cpm media).

Table 4.1. Uptake of DDT in MEF cells. Difference in uptake with and without added RAP.
Difference
in Number
of Confidence
Standard
uptake (% points) observations (n) Interval
deviation
MEF1 - MEF1+RAP
2.61%
14
1.65% ; 3.57%
1.67%
MEF4 - MEF4+RAP
1.12%
10
-0.05% ; 2.29%
1.63%
1.1
24
-1.3 ; 3.4
0.56
RatioMEF4 - RatioMEF1

Significance
level (p-value)
p < 0.0001
p = 0.058
p = 0.36

4.6 Discussion
To study interactions between cells and lipoproteins carrying radiolabeled DDT, it was necessary
to isolate lipoproteins from human serum samples. The first method chosen was not efficient
enough to produce lipoproteins in the quantities needed for running the planned experiments. An
identical but scaled up method was considered, but this method was impractical because of very
long run times in the centrifuge. Another reason for not using that method was the handling of the
centrifuge tubes of the polyallomer Quick-Seal type from Beckman. These tubes are heat-sealed and
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need to be cut open before being able to extract the content using some sort of point hypodermic
needle. It is a cumbersome process and very difficult to avoid mixing of the content inside the tube
while sucking out the desired fraction. The final method used polycarbonate bottles with screw
caps. They were much easier to handle and hold larger volumes. The method consisted of three
consecutive centrifugation runs that gave adequate lipoprotein volumes. The third run being a
purification run for removal of traces of neighbouring lipoprotein particles. The time spent by
running three rounds of 18 hours each was reclaimed because of the higher production volumes
obtained. LDL were chosen for the experiments because of its preferred association with DDT
[122].
The hypothesis was that lipoproteins would help lipophilic EDCs to enter the cells through
lipoprotein receptors in the cell membranes. While it was observed that the content of lipoproteins
in the growth media influenced the uptake of DDT in the cells, it could not be demonstrated that the
lipoprotein receptors were the sole factors determining the uptake of DDT. The uptake experiments
showed a decrease in cell uptake when the concentration of LDL in the media increased with
constant DDT concentration (Figure 4.2). This observation was also supported by the findings of
Shireman and Wei [108] and by Hestermann et al. [118] and the observed behaviour is probably
due to partition of DDT between the lipids in the core of the LDL particles and the lipids in the cell
membrane with a preference for the lipids inside the LDL particle. This behaviour is further shown
by plotting free DDT versus bound DDT (Figure 4.3), where it is seen that unbound [C-14]-DDT is
negatively correlated with MEF-1 cell associated [C-14]-DDT. When performing the experiments
with blocking of the receptors by RAP it could be observed that the receptors in MEF-1 cells could
be blocked while no difference was observed in MEF-4 cells because MEF-4 cells lack the
receptors and hence they cannot be blocked. The difference in uptake, however (Table 4.1) is very
small for the MEF-1 cells. The reason for this small difference must be because the uptake also
follows other paths and blocking of the receptors therefore does not account for more than a small
fraction of the total uptake. Other routes of uptake have been suggested by Mangelsdorf et al. [113].
They propose that only 30% of the uptake of DDT in Chang liver cells was receptor-mediated, and
that the rest was by passive diffusion (25%) and binding to the cell membrane itself (45%). Our
study could be further expanded using other test compounds to further elucidate the interactions
between LDL, EDCs and cellular uptake. Such compounds could be PCB-153 or TCDD, since
these compounds have a similar preference to LDL as has DDT, and as such could be able to
strengthen the already gained knowledge. Because of time restraints these experiments were not
carried out.

5 SPE-HPLC Purification – Paper II
SPE-HPLC Purification of Endocrine Disrupting Compounds from Human Serum for Assessment of
Xenoestrogenic Activity
5.1 Study Design
The study was a part of a large international project called INUENDO, which was funded by
grants from the European Commission, the main goal being to look into the relationship between
endocrine disrupters and human fertility. The aim of our study was to establish a method to extract
and purify lipophilic endocrine disrupters from human serum samples, and demonstrate how these
extracts could alter the function of estrogenic hormone receptors in a reporter gene assay. The
extraction was carried out using solid phase extraction, which gave a rude extract that contained a
mixture of EDCs and endogenous hormones. A second purification step was required to separate
the EDCs from the endogenous hormones to get a response in the reporter gene assay that should be
attributable to the EDCs only. This was done by running the SPE extract through a normal phase
separation using HPLC. The clean extract thus obtained was analysed in a reporter gene assay
composed by MVLN cells, which responds to exposure of estrogenic compounds by releasing the
luciferase enzyme that is detectable in a luminometer.
5.2 Samples and Sample Preparation
Pre-study serum samples were prepared from blood drawn from Danish volunteers by letting the
fresh blood samples stand for 3 hours before centrifugation at 3.300 g for 12 minutes. The serum at
the top layer thus obtained was stored in Cryo tubes at -80 °C. Serum samples from Sweden and
Greenland were obtained for comparison of geographical differences as a preliminary control of the
method. The Swedish samples were leftovers from a previous study [181] and the Greenlandic
samples were leftovers from another previous study. Two sets of serum control samples were
established by pooling batches of male serum (KHM) and batches of female serum (KHF) obtained
from the blood bank at Skejby University Hospital, Aarhus. The pooled batches were divided into
aliquots of 4 mL and stored in Cryo tubes at -80 °C.
Spiking experiments were carried out with PCB in concentrations based on findings in Inuit
populations. Three PCBs were chosen as test compounds because of their abundance in nature,
bioaccumulation in humans, and data showing that non-ortho PCBs are ER antagonists [45, 182].
The sum of the concentrations of PCB-138, PCB-153, and PCB-180 equals half the burden of PCBs
in Inuit and so the test compound was composed by twice these concentrations, thereby simulating a
“physiological” relevant concentration of PCB in Inuit serum [182]. The PCB mix was made in
three different ranges based on the minimum, mean, and maximum levels found in the Inuit serum.
5.3 MVLN Cells
Determination of receptor activity was done using an ER transactivation assay, which utilises the
stable transfected MVLN cell line carrying the ERE luciferase reporter vector [171, 183].
MVLN cells were grown as a monolayer in phenol red free Dulbecco’s modified Eagle’s
medium containing 1% dextran-charcoal treated foetal calf serum (DC-FCS) in 95% air/5% CO2 at
37 °C in a humidified incubator. They were seeded in 96-well plates at a density of 3×104 cells per
well and cultured for 24 hours. After exposure to the SPE-HPLC extract for 24 hours the medium
were removed and the cells were lysed and luciferase activity measured in a LUMIstar
luminometer. Protein content was determined by fluorometric measurements with a WALLAC

51

52

Chapter 5. SPE-HPLC Purification – Paper II

VICTOR2 fluorometer as described in [42]. To adjust for variation in cell density between wells the
luciferase data are given as relative light units per microgram of protein (RLU/μg).
Controls of the assay were performed using a SPE-HPLC extract of the serum controls (KHM
and KHF) prepared weekly for that purpose. Solvent controls were done with each assay by testing
20 µL solvent (EtOH/H2O/DMSO, 50:40:10, vol/vol/vol) and medium (with and without added E2)
on the same tray as the samples. On each independent assay, the positive control was done by
making a titration with E2 in the range 0.05-300 pM E2. The E2 concentration of 25 pM, exerting
40% of the effect of the maximal effective concentration (EC40), was used to determine the
competitive xenoestrogenic effect of F1 (Table 5.1) fractions upon co-exposure of the MVLN cells,
and was analysed in parallel on each plate as a positive control.
The average ER transactivation inter-coefficient of variation (CV) of the solvent controls was
less than 5% and the CV of the response to E2-EC40 was less than 15%.
5.4 Chromatography
Solid phase extraction was done using Oasis HLB extraction cartridges (6 mL, 500 mg) from
Waters. Eluted compounds were collected in a VAC ELUT SPS 24 vacuum manifold from Varian
in 13 mL glass tubes. The extraction methods employed were a modification of an SPE method
previously described [153, 184]. The SPE procedure briefly consists of adding 3.6 mL serum to
previously cleaned and conditioned SPE cartridges. After washing with 5% acetone in water
(vol/vol) the compounds were eluted with ethyl acetate and methanol and evaporated to near
dryness.
The HPLC method employed to further purify the SPE extracts with respect to co-eluting
endogenous hormones were based on a normal phase system. The clean-up was done using the
Alliance 2695 separations module from Waters, with attached diode array detector and fraction
collector. Separation was achieved on a Spherisorb Si60 normal phase analytical column also from
Waters. The mobile phase A was n-hexane and B a mixture of n-hexane/MeOH/IPA (40:45:15,
vol/vol/vol) in a gradient elution with a flow rate of 1.5 mL/min. Elution of the EDCs was achieved
after 5.3 minutes, after which endogenous hormones appeared in the eluate (Figure 5.1). The EDC
fraction thus obtained was called fraction F1 and subsequent fractions F2.1, F2.2, F2.3, and F2.4
according to specified collection intervals defined to catch specific hormones separately (Table 5.1).
All fractions were evaporated to near dryness and stored at -80 °C.

Figure 5.1. Retention time of controls used to define the fractionation intervals.
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Table 5.1. Retention times for EDCs and endogenous
hormones. Log Kow values for reference.
Log Kow
Compounds
tR (min)
Fraction 1
0.00-5.30
PCB-180
1.98
7.16
PCB-126
2.05
6.45
PCB-81
2.08
6.01
Endosulfan
2.16
3.12
PCB-153
2.37
6.83
PCB-138
2.49
6.78
Bisphenol A Dimethacrylate
2.56
5.45
o,p’-DDT
2.66
5.92
4-Nonylphenol
2.73
6.19
4-Octylphenol
2.74
5.66
4-OH-PCB-121
2.75
5.83
Vinclozolin
2.83
3.19
Endosulfan
3.04
3.12
Bisphenol A (BPA)
3.11
3.43
BHA
4.54
3.00
Methiocarb
4.59
3.30
Fraction 2.1
5.30-12.00
Pregnenolone
5.79
4.52
Progesterone
6.61
4.04
Fenarimol
6.85
3.23
Estrone (E1)
8.54
3.69
Prochloraz
9.41
3.98
Testosterone
10.27
3.48
Fraction 2.2
12.00-14.50
Estradiol (E2)
13.72
4.13
Fraction 2.3
14.50-22.00
Ethinyl estradiol (EE2)
16.34
4.52
Fraction 2.4
22.00-30.00
Estriol (E3)
23.55
2.94
Log Kow values were calculated using ChemSketch v12.01.

Initial recovery experiments were carried out using spiked samples that were extracted as
described. The content of spiked EDCs was quantified using gas chromatography with mass
spectrometry (GC-MS) on a Hewlett-Packard 6890 gas chromatograph.
5.5 Statistical Analysis
The data for each assay were related to the solvent control, which was set to 100%, and
presented as the means ± the standard deviation. The statistical significance was evaluated by
Microsoft Excel using the F-test (variance homology) and Student’s t-test according to equal or
unequal variance between the groups. The criterion for statistical significance was set to p < 0.05.
EC40, EC50, and EC100 calculations for E2 were performed using SigmaPlot 8.0 with the sigmoid
Hill model as described in [42, 181]. The association between the xenoestrogenic activities of the
different SPE-HPLC fractions was evaluated by means of Spearman’s rank correlation using the
statistics package Intercooled Stata 9.0 (StataCorp, TX, USA).
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5.6 Results
Recovery after SPE-HPLC extraction was for
selected compounds: PCBs (21%-86%), p,p’DDE(45%), p,p’-DDT(38%), o,p’-DDT(54%),
HCB(43%), γ-HCH(54%), Oxychlordane(63%),
trans-nonachlor(47%),
Bisphenol
A
dimethacrylate (BPA-DM)(82%), and 4nnonylphenol(53%).
An experiment was carried out to test the
influence of injection volume on retention. It
turned out that the difference in retention time in Figure 5.2. Influence of injection volume on
the HPLC method when comparing injections in a retention. Maximum retention time variation when
small volume (20 µL) to injections in a large comparing injection of standards in a large sample
volume (250 µL) was different for EDCs and for volume with injection in a small sample volume.
hormones. The POP PCB-81 altered its retention Abbreviations: E1: estrone, T: testosterone, BHA:
butylated hydroxyanisole, Andro: androsterone, EE2:
time by only a few seconds, while hormones had 17α-ethinyl estradiol, Prog: progesterone.
an increase in retention of up to 17 seconds for the
most retentive compound (Figure 5.2).
The ER transactivation assay demonstrated a dose-dependent increase in luciferase activation
upon exposure to estradiol in the concentration range 5-300 pM, and the maximum and the halfmaximum effective concentrations (EC100 and EC50) were reached at 150 and 33 pM estradiol,
respectively, as previously published [42].
The effect of exposure of MVLN cells in vitro to PCB-138, PCB-153, and PCB-180 individually
and as a mix of the three, all showed a significant inhibition of luciferase activity (p < 0.05).
Inhibition with statistical significance was also seen (p < 0.05) when the same experiment was
carried out in the presence of 25 nM E2 (EC40). The inhibiting effect of individual PCBs could be
reduced to zero by dilution of the solvent by 5 and 10 times. The inhibition of luciferase activity by
the PCB mixture could not reach zero by dilution, but the inhibiting effect was gradually diminished
with increasing dilution (Figure 5.3). The PCB mixture containing PCB-138, PCB-153, and PCB180 was also spiked to control serum at different concentrations (see table 2 in paper II) which
were subsequently extracted using the described SPE-HPLC procedure. The F1 fraction

Figure 5.3. Effects of PCB congeners on ER mediated transactivation. MVLN cells were exposed to PCB at
given concentrations (PCB-138: 7.6 µM, PCB-153: 11.1 µM, PCB-180: 6.9 µM, MIX: 7.6+11.1+ 6.9 µM).
Undiluted (U) and after 5 times (5×) and 10 times (10×) dilution alone or in the presence of 25 nM 17β-estradiol.
An asterisk (*) and the number sign (#) indicates statistical significant difference from solvent control or from 25
nM estradiol reference control, respectively (p < 0.05).
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significantly reduced the luciferase expression compared with procedural blanks and the inhibiting
effect could only be diluted out for the experiment using the low concentrations.
Removal of endogenous hormones was assessed by testing fraction F1, F2.1, and F2.2 from the
same serum samples together. Fraction F1 contains EDCs, F2.1 contains few EDCs and a wide
range of hormone metabolites, while F2.2 contains estradiol only. The estrogenic response in F2.2
extracts was 8 times greater in females compared to males (Figure 5.4).

Figure 5.4. Estrogenic activities of SPE-HPLC fractions F1, F2.1 and F2.2 of human serum samples.
Serum samples from men (1-26) and women (27-29) were extracted by SPE-HPLC, and the fractions F1, F2.1,
and F2.2 were analysed in an ER transactivation assay. An asterisk (*) indicates statistical significant difference
from the solvent control (p < 0.05).

Inuit serum was extracted as described and analysed for xenoestrogenic activity with and without
the presence of 25 pM E2 (E2-EC40). All the extracts tested significantly decreased the E2-induced
transcriptional activation to 47-72% of the solvent E2-25 pM control.
5.7 Discussion
The SPE extracts had to be dissolved in a relatively large volume (300 µL) to ensure proper
dissolution, and to prevent sample loss this volume was quantitatively transferred to the HPLC
system. We investigated the consequence of injecting such a large volume onto the column by
monitoring retention times of standards injected in different volumes. We concluded that the
method was robust towards injection volume changes, because the maximum change in retention
was a few seconds for the compounds of interest. During the course of the project that lasted several
months, we observed a drift in retention for some of the polar compounds. This drift was not
observed for the EDCs, however, and we did not delve further into this matter, but concluded that
the drift was caused by temporary inactivation of the silanols on the column bed from water
residues in the SPE extracts. Since this did not affect the cleanliness of the F1 fraction, we just kept
monitoring the retention and observed that it resumed to initial conditions after some months.
While establishing the HPLC method, it became clear at an early stage that it was impossible to
have an F1 fraction that contained every single EDC while excluding all possible hormones.
Because of this conclusion, it was decided to make a threshold after 5.30 minutes and by doing that
accepting that some medium polar EDCs would be excluded from the experiments for the sake of
very clean F1 fractions.
We tested the estrogenicity of the fractions to see if our assumptions that estrogens were
removed could be correct. By inspecting Figure 5.4 for fraction F2.2 that contains estradiol, it can
be seen that the female samples had a much higher activity than the corresponding male samples.
This is evidence of the successful removal of estradiol from the EDC fraction (F1). The
compromise to cut the F1 fraction at 5.30 minutes resulted in the loss of information concerning
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compounds such as the pesticides fenarimol and prochloraz that elute in the F2.1 fraction (Table
5.1). However, the co-elution of pregnenolone, progesterone, and estrone in the same fraction
supports the decision to make the cut point before hormone breakthrough.
The Arctic is polluted with PCBs and the hypothesis of this study was that Inuit serum extracts
would show signs of antagonistic estrogenic activity because of the high PCB body burden in Inuit
populations. Our preliminary exposure experiments of pure PCB standards on MVLN cells in the
ER transactivation assay showed inhibiting activity as expected, since PCBs are estrogenic
antagonists [45, 185] (Figure 5.3). The inhibiting effect was still seen when the exposure was
conducted in the presence of estradiol, the natural ligand for the receptors, which suggests a strong
competition between PCBs and estradiol for the estrogen receptor.
Analysis of F1 fractions from Inuit serum samples in the ER transactivation assay showed the
expected antagonistic effect on the estrogen receptor, and it can be concluded that Inuit serum
contains compounds that can substantially decrease receptor activity. These compounds are in a
complex mixture that is probably dominated by PCBs.

6 Xenoestrogenic Activity – Paper III
Xenoestrogenic Activity in Blood of European and Inuit Populations
6.1 Study Design
The study was a part of the INUENDO project. The goal was to compare the level of
xenoestrogenic activity in serum samples in study groups with varying POP exposure, and to
evaluate correlations to the POP-biomarkers PCB-153 and p,p’-DDE.
The cross-sectional fertility study included 358 men from four different countries: Greenland,
Sweden, Poland, and Ukraine [186, 187]. Xenoestrogenic activity was assessed with an ER
transactivation assay using the MVLN human breast cancer cell line. Estrogenicity was determined
in serum extracts that had been cleaned up using the SPE-HPLC method. The xenoestrogenic
activity of the extracts were assessed alone (XER) and in the presence of 17β-estradiol acting as a
competing ligand (XERcomp). The E2 equivalence (XER-EEQ) value of the agonistic XER
activities was obtained by interpolation of data onto the Chapman 4 parameter sigmoid curve using
the E2 dose-response curve (see Figure 1.5). Lifestyle factors (age, seafood intake, smoking
(yes/no), BMI, coffee intake, and alcohol consumption) were collected by interviews.
6.2 Samples and Sample Preparation
A study population of 358 male spouses to pregnant women from four different countries was
established and their serum samples were collected and frozen at -80 °C. The collected serum
originated from Greenland (Sisimiut: n = 72, West Coast: n = 50, and Tasiilaq: n = 22), Warsaw,
Poland (n = 99), Kharkiv, Ukraine (n = 88), and Sweden (n = 100). Fewer samples than the 431
collected were analysed in the ER transactivation assay due to time restraints, and in some cases
because of inadequate serum volumes from specific individuals.
Handling and EDC-extraction of the serum samples for preparation before the ER transactivation
assay was carried out exactly as described in section 5.4, also see [188].
6.3 MVLN Cells
The ER transactivation assay was performed exactly as described in section 5.3.
6.4 Chemical Analysis
Determination of individual levels of PCB-153 and p,p’-DDE was carried out using gaschromatography mass-spectrometry on serum extracts obtained by solid phase extraction of the
serum with on-column lipid decomposition using concentrated sulphuric acid. For a detailed
description on the methods employed, see [143, 189].
6.5 Statistical Analysis
The comparisons of means between XER, XERcomp and XER-EEQ were performed by the
Oneway-ANOVA test. When ANOVA indicated significant group difference, complementary
multiple comparison ad hoc tests were used. The test for homogeneity of variance was performed
with Levene’s test. The least significant difference (LSD) pair wise multiple comparison test was
used for the variables with equal variance (p ≥ 0.05) and Dunnett’s T3 test was used for the
variables with an unequal variance (p ≤ 0.05).
The association in each study group between POP marker and xenoestrogen activity was
evaluated by means of Spearman’s rank correlation. The overall association between the POP
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marker and xenoestrogen activity across the study groups (combined data) was evaluated by
comparing the regression lines for each study group (multiple regression analysis).
6.6 Results
Agonistic XER activity was found among 12%-24% of the Europeans, while the Inuit had no
agonistic XER activity. Antagonistic XERcomp activity was also different between the two
different ethnic groups and only 7%-30% of the Europeans had antagonising XERcomp activity
compared with 71% in the Inuit group.
In the pooled/combined data the correlations of the two POP-markers p,p’-DDE and PCB-153 to
XER and XERcomp were weak. However, XER activity of Inuit samples was significantly
negatively associated to levels of PCB-153 and p,p’-DDE, while the Warsaw samples showed a
positive correlation for the XER activity to the p,p’-DDE data, but a negative correlation for the
XER-EEQ activity to the PCB-153 data. This shows that the populations with the most extreme
estrogenic activities namely the Inuit and Warsaw populations also exhibit the most pronounced
correlations. These results indicate that the methods can be used for determination of POP exposure
by measuring the biological effect of the exposure.
No further correlations between XER, XERcomp or XER-EEQ and any of the two POP-markers
were found. Inter-correlations between PCB-153 and p,p’-DDE were greater for Greenland and
Sweden and less pronounced for Ukraine and Poland. Adjustment for confounders (age, seafood
intake, smoking, BMI, coffee intake, and alcohol consumption) in the multivariate linear regression
model did not alter the results of the impact of the biomarkers (PCB-153 and p,p’-DDE) on XER
and XERcomp as compared with the unadjusted models.
6.7 Discussion
The aim of the study was to compare xenoestrogenic activity across Greenlandic and European
regions, and to evaluate if the serum biomarkers PCB-153 and p,p’-DDE were associated with the
xenoestrogenic activity in blood. Xenoestrogenic activity (XER) and ER ligand (17β-estradiol)
competing activity (XERcomp) was measured in serum extracts using the ER transactivation assay.
The results differed between the regions with the most pronounced correlations for the Inuit
population and the Warsaw population. The Swedish and the Polish populations did not show
noticeable correlations between POPs and xenoestrogenicity. The Inuit population showed a
decrease in XER both with increasing PCB-153 concentration and with increasing p,p’-DDE
concentration, which indicates that the high levels of PCB in Greenland affects the XER to a greater
extent than does the levels of p,p’-DDE because PCB has a markedly more antagonistic effect on
the ER compared with the relatively less agonistic effect of the p,p’-DDE. However, that does not
explain why no correlations were observed for the Swedish and Ukrainian groups since they had a
PCB-153 and p,p’-DDE marker profile similar to Greenland and Poland, respectively.
The other surprising result was from Poland, where there was an increase in XER with
increasing p,p’-DDE and a decrease in XER-EEQ with increasing PCB-153. This result can be
explained by the relatively high level of p,p’-DDE, which acts as a weak ER agonist and the low
levels of PCB-153, which act as a potent ER antagonist. Unfortunately, these findings do not
support the trends seen in Sweden and Ukraine, which have the same pattern of correlations as seen
in Greenland and Poland, respectively.
The hypothesis of the study was that a potential determinant for POPs exposure could also be a
potential determinant for serum xenoestrogenic activity. The determinants chosen for the study
were age, seafood intake, smoking (yes/no), BMI, coffee intake, and alcohol consumption. These
confounders was included in a multivariate linear regression model and tested together with PCB153 and p,p’-DDE median levels. Even when the confounders were analysed together with XER,
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XERcomp, and data from the impact of the biomarkers, no confounding was observed when
compared with the unadjusted models. This result is in contrast to a more recent study, where
smoking was reported as “smoking years” and fish intake was measured as n-3/n-6 fatty acid ratio
[190]. In this study, it was possible to observe a positive correlation for XER to n-3/n-6 fatty acid
ratio and to smoker years for men. A positive correlation was also seen for XERcomp to age and
smoker years for men while a negative correlation was observed for XERcomp to n-3/n-6 fatty acid
ratio for women. It is possible that the parameter of smoking, defined as either yes or no, was not
detailed enough to allow interpretable results. The same is probably true for fish intake. When this
parameter was recorded as a measurable quantity as defined by the ratio of saturated lipids n-3/n-6,
the correlations could then be described. This stresses the importance of having well-defined and
quantifiable parameters in the array of variables that make up the study data set. The confounders
were chosen partially based on results from earlier studies done within the INUENDO project,
where age and seafood were found to be determinants for POP bioaccumulation as assessed from
the study populations [186, 189]. The choice of confounders was supported by the results from
Deutch and Hansen in 2000 [182], where the most important determinants of high POP-plasma
levels in Greenlanders were proposed to be age, high plasma n-3 fatty acids (from marine food),
east coast region in Greenland, and being a smoker.

7 Isolation of Lipophilic Compounds – Paper IV (draft)
Isolation of Lipophilic Compounds from a Crude SPE Breast Milk Extract by Membrane Dialysis
Extraction using Low Density Polyethylene Tubing
7.1 Study Design
The aim of the study was to develop an extraction method for isolation of EDCs and estrogens
from breast milk. The extraction was carried out using solid phase extraction, which gave a rude
extract that contained xenobiotics and estrogens in a mixture rich in lipids. A second purification
step was required to separate xenobiotics and hormones from the lipid because the lipids would
otherwise reduce cell viability in the forthcoming reporter gene assay. The second separation step
was done by membrane dialysis extraction using low density polyethylene membranes in an organic
solvent. This step extracts small lipophilic molecules out of the fatty matrix while leaving the lipids
inside the membrane. The extract thus obtained was intended to be ready for analysis in an ER
transactivation assay using MVLN cells.
7.2 Samples and Sample Preparation
Skejby University Hospital, Aarhus, kindly donated milk samples. The milk samples was
collected in 250 mL polypropylene bottles and frozen immediately after collection. The milk was
thawed, brought to room temperature and then heated to 37 °C and ultrasonicated for 5 minutes
before being divided into aliquots of 40 mL in glass bottles for long-term storage at -80 °C. These
glass bottles were then subsequently thawed at given time intervals before being divided into
smaller aliquots of 1-3 millilitres in glass vials, which were frozen at -18 °C.
The frozen milk samples were thawed before each spiking experiment. After reaching 37 °C,
aliquots of 1, 2, and 3 g were made by weighing. Protein denaturation was achieved by mixing the
milk samples with 1 mL water, 1 mL formic acid and 40 µL acetonitrile per g of milk before
treatment by ultrasonication for 30 minutes.
Spiking experiments were carried out with [C-14]-DDT and [H-3]-estradiol in physiologically
relevant concentrations by adding the diluted stock solution to the test tube prior to adding the milk.
7.3 SPE Conditions
Solid phase extraction was carried out using Oasis HLB extraction cartridges, 6 mL, 500 mg
from Waters using a method modified after [191] and [192]. The extracts were collected using a
VAC ELUT SPS 24 vacuum manifold from Varian. Briefly, the diluted milk samples were
transferred to SPE columns that had been washed previously with n-hexane, n-hexane/DCM (1:1,
vol/vol), and DCM/MeOH (7:3, vol/vol) followed by conditioning with MeOH and water. After
passing of the samples by gravity, the columns were washed with water and water/MeOH (95:5,
vol/vol). Drying of the columns were achieved after at least 3 hours of vacuum and the milk lipids
were then eluted by n-hexane, n-hexane/DCM (1:1, vol/vol), and DCM/MeOH (7:3, vol/vol). The
final extracts were evaporated to dryness using a HETOVAC VR-1 vacuum centrifuge (HETO Lab
Equipment) equipped with a UVS400A vacuum pump from Savant Instruments, Inc and the lipid
weight were determined in the tared tubes by weighing.
7.4 Dialytic Conditions
Experimental short: The LDPE tubing, 25 mm wide, 15 cm long, 75 µm thick from
Environmental Sampling Technologies was washed by soaking in n-hexane for at least 3h followed
by rinsing in acetone.
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The raw SPE milk extracts were dissolved in n-hexane/DCM
(80:20, vol/vol) and transferred to the prewashed LDPE tubing. The
empty test tubes were rinsed with n-hexane/DCM (80:20, vol/vol) and
were combined with the extract in the LDPE tubing. Previously 6mm
glass beads from VWR - Bie & Berntsen were added to the dialysis
bags as weight. Air bubbles were squeezed out and the two ends of
the tubing were put together and folded twice hereby forming a
closure, which was then secured by sliding three paper clips next to
each other over the closure (Figure 7.1). The closed tubing was then
suspended on a piece of metal wire and placed in a graduated cylinder
containing 60, 120, or 180 mL of a mixture of n-hexane/DCM (80:20,
vol/vol). A magnetic stir bar was used to mix the solvent during
dialysis. A cap made of aluminium foil was used to prevent
evaporation of solvent. The milk extract was dialysed for 24h, 48h or Figure 7.1. Photograph of the
72h.
experimental setup. Dialysis
bag made of LDPE tubing with
a closure composed of the
7.5 Evaluation of Recovery Experiments
folded ends secured by paper
Recovery of the extractions was determined by spiking samples of clips.
breast milk with radiolabeled test compounds. Extraction efficiency
for EDCs was tested using [C-14]-DDT and extraction efficiency for hormones was tested using [H3]-estradiol. Recovery after the SPE extraction was determined in the SPE extract by taking a
subsample of the extract and comparing the activity with the activity of an equally diluted volume
of the pure spiking stock. Recovery after the MDE extractions was determined by measuring the
radioactive activity in the dialysis buffer (dialysate) after extraction and from the contents inside the
membranes after extraction. The MDE recovery was calculated using equation (7.1).

% MDE recovery =

counts dialysate

100%

(7.1)

The lipid weight of the membrane content and in the dialysate was determined by calculating the
weight difference of the pre-weighted test tubes before and after evaporation. Lipid carryover (LC)
was calculated using equation (7.2).
% LC =

100%

(7.2)

7.6 Statistical Analysis
Statistical significance was assumed on a 95% confidence interval. The criterion for statistical
significance was set to p < 0.05.
Correlation statistics were determined using linear regression analysis and Student’s t-test. Equal
variance was tested using the F-test before testing for equal mean using the t-test. The results from
the linear regression analysis are presented with the coefficients for the best-fitted line where β1 is
the slope and β0 is the intercept. All coefficients are presented with confidence intervals for the
estimates in square brackets.
7.7 Results
The approach of using MDE extraction for lipid removal was chosen because early results from a
pilot study employing a few breast milk samples from Greenland gave SPE extracts that was
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difficult to dissolve. Furthermore the extracts once dissolved solidified during the subsequent HPLC

Figure 7.2. Estrogenic activity of 17β-estradiol after
exposure to concentrated sulphuric acid.
17β-estradiol at three concentration levels was applied
either directly on the cells (e.g. 25 pM E2) or directly on
SPE columns. The columns was subsequently treated (+) or
not treated (-) with conc. sulphuric acid prior to elution. The
number sign (#) mark statistically significant difference
from solvent control (SC). Asterisks mark statistically
significant difference from E2 added directly on the cells:
(*) = 25 pM; (**) = 50 pM; (***) = 150 pM.

Figure 7.3. Estrogenicity of MDE membranes.
Estrogenic activity of wash solvent after three consecutive
washes (A to C) of the membranes. An asterisk (*) marks
statistically significant difference from SC.

fractionation which resulted in clogging of the autosampler and loss of samples. It was then decided
to introduce an intermediate step of non-destructive lipid removal.
On-column lipid removal using concentrated sulphuric acid results in the inactivation of estradiol
resulting in a receptor activity equal to blank level, see (Figure 7.2). Therefore to gently remove the
lipids a dialysis using polyethylene membranes were used. The estrogenicity of membrane additives
could be removed by a single wash in n-hexane as shown in (Figure 7.3).
There was a statistically significant association between LC and the number of solvent changes (p <
0.03). LC increased with increasing number of solvent changes from 24h to 72h. There was no
statistically significant association between LC and solvent volume or LC and milk volume.
The mean recovery of [C-14]-DDT after SPE was 75.6%. The mean recovery of estradiol after SPE
was 60.1%.

Figure 7.4. Recovery of DDT as function of solvent
changes.

Figure 7.5. Lipid carryover as function of the number of
solvent changes.
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The results after SPE and dialysis with respect to recovery demonstrated differences between
estradiol and DDT. The recovery of [C-14]-DDT after MDE for the total number of samples
regardless of milk volume, number of solvent changes, or the dialytic solvent volumes was 93.8%,
whereas the recovery of [H-3]-estradiol after MDE for the total number of samples regardless of
milk volume, number of solvent changes, or the dialytic solvent volumes was 41.9%.
There was a statistically significant positive correlation between MDE recovery of [C-14]-DDT
and solvent change (p < 0.0001) (Figure 7.4). Moreover there was a statistically significant positive
correlation between MDE recovery of [C-14]-DDT and milk volumes (p < 0.04) whereas no
statistically significant association between MDE recovery of [C-14]-DDT and changes in solvent
volume was found. Neither was there any association between MDE recovery of [H-3]-estradiol and
changes in solvent volumes or changes in solvent shifts. However, a statistically significant
association between MDE recovery of [H-3]-estradiol and milk volumes (p < 0.002) was found,
where the MDE recovery of [H-3]-estradiol was positively correlated to the volume of extracted
milk.
There was a statistically significant association between lipid carryover and the number of
solvent changes (p < 0.03). LC increased with increasing number of solvent changes from 24h to
72h (Figure 7.5). LC after 24 hours was 12.02% [4.49%;19.54%] (p < 0.003). There was no
statistically significant association between LC and solvent volumes in the range 60, 120 or 180
mL. There was no statistically significant difference in LC for different milk volumes when
comparing 1g and 2g of milk. To assess MVLN viability with respect to lipid content in the media,
spiked breast milk was extracted using the described SPE and MDE method in combination with a
HPLC method described in section 5.4. Milk samples were spiked with DDT and extracted with the
described SPE method. Blank milk samples were treated in a similar manner acting as controls. The
SPE extract was then either cleaned using the HPLC method or extracted using the MDE method
prior to cleanup by HPLC. The extracts that got the HPLC cleanup treatment had a high lipid
content that could be seen visually in the redissolved solution used in the cell assay. The solution
was turbid with clear lipid droplets. After exposure to this solution, the cells all died (Figure 7.6).
The extracts that had been previously treated with the MDE extraction procedure before HPLC
were partially unclear with tiny residues of lipids in the solution. After treatment with this extract,
some of the cells were still alive, but they were not healthy.
7.8 Discussion
Lipid removal by treatment with sulphuric acid on-column inactivates the estrogens as can be
a

b

Figure 7.6. Effect of lipids from breast milk on MVLN cells. (a) Incubated without 17β-estradiol. (b)
Incubated with 17β-estradiol.

seen from Figure 7.2. This result led us into considerations on other gentle lipid removal schemes

7.8. Discussion
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and the first choice fell on normal phase HPLC separation. On a normal phase column, the lipids
will elute very early and it would be possible to collect most of the EDCs after the lipid fraction was
discarded. Initial experiments using breast milk from Danish volunteers gave some reasonable
results and we moved on to analyse a few breast milk samples from a Greenlandic population. A
collection of samples was extracted using SPE as described and the SPE extracts were placed in
HPLC vials. When we examined the HPLC system the following day, we found to our horror that
almost all the samples had solidified in the vials during or after injection and that the auto injector
in the HPLC system was partially clogged with solid lipids. It appeared that Greenlandic breast milk
contained lipids different in composition from Danish breast milk and the Greenlandic lipid profile
seemed to be more prone to solidify at room temperature. Our method was not rugged enough to
handle such differences and we had to re-think the whole analysis. We ended up with the suggestion
to use semi permeable membranes of polyethylene in a dialysis setup. Studying the effect of
endocrine disrupters in extracts obtained by using plastic membranes could seem as not so wise an
idea, taking into consideration that some plastic components exhibit endocrine disrupting
properties. The first thing we did before anything else was therefore to analyse extracts of the
polyethylene (PE) tubing itself to see if it had any estrogenic activity. The polyethylene tubing was
bought from a plastic manufacturer that claimed to have washed it three times in hexane prior to
shipping. We did a study in triplicate in which we soaked pieces of PE tubing in hexane three times
24 hours. The results showed that the first wash contained something with estrogenic activity but
two subsequent washes revealed nothing (Figure 7.3). We could therefore conclude that we were
able to remove all estrogenic additives in a single wash with hexane, and therefore all tubing went
through a washing step prior to being used in the analysis.
The goal of the study was to establish a method for extracting EDCs and estrogens from breast
milk while reducing the lipid content in the extracts. [H-3]-Estradiol acted as test substance for
estrogens and [C-14]-DDT acted as test substance for EDCs. The results showed differences in the
recovery of estradiol compared to DDT with an overall recovery of estradiol of 41.9% and an
overall recovery of DDT of 93.8% (Figure 7.4), both extracted using the described MDE method.
No literature references for recovery of estradiols had been found, but DDT has been tested several
times and recovery of DDT ranges from 72% to 102% depending on methods used and the matrices
extracted [159, 161, 162], see appendix 3. Our results for DDT were very good compared to these
studies, but the results for estradiol could have been much better even without comparison with
other studies. The purpose of the extraction was to have EDCs and estrogens in the same extract for
determination of total estrogenic activity in the samples using a cell based assay, but a recovery of
41.9% for the estradiol would not produce acceptable results. It was hypothesised that the low
recovery was the result of bad solubility of estradiol in the organic dialysis solvent. We ran a quick
experiment to examine the theory in which different solvent compositions were examined. They
were composed such that the individual Hildebrand solubility parameter of each mixture was in the
range of low density polyethylene so that the membrane was penetrable but also that the overall
polarity was increased to facilitate better solubility of estradiol. The experiment was done with three
different parallel mixtures each with increasing polarity over three days. None of the extractions
rose above 40% and it was concluded that the method was unable to extract estradiol. Size
considerations were also discussed, but estradiol is similar in size to DDT and we did not believe
that the size of estradiol was the problem. We never came closer to a solution to the problem and
therefore we can at this step not use the extraction method to isolate estrogens for estrogenicity
measurements. To add insult to injury, we also had lipid carryover to a degree that was
unacceptable for the cells. LC was 12.04% after one cycle (Figure 7.5) and this result was first
acknowledged after the project had run for several months. It did not occur to us to investigate the
influence of LC on the cells while we ran the optimisation experiments and when we finally did, the
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results were not good enough. It turned out that the cells would not survive exposure to the extracts
(Figure 7.6) because the content of lipids was still too large. The overall conclusion was that the
extraction method was not efficient enough for use together with MVLN cell estrogenicity
measurements. Strandberg et al. had LC in the range 15-16% for liver tissue and 12-24% for
sediment [161] and this indicates that the matrix is important for the level of LC. Other factors that
have influence on LC are the volume of lipid extracted. Strandberg et al. also investigated how lipid
volume and LC correlate and found that a high lipid volume results in low LC [161]. They saw LC
in the range 5-15% when the lipid content was in the range 0-5 grammes, but LC below 5% when
the lipid volume was above 10 grammes. Our study had lipid volumes in the range µg and the MDE
method is probably not a good choice, with lipid levels that small.
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8 Overall Discussion, Conclusions, and Future Perspectives
•

•

•

•

EDCs can travel through the blood by using lipoproteins as transport vessels. DDT can enter
MEF cells in vivo by passive diffusion but also mediated by lipoprotein receptors present in
the cell membranes when associated with low density lipoproteins. The uptake in MEF cells
depends on the concentration of lipoproteins in the growth media. Future studies should
look into uptake dynamics where several types of lipoproteins are present to understand the
importance of the competition between lipoproteins.
EDCs can be extracted from human serum using a combination of solid phase extraction and
HPLC. The HPLC step removes endogenous hormones from the SPE extract. It is then
possible to use the clean SPE-HPLC extract in a reporter gene assay utilising MVLN cells to
estimate the total xenoestrogenic activity of EDCs present in the serum sample without
disturbance from endogenous hormones. Future studies could look into extractions where
each sample were extracted twice such that one sample were allowed to contain estrogens
while the other would have the estrogens removed. Then the two samples could be analysed
in the ER transactivation assay and the activities with and without endogenous estrogens
could be compared. This would give an indication of the contribution from EDCs alone and
from EDCs combined with the present estradiol in the corresponding individuals. It could
also be interesting to develop the SPE procedure with an on-line method using a monolithic
column on the HPLC system to be able to fully automate the isolation of EDCs from serum.
Xenoestrogenic activity present in the blood of individuals from Greenland and from Europe
is measurable using a combined SPE-HPLC extraction methodology and the ER
transactivation assay using MVLN cells. It was difficult to get significant results when
xenoestrogenic activity was correlated to the POP-biomarkers PCB-153 and p,p’-DDE, but
the method is still useful for study groups with large differences such as Inuit and the Polish
populations. The results showed differences between the Inuit and Polish populations, but
less distinct results from the Swedish and Ukrainian populations. The mixed results are a
consequence of choosing POP-proxy biomarkers that interact with the activity
measurements in a complex manner. It is tempting to reduce the real world to only two
specific compounds and then use those to describe a complex problem but as it turns out,
this approach is not adequate. The choice of two compounds that have opposing activity in
the ER transactivation assay inevitably gives rise to odd results when it is applied on
samples that contain both compounds in various proportions. Future studies should aim at
defining POP-biomarkers that correlate well with the xenoestrogenic activity while covering
the full spectrum of exposure. This means that it is necessary to include representative
compounds from the group of pesticides, because pesticides can be a major contributing
factor in certain regions.
Isolation of EDCs from breast milk is possible using solid phase extraction. To reduce the
lipid content in the extracts, a dialysis procedure using polyethylene membranes was
proposed, but it turned out that estrogens would not easily travel through the membrane.
Furthermore, the lipid reduction was not adequate when the extract were further processed
in the cell based ER transactivation assay. The method is probably only suitable for
extraction of EDCs from matrices with a very large proportion of lipids such as fish tissue or
blubber. Future studies should focus on gentle lipid removal using other types of SPE
technologies specially designed for this. Another approach for future studies could be to use
a completely different method for activity testing such as the ELRA assay, which has been
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used by other researchers in an effort to estimate estrogenic activity in breast milk and
serum [176].
An entirely different approach could also be employed in which Strata™ Amino SPE
cartridges (Phenomenex) could be used in tandem with the Oasis HLB cartridges [193],
thereby removing fats, proteins and carbohydrates from the breast milk matrix. This could
potentially result in the omission of the MDE procedure which in turn would greatly
simplify the overall extraction.
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Appendix 1 - Chromatographic Parameters
The retention time of an unretained solute, also known as the column dead time, is termed t0. The
retention time of any given solute from the beginning of the chromatogram is termed tR and the
quantity reduced retention time can be established as tR’ = tR - t0.
The bandwidth of a chromatographic peak is termed W. Band widths can be measured either at
baseline or at half-height, the latter being denoted W½.
The quality of a chromatographic peak defined by its shape and position in the chromatogram can
be described by the parameters retention factor, selectivity factor, and efficiency factor.
The retention factor, k, is specific for a given peak and describes its position in the chromatogram
relative to unretained solutes:
k = (tR-t0)/t0

(8.1)

The retention factor is depending on the eluent strength and k can thus be improved by changing the
mobile phase strength.
The selectivity factor, α, describes the spatial relation between two neighbouring peaks in the
chromatogram, how well are they separated:
α = k2/k1

(8.2)

The selectivity can be changed by changing the composition of the mobile phase and the stationary
phase.
The efficiency factor, N, is related to physical properties of the column such as column length and
particle size of the packing material:
N = 16(tR/W)2

(8.3)

To change the efficiency factor, the length has to be increased or the particle size of the packing
material has to be decreased. Flow rate can also change N.
The overall quality of the separation of neighbouring peaks is defined by the resolution, Rs, which is
the distance between the peak centres of two adjacent peaks divided by their average peak width:
(8.4)

½

Equation (8.4) can be reorganised using the fundamental chromatographic parameters and it can
thus be seen that resolution as an approximation depends on N, α, and k (the Purnell equation):
√
4

1
1

(8.5)
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Equation (8.5) shows that the most important factors to change for improving resolution is the
retention factor and the selectivity factor. The efficiency factor is proportional to the square root of
N and therefore large changes in N must be made to improve resolution by adjusting this parameter.
The Purnell equation is just one of several ways to approximate resolution based on the
fundamental chromatographic parameters, because the approximation is based on certain
assumptions that can be defined in several ways [194]. Other sources cited: [155, 195].
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Appendix 2 - Hildebrand Solubility Parameter
Introduction
To fully understand the underlying principles of miscibility of solvents and dissolution of solutes
in solvents, an entity called the Hildebrand solubility parameter must be defined. The definition is
outlined in this chapter.
In the early fifties, Hildebrand and Scott [J.H. Hildebrand and R.L. Scott, in Regular Solutions
(Prentice-Hall, N.J., 1962)] quote from [196], developed a theory to describe solvating power in
regular solutions. They used the cohesive energy density, (c) as starting point for the derivation of
what later became the Hildebrand solubility parameter, (δ).
Cohesive Energy Density
For a pure liquid, i, the cohesive energy density am defined as:
∆

(8.6)

L

where ∆
is the energy required to isothermally evaporate liquid i from the saturated liquid to
the ideal gas, and L is the liquid molar volume of pure liquid i [197].
At a given temperature:
∆

∆

(8.7)

V

where ΔHv is the molar enthalpy of vaporisation of pure liquid i at temperature T, and R is the gas
constant 82.057 (atm⋅cm3)/(mol⋅K).
Cohesive energy density reflects intermolecular forces between the molecules in the solution
[197] and is considered an estimate of the energy needed to maintain the liquid state [198]. In other
words, it is a direct reflection of the degree of van der Waals forces, electrostatic forces, and
hydrogen bonding interactions holding the molecules of the liquid together [156].
By inserting equation (8.7) into equation (8.6), we obtain:
∆

V

(8.8)

L

Hildebrand Solubility Parameter
The Hildebrand solubility parameter, (δ) is defined as the square root of the cohesive energy density
[196, 197]:
½

∆

½

V
L

(8.9)

The unit for the solubility parameter is (cal/cm3)½ that in SI-units is MPa½. To convert between the
units note that 1 δ MPa½ = 2.0455 δ (cal/cm3)½.
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The correlation between vaporisation and van der Waals forces translates into a correlation
between vaporisation and solubility behaviour. This is because the same intermolecular attractive
forces have to be overcome to vaporise a liquid, as to dissolve solutes in a liquid. In both cases,
bonds have to be broken. To solubilise a compound solute, the solubility parameter for both solute
and solvent must be in the same range. If a given solvent is not in the correct range to solubilise a
specific solute, its δ can be modified by adding a second solvent. One property of the Hildebrand
solubility parameter is that it can be easily calculated for solvent mixtures by adding the products of
the individual δ’s with their weighted mean of volumetric fractions. An example could be the
mixture of n-hexane with DCM in the ratio 80:20 that would result in δ = 15.9 MPa½ (0.8×14.9 +
0.2×19.8).
The Hildebrand solubility parameter is only suitable for vapours obeying the ideal gas law i.e.
nonpolar fluids (non-electrolytes) because it does not take into account the hydrogen bonding. If
hydrogen bonding is dominant, other assumptions must be taken. One common approach to this
scenario is the Hansen solubility parameter [156].
Definitions:
Regular solutions: A regular solution is a solution that diverges from the behaviour of an ideal
solution only moderately.
Ideal solution: An ideal solution or ideal mixture is a solution in which the enthalpy of solution (or
"enthalpy of mixing") is zero. In contrast to ideal solutions, where volumes are strictly additive and
mixing is always complete, the volume of a non-ideal solution is not, in general, the simple sum of
the volumes of the component pure liquids and solubility is not guaranteed over the whole
composition range.
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Table 8.1. Recoveries for selected compounds in various lipid rich matrices extracted by MDE extraction.

Compound
2,3,7,8-TCDD
2,3,7,8-TCDF
PCB-77
PCB-126
PCB-169
PCB-118
p,p’-DDE
p,p’-DDD
p,p’-DDT
Mirex
Aroclor (PCBs)
Dieldrin
t-nonachlor
HCB
PCB-80
PCB-153
-HCH
p,p’-DDT
HCB
Dieldrin
PCB-80
PCB-153
-HCH
p,p’-DDT
HCB
Dieldrin
PCB-30
t-nonachlor
PCB-77
p,p’-DDT
PCB-199
Mirex
OC-naphthalene
OC-dibenzofuran
2,3,7,8-TCDD

Published
Recoveries (%)
91
91
87
76
96
98
99
100
72
67
100
95
84
59
106
95
79
102
73
81
95
97
68
96
69
90
92
88
88
101
98
95
90
88
99

From material

Ref.

2 g seal blubber dissolved 1:1 in hexane
2 g seal blubber dissolved 1:1 in hexane
2 g seal blubber dissolved 1:1 in hexane
2 g seal blubber dissolved 1:1 in hexane
2 g seal blubber dissolved 1:1 in hexane
2 g seal blubber dissolved 1:1 in hexane
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Grass Carp lipid (50 mL aliquots) in HX/DCM (80:20)
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Seal blubber: 3g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Liver tissue: 4g (1 ml/g lipid) in cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane
Spiked lipid: 5 g (40 ng/g) in 12 ml cyclopentane

[158]
[158]
[158]
[158]
[158]
[158]
[159]
[159]
[159]
[159]
[159]
[159]
[159]
[159]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[161]
[162]
[162]
[162]
[162]
[162]
[162]
[162]
[162]
[162]

HCB: Hexachlorobenzene; t-nonachlor: Trans-nonachlor; OC-naphthalene: Octachloronaphthalene;
OC-dibenzofuran: Octachlorodibenzofuran.

Bibliography

1.

Geiss F., Bino G.D., Blech G., Nørager O., Orthmann E., Mosselmans G., Powell J., Roy R.,
Smyrniotis T., and Town W.G., The EINECS inventory of existing chemical substances on
the EC market. Toxicol Environ Chem, 1992. 37(1):21-33.

2.

EINECS. [Web page] [Cited 2009, December 14th]; [URL:
http://ecb.jrc.ec.europa.eu/esis/index.php?PGM=ein].

3.

ELINCS. [Web page] [Cited 2009, December 14th]; [URL:
http://ecb.jrc.ec.europa.eu/esis/index.php?PGM=eli].

4.

ECB. [Web page] [Cited 2009, December 14th]; [URL: http://ecb.jrc.it/].

5.

REACH. [Web page] [Cited 2009, December 14th]; [URL:
http://ecb.jrc.ec.europa.eu/reach/].

6.

US-EPA. Persistent Organic Pollutants (POPs) - Characteristics and Behavior of POPs.
[Web page] [Cited 2010, September 1st]; [URL: http://www.cluin.org/contaminantfocus/default.focus/sec/Persistent_Organic_Pollutants_%28POPs%29/cat
/Characteristics_and_Behavior_of_POPs/].

7.

Harrad S., Persistent Organic Pollutants. 2009, Chichester, United Kingdom: WileyBlackwell. 288.

8.

UNEP, Stockholm Convention on Persistent Organic Pollutants - Adoption of Amendments
to Annexes A, B and C. 2009. p. 1-14.

9.

Phillips D.L., Smith A.B., Burse V.W., Steele G.K., Needham L.L., and Hannon W.H.,
Half-life of polychlorinated biphenyls in occupationally exposed workers. Arch Environ
Health, 1989. 44(6):351-354.

10.

Ritter R., Scheringer M., MacLeod M., Schenker U., and Hungerbuhler K., A MultiIndividual Pharmacokinetic Model Framework for Interpreting Time Trends of Persistent
Chemicals in Human Populations: Application to a Postban Situation. Environ Health
Perspect, 2009. 117(8):1280-1286.

11.

Longnecker M.P., Ryan J.J., Gladen B.C., and Schecter A.J., Correlations among human
plasma levels of dioxin-like compounds and polychlorinated biphenyls (PCBs) and
implications for epidemiologic studies. Arch Environ Health, 2000. 55(3):195-200.

75

76

Bibliography

12.

Mariscal-Arcas M., Lopez-Martinez C., Granada A., Olea N., Lorenzo-Tovar M.L., and
Olea-Serrano F., Organochlorine pesticides in umbilical cord blood serum of women from
Southern Spain and adherence to the Mediterranean diet. Food Chem Toxicol, 2010.
48(5):1311-1315.

13.

Andersen H.R., Schmidt I.M., Grandjean P., Jensen T.K., Budtz-Jorgensen E., Kjaerstad
M.B., Baelum J., Nielsen J.B., Skakkebaek N.E., and Main K.M., Impaired reproductive
development in sons of women occupationally exposed to pesticides during pregnancy.
Environ Health Perspect, 2008. 116(4):566-572.

14.

Weisglas-Kuperus N., Neurodevelopmental, immunological and endocrinological indices of
perinatal human exposure to PCBs and dioxins. Chemosphere, 1998. 37(9-12):1845-1853.

15.

Ruzzin J., Petersen R., Meugnier E., Madsen L., Lock E.-J., Lillefosse H., Ma T., Pesenti S.,
Sonne S.B., Marstrand T.T., Malde M.K., Du Z.-Y., Chavey C., Fajas L., Lundebye A.-K.,
Brand C.L., Vidal H., Kristiansen K., and Frøyland L., Persistent Organic Pollutant
Exposure Leads to Insulin Resistance Syndrome. Environ Health Perspect, 2009.
118(4):465-471.

16.

Puertas R., Lopez-Espinosa M.J., Cruz F., Ramos R., Freire C., Perez-Garcia M., Abril A.,
Julvez J., Salvatierra M., Campoy C., and Olea N., Prenatal exposure to mirex impairs
neurodevelopment at age of 4 years. Neurotoxicology, 2010. 31(1):154-160.

17.

McGlynn K.A., Quraishi S.M., Graubard B.I., Weber J.-P., Rubertone M.V., and Erickson
R.L., Persistent Organochlorine Pesticides and Risk of Testicular Germ Cell Tumors. J Natl
Cancer Inst, 2008. 100(9):663-671.

18.

Bonefeld-Jorgensen E.C. and Ayotte P., Toxicological Properties of Persistent Organic
Pollutants and Related Health Effects of Concern for the Arctic Populations (Chapter 6), in
AMAP assessment 2002: Human Health in the Arctic. 2003, Oslo, Norway: Arctic
Monitoring and Assessment Programme (AMAP). p. 57-74.

19.

IPCS, Global assessment of the state-of-the-science of endocrine disruptors, Damstra T.,
Barlow S., Bergman A., Kavlock R., and Kraak G.V.D., Editors. 2002, WHO. p. 1-133.

20.

Tabb M.M. and Blumberg B., New Modes of Action for Endocrine-Disrupting Chemicals.
Mol Endocrinol, 2006. 20(3):475-482.

21.

Silva E., Rajapakse N., and Kortenkamp A., Something from "nothing" - eight weak
estrogenic chemicals combined at concentrations below NOECs produce significant mixture
effects. Environ Sci Technol, 2002. 36(8):1751-1756.

22.

Olson S.H., Bandera E.V., and Orlow I., Variants in Estrogen Biosynthesis Genes, Sex
Steroid Hormone Levels, and Endometrial Cancer: A HuGE Review. Am J Epidemiol, 2007.
165(3):235-245.

Bibliography

77

23.

Kicman A.T., Biochemical and physiological aspects of endogenous androgens. Handb Exp
Pharmacol, 2010. 195:25-64.

24.

Raven G., de Jong F.H., Kaufman J.-M., and de Ronde W., In Men, Peripheral Estradiol
Levels Directly Reflect the Action of Estrogens at the Hypothalamo-Pituitary Level to Inhibit
Gonadotropin Secretion. J Clin Endocrinol Metab, 2006. 91(9):3324-3328.

25.

Chen G.G., Zeng Q., and Tse G.M.K., Estrogen and its receptors in cancer. Med Res Rev,
2008. 28(6):954-974.

26.

Longcope C., Androgen Metabolism. Glob Libr Women's Med,
2008(doi:10.3843/GLOWM.10279).

27.

Ackerman G.E. and Carr B.R., Estrogens. Rev Endocr Metab Disord, 2002. 3(3):225-230.

28.

Mooradian A.D., Morley J.E., and Korenman S.G., Biological Actions of Androgens. Endocr
Rev, 1987. 8(1):1-28.

29.

Burger H.G., Androgen production in women. Fertil Steril, 2002. 77(Suppl 4):S3-5.

30.

Panay N. and Fenton A., The role of testosterone in women. Climacteric, 2009. 12(3):185187.

31.

Simpson E., Rubin G., Clyne C., Robertson K., O'Donnell L., Davis S., and Jones M., Local
estrogen biosynthesis in males and females. Endocr Relat Cancer, 1999. 6(2):131-137.

32.

Ahren B.O., Thyroid Neuroendocrinology: Neural Regulation of Thyroid Hormone
Secretion. Endocr Rev, 1986. 7(2):149-155.

33.

Howdeshell K.L., A model of the development of the brain as a construct of the thyroid
system. Environ Health Perspect, 2002. 110(Suppl 3):337-348.

34.

Nagy L. and Schwabe J.W.R., Mechanism of the nuclear receptor molecular switch. Trends
Biochem Sci, 2004. 29(6):317-324.

35.

Klinge C.M., Estrogen receptor interaction with co-activators and co-repressors[small star,
filled]. Steroids, 2000. 65(5):227-251.

36.

Mangelsdorf D.J., Thummel C., Beato M., Herrlich P., Schütz G., Umesono K., Blumberg
B., Kastner P., Mark M., Chambon P., and Evans R.M., The nuclear receptor superfamily:
The second decade. Cell, 1995. 83(6):835-839.

37.

McKenna N.J., Lanz R.B., and O'Malley B.W., Nuclear Receptor Coregulators: Cellular
and Molecular Biology. Endocr Rev, 1999. 20(3):321-344.

78

Bibliography

38.

Koehler K.F., Helguero L.A., Haldosen L.-A., Warner M., and Gustafsson J.-A., Reflections
on the Discovery and Significance of Estrogen Receptor {beta}. Endocr Rev, 2005.
26(3):465-478.

39.

Grunfeld H.T. and Bonefeld-Jorgensen E.C., Effect of in vitro estrogenic pesticides on
human oestrogen receptor alpha and beta mRNA levels. Toxicol Lett, 2004. 151(3):467480.

40.

Nilsson S., Makela S., Treuter E., Tujague M., Thomsen J., Andersson G., Enmark E.,
Pettersson K., Warner M., and Gustafsson J.-A., Mechanisms of Estrogen Action. Physiol
Rev, 2001. 81(4):1535-1565.

41.

Pike A.C.W., Brzozowski A.M., Hubbard R.E., Bonn T., Thorsell A.-G., Engstrom O.,
Ljunggren J., Gustafsson J.-A., and Carlquist M., Structure of the ligand-binding domain of
oestrogen receptor beta in the presence of a partial agonist and a full antagonist. EMBO J,
1999. 18(17):4608-4618.

42.

Bonefeld-Jorgensen E.C., Grunfeld H.T., and Gjermandsen I.M., Effect of pesticides on
estrogen receptor transactivation in vitro: a comparison of stable transfected MVLN and
transient transfected MCF-7 cells. Mol Cell Endocrinol, 2005. 244(1-2):20-30.

43.

Alvarez D.A., Cranor W.L., Perkins S.D., Clark R.C., and Smith S.B., Chemical and
Toxicologic Assessment of Organic Contaminants in Surface Water Using Passive
Samplers. J Environ Qual, 2008. 37(3):1024-1033.

44.

Bonefeld-Jorgensen E.C., Long M., Hofmeister M.V., and Vinggaard A.M., Endocrinedisrupting potential of bisphenol A, bisphenol A dimethacrylate, 4-n-nonylphenol, and 4-noctylphenol in vitro: new data and a brief review. Environ Health Perspect, 2007. 115(Suppl
1):69-76.

45.

Bonefeld-Jorgensen E.C., Andersen H.R., Rasmussen T.H., and Vinggaard A.M., Effect of
highly bioaccumulated polychlorinated biphenyl congeners on estrogen and androgen
receptor activity. Toxicology, 2001. 158(3):141-153.

46.

Blair R.M., Fang H., Branham W.S., Hass B.S., Dial S.L., Moland C.L., Tong W., Shi L.,
Perkins R., and Sheehan D.M., The estrogen receptor relative binding affinities of 188
natural and xenochemicals: structural diversity of ligands. Toxicol Sci, 2000. 54(1):138153.

47.

Nakata H., Murata S., Shinohara R., Filatreau J., Isobe T., Takahashi S., and Tanabe S.,
Occurrence and Concentrations of Persistent Personal Care Products, Organic UV Filters,
in the Marine Environment, in Interdisciplinary Studies on Environmental Chemistry Vol.2.
Environmental Research in Asia for Establishing a Scientist's Network, Obayashi Y., Isobe
T., Subramanian A., Suzuki S., and Tanabe S., Editors. 2009: Center for Marine
Environmental Studies, Ehime University, Japan. p. 239–246.

Bibliography

79

48.

Ye X., Zhou X., Bishop A.M., Needham L.L., and Calafat A.M., Does the composition of
urine change when collected from disposable diapers and other absorbent materials? J.
Expo. Sci. Environ. Epidemiol., 2010(doi:10.1038/jes.2010.16):1-6.

49.

Calafat A.M., Ye X., Wong L.-Y., Bishop A.M., and Needham L.L., Urinary
Concentrations of Four Parabens in the U.S. Population: NHANES 2005–2006. Environ
Health Perspect, 2010. 118(5):679-685.

50.

Vinggaard A.M., Hass U., Dalgaard M., Andersen H.R., Bonefeld-Jørgensen E.,
Christiansen S., Laier P., and Poulsen M.E., Prochloraz: an imidazole fungicide with
multiple mechanisms of action. Int J Androl, 2006. 29(1):186-192.

51.

Kjærstad M.B., Taxvig C., Andersen H.R., and Nellemann C., Mixture effects of endocrine
disrupting compounds in vitro. Int J Androl, 2010. 33(2):425-433.

52.

Ghisari M. and Bonefeld-Jorgensen E.C., Effects of plasticizers and their mixtures on
estrogen receptor and thyroid hormone functions. Toxicol Lett, 2009. 189(1):67-77.

53.

Kruger T., Long M., and Bonefeld-Jorgensen E.C., Plastic components affect the activation
of the aryl hydrocarbon and the androgen receptor. Toxicology, 2008. 246(2-3):112-123.

54.

Schlumpf M., Schmid P., Durrer S., Conscience M., Maerkel K., Henseler M., Gruetter M.,
Herzog I., Reolon S., Ceccatelli R., Faass O., Stutz E., Jarry H., Wuttke W., and
Lichtensteiger W., Endocrine activity and developmental toxicity of cosmetic UV filters--an
update. Toxicology, 2004. 205(1-2):113-122.

55.

Darbre P.D. and Harvey P.W., Paraben esters: review of recent studies of endocrine
toxicity, absorption, esterase and human exposure, and discussion of potential human health
risks. J Appl Toxicol, 2008. 28(5):561-578.

56.

IPCS-INCHEM (1989) Polychlorinated dibenzo-p-dioxins and dibenzofurans.
Environmental Health Criteria (EHC) Monographs 88, 1-221. p. 1-221.

57.

Van den Berg M., Birnbaum L., Bosveld A.T., Brunstrom B., Cook P., Feeley M., Giesy
J.P., Hanberg A., Hasegawa R., Kennedy S.W., Kubiak T., Larsen J.C., van Leeuwen F.X.,
Liem A.K., Nolt C., Peterson R.E., Poellinger L., Safe S., Schrenk D., Tillitt D., Tysklind
M., Younes M., Waern F., and Zacharewski T., Toxic equivalency factors (TEFs) for PCBs,
PCDDs, PCDFs for humans and wildlife. Environ Health Perspect, 1998. 106(12):775-792.

58.

Van den Berg M., Birnbaum L.S., Denison M., De Vito M., Farland W., Feeley M., Fiedler
H., Hakansson H., Hanberg A., Haws L., Rose M., Safe S., Schrenk D., Tohyama C.,
Tritscher A., Tuomisto J., Tysklind M., Walker N., and Peterson R.E., The 2005 World
Health Organization Reevaluation of Human and Mammalian Toxic Equivalency Factors
for Dioxins and Dioxin-Like Compounds. Toxicol Sci, 2006. 93(2):223-241.

80

Bibliography

59.

Bhavsar S.P., Reiner E.J., Hayton A., Fletcher R., and MacPherson K., Converting Toxic
Equivalents (TEQ) of dioxins and dioxin-like compounds in fish from one Toxic Equivalency
Factor (TEF) scheme to another. Environ Int, 2008. 34(7):915-921.

60.

Hong B., Garabrant D., Hedgeman E., Demond A., Gillespie B., Chen Q., Chang C.-W.,
Towey T., Knutson K., Franzblau A., Lepkowski J., and Adriaens P., Impact of WHO 2005
revised toxic equivalency factors for dioxins on the TEQs in serum, household dust and soil.
Chemosphere, 2009. 76(6):727-733.

61.

Safe S.H., Comparative toxicology and mechanism of action of polychlorinated dibenzo-pdioxins and dibenzofurans. Annu Rev Pharmacol Toxicol, 1986. 26:371-399.

62.

Kawajiri K., CYP1A1. IARC Sci Publ, 1999. 148:159-172.

63.

Kennedy S.W., Lorenzen A., James C.A., and Collins B.T., Ethoxyresorufin-O-Deethylase
and Porphyrin Analysis in Chicken-Embryo Hepatocyte Cultures with a Fluorescence
Multiwell Plate Reader. Anal Biochem, 1993. 211(1):102-112.

64.

Long M., Laier P., Vinggaard A.M., Andersen H.R., Lynggaard J., and Bonefeld-Jorgensen
E.C., Effects of currently used pesticides in the AhR-CALUX assay: comparison between the
human TV101L and the rat H4IIE cell line. Toxicology, 2003. 194(1-2):77-93.

65.

Hahn M.E., Lamb T.M., Schultz M.E., Smolowitz R.M., and Stegeman J.J., Cytochrome
P4501A induction and inhibition by 3,3',4,4'-tetrachlorobiphenyl in an Ah receptorcontaining fish hepatoma cell line (PLHC-1). Aquat Toxicol, 1993. 26(3-4):185-208.

66.

Rushton L., Bagga S., Bevan R., Brown T.P., Cherrie J.W., Holmes P., Fortunato L., Slack
R., Van Tongeren M., Young C., and Hutchings S.J., Occupation and cancer in Britain. Br J
Cancer, 2010. 102(9):1428-1437.

67.

Boers D., Portengen L., Bueno-de-Mesquita H.B., Heederik D., and Vermeulen R., Causespecific mortality of Dutch chlorophenoxy herbicide manufacturing workers. Occup Environ
Med, 2010. 67(1):24-31.

68.

Viel J.F., Daniau C., Goria S., Fabre P., de Crouy-Chanel P., Sauleau E.A., and EmpereurBissonnet P., Risk for non Hodgkin's lymphoma in the vicinity of French municipal solid
waste incinerators. Environ Health, 2008. 7:51.

69.

Pesatori A.C., Consonni D., Rubagotti M., Grillo P., and Bertazzi P.A., Cancer incidence in
the population exposed to dioxin after the "Seveso accident": twenty years of follow-up.
Environ Health, 2009. 8:39.

70.

Collins J.J.P., Bodner K.M.S., Aylward L.L.M.S., Wilken M.M.S., Swaen G.P., Budinsky
R.P., Rowlands C.P., and Bodnar C.M.M.D., Mortality Rates Among Workers Exposed to

Bibliography

81

Dioxins in the Manufacture of Pentachlorophenol. J Occup Environ Med, 2009.
51(10):1212-1219.
71.

Brucker-Davis F., Wagner-Mahler K., Delattre I., Ducot B., Ferrari P., Bongain A.,
Kurzenne J.-Y., Mas J.-C., Fenichel P., and and the Cryptorchidism Study Group from Nice
A., Cryptorchidism at birth in Nice area (France) is associated with higher prenatal
exposure to PCBs and DDE, as assessed by colostrum concentrations. Hum Reprod, 2008.
23(8):1708-1718.

72.

Alaluusua S., Calderara P., Gerthoux P.M., Lukinmaa P.L., Kovero O., Needham L.,
Patterson D.G., Jr., Tuomisto J., and Mocarelli P., Developmental dental aberrations after
the dioxin accident in Seveso. Environ Health Perspect, 2004. 112(13):1313-1318.

73.

Su P.H., Chen J.Y., Chen J.W., and Wang S.L., Growth and thyroid function in children
with in utero exposure to dioxin: a 5-year follow-up study. Pediatr Res, 2010. 67(2):205210.

74.

Marshall N.B. and Kerkvliet N.I., Dioxin and immune regulation: emerging role of aryl
hydrocarbon receptor in the generation of regulatory T cells. Ann N Y Acad Sci, 2010.
1183:25-37.

75.

US-EPA. EPA Bans PCB Manufacture. [Web page] 1979 [Cited 2010, February 9th];
[URL: http://www.epa.gov/history/topics/pcbs/01.htm].

76.

MST. PCB fakta ark (in Danish). [pdf file] [Cited 2010, September 6th]; [URL:
http://www.mst.dk/NR/rdonlyres/3291D3DF-B655-4FFA-A4AB443DB7700DA6/0/PCBfaktaarkfinalrevideret23marts2010.pdf].

77.

Fiedler H., Global and Local Disposition of PCBs, in PCBs: Recent Advances in
Environmental Toxicology and Health Effects. Robertson L.W. and Hansen L.G., Editors.
2001, Lexington, Kentucky: The University Press of Kentucky. p. 14.

78.

US-EPA. Table of PCB Species by Congener Number. [pdf file] 2003 [Cited 2010,
February 11th]; [URL:
http://www.epa.gov/epawaste/hazard/tsd/pcbs/pubs/congenertable.pdf].

79.

Safe S., Toxicology, structure-function relationship, and human and environmental health
impacts of polychlorinated biphenyls: progress and problems. Environ Health Perspect,
1993. 100:259-268.

80.

Frazzoli C., Orisakwe O.E., Dragone R., and Mantovani A., Diagnostic health risk
assessment of electronic waste on the general population in developing countries' scenarios.
Environ Impact Assess Rev, 2010. 30(6):388-399.

81.

UNEP, Stockholm Convention on Persistent Organic Pollutants. 2001. p. 1-43.

82

Bibliography

82.

Sachs J. and Malaney P., The economic and social burden of malaria. Nature, 2002.
415(6872):680-685.

83.

Vinggaard A.M., Joergensen E.C., and Larsen J.C., Rapid and sensitive reporter gene
assays for detection of antiandrogenic and estrogenic effects of environmental chemicals.
Toxicol Appl Pharmacol, 1999. 155(2):150-160.

84.

Li J., Li N., Ma M., Giesy J.P., and Wang Z., In vitro profiling of the endocrine disrupting
potency of organochlorine pesticides. Toxicol Lett, 2008. 183(1-3):65-71.

85.

Andersen H.R., Andersson A.-M., Arnold S.F., Autrup H., Barfoed M., Beresford N.A.,
Bjerregaard P., Christiansen L.B., Gissel B., Hummel R., Bonefeld-Jørgensen E., Korsgaard
B., Guevel R.L., Leffers H., McLachlan J., Møller A., Nielsen J.B., Olea N., Oles-Karasko
A., Pakdel F., Pedersen K.L., Perez P., Skakkebæk N.E., Sonnenschein C., Soto A.M.,
Sumpter J.P., Thorpe S.M., and Grandjean P., Comparison of short-term estrogenicity tests
for identification of hormone-disrupting chemicals. Environ Health Perspect, 1999.
107(Suppl 1):89-108.

86.

Sumbayev V.V., Bonefeld-Jorgensen E.C., Wind T., and Andreasen P.A., A novel pesticideinduced conformational state of the oestrogen receptor ligand-binding domain, detected by
conformation-specific peptide binding. FEBS Lett, 2005. 579(2):541-548.

87.

Wójtowicz A.K., Milewicz T., and Gregoraszczuk E.L., DDT and its metabolite DDE alter
steroid hormone secretion in human term placental explants by regulation of aromatase
activity. Toxicol Lett, 2007. 173(1):24-30.

88.

Dewailly E., Ayotte P., Bruneau S., Gingras S., Belles-Isles M., and Roy R., Susceptibility
to infections and immune status in Inuit infants exposed to organochlorines. Environ Health
Perspect, 2000. 108(3):205-211.

89.

Kruger T., Spanò M., Long M., Eleuteri P., Rescia M., Hjelmborg P.S., Manicardi G.C.,
Bizzaro D., Giwercman A., Toft G., Bonde J.P., and Bonefeld-Jorgensen E.C., Xenobiotic
activity in serum and sperm chromatin integrity in European and Inuit populations. Mol
Reprod Dev, 2008. 75(4):669-680.

90.

Long M., Stronati A., Bizzaro D., Kruger T., Manicardi G.C., Hjelmborg P.S., Spanò M.,
Giwercman A., Toft G., Bonde J.P., and Bonefeld-Jorgensen E.C., Relation between serum
xenobiotic-induced receptor activities and sperm DNA damage and sperm apoptotic
markers in European and Inuit populations. Reproduction, 2007. 133(2):517-530.

91.

Rignell-Hydbom A., Rylander L., Giwercman A., Jonsson B.A., Lindh C., Eleuteri P.,
Rescia M., Leter G., Cordelli E., Spanò M., and Hagmar L., Exposure to PCBs and p,p'DDE and human sperm chromatin integrity. Environ Health Perspect, 2005. 113(2):175179.

Bibliography

83

92.

Lee D.-H., Jacobs D.R., and Porta M., Association of serum concentrations of persistent
organic pollutants with the prevalence of learning disability and attention deficit disorder. J
Epidemiol Community Health, 2007. 61(7):591-596.

93.

Bjørling-Poulsen M., Andersen H.R., and Grandjean P., Potential developmental
neurotoxicity of pesticides used in Europe. Environ Health, 2008. 7:50.

94.

Birnbaum L.S. and Staskal D.F., Brominated flame retardants: cause for concern? Environ
Health Perspect, 2004. 112(1):9-17.

95.

Harrad S., Goosey E., Desborough J., Abdallah M.A., Roosens L., and Covaci A., Dust from
U.K. Primary School Classrooms and Daycare Centers: The Significance of Dust As a
Pathway of Exposure of Young U.K. Children to Brominated Flame Retardants and
Polychlorinated Biphenyls. Environ Sci Technol, 2010. 44(11):4198-4202.

96.

Zhao Y.-X., Qin X.-F., Li Y., Liu P.-Y., Tian M., Yan S.-S., Qin Z.-F., Xu X.-B., and Yang
Y.-J., Diffusion of polybrominated diphenyl ether (PBDE) from an e-waste recycling area to
the surrounding regions in Southeast China. Chemosphere, 2009. 76(11):1470-1476.

97.

Tue N.M., Sudaryanto A., Minh T.B., Isobe T., Takahashi S., Viet P.H., and Tanabe S.,
Accumulation of polychlorinated biphenyls and brominated flame retardants in breast milk
from women living in Vietnamese e-waste recycling sites. Sci Total Environ, 2010.
408(9):2155-2162.

98.

Hollander A., Scheringer M., Shatalov V., Mantseva E., Sweetman A., Roemer M., Baart
A., Suzuki N., Wegmann F., and van de Meent D., Estimating overall persistence and longrange transport potential of persistent organic pollutants: a comparison of seven
multimedia mass balance models and atmospheric transport models. J Environ Monit, 2008.
10(10):1139-1147.

99.

Nyholm J.R., Lundberg C., and Andersson P.L., Biodegradation kinetics of selected
brominated flame retardants in aerobic and anaerobic soil. Environ Pollut, 2010.
158(6):2235-2240.

100.

Harrad S., Ibarra C., Robson M., Melymuk L., Zhang X., Diamond M., and Douwes J.,
Polychlorinated biphenyls in domestic dust from Canada, New Zealand, United Kingdom
and United States: Implications for human exposure. Chemosphere, 2009. 76(2):232-238.

101.

Frederiksen M., Thomsen M., Vorkamp K., and Knudsen L.E., Patterns and concentration
levels of polybrominated diphenyl ethers (PBDEs) in placental tissue of women in Denmark.
Chemosphere, 2009. 76(11):1464-1469.

102.

Herbstman J.B., Sjödin A., Kurzon M., Lederman S.A., Jones R.S., Rauh V., Needham L.L.,
Tang D., Niedzwiecki M., Wang R.Y., and Perera F., Prenatal Exposure to PBDEs and
Neurodevelopment. Environ Health Perspect, 2010. 118(5):712-719.

84

Bibliography

103.

Schreiber T., Gassmann K., Götz C., Hübenthal U., Moors M., Krause G., Merk H.F.,
Nguyen N.-H., Scanlan T.S., Abel J., Rose C.R., and Fritsche E., Polybrominated Diphenyl
Ethers Induce Developmental Neurotoxicity in a Human in Vitro Model: Evidence for
Endocrine Disruption. Environ Health Perspect, 2009. 118(4):572-578.

104.

Ghisari M. and Bonefeld-Jorgensen E.C., Impact of environmental chemicals on the thyroid
hormone function in pituitary rat GH3 cells. Mol Cell Endocrinol, 2005. 244(1-2):31-41.

105.

Harley K.G., Marks A.R., Chevrier J., Bradman A., Sjödin A., and Eskenazi B., PBDE
Concentrations in Women’s Serum and Fecundability. Environ Health Perspect, 2010.
118(5):699-704.

106.

Mayes P.A., Lipid Transport & Storage, in Harper's Biochemistry, 23rd ed ed. Murray R.K.,
Granner D.K., Mayes P.A., and Rodwell V.W., Editors. 1993, Norwalk, Conn.: Appleton &
Lange. p. 250-265.

107.

Shireman R.B., Lipoprotein-mediated transfer of 2,4,5,2',4',5'-hexachlorobiphenyl into
cultured human cells. Xenobiotica, 1988. 18(4):449-457.

108.

Shireman R.B. and Wei C.I., Uptake of 2,3,7,8-tetrachlorodibenzo-p-dioxin from plasma
lipoproteins by cultured human fibroblasts. Chem Biol Interact, 1986. 58(1):1-12.

109.

Remsen J.F. and Shireman R.B., Removal of Benzo[a]Pyrene from Cells by Various
Components of Medium. Cancer Lett, 1981. 14(1):41-46.

110.

Havel R.J., Eder H.A., and Bragdon J.H., The distribution and chemical composition of
ultracentrifugally separated lipoproteins in human serum. J Clin Invest, 1955. 34(9):13451353.

111.

Pocock D.E. and Vost A., DDT absorption and chylomicron transport in rat. Lipids, 1974.
9(6):374-381.

112.

Vost A. and Maclean N., Hydrocarbon transport in chylomicrons and high-density
lipoproteins in rat. Lipids, 1984. 19(6):423-435.

113.

Mangelsdorf I., Buff K., and Berndt J., Uptake of Persistent Environmental Chemicals by
Cultured Human-Cells. Biochem Pharmacol, 1987. 36(13):2071-2078.

114.

Brewer H.B., Jr., Gregg R.E., Hoeg J.M., and Fojo S.S., Apolipoproteins and lipoproteins in
human plasma: an overview. Clin Chem, 1988. 34(8B):B4-8.

115.

Remsen J.F. and Shireman R.B., Effect of Low-Density Lipoprotein on the Incorporation of
Benzo(a)Pyrene by Cultured-Cells. Cancer Res, 1981. 41(8):3179-3185.

Bibliography

85

116.

Kling D., Becker M.M., Kruth H.S., and Gamble W., 2,4,5,2',4',5'-Hexachlorobiphenyllipoprotein (LDL, HDL, VLDL) interaction and induced lipidosis in cultured skin
fibroblasts. Environ Res, 1984. 34(1):87-102.

117.

Bombick D.W., Matsumura F., and Madhukar B.V., TCDD (2,3,7,8-tetrachlorodibenzo-pdioxin) causes reduction in the low density lipoprotein (LDL) receptor activities in the
hepatic plasma membrane of the guinea pig and rat. Biochem Biophys Res Commun, 1984.
118(2):548-554.

118.

Hestermann E.V., Stegeman J.J., and Hahn M.E., Serum Alters the Uptake and Relative
Potencies of Halogenated Aromatic Hydrocarbons in Cell Culture Bioassays. Toxicol Sci,
2000. 53(2):316-325.

119.

Morgan D.P., Roan C.C., and Paschal E.H., Transport of DDT, DDE, and dieldrin in human
blood. Bull Environ Contam Toxicol, 1972. 8(6):321-326.

120.

Mohammed A., Eklund A., Ostlund-Lindqvist A.M., and Slanina P., Distribution of
toxaphene, DDT, and PCB among lipoprotein fractions in rat and human plasma. Arch
Toxicol, 1990. 64(7):567-571.

121.

Gómez-Catalán J., To-Figueras J., Rodamilans M., and Corbella J., Transport of
organochlorine residues in the rat and human blood. Arch Environ Contam Toxicol, 1991.
20(1):61-66.

122.

Maliwal B.P. and Guthrie F.E., Interaction of insecticides with human plasma lipoproteins.
Chem Biol Interact, 1981. 35(2):177-188.

123.

Maliwal B.P. and Guthrie F.E., In vitro Uptake and Transfer of Chlorinated Hydrocarbons
among Human Lipoproteins. J Lipid Res, 1982. 23(3):474-479.

124.

Vomachka M.S., Vodicnik M.J., and Lech J.J., Characteristics of 2,4,5,2',4',5'Hexachlorobiphenyl Distribution among Lipoproteins In vitro. Toxicol Appl Pharmacol,
1983. 70(3):350-361.

125.

Borlakoglu J.T., Welch V.A., Wilkins J.P., and Dils R.R., Transport and cellular uptake of
polychlorinated biphenyls (PCBs) - I. Association of individual PCB isomers and congeners
with plasma lipoproteins and proteins in the pigeon. Biochem Pharmacol, 1990. 40(2):265272.

126.

Norén K., Weistrand C., and Karpe F., Distribution of PCB congeners, DDE,
hexachlorobenzene, and methylsulfonyl metabolites of PCB and DDE among various
fractions of human blood plasma. Arch Environ Contam Toxicol, 1999. 37(3):408-414.

86

Bibliography

127.

Hjelmborg P.S., Andreassen T.K., and Bonefeld-Jorgensen E.C., Cellular uptake of
lipoproteins and persistent organic compounds - an update and new data. Environ Res,
2008. 108(2):192-198.

128.

Donato M.M., Antunes-Madeira M.C., Jurado A.S., and Madeira V.M., Partition of DDT
and DDE into membranes and extracted lipids of Bacillus stearothermophilus. Bull Environ
Contam Toxicol, 1997. 59(5):696-701.

129.

Borlakoglu J.T., Welch V.A., Edwards-Webb J.D., and Dils R.R., Transport and cellular
uptake of polychlorinated biphenyls (PCBs) - II. Changes in vivo in plasma lipoproteins and
proteins of pigeons in response to PCBs, and a proposed model for the transport and
cellular uptake of PCBs. Biochem Pharmacol, 1990. 40(2):273-281.

130.

Roth H. and Rickwood D., Centrifuges and rotors, in Preparative Centrifugation : A
Practical Approach. Rickwood D., Editor. 1992, Oxford: IRL Press. p. 399.

131.

Spragg S.P. and Steensgaard J., Theoretical aspects of practical centrifugation, in
Preparative Centrifugation : A Practical Approach. Rickwood D., Editor. 1992, Oxford:
IRL Press. p. 399.

132.

Ford T.C. and Graham J.M., An introduction to centrifugation. 1991, Oxford: Bios
Scientific Publishers Ltd. 118.

133.

Wolf A.V., Brown M.G., and Prentiss P.G., Concentrative properties of aqueous solutions:
Conversion tables, in CRC Handbook of Chemistry and Physics, 63rd ed. Weast R.C. and
Astle M.J., Editors. 1983, Boca Raton, Florida: CRC Press, Inc. p. D227-D262.

134.

Hayes D.B., Laue T., and Philo J. SEDNTERP (Sedimentation Interpretation Program).
[Simulation software] 2006, v.1.09: [Available from:
http://www.jphilo.mailway.com/download.htm].

135.

Radding C.M. and Steinberg D., Studies on the synthesis and secretion of serum lipoproteins
by rat liver slices. J Clin Invest, 1960. 39:1560-1569.

136.

Goldstein J.L., Basu S.K., and Brown M.S., Receptor-mediated endocytosis of low-density
lipoprotein in cultured cells. Meth Enzymol, 1983. 98:241-260.

137.

Murray R.K., Granner D.K., Mayes P.A., and Rodwell V.W., Harper's Biochemistry. 23rd
ed. 1993: Prentice-Hall International Inc. 806.

138.

Hodis H.N., Mack W.J., Krauss R.M., and Alaupovic P., Pathophysiology of triglyceriderich lipoproteins in atherothrombosis: clinical aspects. Clin Cardiol, 1999. 22(6
Suppl):II15-20.

Bibliography

87

139.

Dorin M. and Cummings J., T-1780B: Principles of Continuous Flow Centrifugation, in
Beckman Coulter Technical Note. 2004, Beckman Instruments, Inc.: Palo Alto, CA, USA. p.
1-15.

140.

Rickwood D., Ford T., and Steensgaard J., Centrifugation : Essential Data. Essential data
series. 1994, Chichester: Wiley. 114.

141.

Thurman E.M. and Mills M.S., Solid-Phase Extraction: Principles and Practice. 1st ed.
Chemical Analysis: A Series of Monographs on Analytical Chemistry and Its Applications,
ed. Winefordner J.D. Vol. 147. 1998, New York: John Wiley & Sons. 344.

142.

Janak K., Jensen E., and Becher G., Determination of polychlorinated biphenyls in human
blood by solid- phase extraction including on-column lipid decomposition. J Chromatogr B
Biomed Sci Appl, 1999. 734(2):219-227.

143.

Rignell-Hydbom A., Rylander L., Giwercman A., Jonsson B.A., Nilsson-Ehle P., and
Hagmar L., Exposure to CB-153 and p,p'-DDE and male reproductive function. Hum
Reprod, 2004. 19(9):2066-2075.

144.

Frenich A.G., Vidal J.L., Frias M.M., Olea-Serrano F., and Olea N., Quantitative
determination of endocrine- disrupting polychlorinated biphenyls and organochlorinated
pesticides in human serum using gas chromatography with electron-capture detection and
tandem mass spectrometry. J Mass Spectrom, 2000. 35(8):967-975.

145.

Vidal J.L.M., Frías M.M., Frenich A.G., Olea-Serrano F., and Olea N., Trace determination
of alpha- and beta-endosulfan and three metabolites in human serum by gas
chromatography electron capture detection and gas chromatography tandem mass
spectrometry. Rapid Commun Mass Spectrom, 2000. 14(11):939-946.

146.

Pitarch E., Lopez F.J., Serrano R., and Hernandez F., Multiresidue determination of
organophosphorus and organochlorine pesticides in human biological fluids by capillary
gas chromatography. Fresenius Journal Of Analytical Chemistry, 2001. 369(6):502-509.

147.

Frias M.M., Frenich A.G., Vidal J.L.M., Sánchez M.M., Olea F., and Olea N., Analyses of
lindane, vinclozolin, aldrin, p,p'-DDE, o,p'-DDT and p,p'- DDT in human serum using gas
chromatography with electron capture detection and tandem mass spectrometry. J
Chromatogr B Biomed Sci Appl, 2001. 760(1):1-15.

148.

Fontanals N., Marcé R.M., and Borrull F., New materials in sorptive extraction techniques
for polar compounds. J Chromatogr A, 2007. 1152(1-2):14-31.

149.

Liu R., Zhou J.L., and Wilding A., Simultaneous determination of endocrine disrupting
phenolic compounds and steroids in water by solid-phase extraction-gas chromatographymass spectrometry. J Chromatogr A, 2004. 1022(1-2):179-189.

88

Bibliography

150.

Weigel S., Kallenborn R., and Hühnerfuss H., Simultaneous solid-phase extraction of
acidic, neutral and basic pharmaceuticals from aqueous samples at ambient (neutral) pH
and their determination by gas chromatography-mass spectrometry. J Chromatogr A, 2004.
1023(2):183-195.

151.

Sandau C.D., Sjodin A., Davis M.D., Barr J.R., Maggio V.L., Waterman A.L., Preston K.E.,
Preau J.L., Jr., Barr D.B., Needham L.L., and Patterson D.G., Jr., Comprehensive solidphase extraction method for persistent organic pollutants. Validation and application to the
analysis of persistent chlorinated pesticides. Anal Chem, 2003. 75(1):71-77.

152.

Chatzimichalakis P.F., Samanidou V.F., and Papadoyannis I.N., Development of a validated
liquid chromatography method for the simultaneous determination of eight fat-soluble
vitamins in biological fluids after solid-phase extraction. J Chromatogr B Analyt Technol
Biomed Life Sci, 2004. 805(2):289-296.

153.

Rasmussen T.H., Nielsen F., Andersen H.R., Nielsen J.B., Weihe P., and Grandjean P.,
Assessment of xenoestrogenic exposure by a biomarker approach: application of the EScreen bioassay to determine estrogenic response of serum extracts. Environ Health, 2003.
2(1):12.

154.

Snyder L.R. and Dolan J.W., High-performance Gradient Elution: The Practical
Application of the Linear-solvent-strength Model. 1st ed. 2007, New York: John Wiley and
Sons, Inc. 496.

155.

Snyder L.R., Kirkland J.J., and Glajch J.L., Practical HPLC Method Development. 2nd ed.
1997, New York: Wiley-Interscience. 765.

156.

Burke J., Solubility Parameters: Theory and Application. The Book and Paper Group
Annual, ed. Jensen C.W. Vol. 3. 1984, Austin, Texas: American Institute for Conservation
of Historic and Artistic Works (AIC). 1-40.

157.

Carlowitz B. Chemicals Resistance Table - Low Density and High Density Polyethylene.
[pdf file] 1986 [Cited 2010, June 18th]; [URL:
http://www.borealisgroup.com/pdf/chemical-resistance/chemical-resistance-hdpe-ld.pdf].

158.

Rantalainen A.L., Crewe N.F., and Ikonomou M.G., Comparison of three techniques for
lipid removal from seal blubber: Gel permeation, acid treatment, and dialysis with
semipermeable membrane. Int J Environ Anal Chem, 2000. 76(1):31-47.

159.

Meadows J., Tillitt D., Huckins J., and Schroeder D., Large-Scale Dialysis of Sample Lipids
using a Semipermeable-Membrane Device. Chemosphere, 1993. 26(11):1993-2006.

160.

Seiler T.B., Rastall A.C., Leist E., Erdinger L., Braunbeck T., and Hollert H., Membrane
dialysis extraction (MDE): A novel approach for extracting toxicologically relevant

Bibliography

89

hydrophobic organic compounds from soils and sediments for assessment in biotests. J Soils
Sediments, 2006. 6(1):20-29.
161.

Strandberg B., Bergqvist P.A., and Rappe C., Dialysis with semipermeable membranes as
an efficient lipid removal method in the analysis of bioaccumulative chemicals. Anal Chem,
1998. 70(3):526-533.

162.

Huckins J.N., Tubergen M.W., Lebo J.A., Gale R.W., and Schwartz T.R., Polymeric Film
Dialysis in Organic-Solvent Media for Cleanup of Organic Contaminants. J Assoc Off Anal
Chem, 1990. 73(2):290-293.

163.

Rissanen K., Valkonen J., and Tarhanen J., 1,2,3,4-Tetrachlorodibenzo-p-Dioxin. Acta
Crystallogr, Sect C: Cryst Struct Commun, 1987. 43:488-490.

164.

Hess P. and Wells D.E., Evaluation of dialysis as a technique for the removal of lipids prior
to the GC determination of ortho- and non-ortho-chlorobiphenyls, using 14C-labelled
congeners. Analyst, 2001. 126(6):829-834.

165.

Barton A.F.M., Handbook of Polymer Liquid Interaction Parameters and Solubility
Parameters. 1st ed. 1990, Boca Raton, Florida: CRC Press. 768.

166.

Soto A.M., Sonnenschein C., Chung K.L., Fernández M.F., Olea N., and Serrano F.O., The
E-SCREEN assay as a tool to identify estrogens: an update on estrogenic environmental
pollutants. Environ Health Perspect, 1995. 103(Suppl 7):113-122.

167.

Dickson R.B. and Lippman M.E., Growth Factors in Breast Cancer. Endocr Rev, 1995.
16(5):559-589.

168.

DeNardo D.G., Cuba V.L., Kim H., Wu K., Lee A.V., and Brown P.H., Estrogen receptor
DNA binding is not required for estrogen-induced breast cell growth. Mol Cell Endocrinol,
2007. 277(1-2):13-25.

169.

Routledge E.J. and Sumpter J.P., Estrogenic activity of surfactants and some of their
degradation products assessed using a recombinant yeast screen. Environmental
Toxicology and Chemistry, 1996. 15(3):241-248.

170.

Routledge E.J. and Sumpter J.P., Structural Features of Alkylphenolic Chemicals Associated
with Estrogenic Activity. J Biol Chem, 1997. 272(6):3280-3288.

171.

Demirpence E., Duchesne M.J., Badia E., Gagne D., and Pons M., MVLN cells: a
bioluminescent MCE-7-derived cell line to study the modulation of estrogenic activity. J
Steroid Biochem Mol Biol, 1993. 46(3):355-364.

90

Bibliography

172.

Gutendorf B. and Westendorf J., Comparison of an array of in vitro assays for the
assessment of the estrogenic potential of natural and synthetic estrogens, phytoestrogens
and xenoestrogens. Toxicology, 2001. 166(1-2):79-89.

173.

Long M., Andersen B.S., Lindh C.H., Hagmar L., Giwercman A., Manicardi G.C., Bizzaro
D., Spanò M., Toft G., Pedersen H.S., Zvyezday V., Bonde J.P., and Bonefeld-Jorgensen
E.C., Dioxin-like activities in serum across European and Inuit populations. Environ
Health, 2006. 5:14.

174.

Seifert M., Luminescent enzyme-linked receptor assay for estrogenic compounds. Anal
Bioanal Chem, 2004. 378(3):684-687.

175.

Li W., Seifert M., Xu Y., and Hock B., Comparative study of estrogenic potencies of
estradiol, tamoxifen, bisphenol-A and resveratrol with two in vitro bioassays. Environ Int,
2004. 30(3):329-335.

176.

Sapbamrer R., Prapamontol T., and Hock B., Assessment of estrogenic activity and total
lipids in maternal biological samples (serum and breast milk). Ecotoxicol Environ Saf,
2010. 73(4):679-684.

177.

Kase R., Hansen P.D., Fischer B., Manz W., Heininger P., and Reifferscheid G., Integral
assessment of estrogenic potentials of sediment-associated samples. Environ Sci Pollut Res,
2008. 15(1):75-83.

178.

Novič M. and Vračko M., QSAR Models for Reproductive Toxicity and Endocrine
Disruption Activity. Molecules, 2010. 15(3):1987-1999.

179.

Li F., Chen J., Wang Z., Li J., and Qiao X., Determination and prediction of xenoestrogens
by recombinant yeast-based assay and QSAR. Chemosphere, 2009. 74(9):1152-1157.

180.

Sattler W., Bone P., and Stocker R., DS-850: Isolation of Human VLDL, LDL, HDL and
Two HDL Subclasses in the TL-I00 Tabletop Centrifuge Using the TLA-I00.4 Rotor, in
Beckman Coulter Technical Note. 1992, Beckman Instruments, Inc. Spinco Division: Palo
Alto, CA, USA. p. 1-4.

181.

Bonefeld-Jorgensen E.C., Hjelmborg P.S., Reinert T.S., Andersen B.S., Lesovoy V., Lindh
C.H., Hagmar L., Giwercman A., Erlandsen M., Manicardi G.-C., Spanò M., Toft G., and
Bonde J.P., Xenoestrogenic activity in blood of European and Inuit populations. Environ
Health, 2006. 5(1):12.

182.

Deutch B. and Hansen J.C., High human plasma levels of organochlorine compounds in
Greenland. Regional differences and lifestyle effects. Dan Med Bull, 2000. 47(2):132-137.

Bibliography

91

183.

Pons M., Gagne D., Nicolas J.C., and Mehtali M., A new cellular model of response to
estrogens: a bioluminescent test to characterize (anti) estrogen molecules. BioTechniques,
1990. 9(4):450-459.

184.

Sonnenschein C., Soto A.M., Fernández M.F., Olea N., Olea-Serrano M.F., and Ruiz-López
M.D., Development of a marker of estrogenic exposure in human serum. Clin Chem, 1995.
41(12 Pt 2):1888-1895.

185.

Pliskova M., Vondracek J., Canton R.F., Nera J., Kocan A., Petrik J., Trnovec T., Sanderson
T., van den Berg M., and Machala M., Impact of polychlorinated biphenyls contamination
on estrogenic activity in human male serum. Environ Health Perspect, 2005. 113(10):12771284.

186.

Toft G., Axmon A., Giwercman A., Thulstrup A.M., Rignell-Hydbom A., Pedersen H.S.,
Ludwicki J.K., Zvyezday V., Zinchuk A., Spano M., Manicardi G.C., Bonefeld-Jorgensen
E.C., Hagmar L., and Bonde J.P., Fertility in four regions spanning large contrasts in serum
levels of widespread persistent organochlorines: a cross-sectional study. Environ Health,
2005. 4:26.

187.

Bonde J.P., Toft G., Rylander L., Rignell-Hydbom A., Giwercman A., Spano M., Manicardi
G.C., Bizzaro D., Ludwicki J.K., Zvyezday V., Bonefeld-Jorgensen E.C., Pedersen H.S.,
Jonsson B.A., and Thulstrup A.M., Fertility and markers of male reproductive function in
Inuit and European populations spanning large contrasts in blood levels of persistent
organochlorines. Environ Health Perspect, 2008. 116(3):269-277.

188.

Hjelmborg P.S., Ghisari M., and Bonefeld-Jorgensen E.C., SPE-HPLC purification of
endocrine disrupting compounds from human serum for assessment of xenoestrogenic
activity. Anal Bioanal Chem, 2006. 385(5):875-887.

189.

Jonsson B.A., Rylander L., Lindh C., Rignell-Hydbom A., Giwercman A., Toft G., Pedersen
H.S., Ludwicki J.K., Goralczyk K., Zvyezday V., Spano M., Bizzaro D., BonefeldJorgensen E.C., Manicardi G.C., Bonde J.P., and Hagmar L., Inter-population variations in
concentrations, determinants of and correlations between 2,2',4,4',5,5'-hexachlorobiphenyl
(CB-153) and 1,1-dichloro-2,2-bis (p-chlorophenyl)-ethylene (p,p'-DDE): a cross-sectional
study of 3161 men and women from Inuit and European populations. Environ Health, 2005.
4:27.

190.

Kruger T., Ghisari M., Hjelmborg P.S., Deutch B., and Bonefeld-Jorgensen E.C.,
Xenohormone transactivities are inversely associated to serum POPs in Inuit. Environ
Health, 2008. 7:38.

191.

Thomsen C., Leknes H., Lundanes E., and Becher G., A new method for determination of
halogenated flame retardants in human milk using solid-phase extraction. J Anal Toxicol,
2002. 26(3):129-137.

92

Bibliography

192.

Covaci A., Hura C., and Schepens P., Determination of selected persistent organochlorine
pollutants in human milk using solid phase disk extraction and narrow bore capillary GCMS. Chromatographia, 2001. 54(3):247-252.

193.

Tso J. and Aga D.S., A systematic investigation to optimize simultaneous extraction and
liquid chromatography tandem mass spectrometry analysis of estrogens and their
conjugated metabolites in milk. J Chromatogr A, 2010. 1217(29):4784-4795.

194.

Said A.S., On the Multiplicity of Resolution Equations in the Chromatographic Literature.
Sep Sci Technol, 1978. 13(8):647-679.

195.

Snyder L.R. and Kirkland J.J., Introduction to Modern Liquid Chromatography. 2nd ed.
1979, New York: John Wiley and Sons, Inc. 863.

196.

Saito M. and Nitta T., Fractionation by Packed-Column SFE and SFC: Principles and
Applications. Chapter 2, ed. Saito M., Yamauchi Y., and Okuyama T. 1994, New York:
VCH Publishers, Inc. 276.

197.

Reid R.C., Prausnitz J.M., and Sherwood T.K., The Properties of Gases and Liquids. 3rd ed.
1977, New York: McGraw-Hill. 576.

198.

Hertz D.L. Solubility Parameter Concepts - A New Look. [pdf file] 1989 [Cited 2010,
March 5th]; [URL: http://sealseastern.com/pdf/solubility.pdf].

Paper I

Hjelmborg P.S., Andreassen T.K., and Bonefeld-Jorgensen E.C., Cellular uptake of
lipoproteins and persistent organic compounds - an update and new data. Environ
Res, 2008. 108(2):192-198.

Paper II

Hjelmborg P.S., Ghisari M., and Bonefeld-Jorgensen E.C., SPE-HPLC purification
of endocrine disrupting compounds from human serum for assessment of
xenoestrogenic activity. Anal Bioanal Chem, 2006. 385(5):875-887.

Paper III

Bonefeld-Jorgensen E.C., Hjelmborg P.S., Reinert T.S., Andersen B.S., Lesovoy V.,
Lindh C.H., Hagmar L., Giwercman A., Erlandsen M., Manicardi G.-C., Spanò M.,
Toft G., and Bonde J.P., Xenoestrogenic activity in blood of European and Inuit
populations. Environ Health, 2006. 5(1):12.

Paper IV

Hjelmborg P.S. and Bonefeld-Jorgensen E.C., Isolation of Lipophilic Compounds
from a Crude Solid Phase Breast Milk Extract by Membrane Dialysis Extraction
using Low Density Polyethylene Tubing. 2010. DRAFT.

