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Environmental Pollutants 
Human levels, Developmental Toxicity and Forced Excretion 



Almost all environmental pollutants are above level of detection in the human 
population. 

This thesis 

Maternal levels of environmental pollutants at the end of pregnancy reflect 
prenatal exposure level to the foetus and can be used in toxicity studies of infant 
development. 

This thesis 

Banning of most environmental pollutants only very slowly diminishes their envi
ronmental levels and subsequent human exposure. 

This thesis 

Increased faecal fat excretion, obtained by administering non-absorbable fat to the 
diet, is able to decrease human body-burdens of lipophilic environmental pollut
ants. 

This thesis 

Considering the tolerable exposure to environmental pollutants, legislators should 
bear in mind that children are more vulnerable than adults because of their devel
opment. 

This thesis 

Alle Ding' sind Gift und nichts ohn' Gift; alein die Dosis macht das ein Ding kein 
Gift ist. 

Paracelsus, Septem Defensiones, Basel 1589. 

We shan't save all we should like to, but we shall save a great deal more than if we 
had never tried. 

Sir Peter Scott, WWF founder 1961 

One sees only what one looks for. 

R.M. Sharpe, Toxicology Letters (2001), 120; 221-232 
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meende successen. 
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Abstract 

Persistent organic pollutants (PoPs) are ubiquitously present in the environment as 
a consequence of their use in a large variety of products. Pesticides, polychlorinat
ed biphenyls, brominated flame retardants, phthalates and musk compounds are, 
among others, POPs. POPs are highly persistent, can travel over large areas through 
air, bioaccumulate, biomagnify and can be toxic for humans. Many POPs are toxic 
by direct interference with pathways in the human body. Some of them are en
docrine disruptors; influencing hormone homeostasis. Due to their toxicity and 
persistence, production and use of several POPs has been banned or reduced. 

In this thesis current human levels of a large number of POPs and demonstra
tion of their transplacental transfer are presented. We show that di(2-ethylhexyl) 
phthalate (oEHP) serum levels are higher in children compared to adults. We pres
ent significant correlations between prenatal exposure to some older and some 
more recently introduced POPs and infant sexual and neurological development. 
We describe the decline (maximum 50%) in human levels of a couple of banned 
POPs over a ten year period. Finally in order to decrease human levels and thereby 
prenatal exposure, we present a method of disposal of POPs from the human body. 

In conclusion, a large variety of POPs is present in the human body, leading to 
foetal exposure and possible infant toxicity. 

II 
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J Introduction 

I. I Background 

Persistent organic pollutants (PoPs) are organic compounds, which due to their 
persistency are ubiquitously present in the environment, bioaccumulate, and bio
magnificate. They are potentially toxic for living beings. 

POPs are produced in industry and used in various products. During the produc
tion, waste disposal, or leakage from these products, they are released and enter 
the (home) environment. Due to their persistency POPs may be detained in envi
ronment for long periods of time and demonstrate long-range air travel to remote 
areas. Bioaccumulation occurs in humans after ingestion, inhalation or dermal 
contact. Since most POPs are lipophilic, ingestion is mainly by intake of animal fat. 
This leads to biomagnification, especially in humans, for they are at the top of the 
food chain. In the body, lipophilic POPs are retained in the fat tissue. The hydro
philic POPs have a more rapid turnover and therefore a shorter half life. Both forms 
enter the blood stream, and are dispersed throughout the body. 

The potential toxicity of POPs is a result of influence on many pathways in the 
body. They are capable of interacting with hormone homeostasis (due to resem
blance to hormones) resulting in recruitment of transcription factors, and altering 
gene expression in cells. POPs may also exert direct toxic effects. The most vulner
able time frame for toxicity is especially during prenatal and infant development, 
but POPs may also be toxic at later ages. 

Because of potential toxicity, production and use of a number of POPs has been 
banned. Nowadays, most of the legislation in this field adopted by the European 
Community (Ee) is based on two international legally binding instrumentsi. This 
i 1. The Convention on Long-Range Transboundary Air Pollution (cLRTAP) of POPs, entered 

into force on 23 October 2003. Tiie Conventions goal is to "limit and, as far as possible, gradu
ally reduce and prevent air/ollution including long-range transboundary air pollution". The 
Convention is aaministere by the United Nations Economic Commission for Europe (uNEcE). 
The Convention indicated 16 POPs. 
2. The Stockholm Convention, entered into force on 17 MaY. 2004. This is a "global treaty to 
protect human health and the environment from chemicals that remain intact in the environment 
for long periods, become widely distributed geographically and accumulate in the fatty tissue of 
humans and wildlife" 1. The Convention is aaministered by the United Nations Environment 
Programme, based in Geneva, Switzerland. In 2001, 12 POPs were identified for elimination or 
restriction. Nine additional POPs have been added to the treaty, since 2009. 

13 



Chapter I Introduction 

legislation has been made after extensive research, conducted by various parties 
throughout the world. Part of the work of this thesis has been financed by the EC 
for the assessment of human levels of the most well known POPs and their toxicity. 
Banning of POPs is a way to reduce their entrance into the environment and their 
human uptake. This however only results in a slow reduction of human body lev
els over time. In order to speed up elimination from the human body we examined 
an alternative pathway to decrease body burden of POPs. 

The appendix contains a list of all the POPs analysed for this thesis, with their 
International Unit of Pure and Applied Chemistry (ruPAc) nomenclature and 
chemical structures. In the upcoming section applications and major toxic proper
ties of the analysed POPs are described. 

1 .2 POPs analysed for this thesis 

1.2.1 ORGANOCHLORINE COMPOUNDS 

These are organic compounds containing at least one covalently bound chlorine 
atom. 
Dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene (DDE) and dichlo
rodiphenyldichloroethane (DDD) 
DDT is one of the most well known pesticides, metabolised into DDE and DDD. DDT 
is widely used, especially in malaria endemic countries (WHo recommendation, 
1955). In Europe, production and use of DDT has been banned since the 1970s. 
Under the Stockholm Convention its use has been restricted in agriculture, but 
not as disease vector control1. These compounds have a wide range of toxicity. 
Higher DDT levels are associated with increased cancer risk, and aberrations in male 
fertility. Higher DDT and DDE levels are associated with increased prevalence of 
type 2 diabetes, increased incidence of hypospadias and cryptorchidism, neurode
velopmental deficits in children, possible influence on thyroid hormone levels in 
humans, and possible modulation of the human immune response2. 
Pentachlorobenzene (PeCB) and hexachlorobenzene (HCB) 
These are compounds with a benzene ring substituted with one or more chlorine 
atoms. Both compounds have been banned by the Stockholm Convention1

• HCB is 
a fungicide. Prenatal exposure is associated with increased body mass index (BMI) 
at six years of age3 , adverse neurodevelopmental outcome4, and several endocrine 
disruptive effects5 • PecB is found as an impurity in pentachloronitrobenzene, a 
fungicide, but was also used as a flame retardant. It may be degraded from HCB. 
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However exposure is mainly due to ingestion or inhalation and not metabolisation 
in the body, since it is rapidly metabolised to less chlorinated compounds. Both 
PecB and HCB have been linked to interference with thyroid hormone homeostasis6 

and might therefore influence neurodevelopment. PeCB may also influence hae
matopoiesis 7• 

Pentachlorophenol (PCP) 
PCP is a hydrophilic compound, produced in the 1930s. It can be produced by two 
methods: direct chlorination of phenol and hydrolysis of HCB and PECB. It was 
extensively used as herbicide and ingredient in antifouling paint. Nowadays it is 
still used as wood preservative due to its fungicidal properties. Several acute toxic 
effects are linked to high PCP burden8

• Also toxic effects on long-term: influence 
on the endocrine system8, correlations to increased incidence of haematopoietic 
cancer9, influence on apoptotic pathways in cerebellar granule neuronsm, and im
munotoxic effects11

• 

Polychlorinated biphenyls (PcBs) 
PCBs are organochlorine compounds with I to IO chlorine atoms attached to two 
benzene rings. 209 different congeners can be formed, of which 130 are found in 
commercial PCB mixtures. PCBs are metabolised in the liver, mainly into hydrox
ylated metabolites. The parent compounds are lipophilic, the hydroxylated me
tabolites less hydrophobic. The major exposure route is by ingestion (due to their 
lipophilicity mainly by intake of animal fat) and inhalation. PCBs are industrial 
chemicals used for many purposes: hydraulic fluids, plasticizers, adhesives, fire re
tardants, de-dusting agents, pesticide extenders, inks, lubricants, cutting oils, in 
heat transfer systems, and carbonless paper. 

Many papers have been published on (suspected) toxicity of PCBs. Carpenter et 
al. published a review in 2006, describing their possible influence on the immune 
system, neurodevelopment and reproductive outcome, their possible carcinoge
nicity, and correlation to lower birth weight after prenatal exposure 12

• PCB pro
duction and use has been banned by Dutch law since the 1970s and the Stockholm 
Convention 1• 

I.2.2 BROMINATED FLAME RETARDANTS (BFRS) 

Polybrominated diphenyl ethers (PBDEs) 
PBDEs are organobromine compounds with at least one bromine atom attached to 
one of their two benzene rings. They have been used as additive flame retardants 
in various products, due to their slow inhibition or compression of combustion. 
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Chapter I Introduction 

Three industrial mixtures were available: the Penta-, Octa- and Deca-mixture. 
The main Penta-mixture congeners were 2,2',4,4'-tetrabromodiphenyl ether (BDE-
47), 2,2',4,4',5-pentabromodiphenyl ether (BDE-99) and 2,2',4,4',6-pentabromodi
phenyl ether (BDE-rno). This mixture was particularly used in furniture. The main 
Octa-mixture congener was 2,2',4,4',5,5'-hexabromodiphenyl ether (BDE-153). 
This mixture was particularly used in electronics in for instance cars, home, and 
office appliances. Production and use of the Penta- and Octa-mixture has been 
banned by the European Union (Eu) since 2004. Production and use of the tetra-, 
penta- hexa-, and heptabromodiphenyl ethers has been banned by the Stockholm 
Convention1

• Man is exposed by ingestion and inhalation. PBDEs are metabolised 
into hydroxylated compounds (oH-PBDEs). In animal studies a broad range of tox
icity has been described. Some congeners influence neurodevelopment13· 15, sexual 
development 16 and reproduction 17, or are teratogenic or carcinogenic 18· 19. Few 
studies have investigated toxicity in humans. BDE-153 levels have inverse associa
tion with sperm level in young Japanese males20. PBDE levels in human milk are 
associated with cryptorchidism in newborn boys21. 
Hexabromocyclododecane (HBCDD) 
HBCDD is a nonaromatic, brominated cyclic alkane. It is used mainly as an additive 
flame retardant in thermoplastic polymers and coatings of various origins. Its use 
has increased since the banning of the PBDE mixtures19. HBCDD is highly lipophil
ic. Man is exposed through ingestion and inhalation. Toxicity has only been ad
dressed in animal studies, with effects on neurodevelopment22 and reproduction23. 
This compound is under review by the Stockholm Convention 1. 
Tetrabromobisphenol-A (TBBPA) 
This is the most widely used BFR, primarily as reactive and additive flame retardant 
in printed circuit boards, and as additive in several types of polymers. TBBPA is not 
tightly bound to the products and can readily be released. The compound is highly 
lipophilic. Man is exposed through ingestion and inhalation. TBPPA is metabolised 
into bisphenol-A (BPA; a weak environmental oestrogen) in marine sediments, and 
may therefore be an endocrine disruptor19. 

High levels are needed to cause toxic effects in animal studies18. TBBPA has a closer 
structural resemblance to T4 compared to PCBs, and is more potent in binding to 
the transthyretin receptor (TTR; a T4 binding protein)24·25. In rats, effects on thyroid 
hormones are observed26, as well as alterations in sexual 26 and neurological de
velopment27. 
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I.2.J PHTHALATES 

These are dialkyl or alkyl aryl esters of phthalic acid. They have been added to 
plastics for many decades to increase their flexibility, transparency, durability and 
longevity. High molecular weight phthalates are primarily used to soften poly
vinylchloride, low molecular weight phthalates in personal-care products. Both 
are used in gel-capsules. They easily leak from products, since they are not chemi
cally bound to them. Exposure can be through ingestion, dermal uptake or inha
lation. For years di-(2-ethylhexyl) phthalate (oEHP) was the most produced com
pound. Due to its expected toxicity, it has been replaced by di-iso-nonyl phthalate 
(mNP)28

• General toxicity of these compounds is considered to be low. DEHP has 
anti-estrogenic effect (in vitro experiment)29• 

Phthalates may influence sexual development through association with the tes
ticular dysgenesis syndrome (ros; cryptorchidism, hypospadias, testicular cancer 
and declining sperm count)30

-32
• Furthermore they are associated with alterations 

in sex hormone levels at three months of age after exposure through breast milk33
, 

and premature telarche after early infancy exposure34• DEHP levels in house dust are 
associated with increased incidence of wheezing in children35 • Changes in thyroid 
hormone levels have been correlated to DEHP levels in adult men36• DEHP appears to 
be the most potent toxic phthalate (animal data)37

• 

In 2005 the EU has banned appliance of the six most used phthalates in plastics to 
which infants and children may be exposed. These phthalates are DEHP, di-n-butyl 
phthalate (oBP), butylbenzyl phthalate (BZBP), DINP, di-iso-decyl phthalate (mDP), 
and di-n-octyl phthalate (oOP). 
I .2.4 MUSK COMPOUNDS 

Nitro-musks 
These are di- and trinitro-substituted benzene derivates. They are synthetic fra
grances with a musk-like smell, also used as food additives, in :fish bait and in ex
plosives and herbicides. Nitro-musks are highly lipophilic and hardly degradable. 

Exposure is through dermal contact and inhalation. Musk ambrette {MA), musk 
moskene {MM) and musk tibetene {Mr) are forbidden from use in cosmetics by the 
EU since the 1990s. Recently musk xylene {Mx) and musk ketone {MK) were added. 
Nitro-musks are still used in other products. 

17 



Chapter 1 Introduction 

Polycyclic musks 
These are artificial musks that contain more than one benzene ring in their struc
ture. They have replaced nitre-musks in cosmetic products, due to the latter's 
toxicity and molecular instability. They are mainly used in cosmetics and deter
gents. Toxicity of these synthetic musks is based on in vitro studies and very few 
in vivo or human studies. During in vitro experiments synthetic musks induce 
cytotoxicity38, MX and MT have carcinogenic activity39

, and tonalide (AHTN), galax
olide (HHCB), and phantolide (AHM1) (all polycyclic musks) are anti-estrogenic, an
ti-androgenic, and anti-progestagenic40

• In humans MX and MK are correlated to 
changes in hormone levels of the hypothalamic-ovarian axis, possibly leading to 
mild ovarian insufficiency41

• 

1.2.5 ORGANOTIN COMPOUNDS 

These are tin based chemical compounds with a hydrocarbon substituent. They 
are used as heat stabilizer in polyvinyl chlorides, biocides, wood preservatives and 
marine anti-biofouling agents (tributyltin; TBT). Due to suspected toxicity, use of 
these compounds in antifouling paints is banned since the 1980s by the EU. 

The International Maritime Organization also proposed prohibiting its use as 
biocides in January 2008. Their toxicity data is mainly based on aquatic data, such 
as induction of imposex42• The compounds are also immunotoxic43 , toxic to the 
central nervous system44

, and exert reproductive toxicity45 • 

1.2.6 PHENOLS AND ALKYLPHENOL ETHOXYLATES 

Bisphenol A (BPA) 
BPA is an organic compound with two phenol groups. It is used as a building block 
for plastics and plastic additives, mainly used for food and beverage package. BPA is 
also used in printer ink and carbonless paper. The compound can easily leak from 
product, thus exposing human beings. Especially when in products frequently 
used, heated, and filled with foods containing acids46

• 

Exposure is through dermal contact and ingestion. BPA levels are associated with 
adverse influence on neurodevelopment47, the reproductive system, and possibly 
the immune system48 • BPA increases plasma insulin in mice, leading to hypoglycae
mia and ultimately insulin resistance, and possibly to type 2 diabetes49• 

Alkylphenol and alkylphenol ethoxylates 
Alkylphenols are formed during alkylation of phenols, especially during synthesis 
of polyethoxylate detergents. Both are used in rubber (mainly tires as tackifiers 
between green rubber components), pesticides and paints, and are produced in 
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large amounts. Exposure is through food and water intake, dermal absorption and 
inhalation. 

4-nonylphenol (NP) has a hydrocarbon chain with nine carbon atoms attached to a 
phenol ring in the 2-, 3-, or 4-position, commonly obtained as mixture of isomers. 
4-octylphenol (OP) has an octyl group located at the 2-, 3-, or 4-position of a ben
zene ring. OP is commercially the most important congener, mainly as intermedi
ate in the production of phenol/formaldehyde resins and octylphenol ethoxylates. 
Both NP and OP influence sexual development due to binding to the human oestro
gen (E2) and androgen receptor, increase aromatase activity by converting testos
terone (T) to oestrogen, and increase aryl hydrocarbon receptor activity (involved 
in synthesis of steroids and metabolism of steroids and xenobiotic compounds)50. 
NP is associated with decrease in thyroxin (T4) level51, and modulation of ovarian 
E2, T and n-ketotestosterone levels 52. NP is also linked to development of apopto
sis in Sertoli cells in rats53. Due to (suspected) toxicity, marketing and use of NP has 
been regulated for certain applications since 2003 by the EU. OP is probably widely 
adopted as its replacement. 

Alkylphenol ethoxylates (nonylphenol ethoxylates (NPEo) and octylphenol eth
oxylates (oPEo)) are used as industrial surfactants in wool and metals, emulsifiers 
for emulsion polymerisation, detergents and cleaning agents, pesticides, spermi
cide in contraceptive foams, and intestinal permeability enhancers in drug delivery 
systems. Both compounds are readily degraded in the environment under aerobic 
conditions to the more toxic NP and OP, respectively. In soils and sediments (an
aerobic conditions) immobilization occurs and the compounds are relatively non
degradable54. In Europe the compounds have been replaced by more expensive but 
safer alcohol ethoxylates. Their toxicity is mostly determined by their metabolites 
NP and OP. 
I .2. 7 POLYCHLOROPHENOXY PHENOL 

Triclosan (Tes) is a chlorinated aromatic compound, with attached ether and phe
nol groups. It is a potent wide spectrum antibacterial and antifungal agent, found 
in a many cleaners for domestic use and personal hygiene (e.g. showering or bath
ing solution to reduce Methicillin resistant Staphylococcus aureus (MRSA)). Tes is 
rapidly degraded in waste water and very slowly in sediments. It can be degraded 
into non-toxic dioxins (I7 of the 210 dioxins are toxic to humans). 

Although high levels are observed in the environment and animals, they have 
not shown to be a risk for animal and human health55. One study in animals has 
shown that Tes is capable of induction of histopathological malformations in the 
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Chapter 1 Introduction 

testes and sex accessory tissue of treated rats. It decreases synthesis of androgens, 
followed by reduction in sperm production, probably mediated through influence 
on the sex hormones of the hypothalamus-pituitary-gonadal axis56

• 

I .2.8 ORGANOPERFLUORINATED COMPOUNDS 

These are synthetic organic compounds in which all hydrogens have been replaced 
with fluorine atoms (perfluorinated), but also contain at least one different atom or 
functional group. The compounds are ideal as surfactants (extremely low surface 
tension and exceptional stability) due to their hydrophobic and lipophobic end 
(fluorocarbon) at one side, and their hydrophilic or polar end (carboxylated group 
and sulfonic acid/sulfonate group, respectively) at the other side. They make ma
terials stain, oil and water resistant. Due to the strength of the carbon-fluorine 
bond they are not degraded, leading to high persistency and bioaccumulation57

, 

estimated half-life in humans is four years58
• 

The compounds are not lipophilic, therefore their exposure is a consequence of 
inhalation of contaminated dust and dermal contact, instead of food intake59• They 
do not accumulate in fat tissue but bind to proteins in blood and accumulate in 
organs such as liver, kidney, spleen, testis, and brain60

-
62

• The production of these 
compounds has been phased out since 2000 by 3M, the major production company. 
Perfluoro-octanoic acid (PFOA) 
This compound is a synthetic, stable perfluorinated carboxyl acid and fluorosur
factant. It is used primarily to make fluoropolymers such as Teflon, but the com
pound is also used in Gore-Tex. 
Perfluoro-octanesulfonic acid (PFOS) 

This compound was mainly used by 3M to protect fabric, furniture, and carpets 
from stains (as Scotchgard). The use of this compound has been restricted under 
the Stockholm Convention since 20091

• Pre- and postnatal exposure to rats have 
been shown to decrease T4 levels63 , levels of PFOS are associated with neurotoxic
ity64, and higher PFOA and PFOS levels have been associated with decreased sperm 
count in adult men65 • 

I .3 Objectives 

The fact that POPs are ubiquitously present in the environment, bioaccumu
late, and biomagnificate, does not imply that they are a threat to human health. 
Knowledge about their potential toxicity is mostly based on in vitro data, tox
icity studied in aqueous environment and organisms, and studies in laboratory 
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animals. Extrapolation of these outcomes to predict toxicity of POPs in humans is 
full of uncertainties. In vitro experiments do not reflect the homeostasis present in 
a living being. Animal experiments usually test toxicity of one compound, with 
controlled exposure level and route. Man is exposed to an enormous amount of 
POPs. This combined exposure leads to synergistic and/ or antagonistic toxic effects 
of the different POPs. Therefore more attention should be made to human epide
miologic research in order to investigate influences of POP exposure to assess the 
impact on human health. 

Part of the research described in this thesis (chapter 2 to 6) was conducted within 
the COMPARE project: "COMPARison of Exposure-effect pathways to improve the 
assessment of human health risks of complex environmental mixtures of organo
halogen". This project was financed by the European Commission as part of the 
Life Science Program ( QLK4-cT-20O0-O261 ). 

Several objectives have been formulated for this thesis: 
I. The primary objective of the studies was to establish presence and to deter

mine the levels of the most well-known POPs in man, to investigate toxic influences 
of some of these POPs on infant development, and to find a means to reduce body 
burden of POPs. 

2. POPs have been produced for decades, with newer POPs constantly being added 
to the production process. Most of the POPs are metabolised in the human body. 
Indications exist that metabolites are more toxic than their parent compounds. 
Due to their potential toxicity some of the more historically identified POPs have 
been banned. Within the COMPARE project we studied organohalogen compounds 
(oHcs) out of three groups: historically identified (2,2',4,4',5,5' -hexachlorobiphe
nyl (cB-153), 1 ,1-dichloro-2,2-bis(4,4' -chlorophenyl)ethylene (4,4' -nDE), and PCP), 
more recently introduced OHCs (BFRs), and hydroxylated metabolites out of the 
first and second group. 6 brominated Bame retardants were analysed: HBCDD and 
five PBDEs (BDE-47, -99, -rno, -153, and 2,2',4,4',5,6'-hexabromodiphenyl ether 
(BDE-154)). 4 hydroxylated metabolites were analysed: 3 hydroxylated PCBs and I 
hydroxylated PBDE. We examined if these OHCs cross the placenta by determin
ing cord serum levels. Since cord serum is very difficult to obtain, we correlated 
maternal serum levels at the end of pregnancy (35 weeks) with cord serum levels, 
to investigate if maternal serum levels reflect prenatal exposure levels (Chapter 2). 
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3. Despite banning production and use of most of the historically identified POPs, 

with the intent to decrease human exposure, they are still present in the human 
environment due to their persistence and presence in many manufactured prod
ucts. We investigated if levels of PCBs and their hydroxylated metabolites are de
clining over a ten years period (Chapter 3). We compared levels of 4 PCBs and 3 
hydroxylated PCBs analysed in three cohorts, established between 1991 and 1992, 
1998 and 2000, and 2oor and 2002. All cohorts consisted of pregnant women, with 
the same age distribution, living in the same geographical area. 

4. POPs are especially (potential) toxic during the foetal and infant time period, 
since rapid development takes place. Several pathways in the human body may 
be affected, including reproduction and neurodevelopment, with great impact on 
human health. Increase in TDS may be caused by the endocrine disruptive potencies 
of POPs. This syndrome originates during foetal and early infant life. POPs may be 
toxic due to interference with the hormonal homeostasis; due to strong resem
blance with the hormones and therefore binding with the hormone receptors or 
influencing hormone levels. POPs may also interfere with other pathways impor
tant for sexual development. To investigate if prenatal exposure to the OHCs de
termined in Chapter 2 influences human sexual development, we correlated these 
prenatal OHC levels to sex hormones at 3 months of age and testes volume and 
penile length at 3 and 18 months of age (Chapter 4). 

5. Since potential toxicity on neurological development is observed in extent in 
animal studies, we investigated if this was also true for the prenatal exposure levels 
of the OHCs analysed in Chapter 2 on infant neurodevelopment. During infant 
age rapid neurodevelopment occurs. This influence may be by interfering with 
hormone homeostasis (in particular the thyroid hormone), and by exerting direct 
toxic effect on neurons and their transmitter pathways. We correlated the prenatal 
OHC levels to neurological outcome at ro days, 3, and 18 months of age. We also 
investigated if these prenatal OHC levels influence thyroid hormone levels at birth, 
as an explanatory pathway for their toxicity (Chapter 5). 

6. The aim of banning production and use of potential toxic POPs is to reduce 
their levels. However, due to their persistence exposure still exists. Other ways to 
reduce exposure need to be explored. Since many POPs are lipophilic, we specu
lated that by increasing faecal fat excretion, lipophilic compounds might be elimi
nated from the body. This was investigated by administering non-absorbable fat 
to rats, and investigating if BDE-47 body burden could be diminished (Chapter 6). 
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7. Man is exposed to many more POPs than the OH Cs analysed within the COMPARE 

project. Most of these POPs may also influence infant health. Therefore these POPs 

have to be present in maternal samples and transplacental transfer must occur. We 
investigated if a large number of organochlorine compounds, BFRs, phthalates, 
musk compounds, organotin compounds, phenols and alkylphenol ethoxylates, 
TCS and organoperfluorinated compounds are present in maternal samples and able 
to cross the placenta by determining their cord levels (Chapter 7). 

8. Humans are exposed to POPs in many ways, mainly by inhalation, ingestion, or 
dermal contact. Variance in these levels may be due to living area, profession, age, 
sex, dietary intake, and body mass index (BMr). We investigated if these variables 
are of influence on human levels of the same POPs analysed in Chapter 7. We also 
investigated if high body burden of one POP is correlated to high body burden of 
other POPs (Chapter 8). 

9. To reduce potential toxicity of POPs a tolerable daily intake (rnr) has been es
tablished, based on animal studies and extrapolated to the adult human popula
tion. Since children are expected to be more vulnerable to toxicity than adults, 
their TOI is usually set at a lower level by dividing by a factor. However, children 
are not little adults. Their metabolization pathways may be completely different. 
Also their intake patterns may differ a lot. Children mouth a lot of products, live 
much nearer to the ground, and have a higher inhalation frequency compared to 
adults. They might therefore inhale much more (contaminated) dust. We inves
tigated if plasma levels of DEHP (the main phthalate, used as plasticizer in a lot of 
consumer products) in children and adults are comparable (Chapter 9). 
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Chapter 2 Serum concentrations of OHC� in women and their infants 

2 .  I Abstract 
As part of a large European Union (Eu)-funded comparative toxicology and hu
man epidemiology study, EU-COMPARE, a selection of organohalogen compounds 
(oHcs) was analyzed in maternal serum, collected at the 35th week of pregnancy, 
and in cord serum of a number of their infants to determine maternal concentra
tions and to investigate the extent of transplacental transfer of these compounds. 

8 Neutral OHCs were analyzed: I polychlorinated biphenyl (PcB: CB-153), 4,4'
DDE, 5 polybrominated diphenyl ethers (PBDEs: BDE-47, BDE-99, BDE-IO0, BDE-153, 
and BDE-154), and hexabromocyclododecane (HBcoo). 5 Phenolic OHCs were ana
lyzed: 3 hydroxylated PCBs (40H-CB-rn7, 40H-CB-146, and 40H-CB-187), I hydrox
ylated PBDE (60H-BDE-47), and pentachlorophenol (PcP). 

All OHCs, except 60H-BDE-4 7, were present in maternal and cord serum. The his
torically identified OHCs showed the highest concentration: 4,4' -DDE (median value 
89 ng/g lipid in maternal serum and 68 ng/g lipid in cord serum) and PCP (median 
value 970 pg/g serum in maternal serum and 1500 pg/g serum in cord serum). 
HBCDD and the PBDEs were present at much lower concentrations.We conclude that 
OHCs are present in the serum of pregnant women, and all compounds tested are 
transferred over the placenta. Because transfer is occurring at a critical stage of 
infant development, investigation of the health impact is urgent. 

2.2 Introduction 
Organohalogen compounds (oHcs) are ubiquitously present in the environment1

---'7, 

both in neutral and phenolic form. Humans are exposed to these compounds di
rectly, via air and ingestion of house dust, and through intake of contaminated 
vegetables and animal products8

-
10

• 

After exposure, the OHCs are stored in the body, primarily in liver and adipose 
tissue 11

• Some neutral OHCs are metabolized into phenolic OHCs12
, which are less li

pophilic and are more predominantly present in blood and liver. OHCs are thought 
to influence the development of the human fetus in a number of ways. Some com
pounds have endocrine disruptive activities and may resemble human hormones 
such as thyroid and sex hormones 13 , which may ultimately play a role in disruption 
of normal neurological development and may influence reproductive and sexual 
development. OHCs may also exert their toxic effects through pathways presently 
unknown, for instance delayed anthropometrics14 and decreased immunological 
defense against infections15 • 
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In 2000, the EU-COMPARE project was funded by the European Union (Eu) to carry 
out a risk assessment of exposure to a combination of OHCs at background con
centrations in a healthy population. Within this project, the Groningen-infant
compare (Gic) cohort was founded to investigate the effect of exposure to OHCs in 
pregnant females and transfer across the placenta to their infants. Follow-up stud
ies in newborn infants were conducted to investigate health effects of these OHCs. 

Three groups of OHCs were selected for analysis: a group of historically identified 
OHCs, a group of more recently used OHCs, and phenolic metabolites from OHCs out 
of the first and second group. 

The historically identified OHCs selected for analysis were polychlorinated biphe
nyl-153 (PcB-153), 2,2' -bis-(4 chlorophenyl)-1,1'-dichloroethene (4,4'-DDE), and 
pentachlorophenol (PcP). These three compounds have been used in industry for 
a long time, and their production and use has been banned decades ago due to 
suspected or proven negative influence on animal and human health. Because of 
their chemical- and biostability, however, these OHCs are still present in the en
vironment16, leading to ongoing exposure and possible influence on health and 
development. PCBs have been used in industry for their stability, heat resistance, 
cooling, or lubricating properties. 4,4' -DDE is a degradation product of dichloro
diphenyl-trichloroethane (DDT) and is considered to be a biomarker of DDT, with 
negative health effects. DDT and PCP were widely used pesticides. 

The second group consisted of more recently developed OHCs, the brominated 
flame retardants (BFRs). These compounds are mainly used as fire retardants in 
many industrial and consumer products. Examples of BFRs are polybrominated di
phenyl ethers (PBDEs) and hexabromocyclododecane (HBCDD). Limited information 
is available on human infant exposure and influence on children's health for these 
compounds. 

The third group consisted of phenolic metabolites of PCBs and PBDEs, which may 
in part be responsible for the adverse effects on human health and development 
of their parent compounds 17• 18 • In this study, concentrations of historically identi
fied OHCs, several brominated flame retardants, and a selection of their phenolic 
metabolites were assessed in pregnant females at the 35th week of pregnancy and 
in cord serum of a number of their infants to investigate maternal exposure and 
transplacental transfer of these compounds. 
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2.3 Materials and Methods 

2.3 . I  COHORT SELECTION AND SAMPLING 

Between October 2001 and November 2002 the Groningen-infant-compare (Gic) 
cohort was founded, consisting of healthy pregnant women who met the follow
ing inclusion criteria: giving birth to a single term, healthy infant, living in the 
northern provinces of The Netherlands, and being of Caucasian race. 

Informed consent was obtained from the pregnant women after fully explaining 
the study protocol. Blood (30 mL) was taken from the women at the 20th and/ 
or 35th week of pregnancy and from the umbilical cord of the infants after birth. 
Blood was centrifuged at 3600 rpm for IO min, and serum was collected and stored 
in acetone prewashed glass tubes at -20 °C until analysis. 
2.3 .2 CHEMICAL ANALYSIS 

Analysis of Neutral and Phenolic OHCs 
4,4'-ooE, PCP, CB-153, 40H-CB-rn7, 40H-CB-146, 40H-CB-187, and 60H-BDE-47 
were analyzed in serum samples at the Institute for Environmental Studies, Vrije 
U niversiteit, Amsterdam. 
Analysis of Neutral OH Cs, the BFRs . 

BDE-47, BDE-99,BDE-IO0, BDE-153, BDE-154, and HBCDD were analyzed in serum 
samples at the Department of Environmental Chemistry, Stockholm University, 
Sweden. 
Chemicals 
2,2',4,4',5,5'-hexachlorobiphenyl (cB-153), 2,2',3,-3',4,5,5',6- octachlorobiphe
nyl (cB-198, as internal standard (1s)), pentachlorophenol (PcP), 2,4,5-trichlo
rophenol (2,4,5-TCP, as 1s), and 4,4'-onE were purchased from Dr. Ehrenstorfer, 
and 1,2,5,6,9,rn-hexabromocyclododecane (sum of a-, �-, and y-HBcno) was 
purchased from Cambridge Isotope Laboratories, Inc. All hydroxylated me
tabolites (4-hydroxy-2,3,3 ',4',5-pentachlorobiphenyl (40H-CB-rn7), 4-hydroxy-
2,2',3,4',5,5' -hexachlorobiphenyl (40H-CB-146) and 4-hydroxy-2,2',3,4',5,5',6-hep
tachlorobiphenyl (40H-CB-187), 4-hydroxy-2,3 ,3 ',4' , 5  ,5 ',6-heptachlorobiphenyl 
(40H-CBI93, 1s), and 6-oH-2,2',4,4'-tetrabromodiphenylether (60H-BDE-47)) and 
PBDE congeners (2,2',4,4' -tetrabromodiphenyl ether (BDE-47), 2,2',4,4',5-penta
bromodiphenyl ether (BDE-99), 2,2',4,4',6-pentabromodiphenyl ether (BDE-rno), 
2,2',4,4',5,5' -hexabromodiphenyl ether (BDE-153), 2,2',4,4',5,6'-hexabromodiphe
nyl ether (BDE-154)) applied as internal and external standards for identification 
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and quantification were synthesized in-house. All chemicals and solvents were of 
best available quality. Ethereal diazomethane, used for the derivation of phenolic 
compounds, was synthesized from N-methyl-N-nitroso-ureum and 50% w/w po
tassium hydroxide in diethyl ether according to Vogel19• 

Analysis 
The method applied for the clean up and analysis of all analytes in serum (5 mL) 
was developed by Hovander and co-workers and is described in detail elsewhere20

• 

PBDE and HBCDD analysis was done with some modifications described by Weiss and 
co-workers21. The CB-153, 4,4'-ooE, PCP, OH-PCBs, and 60H-BDE-47 were analyzed 
by GC-ECD (Agilent 6890) on a CP-SIL-8CB (25 mx 0.15 mm i.d., 0. 12 µm film thick
ness, Varian) column using hydrogen as carrier gas and nitrogen as makeup gas. 

The column-oven temperature was programmed as follows: 60 °C (2 min), 50 
°C/min up to 200 °C (o min), 1 °C/min up to 230 °C (o min), and 30 °C/min up 
to 300 °C (3 min). PBDE congeners and HBCDD were analyzed by Ge (Varian 3400) 
coupled to a mass spectrometer (Ms) (Finnigan MAT SSQ 710 from Thermoquest) on 
a DB-5 column (15 m, 0.25 mm i.d., 0.1 µm film thickness, ] & W scientific). 

The injector was programmed from 60 °C (1 min) and 150 °C/min up to 300 °C 
(22 min). 

The GC oven was programmed as follow: 80 °C (1 min), 15°C/min up to 300 °C 
( ro min). MS was run in electron capture negative ionization (EcNI) mode and was 
carried out for both bromide isotopes m/z 79 and 8r . 
Qjality Control 
Recovery of the internal surrogate standards, 2,4,5-trichlorophenol, CB-198 and 
40H-CB-193, was 98% (relative standard deviation (Rso) = 25%, n = 98), 89% (Rso = 
10%, n= 97) and 89% (Rso = 20%, n = 96), respectively. The recovery of PBDE con
geners and HBCDD was tested in a separate recovery study with low (1 ng) and high 
( ro ng) quantities added. Mean recovery was 86-93% and 75--98% for low and high 
dose, respectively, depending on the congener. The recovery of added surrogate 
standard (BDE-138) to all samples was 92% (Rso 16%). 

�ality control was assured by an interlaboratory calibration of the OH-PCB anal
ysis, carried out by three laboratories, and is reported elsewhere21

• lntralaboratory 
quality control of all analytes was performed via repeated analysis of reference 
material (pooled blood kindly donated from the Vrije Universiteit Medical Centre 
(vuMc), Amsterdam). The RSD was satisfying (<30%) for the inter- and intralabora
tory controls for all analytes. 
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Limit cif Detection and Limit cif Qjanti.fication 
The analytical limits of detection (wo) and limits of quantification (wQ) were de
termined in two different ways for the two analytical laboratories. LOO at the Vrije 
Universiteit was determined as 3 times the standard deviation of the longterm 
blank value. LOO for CB- 153 , 4,4'-ooE, PCP, 40-HCB-I07, 40H-CB-146, 40H-CB- 187, 

and 60H-BOE-47 were estimated to 21 , IO, IO0, 9, 13 , 6, and 1 pg/g serum, respec
tively. LOQ was set as 3 .3 times the LOO. The LOO at the Stockholm University was 
set as 5 times the signal-to-noise ratio (s/n) obtained from the chromatography. 
LOD was 0.08-0. 16 pg/g serum for BOE-47, -99, - IO0, - 153 , and - 154 and was o.8 

pg/g serum for HBCoo. LOQ was defined as IO times the noise level or 3 times the 
background blank levels. 

Background levels were detected for BOE-4 7, BOE-99, and BOE- IO0 in mean levels 
of 4.8 ,  1 .9, and o.8 pg/g serum, respectively. In all analyses, background levels 
found in blank samples were subtracted from measured values. 
2.3.3 LIPID DETERMINATION 

Lipid weight basis (1.9 + 1.3 (total cholesterol + triglycerides)) was calculated based 
on the correlation between cholesterol, triglyceride, and phospholipid content 
in human serum22

• Total cholesterol was determined by the CHOO-PAP method 
(Roche/Hitachi). Triglycerides were determined by the Trig/ GB methods (Roche/ 
Hitachi). 
2.3.4 STATISTICAL ANALYSIS 

All values are presented as medians with range due to the skewed distribution. 
Neutral compounds are expressed on lipid weight basis and phenolic compounds 
on fresh weight basis. All analyses were performed in SPSS 12.0 for Windows 
(Chicago, Ilinois). 

2 .4 Results 
n4 women volunteered to participate in the GIC cohort, and 24 mother/ 
infant pairs were excluded due to not meeting the inclusion criteria or 
loss to follow-up. Specifically, participants were excluded due to miscar
riage before 12 weeks (N = 2), preterm infants (N = 5), still-born infant (N = 
1), and nonhealthy infants (Hirschsprung's disease : N = 1, neonatal sepsis : 
N = 1 ,  small for gestational age : N = 1) .  
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13 Mother/infant pairs were lost due to lack of perseverance. No data on anthro
pometrics was collected on the excluded or lost mother/infant pairs. Character
istics of the remaining 90 participating women and their infants are presented in 
Table 1. 
TABLE I .  CLINICAL CHARACTERITICS OF THE MOTHERS AND NEWBORN INFANTS 

Median Range N 

Females 

Age (y) 33 24-42 88 
Height (cm) 171 154-183 87 
Weight (kg) 68 49-109 88 
BMI 23 17-37 87 
Parity I 0-4 90 
Infants 
Gestation length (weeks+cby•) 40 37+4_42+2 90 
Birth height ( cm) 52 46-60 80 
Birth weight (g) 3653 2335-5790 90 

N :  number of participants 

4,4'-ooE, CB-153, PCP, the three OH-PCBs, and 60H-BDE-47 were analyzed in 90 se
rum samples of women taken at the 35th week of pregnancy and in 9 cord se
rum samples of their corresponding infants. Brominated Bame retardants were 
analyzed in 69 randomly selected serum samples of women taken at 35th week of 
pregnancy, 9 matching serum samples of women taken at 20th week of pregnancy, 
and 12 matching cord serum samples. 

The levels of PBDEs and HBCDD measured in serum taken at the 20th week of 
pregnancy were all less than 20% different from the values at 35th weeks of preg
nancy ( data not shown). All data from the 20th week can be obtained at request. 
Concentrations of neutral (on lipid weight basis) and phenolic (on fresh weight 
basis) OHCs in maternal and cord serum are presented in Table 2. 
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TABLE 2. CONCENTRATIONS OF NEUTRAL AND PHENOLIC ORGANOHALOGEN COMPOUNDS 
A NALYZED IN MATERNAL SERUM AND CORD SERUM 

Maternal serum Cord serum 
Median I Range I n.d/n.q. N Median I Range I n.d./n.q. 

lipid weight basis {ng/g lipid) 
ODE 89 1 8-3 80 90 68 52-300 

CB-153 63 19-230 90 62 26- 1 10 

BDE-47 o.8 0.01-6. 1 69 0.5 0-2.2 -/3 

BDE-99 0.2 n.d-2 . r .  3 /- 69 O. I 0-0.4 -/5 

BDE-l00 0.2 0.03-r .4  69 0. 1 0-0.5 2/4 

BDE-153  1 .6 0.3-20 69 0.9 0.2-2.2 

BDE-154 0.5 0.1-3 . 5  69 0.3 0. 1-0.7 

HBCD 0.7 n.d.-7.4 1/- 69 0.2 0.2-4.3 7h 

Fresh weight basis (pg/g serum) 
PCP 970 300-8500 90 1500 420-1900 

40H-CD-I07 26 n.d.-120 3 /- 90 17 n.d.-37 ii-

40H-CB-146 l00 36-700 90 90 39-290 

40H-CB-187 So 36-480 90 5 8  39-140 

40H-BDE-47 n.d. n.d. 90/- 90 n.d. n.d. 9/-

N :  number of participants, n.d. : not detected, n.q. : not quantified 

N 

9 

9 

12  

12  

12 

12 

12 

12 

9 

9 

9 

9 

9 

In maternal serum all neutral and phenolic compounds were above LOD and 
LOQ except for 4OH-CB-107 and BDE-99 in three samples and HBCDD in one sample. 
Concentrations of 60H-BDE-47 were below the LOD (1 pg/g serum) in all 90 sam
ples. A wide range in concentration was observed in serum of the mothers for 
all compounds tested. In cord serum 4,4'-ooE, CB-153, 4-oH-CB-146, 40H-CB-187, 
PCP, BDE-153, and BDE-154 were detected in all serum samples, whereas the other 
compounds were below the LOD or LOQ in one or more samples. 40H-CB-146 was 
the predominant hydroxylated PCB in both maternal serum and cord serum. In 
maternal serum, BDE-153 was the predominant BFR, followed by BDE-47 and HBCDD. 
In cord serum, BDE-153 was also the predominant BFR, followed by BDE-47. HBCDD 
was above the LOQ in cord serum in only 4 infants. 



Table 3 presents transfer ratios of maternal serum to cord serum concentrations 
for neutral and phenolic compounds. The compounds are transferred over the pla
centa with ratios varying between 0.5 and I.I on lipid weight basis (for neutral 
compounds) and o.6 and 0.9 on fresh weight basis (for phenolic compounds). 
TABLE 3. PERCENTAGE OF TRANSPLACENTAL TRANSFER, WITH MEDIAN RATIOA OF NEUTRAL8 AND 
PHENOLICc ORGANOHALOGEN COMPOUNDS 

Ratio (min-max) 

DDE 0.7 (0.6-1 .0) 

CB-153 o.8 (0.6-1.2) 

BDE-47 I . I  (0.2-2.r) 

BDE-99 o.6 (0.4-1 .r )  

BDE-IO0 0.9 (0.3-1 .9) 

BDE-53 0.5 (0.3-0.9) 

BDE-154 0.5 (0.3-0.8) 

HBCD 0.7 (0.3-0.8) 

PCP 0.9 (0.6-1 .6) 

40H-CB-I07 o.6 (0.3-1 .0) 

4-0H-CB-146 0.7 (0.5-1 .7) 

40H-CB-I87 o.6 (0.5-1 .2) 

ACord to maternal concentration 
8Lipid weight basis 
cFresh weight basis 

2.5 Discussion 

Number of matching 
mother-infant pairs 

9 

9 

9 

6 

6 

12 

12 

4 

9 

8 

9 

9 

In this study, we show the presence of eight neutral and four phenolic OHCs in 
pregnant women and the cord serum of their infants exposed to background con
centrations, including the more recently used BFRs. The hydroxyl metabolite of 
BDE-47, that is, 60H-BDE-47, was below the LOO in all serum samples. 

These results clearly show the exposure to and uptake of these OHCs in the wom
en and significant transfer of these OHCs over the placenta to their infants, with a 
fetus/female ratio of 0.5-1.0. No difference between the BFR concentrations ana
lyzed in serum samples of women taken at 20th and 35th week of pregnancy was 
observed, which is in accordance with previous results obtained for PCBs23 • The 
women and their infants participated voluntarily in this study; therefore, selection 
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bias can not be excluded, and the observed concentrations of the neutral and phe
nolic 0HCs cannot be extrapolated to the overall Dutch population with certainty. 
However, important differences between concentrations found in this cohort and 
the Dutch population as a whole seem unlikely for two reasons. Primarily, the 
wide range in serum analyte concentrations in women participating in this cohort 
most likely reflects differences in exposure or metabolism of the compounds in 
the population. 

Second, the women were recruited by their midwives and gynecologists who 
were otherwise not involved in the study and were unaware of potential exposure 
to risk factors, which makes selection bias very unlikely. The historically identi
fied 0HCs, CB-153 and 4,4'-ooE, are still present in maternal serum even though 
their production and use have been banned for decades. This can be explained by 
their persistent structure. Also PCP is present at high concentrations, independent 
ofmorerecent legislative measures. Because of their transplacental transfer, they 
may still be of concern to fetal development. Their concentrations exceed the BFR 
concentrations by a factor of ro-15. 

Compared to similar cohorts in other industrialized countries, initiated no more 
than five years prior to our cohort (Table 4&5), concentrations of DDE were higher 
in Belgium24 and Spain25 • CB-153 concentration was comparable in The Netherlands, 
Belgium, and Spain. PCP was found in higher concentrations in Sweden26 than in 
The Netherlands. Health studies are needed to investigate if these compounds still 
exert influence onhumanhealth at these concentrations. 

Metabolites of PCBs were also found in maternal and cord serum at significant 
concentrations. 40H-CB-r46 was the predominant PCB metabolite in maternal and 
cord serum (median concentrations of roo pg/g serum and 90 pg/g serum, respec
tively). In previous publications 40H-CB-r87 was the predominant PCB metabolite 
found26

• 
27, with current median concentrations of 80 pg/g serum and 58 pg/g se

rum in maternal and cord serum, respectively. 40H-CB-r46 is a metabolite of CB-
138, CB-146, and CB-153. 40H-CB-r87 is a metabolite of CB-183 and CB-187. CB-153 is 
the predominant PCB congener in human blood in The Netherlands28

, which may 
explain the predominance of 40H-CB-r46 instead of 40H-CB-r87 in women in this 
cohort. In accordance with previous studies, serum concentrations of 40H-CB-ro7 
were lower compared to the other two hydroxylated PCBs in women and their 
infants26

•
27• 

Compared to a similar study conducted in Sweden26
, hydroxylated PCBs were 

found at higher concentrations in our cohort (Table 4&5). The analyzed metabo-
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lite of PBOEs, 60H-BOE-47, was below the LOO (1 pg/g serum) in all maternal and 
cord serum samples. The brominated Bame retardants were present in all maternal 
samples and most of the cord samples. The values found in our study are in line 
with previous observations in European cohorts26

•
29• However, studies done in co

horts from the usA30, and Canada31 showed much higher concentrations. In those 
studies BOE-4 7 was present in the highest concentration, much higher than the sec
ond compound, BOE-153 .  In the European studies these differences between BOE-47 
and BOE-153 are considerably less pronounced. One study conducted in Europe 
found a slightly higher concentration of BOE-47 than BOE-15326

• 

TABLE 4. SERUM CONCENTRATIONS OF NEUTRAL AND PHENOLIC OHCS IN THE NETHERLANDS 
COMPARED TO LEVELS FOUND IN OTHER COUNTRIES {LIPID WEIGHT BASIS) 

Maternal serum Cord serum 

compound Netherlands Sweden USA Netherlands Sweden USA 

CB-153 63 (19-230) 56 (27-203) 62 (26-no) 44 (20-107) 

BOE-47 o.8 (0.04-6.1)  o.8  (0.3-5- 1) 28 (9.0-3 10) 0.5 (n.d.-2.2) I .0 (0.3-3.3) 25 (8.4-210) 

BOE-99 0.2 (n.d.-2.1)  0.2 (n.d.-1.4) 5-7 (2.4-68) o. 1 (n.d.-0.4) 0. 1 (n.d.-0.9) 7. 1 (2.2-54) 

BOE-100 0.2 (0.03-r .4) 0.2 (n.d.-r .5) 4.2 (r .9-uo) 0. 1 (n.d.-0.5) 0. 1 (n.d.-0.3) 4. 1 (r .8-91) 

BDE-153 r .6 (0.3-20) o.6 (0.3-r.o) 2.9 (r .0-83) 0.9 (0.2-2.2) 0.2 {n.d.-0.3) 4.4 (r .0-120) 

BOE-154 0.5 (o. 1-3.5) 0.04 {n.d.-0.2) 0.3 (0.0-6. 1) 0.3 (0. 1-0.7) n.d. (n.d.-0.2) 0.7 (0.2-7.2) 

N 90/69 15  12 9/12 1 5  1 2  

year 2001-2002 2000-2001 2001 2001-2002 2000-2001 2001 

N: number of participants 

Other studies also show higher concentrations of BOE-153 compared to BOE-4i9•32• 

The total use of BFRs in North America was much higher compared to Europe4• 

Especially penta-BOE, which was used extensively in the USA. Penta-BOE consists 
mainly of BOE-99 and lower amounts of BOE-47, -rno, and -153. Octa-BOE consists 
mainly of BOE-183, octa-BFRs, and a lower amount of BOE-15333 • Because of the ban 
on the use of penta-BoE, BOE-47, -99, and -rno concentrations can be expected to 
decrease in the future. 

The observed higher concentration of BOE-153 compared to BOE-47 in our study 
might be explained by the longer half-life of BOE-15329•34, the fact that the octa
mixture was used in higher quantities than the Plenta-mixture in Europe35 , and the 
fact that BOE-153 might be more food chain-oriented than BOE-4736• 
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TABLE 5. SERUM CONCENTRATIONS OF NEUTRAL AND PHENOLIC OH Cs IN THE NETHERLANDS 

COMPARED TO LEVELS FOUND IN OTHER COUNTRIES (FRESH WEIGHT BASIS PG/G SERUM) 

Maternal serum Cord serum 
compound Netherlands Belgium Spain Sweden Netherlands Belgium Spain Sweden 
DDE 640 1560 2590 160 490 810 

(no-2700) (565-20740) (410-2430) (120-500) (120-2915) (50-3060) 
CB-153 440 580 540 120 145 60 

(no-2700) (175-1840) (10-2340) (75-180) (40-545) (10-480) 
PCP 970 2830 1500 1960 

(300-8500) (1 360-13200) (420-1900) (820-7580) 

4OH-CB-l07 26 IO 17 5 
(n.d.-120) (4-29) (n.d.-37) (n.d.-n) 

4OH-CB-146 100 29 90 21 
(36-700) (12-121) (39-290) (8-53) 

4OH-CB-187 Bo 49 58 24 
(36-480) (24-97) (39-140) (13-43) 

N 90/69 44 34 I S  9/12 44 32 IS 

year 2001-2002 1999 1997-1999 2000-2001 2001-2002 1999 1997-1999 2000-200! 

N :  number of participants 

Although BDE-99 is the predominant congener in commercial penta-BDE, the 
concentrations of this congener in maternal serum were much lower than that of 
BDE-47, which is consistent with other studies26•30• There may be various reasons 
for the higher concentrations of BDE-4 7. First, after entering the gastrointestinal 
tract, higher brominated congeners might be disposed of in the feces in higher per
centage than lower brominated congeners, as observed in a study in rats37• Second, 
debromination of PBDEs in the gut might influence concentrations found in serum. 
In a recent study in Common Carp fed BDE-99, at least 9.5% of BDE-99 was con
verted into BDE-4738 • Third, half-lives of the compounds seem to increase with 
lower brominated congeners29• 

The effect of pre- and postnatal exposure to the BFRs for human health is not 
completely clear. Data so far are based on animal studies. As, for example, a de
crease of thyroxin (T4) and vitamin A levels by Penta- and Octa-BDE mixtures39"-41 , 

and neurotoxic effects in adult animals by exposure to BDE-4 7 and BDE-99 dur
ing a critical period42•43 • These results are in line with the studies regarding the 
potential negative effects of prenatal exposure to PCBs on human health. We ob
served in previous studies a lower birthweight, a negative effect on neurodevelop-



ment, and negative effects on the immune system14•
15•44• To our knowledge this is 

the first study reporting serum concentrations of HBcoo in pregnant women and 
their infants. HBcoo was below the LOO in only I of 69 maternal serum samples. In 
cord serum, HBCOO was below the LOO in 7 and below LOQ in I out of 12 samples. 
Detection of HBcoo in cord serum samples indicates that it transfers across the 
placenta. In Europe HBCoo, instead of Penta-BOE, is extensively used in nonfoam 
applications45 ; therefore, its concentration in human blood samples may increase 
in the future. Transplacental transfer was observed for all the neutral and phenolic 
OHCsanalyzed in this cohort. The ratios ranged between 0.5 and 1 .0. These ratios 
are in accordance to transplacental transfer ratios observed in similar cohorts in 
other industrialized countries (Table 4&5). The number of cord serum samples 
analyzed and the percentage of BFR concentrations above the LOO and LOQ in cord 
serum was low, especially for HBCOO. Therefore, the calculated transfer ratios for 
the BFRs should be considered with some caution. In this paper serum concentra
tions of eight neutral and five phenolic OHCs in pregnant women and some of their 
infants was presented. Except for the phenolic 60H-BOE-47, all other neutral and 
phenolic OHCs could be detected in maternal and cord serum. No difference in se
rum BFR concentra tion between 20th and 35th week of pregnancy was observed. 
All the neutral and phenolic OHCs present in the serum of pregnant women were 
transferred over the placenta to the infants, including the BFRs. Out study indicates 
that the human fetus is exposed to a large number of different environmental con
taminants, including the historically identified OHCs as well as the more recently 
used BFRs. Given the negative effects of exposure to these compoundsin animals, 
and in line with earlier found negative effects of comparable compounds like PCBs, 
more health studies are needed to investigate the possible inB.uence of these com
pounds of the human fetus. 

2.6 Acknowledgments 

Financial support was given to the project "COMPARE" by the European Commission 
RD (Life Science Program, QLK4-cT-2000-0261 ). We would like to thank all women 
and their infants who participated in this study, Ioannis Athanassiadis for extensive 
assistance with GC-MS analyses of the brominated compounds, and Frank Perton 
for determination of cholesterol and triglycerides. 

43 



Chapter 2 Serum concentrations of OHCs in women and their infants 

2. 7 Literature cited 

de Boer, ]., van der Zande, T.E., Pieters, H., Ariese, F., Schipper, C.A., van Brummelen, T., 
and Vethaak, A.D. Organic contaminants and trace metals in flounder liver and sediment from 
the Amsterdam and Rotterdam harbours and off the Dutch coast. J.Environ.Monit., 2001, 3(4), 
386-393. 

de Wit, C.A. An overview of brominated flame retardants in the environment. Chemosphere, 
2002, 46(5), 583-624. 

Law, R.J., Alaee, M., Allchin, C.R., Boon, J.P., Lebeuf, M., Lepom, P., and Stern, G.A. 
Levels and trends of polybrominated diphenylethers and other brominated flame retardants in 
wildlife. Environ.Int., 2003, 29(6), 757-770. 

4 Sjodin, A., Patterson, D.G., Jr., and Bergman, A. A review on human exposure to brominated 
flame retardants--particularly polybrominated diphenyl ethers. Environ.Int., 2003, 29(6), 829-
839. 

WHO. Global assessment of the state-of-the-science of endocrine disruptors. 2002, 

6 AMAP. AMAP assessment 2002: Persistent Organic Pollutants (POPs) in the Arctic. 2002, 

Law, R.J., Kohler, M., Heeb, N.V., Gerecke, A.C., Schmid, P., Voorspoels, S., Covaci, A., 
Becher, G., Janak, K., and Thomsen, C. Hexabromocyclododecane challenges scientists and 
regulators .  Environmental Science & Technology, 2005, 39(13), 281A-287A. 

Brussaard, J.H., Van Dokkum, W., Van Der Paauw, C.G., De Vos, R.H., De Kort, W.L., 
and Lowik, M.R. Dietary intake of food contaminants in The Netherlands (Dutch Nutrition 
Surveillance System). Food Addit.Contam., 1996, 13(5), 561-573. 

Bodo, A., Llobet, J.M., Domingo, J.L., Corbella, J., Teixido, A., and Casas, C. 
Polybrominated diphenyl ethers (PBDEs) in foodstuffs :  human exposure through the diet. 
J.Agric.Food Chem., 2003, 51(rn), 3191-3195 . 

10 Domingo, J.L. Human exposure to polybrominated diphenyl ethers through the diet. 
J.Chromatogr.A, 2004, rn54(1-2), 321-326. 

11 Staskal, D.F., Hakk, H., Bauer, D., Diliberto, ].]., and Birnbaum, L.S. Toxicokinetics of 
polybrominated diphenyl ether congeners 47, 99, rno, and 153 in mice. Toxicological Sciences, 
2006, 94(1), 28-37. 

12 Hovander, L., Malmberg, T., Athanasiadou, M., Athanassiadis, L., Rahm, S., Bergman, 

44 

A., and Wehler, E.K. Identification of hydroxylated PCB metabolites and other phenolic 
halogenated pollutants in human blood plasma. Archives of Environmental Contamination 
and Toxicology, 2002, 42(1), rn5-117. 



13 Solomon, G.M. and Schettler, T. Environment and health : 6. Endocrine disruption and 
potential human health implications. CMAJ. , 2000, 163(11), 1471-1476. 

14 Patandin, S. , Koopman-Esseboom, C., De Ridder, M.A.]., Weisglas-Kuperus, N., and Sauer, 
P.J.J. Effects of environmental exposure to polychlorinated biphenyls and dioxins on birth size 
and growth in Dutch children. Pediatric Research, 1998, 44(4), 538-545. 

15 Weisglas-Kuperus, N., Vreugdenhil, H.J., and Mulder, P.G. Immunological effects of 
environmental exposure to polychlorinated biphenyls and dioxins in Dutch school children. 
Toxicol Lett, 2004, 149(1-3), 281-285. 

16 Aguilar, A. and Borrell, A. DDT and PCB reduction in the western Mediterranean from 1987 to 
2002, as shown by levels in striped dolphins (Stenella coeruleoalba). Mar.Environ.Res., 2005, 
59(4), 391-404. 

11 Purkey, H.E., Palaninathan, S.K. ,  Kent, K.C., Smith, C., Safe, S.H., Sacchettini, J.C., and 
Kelly, J.W. Hydroxylated polychlorinated biphenyls selectively bind transthyretin in blood and 
inhibit amyloidogenesis: rationalizing rodent PCB toxicity. Chem.Biol., 2004, 11(12), 1719-1728. 

18 Kitamura, S. , Jinno, N., Suzuki, T., Sugihara, K. , Ohta, S. , Kuroki, H., and Fujimoto, N. 
Thyroid hormone-like and estrogenic activity of hydroxylated PCBs in cell culture. Toxicology, 
2005, 208(3), 377-387. 

19 Vogel, A.I. A textbook of practical organic chemistry including qualitative organic analysis. 
1967, 3rd(24), 953-978 .  

20 Hovander, L., Athanasiadou, M., Asplund, L., Jensen, S., and Wehler, E.K. Extraction and 
cleanup methods for analysis of phenolic and neutral organohalogens in plasma. ].Anal. 
Toxicol., 2000, 24(8), 696-703. 

21 Weiss, ]. ,  Wallin, E. , Axman, A., Jonsson, B.A., Akesson, H., Janak, K., Hagmar, L., and 
Bergman, A. Hydroxy-PCBs, PBDEs, and HBCDDS in serum from an elderly population of Swedish 
fishermen's wives and associations with bone density. Environmental Science & Technology, 
2006, 40(20), 6282-6289. 

22 Rylander, L., Nilsson-Ehle, P., and Hagmar, L. A simplified precise method for adjusting 
serum levels of persistent organohalogen pollutants to total serum lipids. Chemosphere, 2006, 
62(3), 333-336. 

23 Axman, A., Rylander, L., Stromberg, U., Dyremark, E. , and Hagmar, L. Polychlorinated 
biphenyls in blood plasma among Swedish female fish consumers in relation to time to 
pregnancy. J.Toxicol.Environ.Health A, 2001, 64(6), 485-498. 

45 



Chapter 2 Serum concentrations of OHCs in women and their infants 

24 Covaci, A., Jorens, P., Jacquemyn, Y., and Schepens, P. Distribution of PCBs and 
organochlorine pesticides in umbilical cord and maternal serum. The Science of The Total 
Environment, 2002, 298(1-3), 45-53. 

25 Sala, M., Ribas-Fito, N., Cardo, E., de Muga, M.E., Marco, E. , Mazon, C., Verdu, A., Grimalt, 
J.O., and Sunyer, J. Levels of hexachlorobenzene and other organochlorine compounds in cord 
blood : exposure across placenta. Chemosphere, 2001 , 43(4-7), 895-901. 

26 Guvenius, D.M., Aronsson, A., Ekman-Ordeberg, G. , Bergman, A., and Noren, K. Human 
prenatal and postnatal exposure to polybrominated diphenyl ethers, polychlorinated biphenyls, 
polychlorobiphenylols, and pentachlorophenol. Environ. Health Perspect., 2003, m(9), 1235-
1241. 

27 Sandau, C.D., Ayotte, P., Dewailly, E., Duffe, J., and Norstrom, R.J. Pentachlorophenol and 
hydroxylated polychlorinated biphenyl metabolites in umbilical cord plasma of neonates from 
coastal populations in Q!!ebec. Environ.Health Perspect., 2002, 110(4), 411-417. 

28 Koopman-Esseboom, C., Huisman, M., Weisglas-Kuperus, N., Van Der Paauw, C.G., 
Tuinstra, L.G.M., Boersma, E.R., and Sauer, P.J.J. PCB and dioxin levels in plasma and human 
milk of 418 dutch women and their infants. Predictive value of PCB congener levels in maternal 
plasma for fetal and infant's exposure to PCBs and dioxins. Chemosphere, 1994, 28(9), 1721-1732. 

29 Thuresson, K., Hoglund, P., Hagmar, L. , Sjodin, A., Bergman, A., and Jakobsson, K. Apparent 
half-lives of hepta- to decabrominated di phenyl ethers in human serum as determined in 
occupationally exposed workers. Environ.Health Perspect., 2006, 114(2), 176-181. 

30 Mazdai, A., Dodder, N.G., Abernathy, M.P., Hites, R.A., and Bigsby, R.M. Polybrominated 
diphenyl ethers in maternal and fetal blood samples. Environ. Health Perspect., 2003, m(9), 
1249-1252. 

31 Sandanger, T.M., Sinotte, M., Dumas, P., Marchand, M., Sandau, C.D., Pereg, D., Berube, 
S., Brisson, ]. , and Ayotte, P. Plasma concentrations of selected organobromine compounds 
and polychlorinated biphenyls in postmenopausal women of �ebec, Canada. Environ.Health 
Perspect., 2007, 115(rn), 1429-1434. 

32 Fangstrom, B., Hovander, L. , Bignert, A., Athanassiadis, I. , Linderholm, L., Grandjean, 
P. , Weihe, P., and Bergman, A. Concentrations of polybrominated diphenyl ethers, 
polychlonnated biphenyls, and polychlorobiphenylols in serum from pregnant Farnese women 
and their children 7 years later. Environmental Science & Technology, 2005, 39(24), 9457-9463. 

3 3  Sjodin, A. Occupational and dietary exposure to organohalogen substances, with special 
emphasis on polybrominated diphenyl ethers. 2000, 1-66. 



34 Qi_u, X., Mercado-Feliciano, M., Bigsby, R.M., and Hites, R.A. Measurement of 
polybrominated diphenyl ethers and metabolites in mouse plasma after exposure to a 
commercial pentabromodiphenyl ether mixture. Environ.Health Perspect., 2007, n5(7), rn52-
rn58. 

35 Law, R.J., Allchin, C.R., De, B.J., Covaci, A., Herzke, D., Lepom, P., Morris, S., 
Tronczynski, J., and de Wit, C.A. Levels and trends of brominated flame retardants in the 
European environment. Chemosphere, 2006, 64(2), 187-208. 

36 Bradman, A., Fenster, L., Sjodin, A., Jones, R.S., Patterson, D.G., Jr., and Eskenazi, B. 
Polybrominated diphenyl ether levels in the blood of pregnant women living in an agricultural 
community in California. Environ.Health Perspect., 2007, n5(1), 71-74. 

37 Morck, A., Hakk, H., Orn, U., and Klasson Wehler, E. Decabromodiphenyl ether in the rat: 
absorption, distribution, metabolism, and excretion. Drug Metab. Dispos., 2003, 31(7), 900-
907. 

38 Stapleton, H.M., Letcher, R.J., and Baker, J.E. Debromination of polybrominated diphenyl 
ether congeners BOE 99 and BOE 183 in the intestinal tract of the common carp {Cyprinus 
carpio). Environmental Science & Technology, 2004, 38(4), rn54-rn61 . 

39 Hallgren, S., Sinjari, T., Hakansson, H., and Darnerud, P.O. Effects of polybrominated 
diphenyl ethers (PBDEs) and polychlorinated biphenyls (PcBs) on thyroid hormone and vitamin A 
levels in rats and mice. Arch.Toxicol., 2001, 75(4), 200-208. 

40 Zhou, T., Ross, D.G., De Vito, M.J., and Crofton, K.M. Effects of short-term in vivo exposure 
to polybrominated diphenyl ethers on thyroid hormones and hepatic enzyme activities in 
weanling rats. Toxicological Sciences, 2001, 61(1), 76-82. 

41 Zhou, T., Taylor, M.M., De Vito, M.J., and Crofton, K.M. Developmental exposure to 
brominated diphenyl ethers results in thyroid hormone disruption. Toxicological Sciences, 
2002, 66(1), rn5-n6 . 

.µ Viberg, H., Fredriksson, A., and Eriksson, P. Neonatal exposure to polybrominated diphenyl 
ether (PBOE 153) disrupts spontaneous behaviour, impairs learning and memory, and decreases 
hippocampal cholinergic receptors in adult mice. Toxicology and Applied Pharmacology, 
2003, 192(2), 95-rn6. 

43 Viberg, H., Fredriksson, A., and Eriksson, P. Neonatal exposure to the brominated flame
retardant, 2,2',4,4',5-pentabromodiphenyl ether, decreases cholinergic nicotinic receptors 
in hippocampus and affects spontaneous behaviour in the adult mouse. Environmental 
Toxicology and Pharmacology, 2004, 17(2), 61-65. 

47 



Chapter 2 Serum concentrations of OHCs in women and their infants 

44 Huisman, M., KoopmanEsseboom, C., Lanting, C.I., vanderPaauw, C.G., Tuinstra, 
L.G.M.T., Fidler, V., Weisglas-Kuperus, N., Sauer, P.J.J., Boersma, E.R., and Touwen, B.C.L. 
Neurological condition in 18-month-old children perinatally exposed to polychlorinated 
biphenyls and dioxins. Early Human Development, 1995, 43(2), 165-176. 

45 Birnbaum, L.S. and Staskal, D.F. Brominated flame retardants : cause for concern? Environ. 
Health Perspect., 2004, n2(1), 9-17. 



49 



50 



3 
Serum levels of polychlorinated biphenyls 
and hydroxylated polychlorinated biphenyls in pregnant 
women over a ro-year period 
in one geographical area in The Netherlands 

L. Meijer, S.D. Soechitram, E.R. Boersma, P.J.J. Sauer 

51  



Chapter 3 Change in PCB and OH-PCB over over a rn-year period 

3 .  I Abstract 
Polychlorinated biphenyls (PcBs) and their metabolites hydroxylated PCBs (oH-PCBs) 
are still present in the environment and the human body despite a production ban 
thirty years ago. PCBs and OH-PCBs negatively affect human health, especially that 
of the developing fetus. 

We present the trend in 4 PCB and 3 OH-PCB levels in pregnant women from three 
cohorts, founded in 1991-1992, 1998-2000 and 2001-2002. All women were of com
parable age and recruited in the same geographical area in The Netherlands. 

Levels of 3 out of 4 analysed PCBs and 2 out of 3 analysed OH-PCBs decreased over 
the years. Over the IO-year period the main congener, 2,2',4,4',5,5'-hexachlorobi
phenyl (cB-153), showed a decrease of 50% in serum of pregnant women, from 830 
pg/ g serum to 444 pg/ g serum. 

3 .2 Introduction 
PCBs were widely used in several industrial products as coolants and lubricants, un
til they were banned thirty years ago due to adverse effects on animal and human 
health, especially on the developing foetus 1

• PCBs are lipophilic and accumulate in 
the environment, animals and humans. Human exposure is mainly through di
etary intake of animal fat2

• Due to slow degradation in the environment, exposure 
to PCBs still exists and negative influence on human health may be ongoing. 

In the human body PCBs are slowly metabolised and mainly stored in adipose tis
sue3. After metabolization OH-PCBs are formed with less lipophilic properties and 
therefore a higher excretion rate. Transplacental transfer of PCBs and OH-PCBs oc
curs during pregnancy leading to prenatal exposure of the foetus4•5 • 

To investigate the trend of PCB and OH-PCB levels in serum of pregnant women 
over a IO-year period, the results of 3 cohorts founded in the northern provinces 
of The Netherlands are compared. 

3 .3 Materials and methods 
The first cohort was founded between 1991 and 1992, the second between 1998 
and 2000 and the third cohort between 2001 and 2002. All 3 cohorts had the same 
inclusion and exclusion criteria: healthy women delivering a single, term, healthy 
child. Written informed consent was obtained after fully explaining the study 
protocol. All protocols were approved by the Medical Ethical Committee of the 
University Medical Centre Groningen. At 35th week of pregnancy 30 ml blood 
was taken from all participating women. After centrifugation at 3600 rpm for IO 
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minutes the serum was separated and stored into acetone prewashed glass tubes at 
-20° Celsius until analysis. 

The method of analysis was comparable6•7· In the first cohort PCB-n8 
(2,3',4,4',5-pentacB), PCB-138 (2,2',3,4,4',5'-hexacB), PCB-153 (2,2',4,4',5,5' -hexacB), 
and PCB-180 (2,2',3,4,4',5,5'-heptacB) were analysed in 209 samples. 

In the second cohort these PCBs were analysed in 97 samples together with 
40H-CB-107 (2,3,3',4',5-pentacB), 40H-CB-146 (2,2',3,4',5,5'-hexacB) and 40H
CB-187 (2,2',3,4',5,5',6-heptacB) in 96 samples. Analyses were performed at The 
Department of Environmental Chemistry, University of Stockholm, Sweden. 

In the third cohort the same hydroxylated metabolites were analysed to
gether with CB-153 in 90 samples. Analyses were performed at the Institute for 
Environmental Studies, Vrije Universiteit, Amsterdam, The Netherlands. All val
ues are presented as medians with range due to skewed distribution, in pg/g serum. 
Statistical significance was considered with a p < 0.05. Missing data were replaced 
by mean value. 

All analyses were performed in SPSS 11.0 for Windows (Chicago, IL, usA). The 
Wilcoxon signed rank test was used to calculate statistical significant difference 
between 2 cohorts. The Friedman test was used to calculate statistical significant 
difference in CB-153 level between the 3 cohorts. 

3 .4 Results and discussion 
In table 1 the clinical details of the cohorts are presented. No significant difference 
in maternal age, height and weight between the three cohorts was observed. 
TABLE I .CLINICAL DETAILS OF THE THREE COHORTS 

1991-1992 1998-2000 2001-2002 

Median (range) Median (range) Median (range) 

Age (yrs) 29 (19-3 8) 32 (21-42) 32 (24-42) 

Height (cm) 170 (150-193) 172 (155-186) 171 (154-183) 

Weight (kg) 64 (48-109) 69 (48-105) 68 (49-109) 

In table 2 an overview of the levels of PCBs and OH-PCBs in serum of the participat
ing women taken at 35th week of pregnancy is presented. 

CB-153 was the main PCB-congener in the first and second cohort, followed by 
CB-138, -180 and -n8. 40H-CB-187 was the main OH-PCB-congener in the second and 
40H-CB-146 was the main OH-PCB-congener in the third cohort. 
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PCB and OH-PCB level decreased over time between the first, second and third 
cohort, except for CB- n8 level, which remained the same between the first and 
second cohort, and 40H-CB-146 level, which increased between the second and 
third cohort. Decrease in PCB level between first and second cohort was highest for 
CB-180 (3 9%, highest chlorinated PCB analysed). CB- 153 level decreased with 29% 

between the first and second cohort and 4 7% between the first and third cohort. 
Decrease in OH-PCB between the second and third cohort was highest for 40H

CB-ro7 (63%, lowest chlorinated OH-PCB analysed). 
The decrease in level of most PCBs found in this study is in accordance with other 

studies. According to a study conducted in the Baltic area the mean estimated half
life of CB- n8, CB- 138,  CB-153 and CB-180 taken together was 0.7 years in air, 15 .4 

years in water, 20. 5  years in soil and 20.6 years in sediments. Half-life of higher 
chlorinated biphenyls was longer than half-life of lower chlorinated congeners8

• 

TABLE 2. COMPARISON OF PCBs AND OH-PCBs LEVELS BETWEEN THE THREE COHORTS IN MATERNAL 

SERUM ON FRESH WEIGHT BASIS (PG/G) 

1991-1992 

Median (range) 

CB- 1 1 8  140 (40-580) 

CB-1 38  560(130-1600) 

CB-153 830 (1 80-2300) 

CB-180 500 (80-1300) 

400H-CB-I07 

400H-CB-146 

400H-CB-1 87 

1998-2000 

Median (range) 

141 (20-rn12) 

439* (30-1340) 

588* (4-1773) 

308* (50-IOIO) 

71 (14-3 3 3) 

72 (32-265) 

142 (5 1-3 39) 

200!-2002 

Median (range) 

444* ( 1 13-1468) 

26* (nd-120) 

rn3* (36-696) 

80* (36-478) 

1 992 : N=209, 1998 : N=97 for the PCBs and N=96 for the hydroxylated-PCBs, 2002 : N=90, 

*p < 0.01 

Limited data is present regarding trend over time of PCBs in human blood. To our 
knowledge no data are available on the trend over time of OH-PCBs in human blood. 
According to a study by Masuda in Yucheng and Yusho patients the half-life of PCB 

congeners in human blood varied between r .6 and 17.6 years, measured over a 30-

year period9• PCB level was higher in Yucheng patients compared to Yusho patients, 
leading to the conclusion that PCB congener half-life was longer when initial PCB 

level was lower. This observation was also made by Shirai 1°, in his paper describing 
the uncertainties of estimated half-lives of PCBs in humans. In a study conducted in 
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human serum samples from a blood bank in Memphis, CB-153 level decreased with 
50% over a ten years period11

• Median CB-153 level in those subjects decreased from 
66 ng/g lipid in 1990-1994 to 3 5  ng/g lipid in 2000-2002. 

A variety of reasons could explain the absence of change in CB-u8 level and in
crease in 40H-CB-146 level over time, observed in our study. Lack of change in CB

u8 level over time could be due to a constant amount of exposure, lack of excre
tion from the human body due to its stability, or chance finding. A constant level 
of exposure can be explained by a high stability of CB-n8 in the environment or 
dietary products. Another possibility is the conversion of higher chlorinated PCBs 

to lower chlorinated PCBs in environment or dietary products. The increase in level 
of 40H-CB-146 may be a chance finding, or could be explained by higher exposure 
to the metabolite over time. OH-PCBs are also present in animals and therefore ex
posure to these compounds through dietary intake is also possible12

• Further stud
ies are needed to objectify the results obtained for CB-n8 and 40H-CB-146. 

In this study we present a decrease in serum levels of PCBs and OH-PCBs over a ten
year period in pregnant women from three cohorts living in the same geographi
cal area, due to the ban in the production and usage. This decrease will diminish 
their influence on human health which is especially important for the developing 
foetus. 
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Chapter 4 oHcs and infant sexual development 

4 . 1  Abstract 

4. l .  l BACKGROUND 

Prenatal exposure to endocrine disruptors, like organohalogen compounds (oHcs), 
might be responsible for the increased aberrations in human male sexual devel
opment (hypospadias, cryptorchidism, testicular cancer, and fall in sperm count) 
observed over the past decades. This development is established during foetal life, 
and reflected in sex hormone levels, testes volume and penile length post partum. 
The present study investigates the correlation between prenatal OHC levels and 
male sexual development outcomes. 
4. l .2 METHODS 

Levels of eight neutral (4,4' -DDE, CB-153, BDE-47, -99, -rno, -153, -154 and HBCDD) 
and four phenolic (PCP, 40H-CB-rn7, -146 and -187) 0HCs were determined in 55 
maternal serum samples taken at 35 weeks of pregnancy. Eight sex development
related hormones (testosterone, free testosterone, sex hormone binding globulin, 
luteinizing hormone, follicle stimulating hormone, oestradiol, free oestradiol and 
InhibinB) were determined in their sons at three months of age, and testes volume 
and penile length at three and 18 months of age. 
4. I .J RESULTS 

The following prenatal 0HC levels correlated significantly with sex hormone lev
els: PCP with SHBG and InhB (r = 0.295 and -0.430, respectively), 40H-CB-107 with 
T (r = 0.308), and BDE-154 with FE2, E2, and InhB (r = 0.490, 0.543 and 0.342, respec
tively. BDE-154 levels correlated positively with testes volume at 18 months of age 
(r = 0.335). 
4. 1.4 CONCLUSIONS 

Prenatal OHC exposure is correlated with sexual development outcome in boys up 
to 18 months of age, and might be related to the increase in aberrations in human 
sexual development. 

4.2 Introduction 
Epidemiological studies in humans indicate falling sperm count1

•
2 and an increased 

incidence of hypospadias, cryptorchidism and testicular cancer over the past de
cades3 . This combination is called testicular dysgenesis syndrome (Tos)4• The ae
tiology of rns is most likely a disruption of foetal hormone homeostasis during 
reproductive development5 • Sharpe and Skakkebaek6 postulated that disruption of 
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homeostasis could be due to over-exposure to oestrogens or oestrogenic chemi
cals during foetal life. Subsequently, Sharpe5 partly questioned his own earlier hy
pothesis, and postulated that decreased androgen production and/or action due 
to chemical compounds, with subsequently decreased aromatisation to oestradiol, 
could be the key central change. 

Chemicals which interfere with the endocrine system are called endocrine dis
ruptors (EDs)7. Several organohalogen compounds (oHcs) appear to be EDs in hu
mans, and may therefore be partly responsible for ms. In adult males levels of 
pentachlorophenol (PcP), 2,2'  -bis-(4 chlorophenyl)-1 , 1  '-dichloroethene (4,4' -oDE) 
and 2,2 ',4,4 ',5,5 '-hexachlorobiphenyl (cB-153) correlate negatively with sex hor
mone levels8

- 11
• Furthermore 2,2',4,4',5,5' -hexabromodiphenyl ether (BDE-153) 

levels correlate with decreased sperm numbers and testes size, PCB levels with de
creased sperm motility, and 4,4' -DDE levels with decreased sperm number, mor
phology and motility12-14_ 

Limited data are available on effects of these EDs and of the more recently intro
duced brominated flame retardants on hormone levels, testes volume and penile 
length in infant boys. 

In 2001 the Groningen-Infant-Compare-cohort (G1c) was founded to investigate 
the influence of prenatal exposure to selected neutral and phenolic 0HCs on growth 
and development. In this paper we describe the influence of prenatal exposure 
levels of these neutral and phenolic 0HCs on infant male sexual development, re
flected by sex hormone levels in boys at three months of age, and testes volume, 
and penile length at three and 18 months of age. 

4.3 Materials and methods 

4. 3.  I COHORT 

The GIC-cohort was founded between October 2001 and November 2002. The co
hort consisted of 90 healthy pregnant women, living in the northern provinces 
of The Netherlands, who delivered a single, term, healthy infant. 56 Boys were 
born within the cohort. 55 Boys entered the presently described cohort. 1 Boy was 
born after 1cs1 pregnancy, which may predispose to aberrations of sexual develop
ment15, and is therefore excluded from the cohort. 

Before start of the study informed consent was obtained after fully explaining 
the protocol. The protocol was approved by the Medical Ethical Committee of 
the University Hospital Groningen, The Netherlands. 
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4.3 .2 BODY WEIGHT AND HEIGHT 

Anthropometrics were determined at three and 18 months of age with a stan
dardised balance and tapeline suitable for infants' age. Measurements were per
formed by one investigator. Due to non-cooperative behaviour, interfering with 
reliable results, .not all data are complete. 
4. 3 .3  TESTES VOLUME 

Testes volume was measured by ultrasound at three and 18 months of age, ± one 
week, calculated from date of birth. The measurements were performed by three 
paediatric radiologists trained for the examination, on the same Antares ultra
sound machine (Siemens, Erlangen, Germany). Testis volume was calculated using 
the formula for an ellipsoid (i/6 x n x L x B x  H) in mm3. Testes volume outcome 
was complete in 46 of the 55 infants. At 3 months of age, 7 examinations were 
cancelled due to interfering emergency consultations for the radiologist, 1 due to 
illness of the participant, and 1 due to a strike of medical personnel. Radiologist 
A performed 27 examinations, B II, and c 8. At 18 months of age 4 examinations 
were cancelled due to interfering emergency consultations for the radiologist, 2 
due to loss to follow-up, 2 due to retractile testes (in both participants the left 
testis was not found), and 1 due to a strike of medical personnel. Radiologist A 

performed 36 examinations, B 9, and c 1. Outcome in testes volume was similar 
between the different radiologists, data can be obtained at request. 
4. 3 .4 PENILE LENGTH 

Penile length was measured with a standardized tapeline by the same investiga
tor throughout the entire study. Penile length was measured from the base (by 
performing pressure on the suprapubic fat) to the tip of the penis. Measurements 
were performed in supine position at stable room temperature. At 3 months of age 
data were absent in 4 infants; 3 due to non-cooperative behaviour, and 1 due to 
illness of the participant. At 18 months of age data were absent in 8 infants; 5 due 
to non-cooperative behaviour, l due to cancelled testes volume measurement ap
pointment, and 2 due to loss to follow-up. 
4.3 .5 ANALYSES OF PRENATAL NEUTRAL AND PHENOLIC OHC LEVELS 

Prenatal exposure to 8 neutral and 4 phenolic 0HCs was based on maternal serum 
levels taken at the 35th week of pregnancy. 

The 8 neutral 0HCs were: 4,4 '-ooE, CB-153, 2,2 ',4,4'-tetrabromodiphenyl ether 
(BoE-47), 2,2 ',4,4',5-pentabromodiphenyl ether (BDE-99), 2,2 ',4,4',6-pentabromo-



diphenyl ether (BoE-IOo), BOE-153, 2,2 ',4,4 ',5,6 '-hexabromodiphenyl ether (BoE-
154), and 1,2,5,6,9, IO-hexabromocyclododecane (HBcoo). 

The 4 phenolic OHCs were : 4-hydroxy-2,3,3 ',4 ',5-pentachlorobiphenyl (40H
CB-I07), 4-hydroxy-2,2',3,4',5,5 '-hexachlorobiphenyl (40H-CB-146), 4-hydroxy-
2,2 ',3,4',5,5 ',6-heptachlorobiphenyl (40H-CB-187), and PCP. 

2 Neutral (4,4'-ooE and CB-153) and 4 phenolic (PCP, 40H-CB-I07, 40H-CB-146 and 
40H-CB-187) OHCs were analysed at the Institute for Environmental Studies, Vrije 
Universiteit, Amsterdam, The Netherlands as described elsewhere 16. Analyses 
were performed in all 55  maternal samples obtained at 35 weeks of pregnancy. The 
limit of detection (mo = three times the standard deviation of the blank values) 
was IO pg/g serum for 4,4'-ooE, 21 pg/g serum for CB-153, IOO pg/g serum for PCP, 
9 pg/g serum for 40H-CB-I07, 13 pg/g serum for 40H-CB-146 and 6 pg/g serum 
for 40H-CB-187. Limit of quantification (wQ) was set as 3.3 times the LOO. 40H
CB-I07 levels were below LOO in one/55 samples. Levels of all other compounds 
were above LOO. 

6 Neutral brominated flame retardants (BFRs : BOE-47, BOE-99, BOE-IOO, BOE-153, 
BOE-154 and HBcoo) were analysed at the department of Environmental Chemistry, 
Stockholm University, Sweden, as described elsewhere16

• Due to financial re
straints, data on BFR levels were available in 44 randomly chosen matching ma
ternal samples in the presently described sub-cohort. LOO (signal/noise = 5) was 
0.08-0.16 pg/g for the PBOEs and o.8 pg/g for HBCOo. LOQ was r.2-30 pg/g serum 
for the PBOEs (caused by BOE-47 background levels) and 9 pg/g serum for HBCOO. 
Background levels were subtracted from reported results. BOE-99 levels were be
low LOQ in three/ 44 samples, HBcoo levels were below LOO in one/ 44 samples. All 
other BFR levels were above LOO and LOQ in all maternal samples. 
4.3 .6 ANALYSES OF SEX HORMONE LEVELS 

Levels of 6 gonadal function-related hormones were determined in serum of boys 
at three months of age : testosterone (T), sex hormone binding globulin (sHBG), 
luteinising hormone (LH), follicle stimulating hormone (FsH), oestradiol (E2) and 
InhibinB (InhB). Blood (1 ml) was centrifuged at 3600 RPM for IO minutes. Serum 
was stored at -20°C until analysis. Sex hormone levels were determined at the 
Endocrine Laboratory, Department of Internal Medicine, Erasmus Medical 
Centre, Rotterdam, The Netherlands as described elsewhere17

• Free T (FT) and free 
E2 (FE2) were calculated as described elsewhere18

• LOO values for these hormones 
were 0.1 nmol/1 for T, 3 nmol/1 for SHBG, 0. 1 ru/1 for LH and FSH, IO pmol/1 for E2, 
and IO ng/1 for InhB. Due to insufficient amounts of serum in some infants we 
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decided to analyse sex hormones in the following order: InhB, SHBG, T, LH, FSH and 
E2. Sex hormone levels were above LOD in all analysed samples. 
4.3 .7 SERUM LIPID CONTENT 

Total cholesterol was determined by the CHOD-PAP method (Roche/Hitachi, 
Minnesota, usA). Triglycerides were determined by the Trig/GB methods (Roche/ 
Hitachi, Minnesota, usA). The total lipid weight was calculated based on the 
strong correlation between cholesterol, triglycerides and phospholipids content in 
human serum (1.9 + 1.3 (total cholesterol + triglycerides))19• 

4.3 . 8  STATISTICAL ANALYSES 

Results are presented as mean and standard error or median and range where ap
propriate. Testes volume is presented as mean volume (left + right / 2 from a total 
of three measurements). Levels of neutral 0HCs are expressed on lipid weight ba
sis (Lw, ng/g lipid), and of phenolic 0HCs on fresh weight basis (Fw, pg/g serum). 
Bivariate correlations were calculated using Spearman's test. Differences were con
sidered statistically significant at p < 0.05, with a trend towards significance at p < 
0.1. All analyses were performed in SPSS 12.0 for Windows (Chicago, IL, usA). 

4.4 Results 

4.4. I INFANT CHARACTERISTICS, AND LEVELS OF PRENATAL NEUTRAL AND PHENOLIC OHC, AND SEX 
HORMONES. 

Characteristics of the participating infants are presented in Table 1. All data are 
within Dutch reference values, except for testes volume and penile length, for 
which no reference values are available. Prenatal neutral and phenolic OHC levels 
are presented in Table 2. 

Sex hormone levels at 3 months of age are presented in Table 3. Calculated FT 
and FE2 levels were strongly positive correlated with total levels of T and E2 (r = 

0.894 and r = 0.876, respectively, p < 0.001 for both correlations). InhB levels were 
positively correlated with T levels (r = 0.392, p<o.01) and negatively with FSH levels 
(r = -0.377, p < 0.05). The correlations between levels of T and LH showed a trend 
to significance (r = 0.292, p < 0.07), whereas levels of T and SHBG were strongly 
correlated (r = 0.450, p < 0.01). Finally, E2 levels were positively correlated with LH 

levels (r = 0.441, p < 0.01 ). 



TABLE I. BODY WEIGHT, HEIGHT, TESTES VOLUME AND PENILE LENGTH MEASURED IN BOYS AT 3 
AND 18 MONTHS OF AGE. 

Age Mean (sE) N 

Weight 3 months 6371 g (88) 55  
18  months 1 1851 g (169) 52 

Height 3 months 63.4 cm (0.3) 55 

18 months 84.3 cm (6.4) 52 
Testes volume 3 months 384 mm3 (19) 46 

18 months 421 mm3 (16) 46 
Penile length 3 months 3.9 cm (0.1) 5 1  

1 8  months 5.0 cm (0.1) 47 

N :  number of participants in whom data are complete, SE : standard error 

TABLE 2. LEVELS OF NEUTRAL ORGANOHALOGEN COMPOUNDS AND PHENOLIC ORGANOHALOGEN 
COMPOUNDS ANALYZED IN SERUM OF WOMEN TAKEN AT 3 5TH WEEK OF PREGNANCY 

Median I Range I n.d./n.q. I N 

Lipid weight basis (ng/g lipid) 
DOE 93 18-370 55 

CB-153 64 19-230 55 

BDE-47 0.9 0.0-6. 1 44 
BDE-99 0.3 0.0-2. 1 -h 44 

BDE-100 0.3 0.0-1.4 44 

BDE-1 53 1.6 0.3-20 44 

BDE-154 0.5 0.2-3.5 44 
HBCDD 0.7 n.d.-7.4 II- 44 

Fresh weight basis (pg/g serum) 
PCP 920 300-8500 55 

40H-CB-I07 25 n.d.-100 1/- 55 

40H-CB-146 98 40-290 55 

40H-CB-187 76 36-180 55 

n.d./n.q. : not detected/not quantified. N: number of observations. 
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TABLE 3 .  SEX HORMONE LEVELS IN BOYS AT 3 MONTHS OF AGE 

Hormones Unit Median (range) N 

FT (nmolh) 0.03 (0.01-0.08) 45 

T (nmol/1) 2.7 (0.7-9.4) 45 

SHBG (nmolh) I I 5  (40-219) 45 

LH (rn/mL) 0.9 (0.3-5.3) 44 

FSH (rn/mL) o.8 (0.3-1 .8) 41 

FE2 (pmolh) o.6 (0. 1-1 .2) 37  

E2 (pmolh) 3 1  (6-60) 37  

InhibinB (ng/mL) 323 (23 1-523) 47 

N :  number of observations 

4.4.2 CORRELATIONS BETWEEN SEX HORMONE LEVELS AT 3 MONTHS OF AGE AND TESTES VOLUME 
AND PENILE LENGTH AT THREE AND 18 MONTHS OF AGE. 

Several sex hormone levels showed a significant correlation with testes volume 
at 3 and 18 months of age, as summarized in Table 4. Serum levels of FT, and T 

showed a significant positive correlation with testes volume at 3 months of age. 
InhB showed a significant positive correlation with testes volume at 18 months 
of age. In contrast, FSH levels were negatively correlated with testes volume at 3 
months of age and a trend towards a significant negative correlation with testes 
volume was found at 18 months of age. FE2 showed nearly significant negative cor
relation with testes volume at 3 months of age. Except for a nearly significant posi
tive correlation between FT and penile length at 3 months of age (r = 0.286), none 
of the sex hormone levels correlated with penile length at 3 or 18 months of age. 
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TABLE 4. SPEARMEN CORRELATIONS BETWEEN SEX HORMONE LEVELS AT 3 MONTHS OF AGE AND 
TESTES VOLUME AT 3 AND I8 MONTHS OF AGE 

Sex hormone Age of r N 

testes 

volume 

FT 3 months 0.333 39 

T 3 months 0.360* 39 

InhB 18 months 0.358* 40 

FSH 3 months -0.412 * 36 

18 months -0.291 '  3 5  

FE2 3 months -0.344' 32 

r :  regression coefficient, N: number of observations, 'p < 0. 1 ,  *p < 0.05, 

4.4.3 CORRELATIONS BETWEEN PRENATAL NEUTRAL AND PHENOLIC OHC LEVELS AND SEX HORMONE 
LEVELS AT THREE MONTHS OF AGE. 

Spearman correlations between levels of the OHCs and sex hormones are presented 
in Table 5. Significant correlations were observed between prenatal exposure to 
both older environmental contaminants like 4,4'-ooE, PCP, and hydroxy-PcBs, as 
well as more recently introduced BFRs. 

TABLE 5. SPEARMAN CORRELATION OF INDIVIDUAL ORGANOHALOGEN COMPOUNDS (oHcs) AND SEX 
HORMONE LEVELS AT 3 MONTHS OF AGE 

OHCs Sex hormones r N 

4,4'-ooE LH 0.253' 44 

* PCP SHBG 0.295 45 

InhB - 0.430 ** 45 

40H-CB-I07 FT 0.278' 45 

T 0.308* 45 

40H-CB-187 FSH 0.271' 41 

BDE-154 FSH - 0.348' 32 

** FE2 0.490 29 

** E2 0.543 29 

InhB 0.342 3 5  

HBCDD FT - 0.313 '  34 

r :  regression coefficient, N :  number of analysed samples, 'trend to significance, *p < 0.05, **p < 0.01 
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4.4.4 CORRELATIONS BETWEEN PRENATAL NEUTRAL AND PHENOLIC OHC LEVELS AND TESTES 

VOLUME AND PENILE LENGTH AT THREE AND 18 MONTHS OF AGE. 

Except for prenatal BDE-154 levels, no significant correlations between prenatal 
exposure to OHCs and testes volume and penile length at 3 and 18 months of age 
were found. Prenatal BDE-154 levels showed a significant positive correlation with 
testes volume at 18 months of age (r = 0.335, p < 0.05). The 2 boys with retractile 
testes were not exposed to the highest levels of any of the OHCs. 

4.5 Discussion 

In this study we investigated the influence of prenatal OHC levels on infant male 
sexual development. Significant correlations were observed between prenatal ex
posure to OHCs and sex hormone levels and genital development. Prenatal levels 
of some older OHCs (4,4'-DDE, PCP, 40H-CB-ro7, and -187) and of more recently 
produced BFRs (BDE-154 and HBCDD) correlated with several sex hormone levels in 
infant boys at three months of age. Levels of one prenatal BFR level, BDE-154, corre
lated significantly with testes volume at 18 months of age. No influence on penile 
length was observed. 

Because male sexual development is largely determined before birth under influ
ence of sex hormones from the hypothalamus-pituitary-gonadal axis, this devel
opment can be disrupted by EDs during this period. In infants sex hormone levels 
peak at 3 months of age and decline thereafter20

• Therefore effects of EDs on infant 
male sexual development can probably be investigated best by correlating their 
levels to sex hormone levels, testes volume and penile length at infant age. 

Despite the limitations in the number of children studied and absence of data on 
some analytes in a subset of the subjects in this study, which might lead to selec
tion bias or too low numbers of data to obtain significant results, several conclu
sions can be drawn. The observed significant correlations between levels of the sex 
hormones and testes volume support the validity of the data. Higher InhB levels 
were correlated with lower FSH levels, as previously reported21

• Higher InhB levels 
indicate a larger number of Sertoli cells, and therefore a larger testes volume22

, as 
observed in the positive correlation at 18 months of age: at 3 months testes volume 
was negatively correlated with FSH levels, also indicating a stronger feedback by 
InhB. 

For the LHh/sHBG axis such a clear conclusion cannot be reached, although a 
trend towards a positive correlation between LH and T was observed, as previously 
reported 21

, and a significant correlation between T and SHBG was found23 • The rea-
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son for the observed positive correlation between LH and {F)E2 in the absence of 
correlation between (F)T and {F)E2 remains unclear. The high correlation between 
(F)T and testes volume at 3 months of age is according to our study's hypothesis. 
This was however not observed at r8 months of age. 

Prenatal OHC levels showed correlations with serum levels of hormones of the 
hypothalamus-pituitary-gonadal axis. We observed positive correlation between 
prenatal 4OH-CB-ro7 levels and FT and T, and between prenatal BDE-154 levels and 
FE2 and E2, and a trend to negative correlation between prenatal HBCDD levels and 
FT. It is not possible, based on these results, to determine the mechanism behind 
these observations; both blockade of receptors and resulting lack of feedback or 
induction of enzyme expression24 might explain the results. 

Prenatal PCP levels were negatively correlated with Sertoli cell function (less InhB 
production); although a correlation with FSH levels could not be detected. In con
trast, a study in adult men showed a weak negative correlation between PCP and 
FSH levels8, indicating that the FSH-InhB feedback system in infants may differ from 
that in adults25 • The present study also shows a positive correlation between prena
tal levels of PCP and SHBG. This might result in a lower androgen activity, although 
de Ronde et al. 23 showed that higher SHBG levels lead to increased levels of total 
T, but not of FT in infant boys. Finally, prenatal BDE-154 levels showed a positive 
correlation with Sertoli cell function as demonstrated by the positive correlation 
with InhB levels and trend to a negative correlation with FSH levels. This might 
reB.ect a positive inB.uence on Sertoli cell number, which is supported by the sig
nificant positive correlation between prenatal BDE-154 levels with testes volume at 
r8 months of age. 

It is difficult to substantiate these outcomes, since no similar studies have been 
performed in the human infant population. Furthermore, for most analysed com
pounds no data on the pro- or anti-oestrogenic or -androgenic effects are avail
able. Some of the observed results may be chance findings due to large number 
of possible correlations investigated. However, the observed outcome in prenatal 
BDE-154 level on sex hormone levels and testes volume is consistent with the study 
hypothesis. More studies are needed to confirm the observed results, and to rule 
out chance findings. Probably one of the best strategies to investigate the inB.u
ence of prenatal OHC levels on sexual development is to calculate a sum of endo
crine potency (pro- or anti-oestrogenic or -androgenic) for the combination of 
compounds, similar to the sum of toxic equivalent quotient, designed for dioxin
like compounds. We tried to calculate the sum for the compounds investigated in 
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the present study. However, too little data on potencies for most of the analysed 
compounds are available in order to perform this calculation. By in vitro deter
mination of (anti)oestrogenic and/or (anti)androgenic potencies per compound, 
calculation of summated potencies, and correlation of these potencies to sexual 
outcome, a better understanding of the influence of these compounds on sexual 
development will be established. 

In conclusion, this study indicates an effect of prenatal OHC levels on infant male 
sexual development, by correlations to sex hormone levels at 3 months of age, 
and testes volume at r8 months of age. Since human reproductive health is largely 
dependent on infant sexual development and indications exist that OHCs influence 
this development, more studies are needed to investigate this field. 
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Chapter 5 oHcs and infant neurological development 

5 .  I Abstract 
Despite 3 decades of banning several toxic organohalogen compounds (oHcs), their 
human exposure is still ongoing. Toxic consequences appear highest during foetal 
and infant life, when most (neuro )developmental processes take place. 

In this study we investigated influence of prenatal levels of 3 long term banned 0HCs 
(2,2 ',4,4', 5 ,  5 '-hexachlorobiphenyl ( CB-153 ), pentachlorophenol and 1, 1-dichloro-
2,2-bis(4,4' -chlorophenyl)ethylene (4,4' -DDE)), 3 hydroxy lated PCBs (4-hydroxy-
2,3,3 ',4',5-pentachlorobiphenyl (40H-CB-I07), 4-hydroxy-2,2',3,4',5,5'-hexachlo
robiphenyl (40H-CB-146), and 4-hydroxy-2,2' ,3 ,4' ,5 ,5 ',6-heptachlorobiphenyl 
(40H-CB-187)), and 6 brominated flame retardants (BFRs : hexabromocyclododecane, 
and 5 polybrominated diphenylethers (PBDEs) on infant neurodevelopment up to 
18 months of age. 

Neurodevelopmental examinations were conducted at IO days, three months 
and 18 months of age. Prenatal CB-153, 4,4'-ooE and the hydroxylated PCBs lev
els correlated negatively with infant neurodevelopment. CB-153 levels correlated 
with hypotonia and dystonia at IO days of age. 4,4' -DDE levels correlated, when 
adjusted for confounding factors, with hyper-excitability at three months of age. 
40H-CB-146 levels correlated with mental development index (Mm) of the Bayley 
examination at 18 months of age. 40H-CB-187 correlated with visuo-motor score 
at three months of age, balance and at 18 months of age. 40H-CB-I07 levels, when 
adjusted for confounding factors, correlated with dystonia at IO days of age, ap
athia at three months of age, and visuo-motor score at three months of age. 

Surprisingly, most prenatal BFR levels correlated positively with neurodevelop
ment at the different ages. In conclusion, 0HCs entering the environment are cor
related with infant neurodevelopment, also long after banning their production 
and use. 

5 .2 Introduction 
Organohalogen compounds (oHcs) are ubiquitously present in the environment, 
leading to ongoing human exposure. They enter the human body through inhala
tion, ingestion or direct dermal contact. Lipophilic compounds are stored in fat 
tissue and may remain there for long time periods. During pregnancy the 0HCs 
cross the placenta leading to fetal exposure1

• This might change foetal develop
ment, with life long harmful effects. Neurodevelopment is one of the major fetal 
developmental processes, starting at the first trimester of fetal life and continuing 
postnatally2

-
4

• Many studies have investigated neurodevelopmental outcome in in-



fants after prenatal exposure to polychlorinated biphenyls (PcBs) and 4,4' -DDE (2 

long-term banned OHcs)5-
13 · To our knowledge studies on the relationship between 

prenatal exposure to brominated flame retardants (BFRs) and child neurodevelop
ment are scarce14•

15 , and data on infant neurodevelopment lack. 
OHCs influence neurodevelopment through interference with many pathways in 

the human body, as for instance the thyroid hormone homeostasis. Especially dur
ing foetal and neonatal neurodevelopment, thyroid hormones play an essential 
role in neurogenesis, myelination, dendrite proliferation and synapse formation2

• 

Prenatal exposure to OHCs is negatively associated with thyroid hormone levels at 
birth 16, and the second week and third month of life 17• OHCs cause subtle disruption 
of the thyroid hormone axis, leading to neurotoxicity18

• 

In this paper we describe the correlation of several prenatal OHCs levels on thyroid 
hormone levels at birth and infantile neurodevelopment up to 18 months postnatal 
age. By correlation of thyroid hormone levels at birth to neurodevelopmental out
come parameters, we aimed to reveal the underlying mechanism for OHC toxicity. 

5.3 Method 

5 .3 . 1  COHORT 

The Groningen-Infant-Compare (Gic) cohort consisted of 90 mother/infant pairs 
and was founded between October 2001 and November 2002. All women met 
the inclusion criteria: giving birth to a single, term, healthy infant, and being of 
Caucasian race. Written informed consent was obtained after fully explaining the 
study protocol. The protocol was approved by the Medical Ethical Committee of 
the University Medical Centre Groningen. 
Characteristics 
Neurodevelopmental outcome was adjusted for the following confounding fac
tors: age of mother, smoking during pregnancy (none, < IO, > IO cigarettes per 
day), alcohol intake during pregnancy (none, sometimes, every week), gestation 
length, parity, APGAR scores at I and 5 minutes post partum, lactation duration 
(in weeks post partum, no discrimination between sole breastfeeding and com
bined with bottle feeding), post term age at examination, parents' education, par
ents' social economic status (sEs), obstetric optimality score (oos: pre-, intra-, and 
post-partum conditions of mother and infant)19, Wechsler Adult Intelligent Scale 
(wAis: verbal IQ of the most providing parent)20

, and an estimation of the living 
environment (HOME questionnaire)21

• Parents' education was divided into 7 catego-
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ries: lower schooling without graduation, lower schooling with graduation, pri
mary vocational training with graduation, secondary vocational education with
out graduation, secondary vocational education with graduation, pre-university 
education, and college degree or university education. Parents' SES was divided 
into seven categories: unemployed, non-skilled, skilled, lower employment class, 
middle class, independent middle class, and upper class. Outcome is presented in 
Table 1. 
5.3 .2 DETERMINATION OF PRENATAL OHC LEVELS 

Prenatal exposure to eight neutral and four phenolic OHCs was determined in ma
ternal serum taken at the 35th week of pregnancy (Table 2). Maternal serum 0HC 
levels during pregnancy show high correlation with cord serum OHC levels, thus 
reflecting prenatal exposure'·22

• 

longterm banned 0HCs 
2 Neutral (4,4'-nDE; 2,2'-bis-(4 chlorophenyl)-1,1'-dichloroethene and CB-153; 
2,2',4,4',5,5,'-hexachlorobiphenyl) and four phenolic (PcP; pentachlorophenol, 
40H-CB-rn7; 4-hydroxy-2,3,3',4',5-pentacB, 40H-CB-146; 4-hydroxy-2,2',3,4',5,5'
hexacB, and 40H-CB-187; 4-hydroxy-2,2',3,4',5,5',6-heptaCB) 0HCs were analysed 
at the Institute for Environmental Studies, Vrije Universiteit, Amsterdam, The 
Netherlands as described elsewhere'. Analyses were performed in all 90 maternal 
samples. The limit of detection (wn = three times the standard deviation of the 
blank values) was IO pg/g serum for 4,4'-nnE, 21 pg/g serum for CB-153, rno pg/g 
serum for PCP, 9 pg/g serum for 40H-CB-rn7, 13 pg/g serum for 40H-CB-146 and 6 

pg/g serum for 40H-CB-187. Limit of quantification (wQ) was set as 3.3 times the 
LOD. 40H-CB-rn7 levels were below LOD in 3/90 samples. Levels of all other com
pounds were above L0D. 



TABLE I. CHARACTERICTICS OF THE 90 MOTHEIVINFANT PAIRS 

Median/Mean Range/SE N 

Mothers _Age (yr} 32 24-42 88 
Height (cm) 171 154-183 87 
Weight (kg} 68 49-109 88 
BMl 23 17-37 87 
oos 58  46-68 88 

Parents WAIS 125 74-144 8 1  
HOME 3 3  24-38 87 

Infants Birth Gestation length (weeks•cbys) 40 37•4-42•2 90 
APGAR! 9 3-10 82 
APGAR5 IO 7-10 82 
Height (cm} 5 1. 5  0.3 80 
Weight (g) 3656 56 90 
Head circumference ( cm} 35. 1 0.2 72 

10 days Height (cm} 52.8 0.5 85 
Weight (g) 3863 5 5  8 5  
Head circumference ( cm} 37. 1 0.4 86 
Lactation (days} IO o.6 69 

3 months Height (cm} 62.7 0.2 89 
Weight (g) 6187 71.6 90 
Head circumference ( cm) 4o.9 0. 1 90 
Lactation (weeks) 7.9 o.6 69 

18 months Height (cm) 83.7 0.3 84 
Weight (g} 11652 130 85 
Head circumference ( cm} 48.2 0.2 84 
Lactation (weeks) 14.6 1.5 69 

N: number of participants in whom data were complete, BMI : body mass index, oos : obestetric op
timaliy Score, WAIS: Wechsler adult intelligence scale, HOME: home observation for measurement 
of the environment, data are median and range or mean and standard error (sE} where appropriate 
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TABLE 2. PRENATAL EXPOSURE LEVELS OF NEUTRAL AND PHENOLIC ORGANOHALOGEN COMPUNDS 

ANALYSED IN SERUM OF WOMEN TAKEN AT 35TH WEEK OF PREGNANCY 

Median Range n.d./n.q. N 

Lipid weight basis (ng/g lipid) 

DDE 89 1 8-3 80 90 

CB-153  63 19-230 90 

BDE-47 o.8 0.04-6. 1  69 

BDE-99 0.2 n.d.-2 .1  -/3 69 

BDE-100 0.2 0.03-1 .4 69 

BDE-153  1 .6 0.3-20 69 

BDE-1 54 0.5 0. 1-3 . 5  69 

HBCDD 0.7 n.d.-7.4 II- 69 

Fresh weight basis (pg/g serum) 

PCP 970 300-8500 90 

40H-CB-I07 26 n.d.-120 3/- 90 

40H-CB-146 100 36-700 90 

40H-CB-187 80 36-480 90 

n.d./n.q. : not detected/not quantified, N: number of analysed samples 

Brominated flame retardants 
6 Neutral brominated flame retardants (HBcoo and 5 PBDEs: BOE-47; 2,2',4,4'-tet
raBDE, BDE-99; 2,2',4,4',5-pentaBOE, BDE-IOO; 2,2',4,4',6-pentaBOE, BDE-153; 
2,2',4,4',5,5'-hexaBoE, and BOE-154; 2,2',4,4',5,6'-hexaBDE) were analysed at the 
Department of Environmental Chemistry, Stockholm University, Sweden, as de
scribed elsewhere 1

• Due to financial restraint, BFRs were analysed in 69 randomly 
chosen maternal samples. LOO (s/n = 5) was 0.08-0.16 pg/g for the PBDEs and o.8 
pg/g for HBCDO. LOQ was 1.2-30 pg/g serum (caused by BDE-47 background levels) 
for the PBOEs and 9 pg/g serum for HBCOD. Background levels were subtracted from 
reported results. BOE-99 levels were below LOQ in three/69 samples, HBCDD levels 
were below LOD in one/69 samples. All other BFR levels were above LOO and LOQ in 
all maternal samples. 
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5. 3 .  3 DETERMINATION OF THYROID HORMONE LEVELS IN CORD SERUM 

Levels of the following thyroid parameters were determined in cord serum: free 
thyroxin (FT4), thyroxin (T4), triiodothyronin (T3), reverse triiodothyronin (rT3), 
thyroid-stimulating hormone (TSH), and thyroxin-binding globulin (rnG) (Table 
3). Blood (1 ml) was centrifuged at 3600 RPM for IO minutes. Pipetted serum 
was stored at -20°C until analyses. Thyroid hormone levels were determined at 
the Endocrine Laboratory, Department of Internal Medicine, Erasmus Medical 
Centre, Rotterdam, The Netherlands as described elsewhere23 • TSH, T4, FT4, and 
T3 were measured using the Vitros ECI Immunodiagnostic System ( Ortho-Clinical 
Diagnostics, Raritan, NY, usA). RT3 was measured with an in-house radioimmu
noassay. TBG was measured using Immulite 2000 technology (Siemens Healthcare 
Diagnostics, Deerfield, IL, usA). Reference ranges for normal adult human serum 
were n-25 pmol/L for FT4, r.4-2.5 nmol/L for T3, 0. 14-0.34 nmol/L for rT3, 0.4-4.3 
mU/L for TSH, and 12-38 mg/L for TBG. 
TABLE 3. THYROID HORMONE LEVELS AT BIRTH 

Hormone Unit Mean SE N 

FT4 pmol/L 19.0 0.3 74 
T4 nmol/L 120.6 2. 1 74 
T3 nmol/L o.8 o.o 74 
rT3 nmol/L 3.9 0. 1 74 
TSH nmol/L 10.3 o.6 74 
TBG mg/L 30.5 o.6 74 

Data are mean, and standard error (sE), N: number of analysed samples 

5 . 3 .4 ASSESSMENT OF NEURODEVELOPMENT 

Neurodevelopment was assessed by neurological examinations at IO days (Prechtl 
examination), 3 months (Touwen examination) and 18 months of age (Hempel 
examination and Bayley Scales of Infant Development -II - Bsm-11). The examina
tions were conducted in the same pre-conditioned hospital room, with the same 
testing material, and by one investigator, throughout the study. Exceptions were 
the examination at IO days of age, conducted at home, and the BSID-11, conducted 
by 3 trained students from the Movements' Sciences Faculty. 
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Neurological examination of the full-term newborn infant (Prechtl examination }24•25 • 

This examination predicts later minor and major neurological dysfunction26
-
28

• At 
IO days ± 2 postnatal days, all infants were tested at home, I hour before feeding 
(according to standardized conditions). Data were missing in 2 infants due to mis
communication on time of birth. 7 Scores were assessed (Table 4). 
TABLE 4. TEST SCORES AND RESULTS OF THE NEURODEVELOPMENT EXAMINATIONS AT THE 

DIFFERENT AGES 

Examination Test scores Median Range 
IO days of age NOS 50 39-59 
(Prechtl) Hypotonia 3 0-9 

Dystonia 0 0-13 
Apathy 2 0-7 
Hyper-reflex 0 o-6 
Asymmetry 0 0-4 
Visomotor 0 0-3 

3 months of age NOS 45 35-5 1 
(Touwen) Development 4 2-7 

Hyper-excitability 0 0-2 
Apathy 2 0-2 
Visomotor 7 5-8 
Hypotonia 1 0-5 

18 months of age NOS 43 31-54 
(Hempel) Apprehension 7 2-7 

Posture 5 1-7 
Balance 3 1-5 
Dystonia 5 2-5 
Variability 2 0-5 

1 8  months of age MDI 95 66-125 
(Bsm-n) 

POI 91 69-128 

NOS : neuro-optimality score, Bsm-n: Bayley scales of infant development n, MDI : mental develop
ment index, PDI : psychomotor development index 
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Neurological examination at the age of three months (Touwen examination )29 • 

This examination was conducted at 3 months of age ± 1 week. Data was missing in 
one infant due to loss to follow-up. 6 Scores were assessed (Table 4). 
Neurological examination for toddler-age (Hempel examination )3°. 
The examination was conducted at 18 months of age ± 1 week. Data were missing 
in 3 infants due to loss to follow-up. 6 Scores were assessed (Table 4). 
Bayley scales of infant development-II (Bsrn-n), adjusted for the Dutch population31

• 

This examination was conducted at 18 months of age ± 1 week. Data were miss
ing in 3 infants due to loss to follow-up. The BSID-II consists of 3 scales: mental, 
psychomotor, and behavioural scale. The mental scale measures cognition of the 
infant necessary for completing demanded skills. The psychomotor scale measures 
the abilities of the infant to control major and minor muscle groups. Outcome 
of the mental and psychomotor scales was computed into a development index 
(Mm and PDI, respectively) with a mean value of rno, and a standard deviation of 
15 ,  comparable to the adult intelligent quotient. The behaviour scale measures the 
behaviour of the infant during the test and is a confounding factor for the two 
other scales. 
5 . 3 . 5  STATISTICAL ANALYSIS. 

Results are presented as mean and standard error or median and range, depend
ing on distribution of data. Neutral OHCs are expressed on lipid weight basis 
(ng/g lipid, Lw), and phenolic compounds on fresh weight basis (pg/g serum, Fw). 
Univariate correlation (Spearman test) was executed to correlate prenatal OHC lev
els to neurodevelopmental outcome (at linear scores). Multivariate analyses was 
executed with the significant results of Spearman correlation to relate prenatal 
OHCs levels, adjusted for confounding factors, to neurodevelopmental outcome. 
This was performed by multiple linear regression analyses at enter method on list 
wise basis. Differences were considered statistically significant at p < 0.05 , with a 
trend towards significance at p < o. 1 .  All analyses were performed in SPSS 12.0 for 
Windows (Chicago, IL, usA). 
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5.4 Results 

Clinical characteristics of the 90 mother/infant pairs of the GIC-cohort are pre
sented in Table 1. 78 mothers did not smoke during pregnancy, 7 smoked less than 
IO cigarettes, and 3 smoked more than IO cigarettes per day. 64 women did not use 
alcohol during pregnancy, 23 women did infrequently drink alcohol, and I drank 
alcohol every week. Most mothers were pregnant with their second child (43), 
30 with their 1st, 14 with their 3rd, one with her 4th, and 2 with their 5th. Most 
parents had a college or university degree (39 ), three parents the lowest education 
grade, 2 did not graduate from secondary vocational training, 34 graduated from 
secondary vocational training, and IO graduated from pre-university school. Most 
parents belonged to the middle class (39), 1 was a skilled worker, 1 was a housewife, 
3 were lower employees, IO were independent middle class, and 34 were upper 
class. 

Prenatal OHCs levels are presented in Table 2, these data have been previ
ously published 1 • Thyroid hormone levels at birth are presented in Table 3. 
The test scores, neurodevelopmental outcome, and interpretations are presented 
in Table 4. 

In univariate analyses, all prenatal OHC levels, except for 4,4' -DDE, PCP and 40H
CB-I07, correlated with one or more neurodevelopment scores, especially when 
assessed with the Hempel and BSID-II examination (Table 5). Prenatal CB-153, 40H
CB-146, and -187, BDE-99, and HBCDD levels were correlated with deterioration of 
neurodevelopmental outcomes at different ages. 



TABLE 5. UNIVARIATE ANALYZES BETWEEN PRENATAL ORGANOHALOGEN COMPOUND 

CONCENTRATIONS AND NEURODEVELOPMENT OUTCOME AT IO DAYS (PRECHTL EXAMINATION), 

THREE (TOUWEN EXAMINATION), AND 18 MONTHS OF AGE (HEMPEL EXAMINATION AND BAYLEY 

SCALES OF INFANT DEVELOPMENT-II) 

OHC ND score ND test ND influence r N 

CB-153 Hypotonia IO days, Prechtl Deteriorated 0. 18 11 88 

Dystonia Deteriorated 0.1901 88 
40H-CB-146 MDI 18 months, BSID-II Deteriorated - 0. 185' 87 
40H-CB-187 Visa-motor 3 months, Touwen Deteriorated - 0. 1801 89 

Balance 18 months, Hempel Deteriorated - 0.208* 90 
MDI 18 months, BSID-II Deteriorated - 0.262* 87 

BDE-47 Posture 18 months, Hempel Improved 0.281* 69 
PDI 18 months, BSID-II Improved 0 2401 66 

BDE-99 MDI 18 months, BSID-II Deteriorated - 0.257 * 63 
BDE-100 Posture 18 months, Hempel Improved 0.2001 69 

PDI 18 months, BSID-n Improved 0.247 * 66 
BDE-153 Apathia IO days, Prechtl Deteriorated 0.2271 67 

PDI 18 months, BSID-n Improved 0.23 11 66 
BDE-154 Dystonia 18 months, Hempel Improved 0.2011 69 
HBCDD NOS 3 months, Touwen Deteriorated - 0.290 * 67 

Apathia Deteriorated 0.35 1  ** 67 
Dystonia 18 months, Hempel Deteriorated - 0.283 * 68 

OHC : organohalogen compound, ND : neurodevelopment, r :  correlation coefficient, N: number of 
analyzed samples, ' :  p < 0.1, * p < 0.05, ** p < 0.01, Nos : neuro-optimality score, BSID-IV: Bayley scales 
of infant development, MDI: mental development index, PDI : psychomotor development index 
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Several prenatal OHC levels correlated with thyroid hormone levels at birth, 
mostly the BFRs. Significant positive correlations (p < 0.05) were observed between 
prenatal BDE-47 levels and TJ and n3 levels (r = 0.271 and 0.283, respectively), and 
between prenatal BDE-99 levels and rT3 levels (r = 0.278). Trend to positive cor
relation (p < 0.1) was observed between prenatal BDE-99 levels and T3 levels (r = 
0.266). Significant negative correlation (p < 0.05) was observed between prenatal 
BDE-154 levels and T4 levels (r = -0.278). Trend to negative correlations (p<o.1) were 
observed between prenatal PCP level and T3 levels (r = -0.219), and between prenatal 
40H-CB-107 levels and T4 levels (r = -0.202). 

In univariate analyses, FT4, T3, rT3, and TSH levels at birth correlated with one or 
more neurodevelopment scores (Table 6). Most thyroid hormone levels at birth 
were positively correlated with neurodevelopmental outcomes, whereas they ap
peared unrelated to the neurodevelopmental scores of the BSID-11. 
TABLE 6. UNIVARIATE ANALYZES BETWEEN THYROID HORMONE CONCENTRATIONS AT BIRTH AND 

NEURODEVELOPMENT OUTCOME AT IO DAYS (PRECHTL EXAMINATION), 3 (TOUWEN EXAMINATION), 

AND 18 MONTHS OF AGE (HEMPEL EXAMINATION AND BAYLEY SCALES OF INFANT DEVELOPMENT-II) 

TH ND score ND test ND influence r N 
FT4 Balance 18 months, Hempel Improved * 0.257 74 

T3 Viso-motor 3 months, Touwen Deteriorated * - 0.257 73 

NOS 18 months, Hempel Improved 0.225c 71 

Apprehension Improved * 74 0.241 
Posture Improved * 74 0.230 

rT3 Hypotonia IO days, Prechtl Improved - o.224t 74 

Dystonia Improved - 0.276 * 74 

Visa-motor Improved o.227t 74 

H yperexci tabili ty 3 months, Touwen Deteriorated * 0 227 73 

Posture 18 months, Hempel Improved * 0.287 74 

TSH Apathia IO days, Prechtl Deteriorated * 0.232 74 

TH : thyroid hormone, ND : neurodevelopment, r: correlation coefficient, N: number of analyzed 
samples, t : p < 0. 1, * p < 0.05, NOS : neuro-optimality score 

In multivariate analyses, outcome in prenatal OHC levels, adjusted for confound
ing factors, was in accordance with univariate analyses (without adjustment for 
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confounding factors) for 40H-CB-146, -187, and BDE-153 with the Bsm-n, as pre
sented in Table 7. 
TABLE 7. MULTIVARIATE ANALYZES OF PRENATAL EXPOSURE TO ORGANOHALOGEN COMPOUNDS, 

ADJUSTED FOR CONFOUNDING FACTORS, ON NEURODEVELOPMENT OUTCOME AT IO DAYS (PRECHTL 

EXAMINATION), 3 (TOUWEN EXAMINATION), AND I8 MONTHS OF AGE (HEMPEL EXAMINATION AND 

BAYLEY SCALES OF INFANT DEVELOPMENT-II). 

ND test ND score V N 

Prechtl Dystonia 0.642 + 0.020 * 40H-CB-I07 3 .5% 87 

Touwen Hyper-excitability 0.006 + 0.002 * 4,4' -DDE + 0.022 6.9% 88  

* MM 

Apathia 2.707 - 0.013 * 40H-CB-I07 + 19.1% 77 

0.3 3 3  * edu + 0.246 * apgarr -
0.122 * HOME - 0.044 * MM 

Viso-motor 2.005 - O.OIO * 40H-CB-I07 + 16.6% 77 

0.022 * AD + 0.012 * WAIS - 0.067 

* HOME 

Hempel Dystonia 4.3 IO - O.I07 * BDE-153 + 0.344 * 15.0% 66 

parity 
BSID-11 MDI 88.216 - 0.045 * 40H-CB-146 + 9.8% 84 

2.614 * SES 

92.748 - O. IOI * 40H-CB-187 + 12.3% 84 

2.3 8 1  * SES 

PDI 74.912 + I . IOI * BDE-153 + 2.63 3 19.1% 63 

* SES 

ND: neurodevelopment, v: variance, : number of participants in whom analyses are complete, MM :  
duration of breastfeeding, edu: education of mother, HOME : questionnaire estimating the home 
living environment, WAIS:  Wechsler adult intelligence Scale (1Q most providing parent), SES : social 
economic status, Bsm-11 : Bayley scales infant development 11, MDI : mental development index, PDI : 

psychomotor development index 

Contrary to the univariate analyses in multivariate analyses the hydroxylated 
PCBs were most frequently related to neurodevelopmental outcome. In multivari
ate analyses, outcome in thyroid hormone levels at birth, adjusted for confounding 
factors, was in accordance with univariate analyses for rTJ with hyper-excitability 
score from the Touwen examination, as presented in Table 8. 
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TABLE 8. MULTIVARIATE ANALYZES OF THYROID HORMONE LEVELS AT BIRTH, ADJUSTED FOR 

CONFOUNDING FACTORS, AND NEURODEVELOPMENT OUTCOME AT IO DAYS, 3 ,  AND 18 MONTHS OF 

AGE. 

ND test ND score V N 

Touwen Hypotonia 6.263 + r . 180 * T3 + 0.279 * edu 23.0% 67 
- 0.316 * parity + 0.395 * apgar 1 -

0.596 * apgar 5 - 0.448 * smoking 
- 0.130 * HOME - 0.052 * MM 

H yper-exci tabili ty - 0.236 + 0. 161 * rT3 I0.0% 72 

ND : neurodevelopment, v :  variance, N: number of participants in whom analyses are complete, edu: 
education of mother, apgar I :  apgar score after 1 minute, apgar v: apgar score after 5 minutes, HOME : 

questionnaire estimating the home living environment, MM: duration of breastfeeding 

5 .5 Discussion 

Several prenatal OHC levels correlated with infant neurodevelopment up to 18 

months of age. The long term banned OHCs (4,4'-ooE, CB-153 , and their daughter 
compounds; the hydroxylated PCBs) correlated with deteriorated neurodevelop
mental outcome. Unexpectedly, several BFRs correlated with improved neurode
velopmental outcome. Most correlations were observed between prenatal OHC 

levels and neurodevelopmental outcome at 18 months of age (the Hempel and 
BSID-n examination). Observed correlations between prenatal OHC levels with thy
roid hormone levels at birth and neurodevelopmental outcome up to 18 months 
of age, did not indicate influence on the thyroid hormone axis as the underlying 
mechanism for OHC toxicity. 

All OHCs analysed in this study are present in the human body, leading to prena
tal exposure. Most of these prenatal levels correlated with neurodevelopmental 
outcome, also when adjusted for confounding factors. We compared our results to 
other studies conducted in the same time period. All studies investigated influence 
of prenatal OHC exposure on neurodevelopment examined by the BSID-n, mostly at 
six to 24 months of age. We observed trends of correlation between CB-153 levels 
and neurodevelopmental outcome at IO days of age, but not at later ages. The lack 
of correlation at later infant age is consistent with a German study32, probably 
current levels are too low to exert influence on infant neurodevelopment. Even at 
twice as high prenatal CB- 153 levels no influence on neonatal neurodevelopment 
was observed5 • Prenatal 4,4' -DDE levels delayed PDI at 18 months of age, adjusted 
for confounding factors, as consistent with a Mexican study, with 16 times higher 
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prenatal 4,4' -DOE levels9• 11
• We observed a significant correlation between prenatal 

40H-CB- 187 levels and worse balance and MDI at 18 months of age. This was not 
observed in a Slovakian study with higher prenatal levels, but similar mean MDI 

outcome3 3 • In that study however, they observed delayed MDI and POI due to com
parable prenatal 4-0H-CB-ro7 levels to our study, which we did not observe. To 
our knowledge no data exists of influence of prenatal PCP level on infant neuro
development, so our lack of results could not be verified. In conclusion, approxi
mately 30 years after their banning these OHCs are still present in humans, leading 
to prenatal exposure, and exerting effect on infant neurodevelopment. 

Unexpectedly, several of the prenatal BFRs levels correlated with improved neu
rodevelopmental outcome. This is inconsistent with animal studies in which 
prenatal PBDE exposure leads to hypoactivity34, delayed neurobehavioral develop
ment35, and learning and memory dysfunction35•36• It is also inconsistent with a 
recent study in children delivered by mothers pregnant on September nth 2001, 
living in the vicinity of the WTC site. That study showed correlations of several 
prenatal PBDE levels with lower MDI and POI at 1 to 4 and 6 years of age'4• It is 
however consistent with the results of the follow-up study of our cohort at 5 to 
6 years of age, which also showed positive correlation between prenatal BFR levels 
and neurological outcome'5 • Their might be several reasons for this discrepancy. 
Prenatal BDE-4 7 and -99 levels in our cohort are approximately 14 times lower 
compared to the levels in the Herbstman cohort. Therefore other factors might 
become of more influence on infant neurodevelopment. One factor might be the 
very high parents' verbal IQ outcome in our cohort (125 in stead of roo in overall 
Dutch population), which is known to be correlated to improved infant neuro
developmental outcome. Another factor might be that the high BFR levels in the 
Herbstman cohort exert a direct neurotoxic effect, which will not be observed at 
our low levels. The positive correlation between BFR levels and thyroid hormone 
levels observed in our cohort, might explain the positive correlation with neuro
developmental outcome. Maybe the relation between BFRs and thyroid hormone 
levels are none-linear and therefore at higher BFR levels lower thyroid hormone 
levels will be observed. More studies are needed to investigate this discrepancy. 
This discrepancy with the Herbstman data is most likely not due to differenc
es in statistical analyses as suggested by them14, since our outcome remains the 
same when BFR levels are correlated to neurodevelopmental outcome in percentile 
groups (data available at request). 
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OHCs influence neurodevelopment through many pathways. They may affect 
proteins important for brain development37, and the susceptibility of the cholin
ergic transmitter system38

• Polychlorinated biphenyls (PcBs) interact with the neu
rotransmitter system, calcium homeostasis, oxidative stress and neuroendocrine 
targets, such as the pituitary-thyroid axis39 • In this study we investigated if the ob
served prenatal OHC levels were correlated to thyroid hormone levels at birth, and 
thus explaining their neurotoxicity. This was observed for prenatal BDE-47 levels, 
which correlated to TJ and rT3 levels at birth and both correlating to improved 
posture at 18 months of age (Hempel examination). This was not observed for any 
of the other individual prenatal OHC levels. This lack of results may be due to too 
small number of participants, or too low prenatal OHC levels (and therefore thyroid 
hormones levels within normal range). It may also be due to the fact that there 
are many other neurotoxic pathways of OHC exposure, which may be of greater 
impact than their influence on the thyroid hormone axis. 

5.6 Conclusions 
OHCs present in the environment lead to human and prenatal exposure, even many 
years after banning their production and use. This prenatal exposure is correlated 
to altered neurodevelopmental outcome, as observed in this study. This neuro
toxic effect is still observed at 5 and 6 years of age15

, indicating that the foetus and 
infant are very vulnerable to OHC exposure. 

We could not indicate the thyroid-hormone axis as the explanatory pathway 
for OHC neurotoxicity, probably due to the fact that many other pathways are in
volved. Future research should focus on identifying these pathways. More means 
to reduce (intrauterine) exposure should be explored, to protect humans at their 
most vulnerable period. 
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Chapter 6 Disposal of 2,2',4,4'-tetrabromodiphenyl ether in rats 

6 . 1  Introduction 
Polybrominated diphenyl ethers (PBDEs) are persistent organic pollutants (PoPs), 
which are extensively used as flame retardants in consumer products 1. Theoretically, 
up to 209 different PBDE congeners can be discriminated on the basis of position 
and number of bromine atoms on the phenyl rings. 2,2',4,4' -Tetrabromodiphenyl 
ether (BDE-47), the main PBDE congener in the environment2, is a very lipophilic 
compound that is virtually completely absorbed upon enteral exposure3. After ab
sorption, BDE-4 7 is preferentially stored in adiposetissues of animals and humans4· 5 • 

The physiochemical characteristics of PBDEs are rather similar to those of poly
chlorinated biphenyls (PcBs), which have been investigated in more detail. Exposure 
to PCBs in early life can occur prenatally, by transport across the placenta6, 

and postnatally, by breast feeding. High concentrations of PCBs have been found 
in breast milk7• Fetuses and newborns are more sensitive than adults to the toxic ef
fects of PCBs8

• In children, adverse effects of PCBs have been described on neurologi
cal development9, the resistance to infections 10, and anthropometric parameters 11 • 

The toxicity of PCBs has led to a ban on production and use of PCBs in the Western 
part of the world since the 197Os. However, PCBs are still present in the environ
ment 12 and in humans 13. The production of deca-BDES has so far not been banned. 
Within the European Community, legislative measures regarding penta-BDE and 
octa-BDE have been taken since 2003. Since then, it has been forbidden to produce 
these compounds and use these compounds in products in a concentration of more 
than o.r wt% 14. The prospected long-term environmental exposure of PBDEs has 
spurted research in strategies to enhance the disposal of these POPs from the human 
body. 

The lipophilic character of POPs may offer the possibility to enhance their disposal 
from the body by stimulation of fecal fat excretion. Lipophilic compounds are hy
pothesized to partition into unabsorbed fat in the intestinal lumen. Stimulation of 
fecal fat excretion could then possibly enhance the disposal of these compounds. 
In 2003, we successfully stimulated fecal fat excretion in spontaneously hyper
bilirubinemic Gunn rats by treatment with orlistat, a lipase inhibitor. Parallel to 
stimulation of fecal fat excretion, the fecal disposal of unconjugated bilirubin was 
increased, leading to decreased plasma concentrations 15. Similar to most POPs, un
conjugated bilirubin is a lipophilic compound. Apart from inhibition of intestinal 
lipases, fecal fat excretion could be stimulated by dietary administration of sucrose 
polyester (sPE), a nonabsorbable fat. SPES have been demonstrated to enhance the 
disposal of various POPs in humans 16· 17• In the present study, we exposed rats to ra-



dioactively labeled BDE-47. Fecal 14C-BDE-47 excretion was compared between con
trol rats and rats treated with SPE. Balance studies and quantization of the amount 
of 14C-BDE-4 7 secreted in bile allowed estimation of the effects of the treatments 
on relevant flux rates of BDE-47 within the enterohepatic circulation. BDE-47 was 
chosen as a model POP compound because of its high concentration in the envi
ronment and subsequent human exposure and its lack of appreciable metabolic 
conversion in rats. 

6.2 Materials and Methods 

6.2. I ANIMALS 

Male Wistar rats [body weight (Bw), 320-405 g; Harlan, The Netherlands] were 
individually housed in an environmentally controlled facility with a 12-12 h light/ 
dark cycle (7:00 AM on, 7:00 PM off) and ad libitum access to food and water. 
The experimental protocol was approved by the Ethics Committee for Animal 
Experiments, Faculty of Medical Sciences, University Medical Center Groningen 
(The Netherlands). 
6.2.2 MATERIALS AND DIETS 

14C-BDE-47 (r.o mCi/mmol) was synthesized from [u-14c]phenol as described else
where18. Liquid SPE, containing predominantly unsaturated long chain fatty ac
ids, was a generous gift from Dr. J. Westrate, Unilever Research Laboratories 
(Vlaardingen, The Netherlands). The diets used in the study were custom-syn
thesized by Hope Farms BV (Woerden, The Netherlands). A semisynthetic, puri
fied high-fat diet (16 wt% and 35 energy% fat) was used as the control diet (code 
4141 .07). The high-fat character was chosen for comparability to human dietary 
fat intake (Western human diet, 9940 energy% fat). The standard rat diet contained 
approximately 15 energy% fat. In the SPE diet, 25% of the fat content of the high
fat diet (i.e., 4 wt%) was replaced by a liquid SPE, resulting in a 16 wt% fat diet, of 
which 12 wt% was absorbable fat (custom synthesis by Hope Farms). In previous 
studies, we have shown that rats tolerate high-fat diets very well15. 
6.2.3 EXPERIMENTAL PROTOCOL 

In a pilot experiment, intragastric administration of 14C-BDE-47 to rats resulted 
in an absorption efficacy above 95% and in stable fecal excretion rate of 14c-label 
from 3 days after its administration (data not shown). Only minute amounts of 
14c-radioactivity could be recovered from urine, and urinary collection was there
fore not included in the actual experiment. On the basis of the results of the pilot 
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study, rats were fed the high-fat (control) diet for 3 weeks, to allow adjustment to 
the diet. Four days before starting the experimental diets, 14c-BDE-47 (dose, 15 µCi/ 
kg BW; specific activity, 1 Ci/mol) dissolved in 0.2 mL of olive oil was adminis
tered via gastric gavage. The time period of 4 days was taken to selectively investi
gate the effects of SPE treatment on 14C-BDE-47 wash-out. Equilibrium in intestinal 
uptake and disposal of the administered bolus were previously demonstrated to be 
present after 3-4 days in a rat study with 14C-BDE-4i. These data were confirmed in 
our present study: Fecal 14c excretion was stable during the experimental period 
in the control group. 

At day o, the animals were randomly assigned to continue with the high-fat diet 
(controls) or to receive the SPE diet for 3 weeks. Each diet group consisted of four 
male Wistar rats. Group sizes were determined by the (limited) availability of spe
cially synthesized 14c-BDE-47. During the following 3 weeks, feces was quantita
tively collected on a daily basis, freeze-dried, homogenized, and stored at -20 °C 
until analysis. At days o, 7, and 14 and the last day of the experiment (day 22-24), 1 
mL of blood was obtained in heparin-coated capillaries through tail bleeding un
der isoflurane anesthesia. Plasma was obtained from the blood samples by centrifu
gation at 4000 rpm for ro min and frozen at -20 °C until analysis. After 3 weeks 
on the diets, a catheter was inserted in the bile duct under intraperitoneal pento
barbital anesthesia 19 after which bile was collected for 30 min. Subsequently, the 
animals were sacrificed by collecting a large ~ro mL), heparinized blood sample by 
vena cava inferior punction. Liver, testes, abdominal adipose tissue, brain, adrenal 
glands, and thyroid gland were collected and stored in acetone prewashed glass 
tubes at -20 °C until analysis. 
6.2.4 DETERMINATION OF FECAL FAT CONTENT 

The fecal fat was determined by gas chromatography of fatty acid methyl esters 
(HP ULTRA 1 column, Hewlett-Packard, Palo Alto, cA), according to the method of 
Lepage and Roy20

, with the minor modification that instead of methanol/benzene, 
methanol/hexane was used for methylation and extraction. Heptadecanoic acid 
( C 17 :o) was used as an internal standard. 
6.2.5 DETERMINATION OF 14C-BDE-47 

To decolorize the feces, 0.5 g samples were incubated with 2 mL of bleach in a 
water bath (37 °C, 30 min, and mild shaking). To neutralize the free chloride, 200 
µL of ammonium was added and the samples were vortexed. The samples were 
dissolved in 15 mL of Ultima Gold XR (Perkin-Elmer Life Science, Groningen, 
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The Netherlands) scintillation fluid, and scintillation was measured for IO min in a 
liquid scintillation counter (Tricarb 2500 scintillation counter, Perkin-Elmer Life 
Science). The 14c-radioactivity excreted via the feces was determined by subjecting 
fecal samples obtained at days o, 7, and 14 and the last day of experiment to lipid 
extraction according to Bligh and Dyer21

• Radioactivity in plasma samples was 
determined after adding 2 mL of Ultima Gold XR (Perkin-Elmer Life Sciences) 
scintillation fluid to 100 µL of plasma. Bile samples (100 µL) were first decolorized 
with 50 µL of bleach and dechlorinized with 15 µL of ammonium. Two milliliters 
of scintillation fluid was added, and scintillation was measured in the scintillation 
counter for IO min. Tissue samples (100 mg) were incubated with 0.5 mL of solu
ene-350 in a 37 °C water bath for 48 h to allow the tissues to dissolve. Then, 0.5 
mL of distilled water and 5 mL of scintillation fluid were added and the samples 
were stirred until clarity. Scintillation was measured in the scintillation counter 
for IO min. 
6.2.6 DETERMINATION OF ENTEROHEPATIC CIRCULATION 14C-BDE-47 

The enterohepatic circulation involved hepatic secretion of 14C-BDE-4 7 into the 
bile and subsequent passage into the intestinal lumen. In the intestinal lumen, 
14c-BDE-47 can either be (re)absorbed across the intestinal wall into the blood (i.e., 
the enterohepatic circulation) or excreted via the feces. We assumed that the bili
ary secretion rate measured during 30 min reflected r/ 48th of the amount secreted 
per day. Fecal 14C-BDE-47 was determined in r g of the total amount of feces in the 
same 24 h and multiplied by the total amount of feces in that time period. The dif
ference between the fecal and the biliairy secretion rates per 24 h constituted the 
net transepithelial flux of 14C-BDE-47 per day. 
6.2. 7 STATISTICAL ANALYSIS 

All values are presented as medians with ranges. The Spearman signed rank test 
was used for statistical correlation. The (nonparametric) Mann-Whitney test was 
used for statistical comparison. Differences were considered statistically significant 
at p < 0.05. All analyses were performed in SPSS rr.o for Windows (Chicago, IL). 
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6.3 Results 
The mean food intake during the experiment was similar in the two diet groups 
(per rat, ~22 g/day). BW, feces production, and fecal fat excretion over the 3 week 
period are presented in Table 1. 
TABLE I. BODY WEIGHT, FECES PRODUCTION, AND FECAL FAT EXCRETION IN CONTROL AND 

SPE-TREATED GROUP OVER THE 3 WEEK EXPERIMENTAL PERIOD, WITH STATISTICAL DIFFERENCE 

BETWEEN THE GROUPS 

days control group SPE-treated group 

BW(g) 0 394 (365-422) 3 76 (363-400) 

7 406 (368-422) 401 (378-414) 

14 43 1 (391-455) 402 (396-409) 

last day 440 (405-475) 421 (405-440) 

feces production (g) 0 2.5 (r .9-3 . 1) 2.5 (2.4-2.5) 

7 2.5 (2 .3-3 -2) 3 . 1  (2.9-3.4) 

14 2.5 (2.3-2.9) 3 . 1  (3 - 1-3 -2)* 

last day 2.8 (r .9-4.0) 3 .7 (2.8-4.0) 

fecel fat excretion 0 0.964 (0.513-1 .658) 0.891 (0.686-1 .018) 

(mmol FFA/g feces) 7 0.896 (0.603-1 .728) 2.000 (r . 162-2. 128)* 

I4 0.946 (0.566-1 .5 14) r .983 (r .858-2. 134)* 

last day r . 136 (0.774-1 .500) 2 . 14 ( r .806-2.524)* 

Data are medians, and ranges are between parentheses. N = 4 per diet group, and • p < 0.05 

BW at the start and during the study was comparable between the two diet groups. 
SPE-treated rats had significant higher feces production rate at day 14 as compared 
with control rats (p < 0.05). Fecal fat excretion was significantly higher in the SPE 
group at days 7 (+223%) and 14 (+2ro%) and the end of the experiment (days 22-24; 
+188%) of treatment, as compared with the control group (p < 0.05). 

The first day after administration of 14c-BDE-47 (i.e., at 3 days before starting the 
experimental diets), median fecal recovery of 14c-label was 2.3% of the adminis
tered dose/ day (range 1. 7-n .2 ), after which fecal excretion stabilized within days at 
a median of ~0.3% of administered dose/day (range 0.1-2.0). No statistical differ
ence in fecal radioactivity excretion was observed between groups from days 2-4. 
In control rats, the difference was 0.3% of the administered dose/day (range 0.3-
0.4), and in SPE-treated rats, the difference was 0.4% of the administered dose/ day 
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(range 0.4-0.7), p > 0.05. Over the following 3 weeks, treatment with SPE increased 
14c excretion (0.4% of administered dose/day, range 0.1-0.7, p < 0.05) as compared 
with controls (0.1% of administered dose/day, range 0.1-0.4). Cumulative fecal 
radioactivity disposal during the 3 weeks of experimental diets was 6.9% (range 
5.9-7.3) of administered dose in controls and almost 2-fold higher (13.5%, range 
12.6-21.5) in SPE-treated rats (p < 0.05). 
FIGURE I .  RELATIONSHIP BETWEEN FECAL EXCRETION OF RADIOACTIVITY FROM 14C-BDE-47 

AND FAT IN RATS TREATED WITH A HIGH-FAT DIET (coNTROLs) OR WITH A DIET CONTAINING 

NONABSORBABLE SPES. 

Fecal 14C-BDE-47 
disposal 
(% administered 
dose/day) 

0.4 �-------------------, 

■ 
0.3 ■ 

■ 

■ 

0.2 

0.1 
■ 

■ ■ 

0.5 1 .0 1 .5 2.0 2.5 3.0 

Fecal fat excretion (mmol fatty acids/day) 
r = 0.667, and p = 0.07. Black squares, control group; gray squares, SPE group 

Figure 1 shows a trend toward positive correlation between the amount of radio
activity recovered from the feces with the amount of fecal fat excreted (r = 0.667, 
and p = 0.07). 

Table 2 shows the effect of SPE treatment on the amount of 14c-BDE-47 recovered 
from specific organs, tissues, plasma, and bile as compared to control diet, ex
pressed per gram tissue or mL B.uid. In both diet groups, the highest concentration 
of radioactivity could be recovered in adipose tissue. Interestingly, the adrenal 
gland and thyroid gland also contained high concentrations of radioactivity. The 
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amount of recovered radioactivity in the different organs and tissues was compara
ble between the two treatment groups, except in the liver. Hepatic concentration 
of 14C-BDE-47 per gram tissue in SPE-treated rats was lower as compared to control 
rats (p < 0.05). The liver size was comparable between the two groups (control 16.3 
g, SPE 15.1 g, p > 0.05). Accordingly, the total amount of radioactivity present in 
the liver of SPE-treated rats was significantly lower (p < 0.05) as compared with the 
control group. 
TABLE 2. EFFECT OF SPE TREATMENT ON THE AMOUNT OF 14C-BDE-47 RECOVERED FROM SPECIFIC 

ORGANS, TISSUES, PLASMA, AND BILE, AFTER THE 3 WEEK EXPERIMENTAL PERIOD, WITH 

STATISTICAL DIFFERENCE BETWEEN THE CONTROL GROUP AND THE SPE-TREATED GROUP" 

control group SPE group p 
liver 0.05 1 (0.042-0.055) 0.03 5 (0.03 1-0.042) <0.05 

testes 0.007 (0.006-0.009) 0.008 (0.006-0.009) NS 

adipose tissue 1 .3 1 1  ( 1 . 1 02-1 .661) 1 .413  (1 .057- 1 .775) NS 

brain 0.009 (0.008-0.010) 0.0IO (0.007-0.012) NS 

adrenal gland 0 . 1 3 6  (0.0 1 8 - 1 . 1 52) 0.095 (0.049-0. 120) NS 

thyroid gland 0.05 8 (0.042-0.083) 0.048 (0.042-0.078) NS 

plasma 0.004 (0.003-0.006) 0.004 (0.004-0.005) NS 

bile 0.01 I (0.004-0.017) 0.008 (0.004-0.008) NS 

Data are medians, and ranges are between parenthese. N = 4 per diet group . 

... Radioactivity expresssed in % of administered dose per g tissue or per rnL plasma or bile. 

In both groups, the plasma radioactivity concentration was low and did not differ 
significantly between the groups. Mean plasma radioactivity concentrations for 
all animals together were 0.011% of administered dose/mL plasma at day o (range 
0.007- 0.017), 0.006%/mL plasma at day 7 (range 0.004-0.008), 0.007%/mL plasma 
at day 14 (range 0.004-0.008), and 0.004%/ mL plasma at the last day of the experi
ment (range 0.003- 0.005). 

Bile fl.ow was similar in the two groups: 3.8 µL/minhoo g BW in the control 
group (range 3.2-4.6) and 3.6 µL/minhoo g BW in the SPE group (range 3.4-4.3). No 
significant difference could be observed in radioactivity excretion in bile between 
the control and the SPE groups. 
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FIGURE 2. ENTEROHEPATIC CIRCULATION OF 14C-BDE-47 IN THE CONTROL GROUP AND SPE-TREATED 
GROUP ON THE LAST DAY OF THE EXPERIMENT 

liver liver 

control group feces SPE group feces 

Data are median radioactivity excretion per diet group in % of administered dose/day. N = 4 per diet 
group, and *p < 0.05 

Figure 2 shows the determined and estimated fluxes of 14C-BDE-47 in the en
terohepatic circulation. In the control rat, 0.24% of administered dose/day (range 
0.09-0.36) was secreted with the bile, and 0.09% of administered dose/day (range 
0.08-0.14) was excreted via the feces, implying an enterohepatic circulation flux of 
-0.16% of administered dose/day (range -0.28 to +0.04). In the SPE-treated rat, 0.16% 
of administered dose/day (range 0.08-0.18) was secreted with the bile, and 0.27% 
of administered dose/day (range 0.09-0.32) was excreted via the feces, implying an 
enterohepatic circulation flux of +0. 13% of administered dose/day (range -0.06 to 
+o. 17). A negative amount implies an inward flux across the intestinal epithelium 
into the bloodstream (enterohepatic circulation), and a positive amount implies 
an outward flux from the bloodstream into the intestinal lumen. The majority 
of 14C-BDE-47 secreted in the bile of control treated rats appeared to be reabsorbed 
from the intestine (66%). During SPE treatment, however, the amount of 14C-BDE-47 
disposed of with the feces exceeded the biliary excretion rate, implying induction 
of net outward BOE flux across the intestinal epithelium into the intestinal lumen. 
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This observation indicated an interruption of the enterohepatic circulation of 
BDE-47 by adding SPE (nonabsorbable fat) to the diet, leading to enhanced disposal 
of BDE-47 with the feces. 

6.4 Discussion 
Our results clearly indicate that stimulation of fecal fat excretion by SPE treatment 
enhances the fecal disposal of BDE-47. Present data on biliary secretion and fecal 
disposal of BDE-47 support the concept that SPE treatment interrupts the entero
hepatic circulation of BDE-47 and induces a net flux of BDE-47 across the intestinal 
wall into the intestinal lumen. 

To enhance fecal fat excretion, rats were treated with SPE (nonabsorbable fat) sup
plemented to their diet. SPEs are composed of sucrose molecules to which 6-8 long 
chain fatty acids are esterified. The acyl carboxylic ester bonds in SPEs are resistant 
to intestinal lipases, due to spheric hindrance. The physiochemical properties of 
SPEs are similar to those of triglycerides22

• We reasoned that treatment with SPE 
guarantees the permanent presence of a lipophilic phase in the intestinal lumen, 
which would allow association with hydrophobic compounds like BDE-47. The 
partition coefficient of BDE-47, reflecting the equilibrium distribution of a com
pound between octanol and water, is above 1023 , indicating solubility in lipophilic 
solvents, but its virtual insolubility in aqueous solvents. SPE treatment increased 
both fecal fat and BDE-4 7 excretion. The amount of BDE-4 7 excreted via the feces 
was higher in rats with increased amounts of fecal fat excreted (Figure r ), support
ing the hypothesis that induction of fecal fat excretion enhanced the disposal rate 
of BDE-4 7 from the body. 

The present study is the first of its kind in which the effect of enhanced fecal fat 
excretion on the enterohepatic circulation of a specific POP is quantitatively ad
dressed. Many lipophilic compounds are secreted into the bile from the liver and 
are partly reabsorbed from the intestinal lumen into the blood circulation back to 
the liver and, thus, undergo enterohepatic circulation. The net quantitative flux 
of such a compound across the intestinal wall can be estimated from the disposal 
rate of a compound via the feces and its biliary secretion rate. In the control group, 
the net quantitative flux was a "net absorption flux" (directed from the lumen into 
the body). In the SPE group, however, the quantitative flux was a "net excretion 
flux" (directed from the body into the intestinal lumen). The interpretation that 
SPE interrupts the enterohepatic circulation is supported by the hepatic 14C-BDE-47 
concentration. Part of the amount of radioactivity present in the liver is secreted 
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via the bile into the intestinal lumen. Hepatic '4C-BDE-47 content was significantly 
lower in SPE-treated animals than in the controls. On the basis of the important 
role of the biliary secretion for BDE-4 7 disposal, the liver is most likely the first 
organ in which the SPE-enhanced disposal of BDE-47 has a "wash-out" effect. We 
speculate that a prolonged SPE treatment would eventually result in drainage of 
BDE-47 from the other organs. 

In this study, we found the highest concentration of BDE-4 7 radioactivity in adi
pose tissue, in accordance with previous observations3• The relatively high con
centration of radioactivity in the adrenal glands could be related to the high fat 
content of the adrenal glands (because of their production of lipophilic steroid 
hormones). The relatively high concentration of radioactivity in the thyroid gland 
could perhaps be related to binding of BDE-47 to thyroid hormone receptors pres
ent in the gland. POPs, like PBDE, influence the metabolism of the thyroid hormones 
by binding to the thyroid hormone receptor24

• The distribution of BDE-47 over the 
various organs is comparable with results obtained previously by Orn et al. 3 

In summary, SPE treatment in rats enhances fecal fat excretion and in parallel fecal 
disposal of BDE-47. Present data support the concept that the BDE-47 in the feces 
of SPE-treated rats originates from biliary secretion and also from a net flux over 
the intestinal wall into the intestinal lumen. In this way, SPE interrupts the en
terohepatic circulation of BDE-4 7. The present animal model does not allow direct 
extrapolation of this strategy to the human situation of acute toxic or chronic en
vironmental exposure to BDE-47 or other POPs. However, the present results justify 
the study of the approach in humans, also taking into account the possible side 
effects of SPE treatment. If applicable to the human situation, SPE treatment might 
decrease the exposure concentration of BDE-47, and most likely also of other POPs, 
thus diminishing their impact on human health. 
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Chapter 7 Levels of po1lutants in maternal and cord serum samples 

7. I Abstract 

7. I .  I INTRODUCTION 

The human is exposed to a number of toxic environmental pollutants. The foetus 
is probably most vulnerable to this toxicity, due to its development. Transplacental 
transfer of several organohalogen compounds (oHcs) has been shown, but this 
transfer is less well studied for compounds used in daily life products. 
7. I .2 OBJECTIVE 

Do compounds used in daily life products enter the human body and expose the 
unborn foetus? 
7 . 1 . 3  METHODS 

We evaluated human levels and transplacental transfer of 33 compounds in females 
at 20th week of pregnancy and a number of their infants at birth. The following 
compounds were analysed : chlorinated and brominated OH Cs, phthalates, musk 
compounds, alkylphenols, triclosan and perfl.uorinated compounds. 
7. I .4 RESULTS 

Many compounds were detected in maternal serum. Almost all detectable com
pounds were also present in cord serum, at nearly equal levels. 
7. r . 5  CONCLUSION 

Not only chlorinated and brominated environmental pollutants, but also com
pounds used in daily life products cross the placenta and reach the foetus at almost 
equal levels compared to the mother. More studies are needed regarding potential 
harm for the foetus of this transplacental transfer. 

7 .2 Introduction 

All humans living in more or less developed countries are exposed to several envi
ronmental pollutants. These compounds are extensively used in industrial prod
ucts, but also in consumer products, like clothes and make-up materials. Human 
exposure route is dependent on the products used, as well as their persistence in 
the environment. Several compounds, as for instance polychlorinated biphenyls 
(PcBs), flame retardants and phthalates are correlated to negative effects on human 
health'-3 • Especially alarming is the potential endocrine disrupting effects regard
ing the effect on male sexual development4• 
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The foetal period is probably the most vulnerable period to negative effects of 
environmental pollutants during human life, as this is the period in which organs 
are formed. Indeed, studies on contaminants like PCBs have shown that exposure 
during foetal life is causing more harm than exposure after birth5 • The foetus is 
exposed in utero by transfer over the placenta. A number of studies, including 
our own, have shown a transplacental transfer of a number of banned (Peas) and 
more recently introduced industrial products (Bame retardants)6. Less is known 
about the transplacental transfer of products used in daily life products like toys 
and cosmetics. 

In this study we measured levels of 33 compounds, some of which are used in 
daily life products, in normal healthy, not highly exposed mothers and a number 
of their infants. 

7.3 Methods 

7.3 . 1  PATIENTS 

The participants in this study are part of the Groningen-Infant-Compare (Gic) co
hort, a European Union funded project on effects of antenatal exposure to organo
halogen compounds (oHcs) on growth and development in newborn infants. The 
GIC cohort consisted of 90 mothers and their infants, founded between October 
2001 and November 2002. All mothers were healthy pregnant women who met 
the following inclusion criteria: giving birth to a single, term, healthy infant and 
living in the northern part of the Netherlands. The mothers were recruited by 
their midwives and obstetricians. Blood was obtained in the pregnant women at 
the 20th week of gestation, and from their infants by collecting umbilical cord 
blood. Due to both financial constraints and availability of blood, 41 maternal 
blood samples and 27 cord blood samples were analysed. The methods of collect
ing and storing blood till analysis have been described in Meijer et al6

• 

Analysed compounds 
We analysed IO different phthalates, IO musk compounds, 3 alkylphenols, the an
tibacterial agent triclosan, 2 perBuorinated compounds, I brominated Bame retar
dant (tetrabromobisphenol-A; TBBPA), and 8 organochlorines. 
Analytical methods. 
All glassware used in the analyses was cleaned, rinsed with demi-water and baked 
in an oven for 16 hours at 280°C prior to use. All solvents were distilled prior to 
use to achieve low blank results. The latter is especially important for the determi-
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nation of the phthalates. The serum sample was put into a clean glass 60 ml vial. 
Methanol, 0. 1 M HeL and a set of internal standards (one or more for each group 
of chemicals) were added to the sample. The sample was extracted twice with 
a hexane-diethyl ether mixture and centrifuged after each extraction to separate 
the organic phase. The combined extracts were washed with a 1% KeL-solution 
and dried with anhydrous sodium sulphate. The extract was split into two equal 
parts, A and B. Part A was used for the analysis of bisphenol-A (BPA), alkyl phenols 
(4-nonylphenol; NP, 4-octylphenol; oP), triclosan (Tes), perfluoro-octanesulfonic 
acid (PFos) and perfluoro-octanoic acid (PFoA), and part B was used for the analysis 
of TBBPA, phthalates, artificial musks and organochlorine pesticides. 

Part A of the extract was concentrated to a small volume without further pu
rification. Methanol was added to the extract and the extract was concentrated 
further to remove all hexane-diethyl ether residues. The methanol extract was 
processed further for the determination of BPA, NP, OP, TCS, PFOS and PFOA. The final 
extracts were analysed with liquid chromatography coupled with mass spectrom
etry (1e/Ms) in the selected ion monitoring (sIM) mode. 

Part B of the extract was concentrated to a small volume and a diazomethane 
solution was added for the derivatisation of TBBPA. The extract was concentrated 
again and purified using a florisil clean-up procedure in which separate fractions 
were collected containing one or more of the compound groups. The purified 
extracts were concentrated to a small volume and an injection standard was add
ed. The final extracts were analysed with gas chromatography coupled with mass 
spectrometry (Ge/Ms) in the selected ion monitoring (sIM) mode. 

Due to insufficient amount of serum BPA, OP, NP, Tes, PFOA and PFOS were deter
mined in 39 maternal and 17 cord serum samples. Due to analytical problems NP 

was only analysed in 4 maternal serum samples. 
7.3 .2 SERUM LIPID CONTENT 

Total cholesterol was determined by the eHOD-PAP method (Roche/Hitachi, 
Minnesota, usA). Triglycerides were determined by the Trig/GB methods (Roche/ 
Hitachi, Minnesota, usA). The total lipid weight was calculated based on the strong 
correlation between cholesterol, triglycerides and phospholipids content in hu
man serum (1.9 + 1.3 (total cholesterol + triglycerides))7. Data on lipid weight basis 
was missing for 3 maternal samples due to insufficient amount of serum. 
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7.3 .3  STATISTICAL ANALYSES 

Results are presented as mean and standard error or median and range, where ap
propriate. Levels of neutral compounds are expressed on lipid weight basis (1w, 
ng/g lipid). Levels of phenolic compounds are expressed on fresh weight basis (Fw, 
pg/g serum). Data is considered statistical significant at p < 0.05. All statistical anal
yses were performed in SPSS 12.0 for Windows (Chicago, IL, usA). 

7.4 Results 

The clinical characteristics of the cohort are presented in Table r. The age of the 
pregnant women ranged from 24 to 39 years. For 14 women it was their first preg
nancy, for 17 women their second. There were no statistical differences between 
the present sub-cohort and the total GIC-cohort (data available on request). 
TABLE I .  CHARACTERISTICS OF THE PARTICIPATING WOMEN AND THEIR INFANTS 

Median I Range I N 

Females 

Age (yrs) 30 24-39 41 

Height (cm) 173 158-183 39 

Weight (kg) 68 50-109 40 

BMI 23 .0 17.7-36.7 39 

Parity I 0-4 41 

Infants (19 boys, 8 girls) 

Gestation length 39+6 3 8-42+3 27 

Birth Height (cm) 528-55 4 23 

Birth weight (g) 3675 2970-4730 27 

Birth head circumference ( cm) 35 .5 34-39 23 

N: number of observations 

Levels of phenolic compounds are presented in Table 2. In the group of phthal
ates, di-(2-ethylhexyl) phthalate (DEHP) was the most frequent detected compound 
in maternal and cord serum samples, and present at the highest level (median 7467 
ng/g serum and 328 ng/g serum, respectively). Dimethyl phthalate (oMP), dicyclo
hexyl phthalate (ocHP), di-iso-nonyl phthalate (mNP) and di-iso-decyl phthalate 
(mop) were not detected or only in one or two maternal or cord serum samples. 
Galaxolide (HHcB) and tonalide (AHTN) were the most frequent detected musk com-
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pounds in maternal serum samples. The other - older - musk compounds were 
hardly detected. The same pattern was found in cord blood. The median level of 
HHCB was 0.70 ng/g serum in maternal blood, and 0.55 ng lg serum in cord blood. 
Bisphenol-A and the alkylphenols (NP and OP) were hardly detected in either the 
maternal or cord samples. Tes was detected in 12 of the 39 maternal and in 8 out 
of 17 analysed cord samples. Levels in maternal and cord samples were very com
parable. The perfluorinated compounds, PFOA and PFOS, were hardly detected in 
maternal samples (4 out of 39 samples). In contrast, PFOA was detected in 16 of 17 
cord blood samples, and PFOS in 7 out of 17 cord samples. 
TABLE 2. LEVELS OF PHTHALATES, MUSK COMPOUNDS, BISPHENOL-A AND ALKYLPHENOLS, 

TRICLOSAN, AND PERFLUORINATED COMPOUNDS ON FRESH WEIGHT BASIS (NG/G SERUM) IN 

MATERNAL AND CORD SERUM SAMPLES 

Phthalates 

DMP 

DEP 

DIBP 

DBP 

BBP 

DCHP 

DEHP 

DOP 

DINP 

DIOP 

Musk compounds 

DPMI 

ADBI 

MA 

ATTI 

HHCB 

AHTN 

MX 

118 

Maternal serum samples 

Median Range n.d./n.q. 

1 .8  1 .5-2.0 39 

5.3 2 .5-19 26 

I I I  83-541 24 

47 3 .9-257 24 

3 .8 2 .3-1 1 25  

< < 41 

747 30-5559 12 

1 .7  1 . 1-3 .5 33 

758 - 40 

< < 41 

< < 41 

0.15 0.09-0.34 37 

0.34 0.13-0.72 26 

< < 41 

0.70 0. 15-3 .24 4 

0.20 0.06-0.49 23 

0.08 0.06-0.09 37  

Cord serum samples 

N Median Range n.d./n.q. 

41 < < 27 

41 9 . 1  2.4-22 15  

41  12 3 .6-47 21 

41 40 2.1-489 16 

41  3 .4 2.0-1321 16 

41  < < 27 

41  328 27-4004 3 

41 1 .4 1 .2-1 .6  22 

41 124 48-199 25 

41  < < 27 

41 < < 27 

41 0.14 0.07-0.26 21 

41  0. I I  0.06-0.25 15 

41 < < 27 

41 0.55 0.1 1-1 .65 I 

41 0.22 0.10-1 .46 I I  

41 < < 27 

N 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 



MM < < 41 41 < < 27 27 

MT 0.23 - 40 41 0.46 0.17-0.75 25 27 

MK 0.22 0.06-0.81 32 41 0.IO 0.09-0.10 25 27 

Bisphenol-A and alkylphenols 
BPA 0.7 0.5-1 .7 33  3 9  1 . 3  - 1 6  17 

OP < < 39 39 < < 17 17 

NP 0.9 o.8-I .0 2 4 1 .4 0.5-7.5 5 17 

Triclosan 
TCS 0.2 1 0.1-1 .3  27 I 39 1 1 .2 I 0.5-5 .0 I 9 1 17 

Perfluorinated compounds 
PFOA 0.9 0.2-4.2 3 5  3 9  I . I  0.6-2.3 17 

PFOS 0.4 0.1-1 .3  3 5 39 O. I O. I -0.2 IO 17 

n.d./n.q. : not detected/not quantified. N:  number of analysed samples 

Levels of neutral compounds are presented in Table 3. The brominated Bame 
retardant TBBPA was detected in 9 out of 38 maternal samples and in only r of the 
27 cord samples. 
TABLE 3 .  LEVELS OF TETRABROMOBIPHENYL-A AND ORGANOCHLORINE PESTICIDES ON LIPID 

WEIGHT BASIS (µG/ G LIPID) IN MATERNAL AND CORD SERUM SAMPLES 

Maternal serum samples Cord serum samples 
Median Range n.d./n.q. N Median Range n.d./n.q. 

Brorninated flame retardant 
TBBPA 0.0I 0.01-0.03 29 3 8  0.03 26 

Organochlorine pesticides 
PeCB 0.04 0.02-0.06 3 6  38  0.06 - 26 

HCB 0.03 0.01-0. 12 - 3 8  0.03 0.02-0.07 4 

o,p'-ooo 0.04 0.0I-0. IO I 3 8  0.I0 - 26 

p,p'-ooo 0.03 0.01-0. 15 6 3 8  0.12 0.06-0. 15  24 

o,p'-ooE < < 3 8  38  < < 27 

p,p'-DDE 0.14 0.06-0.3 3  - 3 8  0. 14 0.08-0.43 -

o,p'-ooT < < 3 8  3 8  < < 27 

p,p'-ooT 0.04 0.01-0.3 3  3 3 8  0.09 0.04-0.27 7 

n.d./n.q. = not detected/not quantified. (N) = number of analysed samples. 

N 

27 

27 

27 

27 

27 

27 

27 

27 

27 
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Within the group of organochlorines, 1,2,3,4,5,6-hexachlorobenzene (HcB), 
1,1-dichloro-2-(2-chlorophenyl)-2-(4' -chlorophenyl)ethylene (o,p' -nnn), I ,  1-di
chloro-2,2-bis(4,4' -chlorophenyl)ethane (p, p' -DDD ), I ,  1-dichloro-2,2-bis(4,4' -
chlorophenyl)ethylene (p,p' -DDE) and 1,1,1-trichloro-2,2-bis(4,4' -chlorophenyl) 
ethane (p,p'-nDT) were detectable in (almost) all maternal samples. In cord samples 
this was only true for HCB, p,p'-nnE and p,p'-nnT. Levels of almost all analysed 
compounds were comparable between maternal and cord serum samples. Due to 
low numbers of matching maternal and cord samples in which both the com
pounds were above limit of detection, we could only analyse transplacental ratio's 
and correlations in a limited number of compounds. Significant positive correla
tions were found for DEHP (r = 0.46), HHCB (r = o.68), AHTN (r = 0.20) and PF0S (r = 

o.68). 

7 .5 Discussion 
Our results show that many environmental pollutants, also those present in prod
ucts used in daily life, reach measurable levels in humans, are transferred over 
the placenta, and reach approximately equal levels in the foetus compared to the 
mother. 

The present study was conducted in a group of healthy Dutch pregnant wom
en without any known exposure to environmental pollution. The observations 
therefore can be regarded as representative for the general Dutch population. Our 
results partly confirm studies in other cohorts. For some of the compounds trans
placental transfer was not described before. 

In a previous study we showed transplacental transfer of both PCBs and bromi
nated Bame retardants with ratio's around 16

• Latini et al. 8 presented levels of DEHP 
and its metabolite mono-(2-ethylhexyl) phthalate (MEHP) in 24 mother-infant 
pairs. DEHP was found in 71% and 44% of maternal and cord samples, respectively. 
Results for MEHP were 44% and 72%. Their levels were slightly higher compared 
to our levels. The authors did not find a significant correlation between maternal 
and cord samples, neither for DEHP nor MEHP. Phthalates are used in many con
sumer products like plastics, cosmetics, paints and adhesives. Swan et al.3 recently 
stressed the anti-androgenic potential of DEHP and its metabolites. Phthalate expo
sure is related to abnormal foetal development and the testicular dysgenesis syn
drome (ms : cryptorchidism, hypospadias, testicular cancer, falling sperm count)9• 

A recent study showed a negative correlation between phthalates and IQ scores [O. 
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Another study showed a negative correlation between phthalate levels and dura
tion of pregnancy11  and low birth weight12

• 

We did not identify earlier reports regarding musk levels in cord blood. Musk 
compounds are used in products like cosmetics, perfumes, food additives and air 
fresheners. Lignell et al. found a number of musk compounds in human milk 13

• 

HHCB showed the highest level. We found levels in serum tenfold higher than found 
in these milk samples. Kannan et al. described levels of HHCB and AHTN in adipose 
tissue at values in the same range as our serum levels in maternal samples14 • The 
same group15 found both the newer artificial compounds HHCB and AHTN as well 
as older, nitromusk compounds like MX and MK, in human milk. Our results show 
that exposure is not only present after birth, but also prenatally by transplacental 
transfer. Potential effects of this exposure are presently not known. 

We did not identify any study describing the presence of triclosan in cord blood. 
The presence of triclosan in maternal serum and breast milk was found before16

•
17 

at levels comparable to our cohort. Levels in cord samples were higher compared 
to maternal samples, median o. 1 vs 1 .2 ng/ g serum. More studies are needed to 
confirm or dispute this finding. 

2 Previous studies showed that the perfluorinated compounds PFOS and PFOA cross 
the placenta 18•19· In both studies the maternal PFOS level was higher compared to 
PFOA. The study from 2004 found PFOA in some cord samples, while the study 
from 2007 found PFOA in all cord samples. Perfluorinated compounds are used as 
stain/water repelling coating under names as Teflon, Goretex and Scatchguard. 
The production of PFOS was stopped in 2001 . This might explain our observed 
lower levels of PFOS compared to PFOA in maternal samples. Levels of PFOA in our 
study are comparable to data of Midasch from 2ooi9• That PFOA was detectable in 
almost all cord samples might have clinical implications, as a recent study showed 
a negative effect of PFOA on length and abdominal circumference at birth20

• With 
the banned production of PFOS the use of PFOA might increase, which might be 
harmful for foetal growth. 

In the present study we measured the relatively new compound TBBPA. It was 
detected in only a small amount of maternal and cord serum samples. A recent 
study in French mothers found TBBPA in 30% of maternal and cord serum, at levels 
slightly higher compared to our results21

• Thomsen et al found that plasma levels 
of TBBPA increased between 1986 and 1999 to levels comparable to those found in 
our study22

• 
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The transplacental transfer of organochlorine pesticides has been described be
fore23. Organochlorine pesticides were used extensively in the last century but are 
presently banned. Levels of p,p'-ooE and p,p'-ooT in our study are comparable to 
results in Belgium 24, as well as Portugal25. HCB levels in this study, in maternal as 
well as in cord blood, are comparable to levels reported before in Belgium. 

Correlations between maternal and cord samples levels were observed for a few 
compounds only. This is most likely due to the limited number of mother/infant 
pairs in which the compounds were above detection level. At the same time, a 
lack of correlation was also found in other studies8

•
18

• Another explanation might 
be that levels found are just above the level of detection and might show some 
biological variation. 

In conclusion, in this study we show that all environmental pollutants we found 
in maternal samples cross the placenta, reaching almost equal values in the foetus 
compared to the mother. For the first time we showed transplacental transfer for 
musk compounds and triclosan. Our results do cause concerns, given the potential 
negative effects of environmental pollutants on foetal development. 
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Chapter 8 Plasma levels of 46 man-made compounds in a Dutch cohort 

8 .  I abstract 
Numerous man-made compounds end up in the environment leading to human 
exposure, with possible adverse impact on human health. We determined plasma 
levels of 46 man-made compounds in 80 randomly selected volunteers living in 
The Netherlands. Compounds out of 5 groups were analysed : brominated flame 
retardants (BFRs), phthalates, musks, organotins, and phenols and alkylphenol eth
oxylates. 

We evaluated if a high serum level of I compound is predictive for high serum 
levels of the other compounds. We also evaluated if compound levels are influ
enced by age, sex, body mass index (BMI), living area (industrial vs. rural), oc
cupation, or dietary habits. IO of 13 BFRs were above limit of detection (wo), 8 of 
IO phthalates, all IO musk compounds, 4 of 8 organotin compounds, and 3 of 5 
phenols and alkylphenol ethoxylates. 

Per group the following compounds were present in the highest level: brominat
ed diphenyl ether 209 (median 47 nglg lipid), di-(2-ethylhexyl)phthalate (median 
25 µgig lipid), galaxolide and tonalide (both with median 0.2 µgig lipid), dioctyl
tin (median 0. 1 µgig lipid), and bisphenol-A (median 0.3 µgig lipid). 

Levels of most compounds were significantly positively related to each other. 
Thus, the level of one compound seems predictive of levels of other compounds. 
No clear influence of age, sex, BMI, living area, occupation, and dietary habits on 
compound level was observed. 

8 .2 Introduction 
The human is exposed to a large variety of man-made compounds. The most 
important exposure route is food intake, as compounds accumulate in the food 
chain1

•
2

• Other exposure routes are inhalation of contaminated dust3 , air4•5 , and 
direct dermal contact of cosmetics6

•7• Unusually high exposure can be caused by 
the working environment8

•9• Since most compounds are lipophilic and very stable, 
accumulation in the human body occurs, especially in fat tissue 10

-
12

• 

Several man-made compounds show negative health effects in animals and hu
mans 13 ·

1

4, especially endocrine disruptive effects (as for instance influence on the 
hormone axis)15-

17 • Combined exposure to compounds might augment or oppose 
the effects of one single compound. Therefore knowledge on combined exposure 
is important. Most studies conducted so far focus on a single group of compounds. 

The objective of the present study is to determine levels of 46 man-made com
pounds in blood of healthy volunteers in The Netherlands. We determined bromi-
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nated flame retardants, phthalates, musks, organotins, and phenolic compounds. 
These compounds were chosen because of their past or present extensive use. We 
evaluated whether serum levels of the compounds are related to each other, and 
to age, sex, body mass index (BMI), living area (industrial vs. rural), occupation, or 
dietary habits. 

8.3 Materials and methods 

8.3.I  COHORT 

Healthy volunteers were recruited through an item in a nationally broadcasted ra
dio program, in which purpose and design of the study were explained. Interested 
volunteers were asked to send an e-mail ; more than 1200 e-mails were received. 
The cohort was based on a stratified sample of the volunteers. The Netherlands 
were divided into IO living areas, based on population size. Out of each living 
area, 2 males and 2 females born before and 2 males and 2 females born after 1960, 

were randomly selected. Before participation informed consent was obtained. The 
study protocol was approved by the Medical Ethical Committee of the University 
Medical Center Groningen, The Netherlands. 
8.3.2 BLOOD WITHDRAWAL 

Via venapuncture 60 ml blood was taken from the volunteers, and collected in BD

vacutainer tubes. Samples were stored at 4 °C until analyses. 
8.3.3 QUESTIONNAIRES 

All volunteers filled in two questionnaires. A first, custom-made questionnaire, 
concerned background information, including age, sex, living area, weight, 
height, and occupation. Occupational groups were divided into office worker, 
education (e.g. student and teachers), production (working with compounds : e.g. 
asphalt worker, beautician, and employee of printing office), medical personnel, 
politicians, and a miscellaneous group (e.g. restaurant personnel, and housewives). 
A second questionnaire concerned the dietary habits of the volunteers. This food 
frequency questionnaire has been developed at the Wageningen University and is 
specialized to estimate dietary intake of energy (kJ), fat (g), saturated fatty acids 
(g), monosaturated fatty acids (g), polyunsaturated fatty acids (g), cholesterol (mg), 
protein (g), carbohydrate (g) and alcohol (g)18• 19• 
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8 .3 .4 ANALYSIS OF THE COMPOUNDS 

Analyses were performed at TNO (Dutch Organization of Applied Scientific 
Research), Apeldoorn, The Netherlands, according to methods described by 
Peters et al. 20• 

Validation 
At first, validation experiments for all compounds were carried out using fresh 
calf 's blood, spiked with the compounds of interest. The resulting standard op
eration procedures were pretested on a limited number of human blood samples. 
Sample pre-treatment 
Part of the whole blood samples was used for organotin analysis (part c). Another 
part was allowed to warm to room temperature (20 minutes) and centrifuged at 
4000 rpm (15 minutes). Pipetted serum was transferred into 60 ml PTFE-capped 
glass vials and stored at 4 °C until analyses. 
Extraction cf serum samples 
To achieve low blank results all pre-used glassware was cleaned, rinsed with demi
water, and baked in an oven for 16 hours at 280°C. All solvents were distilled 
prior to use (especially important for determination of the phthalates). Prior to 
extraction a set of internal standards (one or more for each group of compounds) 
was added to each sample followed by methanol and o. 1 M HCL. The serum was 
extracted twice with a hexane-diethyl ether mixture and centrifuged after each 
extraction to separate and isolate the organic phase. The combined extracts were 
washed with a 1% Kcl-solution and dried with anhydrous sodium sulfate. The ex
tracts were concentrated and split into two equal parts, A and B.  

Part A:  bisphenol-A, tetrabromobisphenol-A, alkylphenols and alkylphenol ethoxylates 
analyses. 
Without further purification, methanol was added and the extracts were concen
trated to remove all hexane-diethyl ether residues. The final extracts were anal
ysed using liquid chromatography coupled with mass spectrometry (Le/Ms) in the 
selected ion monitoring (sIM) mode. 
Part B: brominatedflame retardants, phthalates and musk compounds analyses . 
The extracts were purified using a florisil clean-up procedure that allowed the col
lection of separate fractions for one or more of the component groups. The frac
tions were concentrated to a small volume and an injection standard was added. 
The final extracts were analysed using gas chromatography coupled with mass 
spectrometry (Ge/Ms) in SIM mode. 
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Part C: organotin compounds analyses. 
To the whole blood samples a set of internal standards was added. After addi
tion of a sodium dithiocarbamate solution in ethanol, the samples were sonicated 
twice for 60 minutes, with an interval of 12 hours, and centrifuged. The ethanol 
extract was collected and an acetate buffer and a sodium tetraethylborate solution 
in ethanol were added for in situ ethylation. This mixture was extracted twice 
with hexane for 30 min. The combined hexane extracts were dried, concentrated 
to a small volume and purified using a silica clean-up procedure. Following level 
of the purified extract and addition of an injection standard, the final extracts were 
analysed using cc/Ms in SIM mode. 
Lipid determination 
Lipid weight basis (lipid weight = 1 .9 + 1.3(total cholesterol +triglycerides) was 
calculated based on the strong correlation between cholesterol, triglyceride and 
phospholipids content in human serum21

• Total cholesterol was determined by the 
CHOO-PAP method (Roche/Hitachi). Triglycerides were determined by the Trig/ GB 

method (Roche/Hitachi). 
Identification, quantification and expression of results 
The identification of analytes was based on correct retention times and qualifier 
ion ratios, compared to an external standard. The quantification was based on an 
external standard analysed together with the samples. The recovery of the added 
internal standards was used to determine the performance of the analysis, but not 
to correct the results of the target compounds. 
8.3 .5  STATISTICAL ANALYSIS 

Levels of compounds are presented as medians with range, due to skewed distri
bution. Spearman correlation was calculated to relate levels of compounds with 
each other, and with age, BMI, and food intake. Mann-Whitney U test was ex
ecuted to relate levels of compounds with sex. Kruskal-Wallis H test was executed 
to relate levels of compounds with occupation, and living area. Outcome below 
limit of detection (wo) was replaced by half the LOO value. Statistical signifi
cance was considered at a p < 0.05. Trend towards significance was considered at 
p < o. 1. Statistical analyses were executed when level of compounds was above LOO 

in more than IO samples. All analyses were performed in SPSS 12.0 for Windows 
(Chicago, IL, USA). 
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8.4 Results 

Characteristics of the 80 volunteers included in the study are presented in Table 1. 
40 men and 40 women participated, with age range between 19 to 78 years. Each 
living area contained eight volunteers, according to the protocol. Equal distribu
tion in age, sex, BMI, occupation, and food intake existed between volunteers in 
the different living areas (data available at request). 
TABLE I .  AGE AND BODY MASS INDEX (BMI) OF THE VOLUNTEERS PER LIVING AREA. 

Living area Age (yrs) BMI 

Mean SE Mean SE 

Westland 40.6 4.9 25.2 1.7 
Center Netherlands 5 1.4 5 .0 24.1 1.3 
Friesland 41.6 6.6 25 .5 1.3 
Groningen 48.4 6.4 25.9 1.3 
Overijssel 38.4 5 .0 25.2 1.7 
Gelderland east 47. I 5.2 24.0 I . I  
Limburg 41.3 5 . 5  24. I 0.9 
Middle Brabant 37.3 5 .3 21.4 I.2 
South-West Brabant 43.9 5 .3 25.0 o.6 
Noord-Holland 44.0 4.7 24.8 0.9 

yrs : years 

The data on BFRs are presented in Table 2. BDE-153 level was above LOD in the high
est number of volunteers (66/80), followed by BDE-47 (35/80), and TBBPA (27/80). 
BDE-17, -49 and -85 levels were below LOD in all volunteers. Most BFRs had a wide 
range in levels, mainly due to a few outliers. In 3 volunteers the highest levels of all 
PBDEs were observed, with exception of BDE-209. 1 Volunteer, a process operator, 
had the highest level of BDE-28, -47, -99, -100, and -183 and the second highest level 
of BDE-153, and -154. In the other 2 volunteers no correlation between occupation 
or other exposure variables could be identified. BDE-209 was the BFR present in the 
highest level, with a maximum of 347 ng/g lipid and a median of 47 ng/g lipid. 
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TABLE 2. LEVELS OF BROMINATED FLAME RETARDANTS ON FRESH WEIGHT (nG/G SERUM) AND LIPID 
WEIGHT (µG/c LIPID) BASIS 

IUPAC nomenclature LOD Fresh weight Lipid weight N 
(pg/g scrum) (pg/g scrum) (ng/g lipid) 

Median Range Median Range 
BDE-17 2,2',4-tribromo l <1 <1 <1 <1  0 

diphenylether 
BDE-28 2,4,4' -tribromo I 2.0 2.0 0.3 0.3 l 

diphenylether 
BDE-47 2,2',4, 4- tetrabromo 2 5.0 2.3-226 0.9 0.3-3 I 35 

diphenylether 
BDE-49 2,2',4,5'- tetrabromo I <1 <1  <1  <1 0 

diphenylether 
BDE-85 2,2 ',3 ,4,4' -pentabromo 3 <3 <3 <3 <3 0 

diphenylether 
BDE-99 2,2',4,4',5- pentabromo 3 6.1 3.6-401 0.9 0.6-54 20 

diphenylether 
BDE-l00 2,2',4,4',6- pentabromo 2 5 .6 2.4-132 o.8 0.4-18 19 

diphenylether 
BDE-153 2,2',4,4',5 ,5 '-hexabromo l 8.o 1.9-206 1.3 0.4-28 66 

diphenylether 
BDE-154 2,2',4,4',5,6'- hexabromo I 2.9 1.2-38.0 0.5 0.2-5. 1  1 8  

diphenylether 
BDE-183 2,2 ',3 ,4,4 ',5 ',6-heptabromo 2 3.5 2.2-308 o.6 0.3-42 9 

diphenylether 
BDE-209 decabromo diphenylether 150 307 15 1- 47 17-347 I I  

1944 
HBCD hexabromo cyclododecane So 197 96-356 31 14-58 9 
TBBPA tetrabromobisphenol-A 50 127 56-787 23 7.6-8 1 27 

wo ; limit of detection, N: number of samples above detection limit, samples analysed : So 
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In the phthalate group, DEHP level was above LOD in all volunteers (Table 3) with 
a wide range in level (r.9 to 831 ng/g lipid). DINP and DIDP levels were below LOD 

in all volunteers. 

TABLE 3 .  LEVELS OF PHTHALATES ON FRESH WEIGHT (nG/G SERUM) AND LIPID WEIGHT (µGIG LIPID) 
BASIS 

IUPAC nomenclature LOO Fresh weight Lipid weight N 

(nglg serum) (nglg serum) (µgig lipid) 
Median Range Median Range 

DMP Dimethyl phthalate I 2.1  1 .0-9.9 0.4 0.2-1 .6 23 

OEP Diethyl phthalate 2 6.6 2.2-14 o.8 0.4-2.9 19 
DIBP D-iso-butyl phthalate 2 55 3.2-93 9 .1  0.5-17 14 
OBP Di-n-butyl phthalate 2 IO 2.6-136 2.0 0.3-24 60 
BZBP Butylbenzyl phthalate I 1.6 1. 1-305 0.2 0.2-44 31 
DCHP Dicyclohexyl phthalate I 1.6 1.5-4.4 0.3 0.2-0.6 3 
DEHP Di-(2-ethylhexyl) phthalate IO 1 5 1  12-5863 25 r .9-831 So 
DOP Di-n-octyl phthalate I 17 17 2. 1 2. 1 I 

DINP Di-iso-nonyl phthalate IO < 10 <10 <10 <10 0 
DIOP Di-iso-decyl phthalate IO <10 <10 <10 <10 0 

wo; limit of detection, N: number of samples above detection limit, samples analysed : So 

HHCB, a musk compound, was detected in all volunteers (Table 4). AHTN and MA 

were the second and third most detected musk compounds, in 79 and 39 volun
teers, respectively. Both HHCB and AHTN had the highest level (1.5 µgig lipid). All 
other musk compounds were below LOD in most of the volunteers. 
TABLE 4. LEVELS OF MUSK COMPOUNDS ON FRESH WEIGHT (nG!G SERUM) AND LIPID WEIGHT (µGIG 
LIPID) BASIS 

IUPAC nomenclature LOO Fresh weight Lipid weight n 
(nglg serum) (nglg serum) (µgig lipid) 

Median Range Median Range 
AOBI Celestolide 0.05 0.05 0.05 0. 1 0. 1 I 

AHTN Tonalide 0. 1 0.5 0 . 1- 1 1  0.07 0.02-r .5  79 
ATTI Traseolide 0.05 0.3 0.3-0.7 0.04 0.04-0 . 1  3 
DPMI Cashmeron 0.05 8.o 8.o r .6 r .6 I 

HHCB Galaxolide 0. 1 r .4 0.5-9.2 0.2 0.06-r.5 So 
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MA Musk ambrette O. I 0.4 O.I-2 .0 0.07 0.02-0.4 3 9  

MK Musk ketone 0.05 0.2 0.06-r . 5  0.04 O.OI-0.2 8 

MM Musk moskene 0.05 0. 1 5  0. 1 5  0.02 0.02 I 

MT Musk tibetene 0.05 0.19 0. 17-0.2 0.03 0.03-0.04 2 

MX Musk xylene 0.05 O . I  o. r-0.3 0.02 0.02-0.05 6 

wo ; limit of detection, n :  number of samples above detection limit, samples analysed: 80 

Half of the organotin compounds were below LOD in all volunteers (Table 5 ). 
MOT and DOT were the most detected compounds, in IO and II volunteers, respec
tively. DOT was present in the highest level (0.5 µgig lipid). 
TABLE 5. LEVELS OF ORGANOTIN COMPOUNDS ON FRESH WEIGHT (nG/G SERUM} AND LIPID WEIGHT 

(µGIG LIPID) BASIS 

IUPAC nomenclature LOO Fresh weight Lipid weight N 

(ng/g blood) (ng/g blood) (µgig lipid) 
Median Range Median Range 

MBT Monobutyltin O . I  O.I  O. I a.or 0.00-0.or 3 

DBT Dibutyltin O . I  <a.I <o. r  <a. I  <a. I 0 

TBT Tributyltin O . I  O.I  O. I a.or a.or 3 

MOT Monoctyltin O . I  O. I o. r -0.5 a.or 0.01-0.09 IO 

DOT Dioctyltin O . I  0.7 0.2-2.4 O . I  0.04-0.5 I I  

MPT Monophenyltin 0.2 <0.2 <0.2 <0.2 <0.2 0 

DPT Diphenyltin 0.2 <0.2 <0.2 <0.2 <0.2 0 

TPT Triphenyltin 0.2 <0.2 <0.2 <0.2 <0.2 0 

wo; limit of detection, N: number of samples above detection limit, samples analysed : 80 
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The phenols and alkylphenol ethoxylates BPA and NP were above LOD in the high
est number of volunteers, 36 and 16, respectively (Table 6). BPA was present in the 
highest level (2.6 µgig lipid). 
TABLE 6. LEVELS OF PHENOLS AND ALKYLPHENOL ETHOXYLATES ON FRESH WEIGHT (nG/G SERUM) 
AND LIPID WEIGHT (µGf G LIPID) BASIS 

IUPAC nomenclature LOO Fresh weight Lipid weight N 

(ng/g serum) {ng/g serum) (µgig lipid) 
Median Range Median Range 

BPA Bisphenol-A 0.5  1 .8  0.6-16 0.3 0.07-2.6 3 1  

NP Nonylphenol 0.5 1 .6 0.6-16 0.3 0.06-2.3 I I  

OP Octylphenol 0.5  2.0 2.0 0.3 0.3 l 

NPEO Nonylphenol ethoxylates 2.5  <2.5  <2 .5  <2 .5  <2 .5  0 

OPEO Octylphenol ethoxylates 2 .5  <2 .5  <2 .5  <2 .5  <2 .5  0 

Loo ; limit of detection, N :  number of samples above detection limit, samples analysed : 80 

We correlated levels of the 46 man-made compounds with each other. Overall, 
significant positive correlation existed between the different compounds. Outcome 
is not displayed due to too many data. We present the correlations between the 
two most detected compounds per group (Table 7). 

TABLE 7. SPEARMAN CORRELATION BETWEEN LEVELS OF CHEMICALS, TWO MOST DETECTED 

CHEMICALS PER GROUP ON FRESH WEIGHT BASIS. 

BDE-47 

BDE- 1 5 3  0. 167 
. 

MOT 0.234 

DOT 0.215  
. 

AHTN 0.247 

HHCB 0.284* 

BPA 0.235 

NP 0.261· 
.. 

DBP 0.297 

DEHP -0. l I I  

p < 0.05, p < 0.01 
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BDE-153 MOT 

-
O.O I I  -
0.039 0.985** 

.. 
0 . 1 29 0.3 3 2  .. 
0.001 0.3 57  

-0. l J I  0.269* 

-0. 163 0.495 
.. 

0.282· O. I09 

-0.250 
. 

-0.067 

DOT AHTN HHCB BPA NP 

-
. . 

0.307 -
0.336** 0.873 

.. -
. 

0.23 5 0.093 0.203 -
0.449 

.. 
0.3 29 

.. 
0.361** 0.529 

.. 
0.08 1 0.470 

.. . . 
-0.043 0 . 161 0.322 .. 

-0.047 -0.341 -0. 1 24 0.213 -0.001 

DBP 

-

-0.5 16** 



Except for BDE-153 and DEHP, levels of almost all compounds showed significant 
positive correlation. The two flame retardants BDE-47 and BDE-153 were not signifi
cantly correlated. The phthalates DEHP and DBP were negative correlated. 

Finally, we examined if age, sex, BMI, living area, occupation, or dietary habits of 
the volunteers were correlated to levels of compounds. Age showed a significant 
negative correlation with MOT and DOT levels (r = -0.234 and r = -0.230, respec
tively). Levels of DOT were significantly higher in women compared to men (r = 

0.220). NP and DIBP showed significant negative correlation with BMI (r = -0.294 and 
r = -0.237, respectively). 

No significant difference in compound levels between the various living areas 
was observed. Levels of MOT and DOT were nearly significantly higher in office 
personnel, BPA in educational personnel, DEHP in production employers. Several 
BFRs showed significant positive correlation with food intake. Higher intake of 
saturated free fatty acids, cholesterol, protein and alcohol was significantly corre
lated to BDE-47, -99, - IO0, and -153 levels. Cholesterol, protein and alcohol intake 
showed significant positive correlation with BDE-154 level (r = 0.340, r = 0.228, and 
r = 0.318, respectively). For the other compounds significant positive correlations 
were observed between carbohydrate intake and MA (r = 0.231), and saturated free 
fatty acid intake and BPA (r = 0.253). 

8.5 Discussion 

In this study 20 of the 46 man-made compounds are above the limit of detection 
(LoD) in at least IO volunteers. II compounds are below LOD in all volunteers. Most 
compounds show a rather wide range in level. The 2 most detected compounds 
per musk, organotin and phenolic compound group are positively correlated to 
each other. The 2 most detected compounds in the BFR group (BDE-47 and -153) 
are not correlated to each other. The 2 most detected compounds in the phthalate 
group (DEHP and DBP) are negatively correlated to each other. We cannot clearly 
identify variables in the volunteers which might explain the high levels of any of 
the compounds. Only a few variables are correlated to compound levels. 

The large amount of compounds is analysed in a relative small number of volun
teers due to financial restrains. This might have led to selection bias. We tried to 
overcome this by randomly selecting an equal number of men and women from 
different age groups, out of the IO living areas The Netherlands were divided in. 
Therefore we believe we give a good representation of the overall Dutch situation. 
Another reason for selection bias might be the recruitment of volunteers via a call 
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on the Dutch radio. These volunteers might have been more concerned about pol
lution in general or due to their specific living condition, which might have led 
to under- or overexposure to the compounds. However, none of the volunteers 
were ever tested for the level of any of the compounds and therefore did not know 
their levels. 

The 2 most detected BFRs in this study are BOE-47 and BOE-153. No correlation 
between the levels of these compounds is observed. This might be explained by 
differences in their exposure as well as degradation22

• BOE-47 is the major com
pound in penta-BoE, BOE-153 is the major compound in octa-BOE. Penta-BOE also 
contains a small amount of BDE-153 (5.3%). Both mixtures were used extensively as 
flame retardants, Penta-BOE mainly in printed circuits boards, Octa-BOE in plastics 
in electrical and electronic equipment. Octa-BOE is used in much larger quantities 
compared to Penta-BOE. The use of both mixtures was banned in the EU from 
2004 onwards. Due to the fact that Octa-BOE was used in larger amounts exposure 
to BDE-153 will be higher than to BOE-47, explaining their difference in observed 
levels. Moreover degradation of both compounds is different, BDE-47 is degraded 
by microsomes, BOE-153 is not23

• Although the major exposure route for PBOEs is 
via inhalation, some food items were significantly correlated with level of a num
ber of PBDEs (BoE-47, -99, -100, and -153). Therefore exposure via food may not be 
ruled out as important exposure route. 

OEHP and OBP are the most detected phthalates. OEHP is found in all volunteers in 
fairly high levels compared to OBP levels. Interestingly, the levels of these com
pounds show a significant negative correlation with each other. We cannot explain 
this finding. In a study analyzing the same compounds in rainwater gathered in 
The Netherlands (the Dutch rainwater study), OEHP is also present in the highest 
level and DBP is considerably lower24

• The difference in levels might be explained 
by the difference in exposure route. DEHP is used in the manufacture of PVC and 
OBP in cosmetics. Therefore DEHP exposure is supposed to be mainly through food 
and OBP by direct contact on the skin25

• 

Musk is a male sexual scent signal. In ancient times it was used as therapeutic 
agent and as a fixative in perfumes. In the past years synthetic nitro-musk com
pounds (e.g. musk ambrette) have been replaced by polycyclic musk compounds 
(e.g. HHCB and AHTN). This might explain the fact that HHCB and AHTN are the most 
detected compounds. The levels of both compounds are highly related, possibly 
due to similar exposure routes. In the Dutch rainwater study HHCB and AHTN were 
also present in most samples24

• Musk Ambrette, an older nitro-musk compound of 



which production has been prohibited for several years was still detected in many 
volunteers (39 out of 80). This is also observed in the rainwater study24, indicating 
that this compound is very persistent. 

Organotin compounds have been widely used as biocides, agricultural fungi
cides, wood preservatives, disinfecting agents, and in antifouling paints for marine 
vessels26

• They have been banned in the European Union since 2003 due to high 
toxicity (2002/62/Ec directive). This might be the reason why half of the organo
tin compounds tested are below LOD in all samples and DOT and MOT are present in 
low levels. 

The 2 most detected phenols and alkylphenol ethoxylates are BPA and NP. BPA is a 
widely used intermediate in the production of epoxy-resins, polycarbonate plas
tics and flame retardants. Exposure may be due to emissions into the atmosphere 
during the production process and from final products that contain BPA residues. 
NP was detected in only 16 volunteers. This is somewhat surprising as NP is used in 
many products and therefore we expected to find this compound in more samples. 
It is consistent, however, with the Dutch rainwater study, where NP was found in 
only 16 out of 50 samples24• 

Significant correlations are observed between levels of the different compounds. 
Especially BDE-47 correlated with all other tested compounds, except BDE-153 and 
DEHP. In contrast, BDE- 153 showed only a weak correlation with DBP and none with 
all other compounds analysed. These results may indicate a common source of 
exposure for a number of compounds, and a rather different source for others. 
Another explanation could be a common pathway of metabolisation or excretion 
of a number of the man-made compounds. The fact that there is a positive corre
lation between many of the compounds, however, is a cause of concern. Many of 
the compounds tested in this study have endocrine disrupting effects. High levels 
of a variety of compounds might have a serious impact on human health. Most 
studies in animals only investigate the effects of one single compound. Further 
development of tests suitable to detect the effect of combined exposure is needed. 

Only a few of the variables (such as food intake or BMI) are related to levels of 
compounds. One explanation for this lack of correlation might be the small sam
ple size of this study. However difference in food exposure between the differ
ent areas in The Netherlands is not expected. Food is distributed evenly between 
the different supermarkets in The Netherlands, the major Dutch food suppliers. 
Although air could be somewhat more polluted in some areas, overall pollution 
will be rather equal, due to the small Dutch country. This will contribute to rather 
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equal levels of pollution in The Netherlands. This is in accordance with the even 
distribution of level outcome in the Dutch rainwater study24• Comparison be
tween prenatal exposure levels of dioxins and polychlorinated biphenyls between 
women living in a more rural part and a more industrial part of The Netherlands 
also did not yield difference in levels27• 

In conclusion, many of the tested man-made compounds (22 out of 46) are above 
the detection limit in healthy volunteers in The Netherlands. Levels of a num
ber of these compounds showed a significant positive correlation with each other, 
indicating that some individuals are contaminated with a high level of a variety 
of compounds. No specific risk variables could be identified. The impact of this 
combined exposure on human health clearly needs further study. 
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Chapter 9 DEHP higher in children than adults 

9. I Abstract 
Phthalates are plasticizers used in many consumer products, as for instance toys. 
They are easily released from products, ending up in the (home) environment, 
and subsequently leading to human exposure. Due to their endocrine disruptive 
potential they may influence hormone homeostasis, and therefore human health. 

In this study we report higher serum levels of di(2-ethylhexyl) phthalate (oEHP), 

the most prevalent phthalate, in children compared to adults. This might implicate 
serious health hazards, since children are in the midst of development, and might 
therefore be more vulnerable to endocrine disruptive effects of DEHP. 

9.2 Introduction 
Phthalates are widely used in many consumer products as plasticizer. Since they 
are not chemically bound to plastics they can leach, migrate, and evaporate from 
products, and end up in the (home) environment. This might lead to human ex
posure and influence on human health, since these compounds may affect their 
endocrine system. Phthalates have been correlated to reproductive effects\ neu
robehavioral changes2

, and might be carcinogenic3 • 

A study based on urinary excretion patterns indicate that children excrete higher 
levels compared to adults4• It is unknown if this higher excretion is related to dif
ferences in serum levels, which might be more important for toxic effects than uri
nary excretion levels. We compared serum levels of DEHP (di(2-ethylhexyl) phthal
ate), the most prevalent phthalate, in children and adult. 

9.3 Methods 
This study is part of a study on potential pollution of inhabitants living close to 
a former garbage dump in the northern part of The Netherlands. Serum levels of 
DEHP were analyzed in children and adults living near the garbage dump (study 
group) and children and adults living at least 20 kilometres away (control group). 

The study group consisted of 3 children and 8 adults. The control group con
sisted of 12 children and 8 adults. The participants in the control group were age
matched to the study group. A study of the groundwater in the vicinity of the 
garbage dump did not show increased levels of DEHP compared to groundwater 
measured in other parts of The Netherlands, away from a dump (data available on 
request). 5 ml of blood was taken from all participants and collected in prewashed 
clean glass tubes, with phthalate free caps. Care was taken to avoid the use of any 
flexible materials that may contain phthalates. 



The serum fraction was separated and mixed with acidified methanol following 
the addition of an internal standard. The mixture was extracted twice with hex
ane-diethyl ether and the combined extracts were washed with a 1% Kcl-solution 
to remove residual proteins, dried, concentrated and purified using a florisil clean
up procedure. Following the addition of an injection standard the extract was 
analysed with gas chromatography coupled with mass spectrometry (Ge/Ms) in the 
selected ion monitoring {sIM) mode. For quality control purposes spiked samples 
and method blank samples were analyzed. For the method blank samples the com
plete analytical procedure was followed, including all chemicals and solvents, but 
without the addition of an actual sample. Blank results for DEHP were 20 ± 5 ng/g 
serum, sample results were corrected for this blank value and the detection limit 
for DEHP was set at 2 5 ng/ g serum. 

The study was approved by the Medical Ethical Committee of the University 
Medical Centre Groningen. Informed consent was obtained of parents of the 
children and all adults before participation. Given the small number of data they 
are presented as median and range, and compared using the Mann-Whitney U 
test. Differences are considered statistically significant at p < 0.05, with trend to
wards significance at p < 0. 1 .  All analyses were performed in SPSS 12.0 for Windows 
(Chicago, IL, usA). 

9.4 Results 

In the Table age and DEHP levels are presented for children and adults, in the study 
and control group. No significant difference in age between the study and control 
group was observed. 
TABLE . SERUM DEHP LEVELS (nG/G SERUM) AND AGE OF ADULTS AND CHILDREN IN THE STUDY AND 
CONTROL GROUP . 

Group DEHP (ng/g serum) Age (years) Number 
Median (min-max) 

Study group children 133 (77-18 1) 5 (3-6) 3 
Control group children 91 (n.d.-650) 9 (4-n) 12 
Study group adults 52 (n.d.-137) 52 (33-87) IO 

Control group adults 37 (n.d.-49) 54 (28-61) 8 

No difference between serum DEHP levels in children, or in adults between the 
groups was observed. Serum DEHP levels were significantly higher in children com-
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pared to adults in the control group. This was also the case when comparing serum 
DEHP levels of all children (median 97 ng/g serum, range 13-650) to all adults (me
dian 40 ng/g serum, range 13-137). In the study group three of the IO adults had 
a higher DEHP level compared to lowest level in the children (79, 89, and 137 ng/g 
serum compared to 77 ng/g serum). 

9.5 Discussion 
In this study serum DEHP levels in children are higher compared to levels in adults. 
This might have serious health implications, since there are indications that the 
foetus and young child are more vulnerable to environmental pollutants than the 
adult. DEHP, the most prevalent phthalate, has anti-androgenic effects5 • This might 
contribute to the testicular dysgenesis syndrome ( cryptorchidism, hypospadias 
and testicular cancer) observed in boys6

• In prenatal exposed boys reduced mascu
line play behaviour is observed7• 

Higher DEHP metabolite levels in children compared to adults have been previ
ously observed in urine8

• A 1 year old infant was estimated to have a 4 fold higher 
intake of DEHP compared to an adult. In nearly a 5th of the children phthalate ex
posure might be higher than the cumulative tolerable daily intake (m1)9. 

DEHP is rapidly metabolised in the blood, first into a primary metabolite (monoes
ter; mono-(2-ethylhexyl)-phthalate; MEHP), and thereafter into secondary metab
olites (hydroxylated and oxidized metabolites)m. 71% of DEHP orally administered 
to an adult human male was excreted as secondary metabolites in the urine within 
two days n. Therefore secondary metabolites are considered the best biomarkers 
for DEHP exposure 12

• This does however not implicate that they are also the best 
biomarkers for toxicity, since rapidly excreted metabolites in the urine may not be 
responsible for toxicity. Stored DEHP or its primary metabolite in, for instance, the 
liver 13 may be more toxic. Therefore we compared DEHP levels in serum. 

Koch et al. have discussed the reliability of determination of DEHP in blood in 
contrast to urine14, especially since DEHP is ubiquitously present and might there
fore contaminate the laboratory test. Our data however clearly indicate higher 
levels in children compared to adults, in samples determined at the same time. 
Thus analytical background contamination cannot explain the observed difference 
in results between children and adults. 

Our findings indicate that the suggested higher intake of DEHP is related to a 
higher serum level in children. The higher intake might be due to more exposure 
through food intake, which is higher in children than in adults when expressed 



per kg bodyweight. It might also be due to the mouthing of soft plastics, and the 
higher ingestion of dust due to playing on the ground. Another factor might be a 
difference in metabolism between children and adults. 

9.6 Conclusion 

As shown in this study children have higher serum DEHP levels compared to adults. 
This is of concern since this pollutant might affect children's normal growth and 
development. It is warranted to further investigate the reasons for and implica
tions of these higher levels, and to take measure to reduce the intake of these 
compounds in children. 
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IO Discussion 

IO. I Summary of findings 

Persistent organic pollutants (PoPs) are ubiquitously present in the environment as 
a result of their use in a large variety of consumer and industrial products. 

They are highly persistent, can travel over large areas through air, bioaccumulate, 
biomagnify and have potential toxic properties. Some compounds are endocrine 
disruptors ; influencing hormone homeostasis in the human body. They also exert 
toxicity by influencing other pathways in the body. Due to their toxic properties, 
production and use of some P0Ps has been eliminated or reduced. 

The studies in this thesis were conducted to establish presence and determine 
levels of the most well-known POPs in the human, investigate toxic influence of 
some of these POPs on infant development, and present a method to reduce their 
body burden. 
IO.I.I  COMPARE PROJECT 

Most of the studies conducted for this thesis are part of the European Union 
funded COMPARE project. The acronym stands for : "coMPARison of Exposure
Effect Pathways to Improve the Assessment of Human Health Risks of Complex 
Environmental Mixtures of Organohalogens". 

The main objective of this project was to "provide a mechanism-based approach 
for the assessment of human health risks from exposure to complex environ
mental mixtures of halogenated phenolic compounds". Within this project the 
Groningen-Infant-Compare cohort (Gic cohort) was founded, consisting of 90 
healthy women of Caucasian race, expecting a single, healthy, term born child. 
The cohort was founded between October 2001 and November 2002, to investi
gate current human levels and transplacental transfer of several long term banned 
P0Ps (4,4'-nnE, CB-153 and 3 hydroxylated PCBs), and several more recently intro
duced POPs (6 brominated flame retardants : HBCDD and 5 PBDEs) (chapter 2). 

Production and use of some POPs, like the PCBs, have been banned for decades 
because of their toxicity. To investigate if this banning lowers human levels, we 
compared levels of several PCBs and their hydroxylated compounds in pregnant 
women participating in 3 different cohorts, founded over a ro years period in the 
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northern parts of The Netherlands (chapter 3). During the first 18 months of life 
sexual and neurological development of the infants born within the cohort was 
determined to investigate if transplacental transfer of the POPs influenced this de
velopment (chapter 4 and 5). 

Since many POPs are still present in man long after their banning, other means to 
decrease their body burden should be studied. A possible mode of action to reduce 
body-burden of lipophilic POPs may be to increase faecal fat excretion and thereby 
extracting POPs from the body. This method was investigated by administering a 
non-absorbable fat (sPE; sucrose polyester) to rats pre-treated with radioactively 
labelled 14C-BDE-47, a brominated flame retardant (chapter 6). 
IO. I .2 CHAPTER 2 

Serum levels of neutral and phenolic organohalogens in pregnant women and some of their 
infants in T he Netherlands 
Current levels of several organohalogen compounds (oHcs; halogenated POPs) were 
determined in 90 pregnant women participating in the GIC-cohort. 6 longterm 
banned OHCs were determined : 4,4'-DDE (major metabolite of most well-known 
pesticide DDT), ca-153 (major polychlorinated biphenyl -PcB), 3 hydroxylated PCBs 
(daughter compounds of PCBs: 40H-CB-107, -146, and -187), and PCP (pentachlo
rophenol). Six more recently introduced brominated flame retardants (BFRs) were 
also determined: HBCDD (hexabromocyclododecane) and 5 polybrominated diphe
nyl ethers (BDE-47, -99, -mo, -153, and -154). 4,4'-nDE, CB-153, HBCDD, and the 5 

PBDEs are neutral OHCs. The 3 hydroxylated PCBs and PCP are phenolic OHCs. 
All compounds were present in maternal serum samples taken at the 20th and 

35th week of pregnancy. No difference was observed between the levels at both 
stages of pregnancy. Transplacental transfer was investigated correlating mater
nal levels at the 35th week of pregnancy with levels determined in cord serum. 
Trans placental transfer of the older OHCs was determined in 9 matching mother/ 
infant pairs. Transplacental transfer of the more recently introduced BFRs was de
termined in 12 matching mother/infant pairs. Due to financial restrains the com
pounds were not analysed in all cord serum samples of participating infants. All 
compounds were present in cord serum of the infants, indicating transplacental 
transfer. 

High correlations between maternal and cord serum levels were observed, indi
cating that maternal levels at the end of pregnancy are indicative of serum levels in 
infants and therefore reflect prenatal exposure levels. 
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Serum levels of polychlorinated biphenyls and hydroxylated polychlorinated biphenyls in preg
nant women over a 1 o-year period in one geographical area in T he Netherlands 
Production and use of several 0HCs analysed in the Gic-cohort are banned because 
of their toxicity. The intention of this banning is to lower their environmental 
and thus human exposure levels, in order to reduce their possible toxic influence 
over time. These compounds however are very persistent. Therefore we investi
gated if banning the production and use of PCBs has influenced their levels in hu
man serum over a IO years period. 

We investigated the trend in some PCB (cB-n8, -138, -153, and -180) and some 
hydroxylated PCBs (40H-CB-I07, -146, and -187) levels in pregnant women from 3 
cohorts founded in 1991-1992, 1998-2000, and 2oor-2002. All women were of com
parable age and recruited in the same geographical area. Over the IO-year period 
CB-153, the main PCB congener, showed a decrease of 50% in serum of pregnant 
women (830 pg/g serum to 444 pg/g serum). CB-I38, -180, 40H-CB-I07, and -187 
levels were also decreased over time. Median CB-n8 level showed no change over 
an 8 years period. 40H-CB-146 level increased over a 3 years time period. 

This study shows that banning the production and use of PCBs leads to lower 
levels over time for most compounds. However the compounds are still present in 
the human population, despite their banning. 
IO. I .4 CHAPTER 4 

Influence of prenatal organohalogen levels on infant male sexual development; sex hormone 
levels, testes volume and penile length 
Over the past years an increased incidence in the testicular dysgenesis syndrome 
(ms : hypospadias, cryptorchidism, testicular cancer, and decreased sperm count) 
has been observed in the human male'. One of the possible aetiologies of this syn
drome might be exposure to endocrine disruptors, like several 0HCs, during foetal 
and infant development. In this study we investigated if the 0HCs analysed within 
the GIC-cohort are correlated to infant male sexual development, and might there
fore be capable of endocrine disruption and possibly contribute to the increased 
incidence of TDS. Infant male sexual development was investigated by measuring 
sex hormone levels in boys at 3 months of age, and testes volume and penile length 
at 3 and 18 months of age. The sex hormones (free testosteron -FT-, testosteron 
-T-, luteinizing hormone -LH-, follicle stimulating hormone -FSH-, sex hormone 
binding globulin -SHBG-, free estradiol -FE-, estradiol -E2-, and Inhibin B -lnhB-) 
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were determined at 3 months of age since levels peak at this age and decline there
after, till they rise again during puberty2

• 

Significant correlations between prenatal exposure to OHCs and human infant 
sexual development were observed. We observed a possible pro-androgenic ef
fect of prenatal 4OH-CB-107 levels (more FT and T), pro-estrogenic effect of prena
tal BDE-154 levels (more FE2 and E2), and anti-androgenic effect of prenatal HBCDD 

levels (trend to less FT). Prenatal PCP levels were negatively correlated with Sertoli 
cell function (less InhB production), and positively with SHBG. Prenatal BDE-154 

levels showed a positive correlation with Sertoli cell function as demonstrated by 
the positive correlation with InhB levels and trend to a negative correlation with 
FSH levels. This might reflect a positive influence on Sertoli cell number, which 
is supported by the significant positive correlation between prenatal BDE-154 and 
testes volume at 18 months of age. None of the prenatal OHC levels correlated with 
penile length. 

In conclusion, this study indicates an influence of prenatal OHC levels on infant 
male sexual development, by correlations to sex hormone levels at 3 months of 
age, and testes volume at 18 months of age. 
IO. I . 5  CHAPTER 5 

Influence of prenatal exposure to neutral and phenolic organohalogens on infant neurodevelop
ment up to 18 months of age 
Neurodevelopment starts at the first trimester of foetal life and continues postna
tally. OHCs may influence this development by interference with many different 
pathways such as affecting proteins important for brain development, the cholin
ergic transmitter system, calcium homeostasis, oxidative stress, and many neuro
endocrine targets. In this study we investigated influence of prenatal OHC levels 
analysed within the Gic-cohort on neurodevelopment up to 18 months of age. We 
also investigated if these levels influence thyroid hormone levels at birth, and if 
these thyroid hormone levels are correlated to neurodevelopment outcome, the 
latter as a possible explanatory pathway of OHC influence. 

A number of older OHCs were correlated with deteriorated neurodevelopmental 
outcome at different ages. This was the case for prenatal CB- 15 3 ,  40H-CB-146, -187, 

and 4,4' -DDE levels (when adjusted for confounding factors). The BFRs were cor
related with both improved and deteriorated neurodevelopment outcome at the 
different ages. BDE-47, -mo, -153 , and - 154 were correlated to improved neuro
development outcome. BDE-99, -15 3 ,  and HBCDD were correlated to deteriorated 
neurodevelopment outcome. Most correlations were observed between prenatal 



OHC levels and neurodevelopment outcome at 18 months of age (the Hempel and 
BSID-II examination). Some BFRs correlated positively with thyroid hormone levels 
at birth, and some long term banned OHCs negatively. On individual congener basis 
influence on thyroid hormone levels showed no clear link with neurodevelopment 
outcome. On group basis the long term banned OHCs seem to influence thyroid 
hormone levels and neurodevelopmental outcome negatively and the BFRs seem to 
exert positive influence. Further studies are needed to determine the aetiology of 
the pathways of the effects of OHCs on neurodevelopment. 

IO. I .6 CHAPTER 6 

Nonabsorbable dietary fat enhances disposal of 2,2 ',4,4 '-tetrabromodiphenyl ether in rats 
through interruption of the enterohepatic circulation 
As observed in chapter 3, due to the persistence of most POPs, banning their pro
duction and use only very slowly reduces their level in the human. Therefore many 
years after their banning their toxic influence on humans may still be present. 

Different ways to reduce their body burden need to be explored. Since most 
POPs are lipophilic, addition of non-absorbable fat to the diet might extract the 
compounds from the body. This was investigated by administering sucrose poly
ester (sPE) to the diet of rats pre-treated with radioactively labelled 14C-BDE-47, and 
comparing their faecal BDE-47 and fat excretion with those in control rats with 
normal diets. In the SPE treated group faecal BDE-47 excretion was increased by 
291% compared to faecal BDE-4 7 excretion in control rats. Faecal fat excretion rate 
was increased by 18 8% in SPE treated rats compared to control rats. To investigate if 
this higher faecal BDE-4 7 excretion was achieved by interfering with the enterohe
patic circulation biliary excretion rate was determined at the last day of the experi
ment. In the SPE treated rats 0. 16% BDE-47 was excreted in the bile, 0.27% BDE-47 

was excreted in the faeces, therefore a net excretion of BDE-4 7 over the intestine 
into the intestinal wall was present. In the control rats 0.24% BDE-47 was excreted 
in the bile, 0.09% BDE-47 was excreted in the faeces, therefore a net uptake of BDE-

47 over the intestine into the body was present. 
Our results indicate that stimulation of faecal fat excretion by SPE treatment 

enhances the faecal disposal of BDE-47. This is accomplished by interrupting the 
enterohepatic circulation of BDE-4 7, inducing a net excretion of BDE-4 7 over the 
intestinal wall into the faeces. 
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Additional research 
Besides the OHCs analysed in the Gic-cohort the human is exposed to many more 
POPs. In the described studies below we analysed levels of pollutants which are all 
detected in the environment and widely used in many consumer products. We 
investigated their transplacental transfer, and current serum levels. We also inves
tigated if we could identify risk factors for increased serum levels. In the last study 
we investigated if levels of the most ubiquitously present POP, the major phthalate 
congener DEHP, are similar in children and adults. 
IO.I.7 CHAPTER 7 

Background levels of 33 chemicals in women and their newborn infants in The Netherlands 
Many POPs are considered toxic to human health, especially to foetal development. 
For the latter these compounds must cross the placenta. Within the Compare proj
ect we presented data on transplacental transfer of several OHCs. In this study we 
investigated human exposure and transplacental transfer of POPs present in prod
ucts, which are used in daily life. 

We analysed IO phthalates, IO musk compounds, bisphenol-A and 2 alkylphe
nols, triclosan, 2 perfluorinated compounds, 1 brominated flame retardant (TBBPA), 
and 8 organochlorine compounds in maternal serum collected at the 20th week 
of pregnancy and cord serum in a selection of their infants. Many of these com
pounds were detected in maternal serum. The compounds present at detectable 
levels were also detectable in cord serum. 

High linear correlations existed between maternal and cord serum levels. DEHP 
was the phthalate present at the highest level both in maternal and cord serum 
(median 747 and 328 ng/g serum, respectively). HHCB was the most often detected 
musk compound and was present at the highest level, both in maternal and cord 
serum (median 0.70 and 0.55 ng/g serum, respectively). p,p'-ooE was the most fre
quently detected organochlorine pesticide present at the highest level in maternal 
and cord serum (both median 0.14 µgig serum). 

This study shows that many compounds used in every day life enter the human 
body and are transferred to the foetus. More studies are needed to investigate if 
this influences foetal development. 



IO. I . 8  CHAPTER 8 

Plasma levels of 46 man-made compounds in a Dutch cohort 
Man is exposed to many different POPs throughout everyday life, because of the 
ubiquitous presence of these compounds in our surroundings. In this study we 
determined human levels of a wide variety of these compounds encountered in 
every day life, and investigated if we could identify risk factors leading to in
creased serum levels. 

In 80 adult humans (40 males, and 40 females, half of whom born before and 
the other half after 1960) levels of 13 BFRs, IO phthalates, IO musk compounds, 8 
organotin compounds, bisphenol-A, 2 phenols, and 2 alkylphenol ethoxylates 
were analysed. 

We evaluated whether serum levels of the compounds were related to each other, 
age, body mass index, living area (rural vs. industrial), occupation and dietary hab
its. IO of 13 BFRs were above limit of detection (wo ), 8 of IO phthalates, all IO musk 
compounds, 4 of 8 organotin compounds, and 3 of 5 phenols and alkylphenol 
ethoxylates. 

Per group the following compounds were present at the highest level: brominat
ed diphenyl ether 209 (median 47 nglg lipid), di-(2-ethylhexyl)phthalate (median 
25 µgig lipid), galaxolide and tonalide (both with median 0.2 µgig lipid), dioctyl
tin (median 0.1 µgig lipid), and bisphenol-A (median 0.3 µgig lipid). 

Levels of most compounds showed a significant correlation sto each other. Thus, 
high exposure to one compound may be predictive of high exposure to other 
compounds. 

No clear influence of age, sex, BMI, living area, occupation, and dietary habits on 
compound level was observed. Therefore we could not identify risk factors for 
increased exposure. 
IO. I .9 CHAPTER 9 

Serum levels of DEHP in children are higher than in adults 
DEHP is the most abundantly present phthalate and one of the most ubiquitously 
present POPs in the (home) environment, for instance in dust. The human is ex
posed easily to this compound since it is not chemically bound to the plastics it is 
used in, and can leach, migrate and evaporate from the products. Children might 
be more exposed to DEHP due to their mouthing behaviour and playing on the 
ground. We examined if this possibly higher exposure leads to higher serum levels 
of DEHP in children compared to adults. This was performed in a cohort study 
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on potential pollution of inhabitants living close to a former garbage dump. The 
study group consisted of 3 children and 8 adults. The control group consisted of 
12 age matched children and 8 age matched adults. DEHP levels in the study group 
were 40% higher in children compared to adults, in the control group 41% higher 
in children compared to adults, and in all children and all adult levels together 41% 
higher in children compared to adults. Since DEHP is a known endocrine disruptor 
with estrogenic potency in in vitro studies, and children are more vulnerable to 
toxicity compared to adults, these higher levels are cause for concern. 

Overall, the greater part of POPs determined for this thesis were above level of de
tection in the maternal, cord and adult human samples (81%; 54 of the 67 analysed 
compounds, chapter 2 and 8). This implies that man is exposed to a large variety 
of POPs and that almost all of the compounds entering the environment are pres
ent in the human population. The majority of compounds proved to be capable of 
transplacental transfer (77%; 36 of the 47 analysed compounds, chapter 2 and 7). 
This transplacental transfer might implicate toxic influence on prenatal and post
natal development of the infants. Some of this toxicity was observed for the OHCs 

analysed within the Grc-cohort, which influence infant male sexual development 
and infant neurological development up to 18 months of age. 

10.2 Implications of the observed prenatal POP levels on infant health 
In order to be toxic to humans, compounds must possess several qualities. Firstly, 
they must be able to enter the human body and remain there long enough to 
exert their toxic influence. Secondly, they must be capable of interference with 
different pathways in the human body, and alter the outcome of these pathways. 
Thirdly, most parent compounds themselves are non-toxic, but their metabolites 
are. Therefore the parent compound must first be metabolised in the body. Most 
importantly, as Paracelsus already mentioned in the 16th century, the dose of a 
compound determines its toxicity3 • A compound at low dose might not be toxic, 
but may be so at high dose. 

Many POPs possess characteristics which make them capable of exerting toxic 
effects on human health. They are very persistent and therefore hardly biode
gradable in the environment. This leads to long term environmental detainment, 
resulting in bioaccumulation and subsequent human exposure. The human is ex
posed in many different ways ; one is through intake of animal fat contaminated 
with lipophilic compounds, other exposure routes are inhalation and direct der
mal contact. This leads to biomagnification, especially in humans which are at the 
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end of the food chain. After exposure many POPs are stored in human fat tissue for 
long periods of time as a result of their lipophilicity and persistent character. This 
storage is not static. There is a continuous diffusion or transport into other com
partments of the body. Most POPs are also metabolised in the human body, mainly 
by the liver, possibly leading to more bioactive daughter compounds. All these 
characteristics attribute to the presence of the compounds in the human body and 
their possibility to exert toxic effects on human health. 

Since man is exposed to a large variety of POPs, and many of these POPs are pres
ent in the body, the combination of the compounds will determine the ultimate 
toxic effect on human health. Due to the fact that different POPs may interfere with 
different pathways in the human body, the compounds may have synergistic or 
antagonistic effects on each other and therefore their final toxicity may be differ
ent from the toxicity observed in animal studies in which one compound is tested. 

However, the presence of POPs in the human body and their above mentioned 
characteristics do not automatically implicate human health risks. As observed in 
our toxicity studies only some correlations between prenatal CB- 153 and 4,4' -DDE 

levels and sexual and neurological development were present, in spite of the fact 
that these compounds are known toxicants, as described in the Introduction part 
of this thesis. This might be due to the fact that, despite the banning of produc
tion and use of these compounds, they are still present in the human, but at levels 
below their lowest observed adverse effect level (wAEL). It is however also possible 
that the small number of participating infants and the large amount of statisti
cal analyses influences significant outcomes. The 3 hydroxylated PCBs, analysed 
in both toxicity studies showed a higher number of significant correlations with 
change in sex hormone levels at 3 months of age and delayed neurodevelopment 
outcome at 3 and 18 months of age. Therefore prenatal CB-153 levels may be be
low, but after metabolisation PCB daughter compounds are still able to exert toxic 
effects, since they are more bioactive (have more toxic potency). The banning of 
production and use of the parent compounds may not be enough to diminish their 
toxicity by lowering their levels. Other methods to decrease their body burden 
have to be explored, as for instance the supplementation of non-absorbable fat to 
the diet ( chapter 6). 

Many brominated flame retardants (BFRs) influenced infant male sexual develop
ment and infant neurodevelopment up to 18 months of age. These compounds 
are also lipophilic and their characteristics are very similar to those of PCBs. Their 
prenatal levels are at least IO times lower compared to CB- 153 in our study. Despite 
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these low levels, they are correlated to sex hormone levels at 3 months of age (BDE-

154 and HBcoo) and neurological development at especially 18 months of age. Not 
many studies have been conducted investigating the influence of prenatal BFR levels 
on infant development. Therefore our results have to be substantiated. Strikingly, 
many BFRs exert positive influence on neurodevelopment outcome (chapter 5). 
This is in contrast with animal studies and the only study conducted in infants to 
our knowledge4, however consistent with our follow-up study of the GIC-cohort 
conducted at 5 to 6 years of age5 • Therefore although the outcome for BDE-4 7 
might seem consistent ( correlation with increased thyroid hormone levels at birth 
and improved neurodevelopment outcome at later age, chapter 5 ), many other as
pects might interfere with the observed outcomes. For instance prenatal BFR levels 
might exert some influence on neurodevelopment outcome, but too little to cause 
long term effects, however enough to activate some sort of compensation mecha
nism, causing positive rather than negative correlations. 

We did not perform toxicity studies with the POPs analysed in chapter 7. 
Therefore, despite of the fact that they are present in the human, and capable of 
transplacental transfer, we are not able to draw conclusion about their toxic effects 
at the observed prenatal levels. 

10.3 Future perspectives 

Human health and environmental issues are becoming more and more important 
in society. We start to realize that the increasing industrialization and our demands 
for more consumer goods might also have a negative effect on our surroundings 
and health. We are compelled to consider the environmental burden and subse
quent possible effects on animal and human health of this industrialization and use 
of consumer goods. 

On the other hand not all compounds entering the environment, leading to ex
posure and levels in animals and humans, might exert toxicity. Therefore we need 
to execute more studies investigating the toxic effects. As previously described, 
there are many aspects determining the toxicity of a compound. Therefore these 
studies should focus on the following aspects. 

I. Uptake and metabolization studies in animals, adult humans, and especially 
infants should be conducted in order to predict the body burdens of the different 
compounds. In humans these studies should be performed in large cohorts, to 
avoid lack of results due to too small participant numbers. 



2. More studies are needed to investigate the toxicity of POPs. These studies should 
focus on more than just the hormonal pathways, since increasing evidence is pres
ent that this is not the only mode of action by which the compounds exert their 
toxic effects. Due to the fact that most POPs are most toxic during development 
more studies are needed to investigate their influence on normal development. 

3. Regarding the influence on the hormonal system, more in vitro studies are 
needed to determine the toxic potency of a single compound or the combination 
on the hormone system. Animal and human studies can be used to confirm these 
results in a complete organism, rather than an in vitro setting. By determining the 
toxic potency of a compound, the toxic equivalent factor (TEF) can be determined. 
This factor expresses the hormonal potency of a compound compared to the hor
mone itself, in general by comparing its binding potency to a receptor. By mul
tiplying the TEF with the level of the compound a toxic equivalent quotient (TEQ) 
is determined. The summation of the different TEQS of a mixture determines the 
ultimate toxic effects to the human. This is a very important value for human risk 
assessment, since the human is exposed to a large variety of compounds, which 
together determine the final toxicity of POPs. Multiple regression analyses is not a 
suitable statistical test to investigate the influence of a mixture of POPs on the hu
man, since levels of many of the POPs show high mutual correlations. 

rn.4 Conclusion 

Many POPs in the environment are also present in the human body. Many of these 
POPs cross the placenta leading to foetal exposure. Due to its early staged develop
ment the foetus and infant are more vulnerable to the toxic effects of POPs than 
the adult. We observed correlations between prenatal OHC levels and infants' sex 
hormone levels at 3 months of age and neurodevelopment up to 18 months of age. 
Not many studies have been conducted in this field; therefore more similar studies 
should be performed to substantiate our findings. 
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Appendix A. Nederlandse samenvatting 

SAMENVATTING VAN UITKOMSTEN 

Persisterende organische vervuilers (PoPs) zijn wijdverbreid aanwezig in het milieu 
door gebruik in allerlei producten. De stoffen zijn zeer persisterend, kunnen over 
lange afstanden door de lucht verplaatst worden, geven bioaccumulatie en bio
magnificatie, en hebben potentieel giftige eigenschappen. Sommige stoffen zijn 
endocriene verstoorders; zij bei'.nvloeden de hormoonhuishouding in het mense
lijk lichaam. De stoffen kunnen ook giftig zijn door bei'.nvloeding van andere rou
tes in het menselijk lichaam. Ten gevolge van hun (mogelijk) giftige eigenschap
pen is hun productie en gebruik per wet aan banden gelegd of verboden. 

In dit proefschrift wordt de aanwezigheid en huidige concentratie van verschil
lende POPs en hun overdracht over de placenta gepresenteerd. We laten zien dat 
di(2-ethylhexyl) ftalaat (oEHP) serum concentraties hoger zijn bij kinderen dan bij 
volwassenen. We presenteren een significante correlatie tussen prenatale blootstel
ling aan een aantal oudere en recent gei'.ntroduceerde POPs op de seksuele en neuro
logische ontwikkeling van jonge kinderen. We beschrijven de afname (maximaal 
50%) van concentratie in de mens van een aantal verboden POPs over een periode 
van IO jaar. Tevens beschrijven we een methode van verwijdering van POPs uit het 
menselijk lichaam, om een afname van concentratie in de mens te bewerkstelligen 
en op die manier prenatale blootstelling te verminderen. 

Concluderend is een groot aantal POPs aanwezig in het menselijk lichaam, wat 
leidt tot foetale blootstelling en mogelijke schadelijke effecten op jonge kinderen. 
COMPARE PROJECT 

Veel onderzoeken in dit proefschrift zijn onderdeel van het COMPARE project en 
gefinancierd door de Europese Unie. Het acroniem staat voor: "coMPARison of 
Exposure-Effect Pathways to Improve the Assessment of Human Health Risks of 
Complex Environmental Mixtures of Organohalogens". 
Vrij vertaalt betekent dit: "Vergelijking van blootstelling-effect routes van com

plexe milieumengsels van organohalogenen om de beoordeling van de gezond
heidsrisico 's bij de mens te verbeteren". 

Binnen dit project is het Groningen-Zuigelingen-COMPARE cohort (Gic-cohort) 
opgericht, bestaande uit 90 gezonde vrouwen van Kaukasische afkomst, in 
verwachting van een enkel, gezond, op tijd geboren kind. In het cohort, opgericht 
tussen oktober 2001 en november 2002, werd de huidige concentratie in de mens 
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en het transport over de placenta van enkele lang geleden verboden stoffen (4,4' -
DDE, CB-153 en 3 gehydroxyleerde PCBs) en enkele meer recent ge:introduceerde 
POPs (6 gebromineerde vlamvertragers : HBCDD en 5 PBDEs) bepaald (hoofdstuk 2). 

Productie en gebruik van veel POPs, zoals PCBs, is sinds decennia verboden door 
(vermoede) toxiciteit. We hebben onderzocht of dit leidt tot verlaging van de con
centratie in de mens. Dit is gedaan door de concentratie te vergelijken van verschil
lende PCBs en hun gehydroxyleerde stoffen bij zwangere vrouwen die deelnamen 
in 3 verschillende cohorten, opgericht over een periode van IO jaar Groningen, 
Friesland en Drenthe (hoofdstuk 3). 

We hebben onderzocht of de overgang de POPs over de placenta de seksuele of 
neurologische ontwikkeling be:invloedt van kinderen van het GIC-cohort tot de 
leeftijd van 18 maanden (hoofdstuk 4 en 5). 

Door de persistentie van veel POPs zijn ze lang na het verbod tot gebruik of pro
ductie nog altijd aanwezig in de mens. Daarom zijn er ook andere manieren nodig 
om hun concentratie in het menselijk lichaam te verminderen. Een mogelijke ma
nier is om hun uitscheiding via de ontlasting te laten toenemen door toename van 
de fecale vetuitscheiding en zo de stof als het ware "uit het lichaam te trekken". 
Dit is onderzocht door de toediening van niet-absorbeerbaar vet (sPE: sucrose po
lyester) aan ratten voorbehandeld met radio-actief gelabeld 14C-BDE-47, een gebro
mineerde vlamvertrager (hoofdstuk 6). 
HOOFDSTUK 2 

Serum concentraties van neutrale en Jenolische organohalogenen in zwangere vrouwen en som
mige van hun kinderen in Nederland 
Huidige concentraties van verschillende organohalogenen ( OHCs, gehalogeneerde 
POPs), werden bepaald in 90 zwangere vrouwen die deelnamen aan het GIC-cohort. 
6 lang geleden aan banden gelegde stoffen werden bepaald : 4,4' -ODE (meest voor
komende metaboliet van het meest gebruikte pesticide -ooT), CB-153 (meest voor
komende polygechlorineerde bifenyl -PCB), 3 gehydroxyleerde PCBs (metabolieten 
van PCBs: 40H-CB-107, -146, and -187), en PCP (pentachlorofenol, een antischimmel 
middel dat wordt gebruikt als houtbeschermer). Daarnaast werden 6 meer recent 
ge:introduceerde gebromineerde vlamvertragers (BFRs) bepaald: HBCDD (hexabro
mocyclododecaan) en 5 polygebromeerde difenylethers (BoE-47, -99, -100, -153, 
and -154). 4,4'-ooE, CB-153, HBCDD, en de 5 PBDEs zijn neutrale OHCs. Dit zijn stoffen 
die aan producten warden toegevoegd vanwege hun brandvertragende werking. 
De 3 gehydroxyleerde PCBs en PCP zijn fenolische OHCs (verminderd vetoplosbaar), 
de andere neutrale OHCs (vetoplosbaar). 
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Aile stoffen waren aanwezig in het serum van de zwangere vrouwen tijdens de 
20e en 35e week van de zwangerschap. Er was geen verschil tussen de hoogte van 
de concentraties tussen deze beiden periodes. Transport over de placenta werd on
derzocht door de concentraties bij de zwangere vrouwen tijdens de 35e week van 
de zwangerschap te vergelijken met de concentraties in navelstrengbloed van het 
kind. Dit werd onderzocht in 9 moeder/kind paren voor de oudere stoffen en in 
12 moeder/kind paren voor de meer recent gei'.ntroduceerde gebromineerde vlam
vertragers. Door financiele beperking werd dit niet in het sera van alle deelnemers 
bepaald. Aile stoffen waren aanwezig in navelstreng bleed, wat overdracht over de 
placenta aantoont. Hoge correlaties bestonden tussen maternale en zuigelingen 
serum concentraties, wat aantoont dat de hoogte van de concentraties bij de moe
der tijdens het einde van de zwangerschap een indicatie is voor de concentratie 
bij de zuigeling en daarom prenatale blootstelling en overdracht over de placenta 
weerspiegeld. 
HOOFDSTUK 3 

Serum concentraties van polygechlorineerde en gehydroxyleerde polygechlorineerde bifenylen in 
zwangere vrouwen over een periode van 1 o jaar in een geografisch gebied in Nederland 
Vanwege hun (mogelijke) giftigheid is de productie en het gebruik van verschil
lende OHCs verboden. De bedoeling van dit verbod is om hun concentratie in het 
milieu en dus blootstelling aan de mens te verlagen. De stoffen zijn echter zeer 
persistent. Daarom hebben wij onderzocht of dit verbod heeft geleid tot verlaging 
van de concentraties in menselijk serum gedurende een periode van IO jaar. We 
onderzochten de trend in concentratie van een aantal PCBs (cB-n8, -138, -153, en 
-180) en hydroxy-PcBs (40H-CB-I07, -146, en -187) bij zwangere vrouwen van 3 co
horten opgericht in 1991 -1992, 1998-2000, en 2001-2002. Alle vrouwen waren van 
vergelijkbare leeftijd en woonden in hetzelfde geografische gebied (Groningen, 
Friesland en Drenthe). 

Over de periode van tien jaar toonde CB-153, de meest voorkomende PCB, een da
ling van 50% in het serum van de zwangere vrouwen (van 830 pg/g serum naar 444 
pg/g serum). CB-138, -180, 40H-CB-I07, en -187 concentraties daalden ook in de tijd. 
Mediane CB-n8 concentratie bleef stabiel in 8 jaar tijd. 40H-CB-146-concentratie 
nam toe over een periode van 3 jaar. 

Deze studie toont aan dat het verbod op de productie en het gebruik van PCBs 
leidt tot een lagere concentratie in de loop van de tijd voor de meeste stoffen, maar 
dat de stoffen nog steeds aanwezig zijn in de menselijke populatie, ondanks het 
verbod. 
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HOOFDSTUK 4 

Invloed van blootstelling voor de geboorte aan organische stef{en tijdens de mannelijke seksuele 
ontwikkeling; geslachtshormonen, testes volume en lengte van de penis op zuigelingen en peu
ter leeftijd 
In de afgelopen jaren is een verhoogde incidentie van het testikel dysgenesis syn
droom (TDs: hypospadie, cryptorchisme (niet ingedaalde zaadbal), zaadbalkanker, 
en verminderde het aantal spermacellen 1) waargenomen in de mens. Een moge
lijke oorzaak van dit syndroom kan blootstelling aan endocriene verstoorders zijn, 
onder andere een aantal OHCs, tijdens de foetale en zuigelingen ontwikkeling. In 
deze studie hebben we onderzocht of de 0HCs geanalyseerd in het Gic-cohort zijn 
gecorreleerd met mannelijke seksuele ontwikkeling tijdens de zuigelingen en peu
tertijd. En dus of deze 0HCs in staat zijn tot endocriene verstoring en eventueel bij
dragen aan de verhoogde incidentie van TDS. Seksuele ontwikkeling op de zuige
lingen en peuter leeftijd werd onderzocht door het meten van geslachtshormonen 
bij de jongens van 3 maanden oud, en testes volume en penis lengte op de leeftijd 
van 3 en 18 maanden. De geslachtshormonen (vrij testosteron -FT, testosteron -T, 
lute1niserend hormoon -LH, follikel stimulerend hormoon -FSH, geslachtshormoon 
bindend globuline -SHBG, vrij estradiol -FE, oestradiol -E, en inhibine B -InhB) wer
den bepaald in bloed op de leeftijd van 3 maanden. Op deze leeftijd is een piek 
in deze hormonen aanwezig die daarna afneemt tot zij weer toeneemt tijdens de 
puberteit2

• 

Significante correlaties tussen de prenatale blootstelling aan 0HCs en seksuele 
ontwikkeling werden waargenomen. We vonden een mogelijk pro-androgeen ef
fect van prenatale 40H-CB-I07 concentraties (meer FT en T, mannelijk geslachts
hormoon), pro-oestrogeen effect van prenatale BDE-154 concentraties (meer FE2 en 
E2, vrouwelijk geslachtshormoon), en anti-androgeen effect van prenatale HBCDD 
concentraties (trend tot minder FT). Prenatale PCP concentraties waren negatief ge
correleerd met Sertoli eel functie (minder lnhB productie), en positief met SHBG. 
Prenatale BDE-154 concentraties toonden een positieve correlatie met de Sertoli eel 
functie, zoals aangetoond door de positieve correlatie met InhB niveaus en trend 
tot een negatieve correlatie met FSH. Dit weerspiegelt wellicht een positieve in
vloed op Sertoli eel nummer, dat wordt ondersteund door de significante positieve 
correlatie tussen prenatale BDE-154 en testes volume op de leeftijd van 18 maanden. 
Geen van de prenatale 0HC concentraties correleerde met penis lengte. 



Deze studie laat zien dat de blootstelling aan een aantal OHCs voor de geboorte de 
mannelijke seksuele ontwikkeling mogelijk kan bei:nvloeden. Meer onderzoek is 
nodig om deze resultaten te bevestigen en de klinische consequentie vast te stellen. 
HOOFDSTUK 5 

Invloed van blootstelling voor de geboorte aan neutrale en Jenolische organohalogenen op neu
rologische ontwikkeling van kinderen tot 18  maanden oud 
Neurologische ontwikkeling start in het eerste trimester van het foetale leven en 
gaat ver postnataal door. OHCs kunnen deze ontwikkeling bei:nvloeden door ver
schillende processen in het menselijk lichaam te bei:nvloeden, zoals invloed op de 
eiwitten van belang voor de ontwikkeling van de hersenen, het cholinerge sys
teem, calcium homeostase, oxidatieve stress, en veel neuro-endocriene processen 
(zoals het schildklierhormoon). In deze studie onderzochten we de invloed van 
prenatale OHC concentraties op de neurologische ontwikkeling van kinderen tot 18 

maanden oud. Om te onderzoeken of de eventuele invloed van OHCs via invloed 
op het schildklierhormoon is, hebben we schildklierhormoon concentraties in na
velstrengbloed gemeten en deze gecorreleerd aan neurologische uitkomsten. 

Prenatale CB-153 , 40H-CB-146, -187, en 4,4'-ooE concentraties (na correctie voor 
verstorende factoren) waren gecorreleerd met slechtere neurologische ontwik
keling op verschillende leeftijden. De BFRs waren gecorreleerd met zowel betere 
en slechtere neurologische ontwikkeling op de verschillende leeftijden. Prenatale 
BDE-47, - 100, - 153 , en -154 concentraties waren gecorreleerd met betere neurolo
gische ontwikkeling. Prenatale BDE-99, -153 en HBCDD concentraties waren gecor
releerd met slechtere neurologische ontwikkeling. De meeste correlaties werden 
waargenomen tussen prenatale OHC concentraties en neurologische uitkomsten op 
de leeftijd van 18 maanden (het Hempel en Bayley Scales of Infant Development 
-BSID-II onderzoek). Sommige prenatale BFR concentraties waren positief gecor
releerd met schildklierhormoon concentraties bij de geboorte, een aantal oudere 
OHCs toonde een negatieve correlatie. Er kon geen duidelijke correlatie worden 
aangetoond tussen individuele stoffen, schildklierhormoon concentraties en neu
rologische uitkomsten. 

Meer studies zijn nodig om te bepalen hoe OHCs de neurologische ontwikkeling 
kunnen bei:nvloeden. 
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HOOFDSTUK 6 

Niet-absorbeerbare vet in de voeding verbetert de eliminatie van 2 ,2 ',4,4 '-tetrabromodiphenyl 
ether in ratten door middel van onderbreking van de enterohepatische circulatie 
Zeals beschreven in hoofdstuk 3 verminderd het verbod op productie en gebruik 
van POPs maar zeer langzaam hun concentratie in het milieu en de mensen. Daarom 
zijn hun schadelijke invloeden nog vele jaren na het verbod aanwezig. Er moeten 
dus ook andere manieren onderzocht warden om hun concentratie in het men
selijk lichaam te verminderen. Aangezien de meeste POPs lipofiel (vetoplosbaar) 
zijn, kan toevoeging van niet-absorbeerbare vet aan de voeding de stoffen uit het 
lichaam verwijderen. Dit hebben we onderzocht door het toedienen van sucrose 
polyester (sPE, een niet-absorbeerbaar vet) aan het dieet van ratten voorbehandelt 
met radioactief gelabelde 14C-BDE-47. We hebben de vetuitscheiding en BDE-47 in 
hun uitwerpselen vergeleken met ratten met normaal dieet (controle groep). In de 
SPE behandelde groep was fecale BDE-47 uitscheiding 291% hoger ten opzichte van 
fecale BDE-47 uitscheiding van ratten in de controle groep. Fecale vetuitscheiding 
werd verhoogd met 188% in SPE behandelde ratten vergeleken met ratten in de con
trole groep. Om te onderzoeken of deze hogere fecale BDE-47 uitscheiding werd 
bereikt door te interfereren met de enterohepatische circulatie werd de concentra
tie in gal vastgesteld op de laatste dag van het experiment. In de SPE behandelde 
ratten werd 0, 16% BDE-47 uitgescheiden in de gal, 0,27% BDE-47 werd uitgeschei
den in de ontlasting, leidend tot een netexcretie van BDE-4 7 over de darmwand in 
het darmlumen. In de controle ratten werd 0,24% BDE-47 uitgescheiden in de gal, 
0,09% BDE-47 werd uitgescheiden in de ontlasting leidend tot een netopname van 
BDE-4 7 over de darmwand het lichaam in. 

Onze resultaten geven aan dat stimulatie van fecale vetuitscheiding door SPE be
handeling de verwijdering van fecale BDE-47 verhoogd. Dit wordt bereikt door 
het onderbreken van de enterohepatische circulatie van BDE-4 7, met als gevolg het 
induceren van een netuitscheiding van BDE-4 7 over de darmwand de feces in (in 
plaats van opnieuw opname in het lichaam). 

Additioneel onderzoek 
De mens wordt aan veel meer POPs blootgesteld dan die geanalyseerd in de GIC

cohort. In de studies hieronder beschreven analyseerden we de concentratie van 
vervuilende sto:ffen die op grote schaal gebruikt in tal van consumentenproducten 
en allemaal warden gevonden in het milieu. We onderzochten hun overdracht 
over de placenta en de huidige serumspiegels in de mens. We hebben ook onder-
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zocht of we risicofactoren konden vinden voor het hebben van verhoogde serum
spiegels. In de laatste studie hebben we onderzocht of de concentratie van DEHP, de 
meest voorkomende ftalaat hetzelfde is bij kinderen en volwassenen. 
HOOFDSTUK 7 

Achtergrondconcentraties van 33 chemische sto.ffen in vrouwen en hun pasgeboren baby's in 
Nederland 
Veel POPs zijn giftig voor de mens, in het bijzonder voor de zich ontwikkelende 
foetus. Hiervoor moeten deze stoffen over de placenta kunnen. In deze studie on
derzochten we concentraties in vrouwen en de overdracht over de placenta naar 
hun kinderen van POPs uit producten die worden gebruikt in het dagelijks leven. 
We analyseerden IO ftalaten, IO musk stoffen, bisfenol-A en 2 alkylfenolen, tri
closan, 2 perB.uorstoffen, een broomhoudende vlamvertrager en 8 organochloor
stoffen in serum van de moeder verzamelt tijdens de 2oe week van de zwanger
schap en het navelstreng serum in een selectie van hun kinderen. 

Veel van deze stoffen waren aanwezig in het serum van de moeder. De stoffen 
aanwezig boven detectie niveau waren ook aantoonbaar in navelstreng serum. 
Hoge correlaties waren aanwezig tussen serumspiegels van de moeder en het kind. 
DEHP is de ftalaat aanwezig in de hoogste concentratie bij moeder en kind (medi
aan 747 en 328 ng/g serum, respectievelijk). HHCB was de meest aangetroffen musk 
verbinding en aanwezig in de hoogste concentratie bij moeder en kind (mediaan 
0,70 en 0,55 ng/g serum, respectievelijk). 4,4'-ooE is de meest aangetroffen orga
nochloor pesticide en aanwezig in de hoogste concentratie bij moeder en kind 
(beiden mediaan 0, 14 µgig serum). 

Deze studie toont aan dat veel POPs die in producten zitten die gebruikt worden 
in het dagelijks leven het menselijk lichaam binnendringen en worden overgedra
gen aan de foetus. Studies zijn nodig om te onderzoeken of dit de ontwikkeling 
van de foetus bei:nvloedt. 
HOOFDSTUK 8 

Plasmaspiegels van 46 chemische sto.ffen in een Nederlands cohort 
De mens wordt in het dagelijks leven blootgesteld aan veel verschillende POPs, door 
hun uitgebreide aanwezigheid in onze omgeving. In deze studie bepaalden we de 
concentratie van een groot aantal van deze stoffen in de mens. Tevens onderzoch
ten we of we risicofactoren die leiden tot verhoogde serumspiegels konden aan
wijzn. In 80 volwassen mensen (40 mannen en 40 vrouwen, van wie de helft gebo
ren v66r en de andere helft na 1960) werden concentraties van 13 BFRs, IO ftalaten, 
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IO musk stoffen, 8 organotin stoffen, bisfenol-A, 2 fenolen, en 2 alkylfenol ethoxy
laten geanalyseerd. We hebben onderzocht of de serumconcentraties van de stof
fen aan elkaar verwant waren, of aan leeftijd, body mass index (BM1), woongebied 
(landelijk versus industrieel), beroep en/ of voedingsgewoonten. IO van 13 BFRs wa
ren boven de detectiegrens (Loo), 8 van de IO ftalaten, alle IO musk stoffen, 4 van 
de 8 organotin stoffen, en 3 van de 5 fenolen en alkylfenolethoxylaten. Per groep 
waren de volgende stoffen aanwezig in de hoogste concentratie: gebromeerde di
fenylether 209 (mediaan 47 ng/g vet), di-(2-ethylhexyl) ftalaat (mediaan 25 µgig 
vet), galaxolide en tonalide (beide met een mediaan van 0,2 µgig vet), dioctyltin 
(mediaan o, r µgig vet), en bisfenol-A (mediaan 0,3 µgig vet). Concentraties van de 
meeste stoffen waren significante gecorreleerd met elkaar. Dit betekend dat indien 
de ene stof in hoge concentratie aanwezig is, de andere dat waarschijnlijk ook is. 
We konden geen duidelijke invloed van leeftijd, geslacht, BMI, woongebied, be
roep en voedingsgewoonten op de concentratie van de verschillende stoffen vin
den, en daarmee geen duidelijke risicofactoren voor een verhoogde blootstelling. 
HOOFDSTUK 9 

Serumspiegels van DEHP bij kinderen zijn hoger dan bij volwassenen 
DEHP is de meest aanwezige ftalaat en een van de meest wijdverbreide POPs in de 
(thuis)omgeving, onder andere aanwezig in huisstof. De mens wordt gemakke
lijk blootgesteld aan deze stof, omdat de stof niet chemisch gebonden is aan het 
kunststof waarin hij wordt gebruikt. De stof kan lekken, migreren en verdampen 
uit de kunststoffen. Kinderen worden waarschijnlijk meer blootgesteld aan DEHP 
dan volwassenen vanwege hun sabbelgedrag en het spelen op de grond. We onder
zochten of deze hogere blootstelling kan leiden tot hogere serumspiegels van DEHP 
bij kinderen in vergelijking met volwassenen. Dit onderzoek werd uitgevoerd in 
een onderzoeksgroep van mensen die dicht bij een voormalige vuilnisbelt woon
den. De onderzoeksgroep bestond uit 3 kinderen en 8 volwassenen. Hun concen
traties werden vergeleken met een controle groep die bestond uit 12 kinderen van 
vergelijkbare leeftijd en 8 volwassenen van vergelijkbare leeftijd. DEHP concentra
ties waren 40% hoger bij kinderen dan bij volwassenen in de studie groep, en 41% 
in de controlegroep. Bij samennemen van de studie en controle groep was de con
centratie 41% hoger bij kinderen dan bij volwassenen. 

Aangezien DEHP een bekend hormoonontregelaar is met oestrogene eigenschap
pen bij in vitro studies, en kinderen kwetsbaarder zijn voor toxiciteit ten opzichte 
van volwassenen, zijn deze hogere concentraties mogelijk reden tot bezorgdheid. 
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ALGEMENE CONCLUSIE 

Het grootste deel van de POPs bepaald in dit proefschrift waren boven de detec
tie grens in serummonsters van zwangere vrouwen, uit de navelstreng van hun 
kinderen en van volwassen (81%, 54 van de 67 geanalyseerde stoffen, hoofdstuk 
2 en 8). Dit betekent dat de mens wordt blootgesteld aan een grote verscheiden
heid van POPs en dat bijna alle stoffen aangetroffen in het milieu aanwezig zijn 
in de menselijke populatie. De meerderheid van de stoffen ging over de placenta 
(77%, 36 van de 47 geanalyseerde stoffen, hoofdstuk 2 en 7). De overdracht over 
de placenta kan mogelijk de ontwikkeling voor en na de geboorte van de jonge 
kinderen bei'.nvloeden. Een voorbeeld van deze toxiciteit werd waargenomen bij 
de OHCs bepaald in de kinderen van het Gic-cohort, bij wie de mannelijke seksuele 
ontwikkeling en neurologische ontwikkeling tot de leeftijd van 18 maanden mo
gelijk werd bei'.nvloedt. 

Betekenis van de gevonden concentraties van POPs op de gezondheid van jonge kinderen 
Om giftig te zijn voor de mens, moeten stoffen verschillende eigenschappen bezit
ten. Ten eerste moeten zij in staat zijn om het menselijk lichaam binnen te dringen 
en daar lang genoeg blijven om hun giftige invloed uit te oefenen. Ten tweede 
moeten ze in staat zijn verschillende routes in het menselijk lichaam te beYnvloe
den, en de uitkomst van deze routes te veranderen. Ten derde, zijn de meeste stof
fen zelf niet giftig, maar hun metabolieten wel. Daarom moet de oorspronkelijke 
stof eerst warden omgezet in het lichaam. Het belangrijkste is dat de dosis van een 
stof de giftigheid bepaalt, zoals Paracelsus al vermeldde in de 16e eeuw3• Een stof 
hoeft bij een lage dosis niet giftig te zijn, maar kan dat warden bij een hoge dosis. 

Veel POPs hebben eigenschappen waardoor ze giftig kunnen zijn voor de mense
lijke gezondheid. Ze zijn zeer persistent en daarom nauwelijks biologisch afbreek
baar in het milieu. Dit leidt tot lang vasthouden in het milieu, wat resulteert in 
bioaccumulatie en blootstelling aan de mens. De mens wordt op veel verschillende 
manieren blootgesteld; door het eten van dierlijk vet verontreinigd met lipofi.ele 
(vetoplosbare) stoffen, door inademing en direct contact met de huid. Dit leidt 
vooral bij mensen tot biomagnificatie, omdat mensen aan het eind van de voedsel
keten staan. Na blootstelling warden veel POPs voor lange tijd opgeslagen in het 
menselijk vetweefsel als gevolg van hun lipofiliteit en persisterende karakter. Deze 
opslag is niet statisch. Er is een continue uitwisseling naar andere delen van het 
lichaam, zoals de bloedbaan. De meeste POPs warden ook omgezet in het menselijk 
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lichaam, voornamelijk in de lever, wat mogelijk kan leiden tot meer bioactieve 
dochter stoffen (metabolieten). 

Omdat de mens wordt blootgesteld aan een grote hoeveelheid POPs, en veel van 
deze POPs in het lichaam aanwezig zijn, zal de combinatie van de stoffen het uit
eindelijke schadelijke effect op de menselijke gezondheid bepalen. Dit komt omdat 
de verschillende POPs verschillende routes in het menselijk lichaam kunnen bei'.n
vloeden, en de stoffen elkaars effect kunnen versterken of tegenwerken. Mede om 
deze redden kan de giftigheid van de stoffen verschillend zijn van de effecten die 
in proefdieronderzoek zijn waargenomen, waar meestal de giftigheid van I stof 
wordt onderzocht. 

De aanwezigheid van POPs in het menselijk lichaam en hun hierboven genoemde 
kenmerken houden echter niet automatisch gezondheidsrisico's voor de mens in. 

In ons onderzoek vinden we slechts enkele correlaties tussen prenatale CB- 153 en 
4,4' -DDE concentraties en seksuele en neurologische ontwikkeling. Ondanks het 
feit dat dit bekende giftige stoffen zijn, zoals beschreven in de inleidend deel van 
dit proefschrift. Dit zou kunnen zijn omdat de stoffen op een niveau ender hun 
laagste geobserveerde effect (LOAEL) aanwezig zijn, vanwege het verbod op hun 
productie en gebruik. Het is echter ook mogelijk dat het kleine aantal deelne
mende kinderen en de grote hoeveelheid statistische analyses de significantie van 
de resultaten be'invloedt. De 3 gehydroxyleerde PCBs toonden een groter aantal 
significante correlaties met een verandering in geslachtshormoon niveaus leeftijd 
van 3 maanden en een vertraagde neurologische uitkomst op 3 en 18 maanden oud. 
Hieruit blijkt dat de prenatal CB-153 concentraties onder de LOAEL kunnen liggen, 
maar dat de stoffen na metabolisatie in dochter stoffen nog steeds giftig kunnen 
zijn. Daarom is verbod op productie en gebruik niet genoeg om de schadelijk
heid van de stoffen te verminderen. Daarnaast moeten andere manieren gevonden 
worden om hun concentratie in de mens te verminderen, bijvoorbeeld door het 
aanbieden van niet-absorbeerbare vet aan de voeding (hoofdstuk 6). 

Veel gebromeerde vlamvertragers (BFRs) zijn gecorreleerd met de mannelijke sek
suele ontwikkeling en de neurologische van het kind tot 18 maanden oud. Dit 
zijn ook lipofiele stoffen, met eigenschappen die erg lijken op die van PCBs. Hun 
concentraties voor de geboorte zijn minstens IO keer lager dan die van CB- 153 in 
onze studie. Ondanks dat zijn ze gecorreleerd aan geslachtshormoon concentraties 
op de leeftijd van 3 maanden (BDE-154 en HBCDD) en de neurologische ontwikke
ling in het bijzonder op de leeftijd van 18 maanden. Er zijn niet veel studies uit
gevoerd naar de invloed van prenatale BFR concentraties op ontwikkeling van het 



kind. Daarom moeten onze resultaten worden bevestigd door ander onderzoek. 
Opvallend veel BFRs hebben een positieve correlatie met de neurologische ontwik
keling (hoofdstuk 5 ). Dit staat in contrast met dierproeven en met de enige studie 
uitgevoerd bij zuigelingen zover wij weten4, het komt echter overeen met onze 
follow-up studie van het Gic-cohort uitgevoerd op de leeftijd van 5 a 6 jaar5 • Dus 
ondanks dat de resultaten voor BDE-47 consequent lijken (correlatie met toename 
in schildklierhormoon concentratie bij de geboorte en een betere neurologische 
uitkomst op latere leeftijd, hoofdstuk5), kunnen vele andere aspecten de waarge
nomen resultaten befovloeden. Het kan zijn dat de prenatale BFR concentraties de 
neurologische uitkomst te weinig bei'.nvloeden om op de lange termijn effecten te 
veroorzaken, maar genoeg om een soort van compensatiemechanisme te active
ren, waardoor eerder positieve dan negatieve correlaties ontstaan. 

We hebben geen toxiciteitstudies uitgevoerd met de POPs geanalyseerd in hoofd
stuk 7. Daarom, ondanks het feit dat deze aanwezig zijn in de mens en over de 
placenta gaan, kunnen we geen conclusies trekken over hun schadelijke effecten 
bij de waargenomen concentraties. 
TOEKOMSTPERSPECTIEF 

In de huidige maatschappij is steeds meer aandacht voor de menselijke gezondheid 
en het milieu. We beginnen te beseffen dat de toenemende industrialisatie en onze 
eisen naar meer consumptiegoederen misschien ook een negatieve invloed op onze 
omgeving en gezondheid kunnen hebben. Hierdoor moeten wij rekening houden 
met de belasting voor het milieu en de mogelijke effecten op mens en dier van deze 
industrialisering en het gebruik van consumptiegoederen. 

Aan de andere kant zijn niet alle stoffen die in het milieu terechtkomen - wat 
leidt tot blootstelling en aanwezigheid in dieren en mensen - schadelijk. Daarom 
moeten we meer onderzoeken naar de schadelijke effecten van deze stoffen uit
voeren. Zoals eerder beschreven, zijn er vele factoren die de schadelijkheid van 
een stof bepalen. Daarom moeten deze studies zich concentreren op de volgende 
aspecten. 

r. Opname en metabolisatie studies bij dieren, volwassen mensen, en vooral zui
gelingen dient te worden uitgevoerd om de hoeveelheid in het lichaam van de 
verschillende stoffen vast te stellen. Bij de mens moeten deze studies worden uit
gevoerd in grote cohorten, om te voorkomen dat een gebrek aan resultaten komt 
door een te kleine aantal deelnemers. 
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2. Er zijn meer studies nodig die de schadelijkheid van POPs op de menselijke 
gezondheid onderzoeken. Deze studies moeten zich op meer routes in het mense
lijk lichaam richten dan alleen de hormoonhuishouding, aangezien er steeds meer 
aanwijzingen zijn dat de stoffen ook op andere manieren schadelijk zijn. Omdat de 
schadelijke invloed van de meeste POPs vooral plaatsvindt tijdens de ontwikkeling, 
zijn er meer studies nodig naar hun invloed op de normale ontwikkeling. 

3. Wat betreft de invloed op het hormonale systeem, zijn er meer in-vitro studies 
nodig om de schadelijke potentie van een enkele stof of de combinatie van meer
deren op het hormoonsysteem te bepalen. Proef dieronderzoek en onderzoek bij 
mensen kan gebruikt worden om deze resultaten te bevestigen in een compleet 
organisme, in plaats van een in vitro setting. Door bepaling van de schadelijke 
potentie van een stof, kan de toxische-equivalentie factor (TEF) worden bepaald. 
Dit geeft de hormonale potentie van een stof ten opzichte van het hormoon zelf 
weer, meestal door het vergelijken met zijn binding aan een receptor. Door het 
vermenigvuldiging van de TEF met de concentratie van de stof wordt een toxisch 
equivalent quotient (TEQ) bepaald. Het optellen van de verschillende TEQS van een 
mengsel van stoffen bepaalt het uiteindelijke schadelijke effecten op de mens. Dit 
is waarschijnlijk een zeer belangrijke waarde voor risicobeoordeling van de ge
zondheidseffecten bij de mens, omdat de mens wordt blootgesteld aan een grote 
hoeveelheid stoffen, die samen de uiteindelijke schade van POPs bepalen. Dit is een 
betere bepaling dan meervoudige regressieanalyse omdat de verschillende concen
tratie van POPs onderling hoge correlaties hebben. 
CONCLUSIE 

Veel POPs die voorkomen in het milieu zijn ook aanwezig in het menselijk lichaam. 
De meesten passeren de placenta wat leidt tot foetale blootstelling. Door hun ont
wikkeling zijn de foetus en het kind kwetsbaarder voor de schadelijke effecten van 
POPs dan volwassenen. 

In dit promotieonderzoek hebben we aangetoond dat een groot aantal van de 
stoffen die in het milieu voorkomen, ook in de mens voorkomen en over de pla
centa overgedragen worden naar het ongeboren kind. We hebben aanwijzingen 
gegeven dat dit de mannelijke seksuele ontwikkeling en neurologische ontwikke
ling bij kinderen tot r8 maanden kan bei'.nvloeden. Daarnaast hebben we een mo
gelijke manier beschreven om de stoffen uit het menselijk lichaam te verwijderen. 

Er worden niet veel studies uitgevoerd op dit gebied bij de mens, daarom moeten 
er meer vergelijkbare studies komen om onze bevindingen te bevestigen, om meer 
duidelijkheid te geven over de eventuele schadelijke effecten van de blootstelling 



aan deze stoffen, en meer manieren gevonden worden om de blootstelling aan de 
aanwezige stoffen te verminderen. 
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Appendix B. Organohalogen compounds studied for this thesis 

IUPAC nomenclature 

Compound 

Organochlorine compounds 
2,4' -DDD ( o,p') 1, 1-dichloro-2-(2-chlorophenyl)-2-(4' -chlorophenyl)ethane 
4,4' -DDD (p,p') r ,  1-dichloro-2,2-bis(4,4' -chlorophenyl)ethane 
2,4' -DDE ( o,p') 1, 1-dichloro-2-(2-chlorophenyl)-2-(4' -chlorophenyl)ethylene 
4,4' -DDE (p,p') r ,  1-dichloro-2,2-bis(4,4' -chlorophenyl)ethylene 
2,4' -DDT ( o,p') r ,  r , 1-trichloro-2-(2-chlorophenyl)-2-(4' -chlorophenyl)ethane 
4,4'-DDT (p,p') 1 , 1,1-trichloro-2,2-bis(4,4'-chlorophenyl)ethane 
PecB 
HCB 

PCP 

r ,2,3 ,4,5-pentachlorobenzene 
r ,2,3 ,4,5 ,6-hexachlorobenzene 
2,3 ,4,5,6-Pentachlorophenol 

Polychlorinated biphenyls 
Parent compounds 
CB-II8 
CB-138 
CB-153 
CB-180 
Hydroxylated metabolites 
40H-CB-I07 
40H-CB-I46 
40H-CB-I87 

2,3 ',4,4',5-pentachlorobiphenyl 
2,2',3 ,4,4',5 '-hexachlorobiphenyl 
2,2 ',4,4',5 ,5 '-hexachlorobiphenyl 
2,2',3 ,4,4',5,5 '-heptachlorobiphenyl 

4-hydroxy-2,3 ,3 ',4',5-pentachlorobiphenyl 
4-hydroxy-2,2 ',3 ,4' ,5 ,5 '-hexachlorobiphenyl 
4-hydroxy-2,2',3 ,4',5 ,5 ',6-heptachlorobiphenyl 

Brominated flame retardants 
HBCDD Hexabromocyclododecane 
TBBPA Tetrabromobisphenol-A 
Polybrominated diphenyl ethers, parent compounds 
BDE-17 2,2',4-tribromodiphenyl ether 

Chapter 

7 

7 

7 

2,4,5,7 

7 

7 

7 

7 

2,4,5 

2,3,4,5 

2,3 ,4,5 
2,3 ,4,5 
2,3 ,4,5 

2,4,5,8 
7,8 

8 
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BDE-28 
BDE-47 
BDE-49 
BDE-85 
BDE-99 
BDE-IO0 
BDE-153 
BDE-154 
BDE-189 
BDE-209 

2,4,4' -tribromodiphenyl ether 
2,2 ',4,4' -tetrabromodiphenyl ether 
2,2' ,4, 5 '-tetrabromodiphenyl ether 
2,2',3 ,4,4' -pentabromodiphenyl ether 
2,2',4,4',5-pentabromodiphenyl ether 
2,2',4,4',6-pentabromodiphenyl ether 
2,2',4,4',5,5'-hexabromodiphenyl ether 
2,2',4,4',5,6'-hexabromodiphenyl ether 
2,2',3,4,4',5',6-heptabromodiphenyl ether 
Decabromodiphenyl ether 

Polybrominated diphenyl ethers, hydroxylated metabolite 
60H-BDE-47 

Phthalates 
DMP 

DEP 
DIBP 
DBP 

BZBP 

DCHP 

DEHP 
DOP 

DINP 
DIOP 

Musk com11ound� 
Polycyclic musks 
AHTN 
HHCB 
ADBI 

ATTI 
AHMI 
DPMI 

182 

6-hydroxylated-2,2 ',4,4' -tetrabromodiphenyl ether 

Dimethyl phthalate 
Diethyl phthalate 
D-iso-butyl phthalate 
Di-n-butyl phthalate 
Butylbenzyl phthalate 
Dicyclohexyl phthalate 
Di-(2-ethylhexyl) phthalate 
Di-n-octyl phthalate 
Di-iso-nonyl phthalate 
Di-iso-decyl phthalate 

Tonalide 
Galaxolide 
Celestolide 

Traseolide 
Phantolide 
Cashmeron 

8 

2,4,5,6,8 
8 

8 

2,4,5,8 
2,4,5,8 
2,4,5,8 
2,4,5,8 
8 

8 

2 

7,8 
7,8 
7,8 
7,8 
7,8 
7,8 
7,8,9 
7,8 
7,8 
7,8 

7,8 
7,8 
7,8 

7,8 
7,8 
7,8 



Nitro-musks 

MA 

MK 

MM 

MT 
MX 

Organotin compounds 
MBT 
DBT 
TBT 

MOT 
DOT 
MPT 
DPT 
TPT 

Musk ambrette 
Musk ketone 

Musk moskene 
Musk tibetene 
Musk xylene 

Monobutyltin 
Dibutyltin 
Tributyltin 

Monoctyltin 
Dioctyltin 
Monophenyltin 
Diphenyltin 
Triphenyltin 

Phenols and alkylphenol ethoxylates 
BPA 4,4' -dihydroxy-2,2-diphenylpropane 
NP 

OP 
NPEO 
OPEO 

4-nonylphenol 
4-octylphenol 
Nonylphenol ethoxylates 
Octylphenol ethoxylates 

Polychlorophenoxy phenol 
TCS Triclosan, 2,4,4' -trichloro-2 '-hydroxydipenylether 

Organoperfluorinated compounds 
PFOA 
PFOS 

Perfluoro-octanoic acid 
Perfluoro-octanesulfonic acid 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

7,8 

8 

8 

7 

7 

7 
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p,p'-DDT 

= 4,4'-ooT 

o,p'-ooT 

= 2,2'-ooT 

p,p'-ooE 

= 4,4'-ooE 

o,p'-ooE 

= 2,4'-ooE 

Cl 

Cl 

Cl 

Cl CI ----CI 

Cl 

Cl 

Cl 

Cl 

Cl 
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o,p'-ooo 
= 2,4'-000 

p,p'-ooo 
= 4,4'-000 

Pentachlorobenzene 

Hexachlorobenzene 

Pentachlorophenol 

PCBs 
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Cl 

Cl 
CI

X::(
I 

Cl u Cl 

Cl�CI 

c1Yc1 
Cl 

Cl�CI 

Cl�CI 
Cl 

Cl 

Cl 



PBDEs 

HBCDD 

TBBPA 

Phthalates 

Galaxolide 

�o� 
Br m··v 

0---Br n 

Br 

Br 

Br Br 

Br 

Br Br 

HO OH 
Br Br 

0 

c¢a
R 

OR' 
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Musk ketone 

Organotin compounds 
Bisphenol-A 

Nonylphenol 

Octylphenol 

188 
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Triclosan 

PFOA 

PFOS 

Estradiol-178 

Dioxin 

Thyroxine 

Lo� 
Cl )l) �Cl 

� F
'x

F FY FY Jl 
FA A A A 'OH 

F F F F F F F F  

F
�

F F. F F. F F. F 
S03H 

F F F F F F F F  

� I  
HO � 

Cln ---.:__�
O

�--<'Clm 

�o� 

OH 

I I � 

HO-p-0 
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ADI 

BFR 

BMI 

BSID 

BW 

CLRTAP 

E2 

EC 

ECNI 

EDS 

EU 

FE2 

FSH 

FT 

FT4 

FW 

GCfMS 

GIC-cohort 
HOME 

InhB 
IS 

IQ 

IUPAC 

Le/Ms 

LH 

LOAEL 

LOD 

LOQ 

LW 

Acceptable daily intake 
Brominated flame retardant 
Body mass index 
Bayley scales of infant development 
Body weight 
Convention on Long-Range Transboundary Air Pollution 
Oestradiol 
European Commission 
Electron capture negative ionisation 
Endocrine disruptors 
European Union 
Free oestradiol 
Follicle stimulating hormone 
Free testosteron 
Free thyroxin 
Fresh weight basis 
Gas-chromatography mass spectrometry 
Groningen-Infant-COMPARE cohort 
Home observation for measurement of the environment 
Inhibin B 

Internal standard 
Intelligence quotient 
International Unit of Pure and Applied Chemistry 
Liquid-chromatography mass spectrometry 
Luteinising hormone 
Lowest observed adverse effect level 
Limit of detection 
Limit of quantification 
Lipid weight basis 

191 



Appendix D. Abbreviations 

MDI 

MS 

nd 
nq 
NOAEL 

OHC 

oos 
PAH 

PD! 

POP 

RDS 

RPM 

sin 
SE 

SES 

SIM 

SHBG 

SPE 

rTJ 

T 

TJ 

T4 

TDI 

TDS 

TEF 

TEQ 

TBG 

TSH 

TTR 

UNECE 
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Mental development index 
Mass spectrometry 
Not detected 
Not quantified 
No observed adverse effect level 
Organohalogen compound 
Obstetric optimality score 
Polycyclic aromatic hydrocarbon 
Psychomotor development index 
Persistent organic pollutant 
Relative standard deviation 
Rounds per minute 
signal to noise 
Standard error 
Socio-economic status 
Selected ion monitoring 
Sex hormone binding globulin 
Sucrose polyester (Olestra) 
reverse triiodothyronin 
Testosteron 
Triiodothyronin 
Thyroxin 
Tolerable daily intake 
Testicular dysgenesis syndrome 
Toxic equivalent factor 
Toxic equivalent quotient 
Thyroxin-binding globulin 
Thyroid-stimulating hormone 
Transthyretin receptor 
United Nations Economic Commission for Europe 



WAIS 

WHO 
wt% 

Wechsler adult intelligence scale 
World Health Organisation 
Weight percentage 
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ADI: Acceptable daily intake. 
An estimate of the daily maximum intake of a substance over a lifetime, that will 
not result in adverse effects at any stage in the human life span. 

Bioaccumulate 
The increase in level of a pollutant taken up out of the environment into the first 
organism in a food chain. 

Biomagnify 
The progressive build up of a persistent substance by successive trophic levels, it 
relates to the level ratio in a tissue of a predator as compared to that in its prey. 
The pollutant must be long-lived, mobile, soluble in fats and biologically active. 

Endocrine disruptors 
Chemicals that interfere with the endocrine system. 

FW: Fresh weight basis. 
Expressed per gram serum or blood in which compound was analysed. 

Imposex 
Development of sex organs in contrast to their actual sex in some sea snails, and 
marine gastropod molluscs, under toxic effects of pollutants. 

IUPAC : International Unit of Pure and Applied Chemistry 
System of naming chemical compounds and describing the science of chemistry 
in general. 

LOAEL : lowest observed adverse ejfect level. 
The lowest dose or level of a chemical, found by experiment or observation, which 
causes an adverse effect in an organism under defined conditions of exposure. 
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LOD: limit ef detection. 
Expressed as a concentration or quantity, derived from the smallest measure that 
can be detected with reasonable certainty for a given analytical procedure1

• In this 
thesis set as 3 times the standard deviation of the long term blank value, or 5 times 
the signal-to-noise ratio obtained from the chromatography. 

LOQ: limit ef quantification. 
The smallest level which can de quantitatively analysed with reasonable reliability 
by a given procedure. With this limit there is minimal chance of false negative 
compared to the LOD. In this thesis set as 3 .3 times the LOD, or IO times the signal
to-noise ratio, or 3 times the background blank levels. 

LW: lipid weight basis. 
Expressed per gram lipid in the serum in which the compound was analysed. Lipid 
weight basis (1.9 + 1 .3 (total cholesterol + triglycerides)) was calculated based on 
the correlation between cholesterol, triglyceride, and phospholipids content in 
human serum2

• 

NOAEL: no observed adverse effect level. 
The highest level or dose of a chemical which produces no observed adverse effects 
in a test population. 

OH Cs : organohalogen compounds. 
Organic compounds that contain at least one halogen atom (fluorine, chloride, 
bromine, or iodine). 

PAH: polycyclic aromatic hydrocarbons. 
Chemical compounds that consist of fused aromatic rings and do not contain het
eroatoms (any atom not being carbon or hydrogen) or carry substituent (atom or 
group of atom places instead of a hydrogen atom on a carbon atom). 



POPs: persistent organic pollutants. 
Organic compounds resistant to degradation in the environment, leading to per
sistence, capable of long-range transport through air, bioaccumulate in animals 
and humans, biomagnifi.es in the food chain and have the potential to impact ani
mal and human health. 

SPE : sucrose polyester ( Olestra) . 
A complex synthetic compound of sucrose and fatty acids that the body is unable 
to digest or absorb, produced commercially as a partial substitute for fats in cook
ing oils, shortening, butter and other high-calorie or high-cholesterol foods. 

TDI: tolerable daily intake. 
The amount of a chemical a person can be exposed to on a daily basis over a pe
riod of time (usually a lifetime) without suffering deleterious effects. TDI is calcu
lated by applying a safety factor (confidence interval in toxic studies) to the NOAEL, 
mostly a value of roo. Based on the fact that humans are ren times more sensitive 
than tested animals, and have a ten-fold range of sensitivity in the population. 

TEF: toxic equivalent factor. 
A factor expressing the toxic potency of a compound compared to the potency of 
a hormone or the most toxic form of a known compound. For instance the diox
in-TEF of a compound is its toxic potency compared to the potency of 2,3,7,8-tet
rachlorodibenzodioxin, the most toxic dioxin. 

TEQ: Toxic equivalent quotient . 
A quotient expressing the toxicity of a compound by multiplying the TEF with the 
level in which the compound is present. 

Trophic level 
The position of an organism in the food chain. 
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Appendix G. Dankwoord 

Zoals al gememoreerd door Willem Elschot: 'waar zwangerschap bestaat, volgt 
het baren vanzelf, ten gepaste tijde'. En ziehier, het is gelukt na negen jaren met 
weinig bloed, maar zeer zeker veel zweet en her en der tranen: MIJN BO EKJE ! ! ! ! ! ! 

In de afgelopen negen jaren heh ik met zeer veel mensen mogen samenwerken 
die ik allen van harte wil bedanken voor hun hulp bij de totstandkoming van dit 
boekwerk. Een aantal zal ik hieronder apart bedanken, waarbij ik echter niet min
der dankhaar hen voor de verkregen hulp van degenen die ik niet genoemd heh. 

Allereerst natuurlijk professor Sauer. Beste Pieter, ontzettend bedankt voor alle 
hulp en steun gedurende de afgelopen jaren. Het is een heel hijzondere tijd ge
weest, waarin ik erg veel heh geleerd. Geweldig al die verschillende mensen die ik 
heh mogen ontmoeten en de verschillende projecten waaraan we hehben gewerkt. 
Dank voor je snelle reacties op mijn ingeleverde stukken, soms wat sneller dan 
gepland. Was ik net blij dat ik van een stuk af was en vond ik hem de volgende dag 
al weer herzien op mijn bureau. 

Professor de Jong, beste Frank. Dank voor je hulp hij het schrijven van het sexual 
development stuk. Ik heh het brainstormen over de gevonden resultaten als zeer 
plezierig ervaren. Geen enkel prohleem om daarvoor naar Rotterdam te komen, 
alleen maar zeer leerzaam. Dank dat je plaats wilde nemen in mijn leescommissie. 
Ik waardeer het zeer dat ik je 15 december als opponent zal zien. 

Professor Brouwer, beste Bram. Hartelijk dank voor alle mogelijkheden bin
nen het COMPARE project gegeven. Het was een bijzondere ervaring om aan zo'n 
Europees studieverband deel te nemen. Dank voor alle gezelligheid tijdens de ver
schillende Dioxine congressen. Ik hen blij dat je plaats wilde nemen in mijn lees
commissie en vind het jammer dat je 15 december niet aanwezig kunt zijn tijdens 
de promotie. 

Professor Verkade, beste Henkjan. Dank voor je hulp bij het proefdier onder
zoek en met name je opbouwende kritieken bij het schrijven van het stuk. Bij tijd 
en wijle kon ik de hoeveelheid rode pennenstreken slecht waarderen, het heeft me 
echter wel geleerd hoe ik een stuk moet schrijven. Daarnaast wil ik je bedanken 
voor je persoonlijke hetrokkenheid, vooral in het afgelopen jaar. Daan en ik heh
hen dat zeer gewaardeerd. 
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Professor Muskiet, beste Frits. Hartelijk dank dat je plaats wilde nemen in mijn 
leescommissie. Helaas dat je 15 december verhinderd bent, scheelt me wel naden
ken over die ingewikkelde derde vraag. 

Beste Han Marra, dank voor alle hulp bij de praktische kant van het promove
ren en je belangstelling voor het reilen en zeilen van het onderzoek, en het leven 
daaromheen. 

Beste Herman Velvis, moeilijk in woorden uit te drukken om jou te bedanken. 
Voor mijn onderzoek heb ik ontzettend veel gehad aan de adviezen die je gegeven 
hebt in Cura�ao. Het heeft mij ontzettend geholpen om in de enorme hoeveelheid 
materiaal voor deze studies het overzicht te bewaren en alles te kunnen terugvin
den. Meer nog waardeer ik jou om wie je bent. Van de bijzondere mensen die ik 
tot nu toe heh ontmoet ben jij er zeker een. Ik hoop dat we met elkaar in contact 
blijven, ook als ik niet meer in het UMCG werkzaam zal zijn. 

I want to thank my fellow researchers from the COMPARE project for their critical 
questions during the meetings, and of course the nice times we had during the 
meetings and social programs at your universities and the different Dioxin confer
ences. The memory of Lars Hagmar, I still find it difficult to enjoy the moments, 
but practice makes perfect. Jana Weis, Ake Bergman and Martin van Velzen for all 
your execution of the analyses and help during writing. 

Van de direct betrokkenen bij mijn onderzoek wil ik onder andere de volgende 
mensen bedanken : 
- professor Bos, beste Arie. Dank voor je hulp bij de general movements video 

opnames. We hebben het materiaal helaas (nog) niet gebruikt, maar wat in het 
vat zit verzuurt niet. Ik waardeer het ook zeer dat je een van de opponenten 
bent op 15 december. 

- beste Albert Martijn (en de secretaresses van de radiologie), hartelijk dank 
voor al je hulp bij de ECHO metingen. Heel fijn dat we een plaatsje in jullie 
programma konden krijgen. Het heeft veel mooie data opgeleverd. 
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- beste Deborah Sival, hartelijk dank voor je begeleiding bij het Touwen 
en Hempel onderzoek. Ik heh veel vanje geleerd over het doen van het 
neurologisch onderzoek. Ook het betrekken van professor Touwen om de 
puntjes op de i te zetten heh ik zeer gewaardeerd. Tevens bedankt voor je 
persoonlijke betrokkenheid in de afgelopen periode. Dat heeft ons zeer goed 
gedaan. 

- beste Ruud Peters, hartelijk dank voor alle bepalingen die je voor dit onderzoek 
hebt verricht en je hulp bij het schrijven van de stukken. Ik vind het fijn dat je 
15 december wilt opponeren. Nu nog op weg naar de publicatie. 

- verder wil ik bedanken voor hun hulp: professor Hadders voor het aanleren 
van het neurologisch onderzoek bij de zuigeling. Professor van der Meulen 
en de 3 studenten bewegingswetenschappen voor het mogelijk maken 
van het Bayley onderzoek. Professor Touwen voor het bijbrengen van de 
finesses van het Touwen en Hempel onderzoek. Professor Visser voor de 
bepaling van de schildklierhormonen, en je positieve reactie toen ik na 8 
jaar opeens met een stuk tevoorschijn kwam. Anja Hafkamp voor je hulp bij 
het opzetten van proefdier onderzoek en de bepalingen die je gedaan hebt. 
Annemiek Eissens voor je hulp bij het prikken van de vrijwilligers. Frank 
Perton voor de cholesterol en triglyceriden bepalingen. De medewerkers van 
het maagdarmlever lab, voor hun geduld bij mijn vragen en onervarenheid. 
Wouter Bosman en medewerkers van het isotopen lab voor hun hulp bij de 
radioactiviteitsbepalingen. Medewerkers van het lab op de 2e verdieping 
voor hun persoonlijke interesse en gezelligheid tijdens het afdraaien van mijn 
monsters. Piet Rijpaard en Jannie Tjassing voor hun ondersteuning bij de 
financiele afhandeling van het project. 

- Mijn verschillende kamergenoten tijdens de gehele periode. Heerlijk om 
gezamenlijk op te trekken en mensen te hebben bij wie je kunt foeteren als het 
geheel even niet mee zit (waar ik dan ook uitgebreid gebruik van heh gemaakt). 

Tevens wil ik alle deelnemers aan mijn onderzoek bedanken: 
- de vrouwen (met hun partners) en kinderen die deelgenomen hebben aan het 

COMPARE onderzoek 
- de deelnemers aan het Greenpeace onderzoek 
- de deelnemers en vrijwilligers betrokken bij het onderzoek beschreven in 

hoofdstuk 9 
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De kinderartsen in Deventer die het mij op verschillende momenten mogelijk 
gemaakt hebben tijd vrij te maken om een nieuw onderdeel van mijn onderzoek 
af te ronden of een stuk te schrijven. 

Mijn collega's bij de kinderoncologie die mij gedurende een aantal weken hebben 
vrijgepland om dit proefschrift te kunnen voltooien. 

De verschillende mensen bij Greenpeace die hebben meegewerkt aan de opzet 
voor het onderzoek beschreven in hoofdstuk 8 en de financiele mogelijkheid heb
ben gegeven om de analyses beschreven in hoofdstuk 7 te kunnen doen. 

En als laatste maar zeker een van de belangrijksten wil ik bedanken: 
- lieve Pietus, voor al je geduld, ondersteuning en aanwezigheid gedurende 

de afgelopen 9 jaren. Je hebt me maar heel even mee mogen maken zonder 
onderzoek, ik hoop dat we nog lang mogen nagenieten van het opgeleverde 
resultaat. Het boekje was nooit zo mooi geworden zonder jouw hulp. Ik had dit 
geheel nooit voor elkaar gekregen als ik niet bij jou stoom had kunnen afblazen. 

- lieve Hester, voor alle plezier die we in de afgelopen jaren gehad hebben. 
Niemand kan mij zo goed terug brengen naar de kern van dingen als jij. Laten 
we er een mooie dag van maken ( en niet al te veel anekdotes de revue laten 
passeren). 

- lieve Nathalie, al sinds begin van de studie trekken wij met elkaar op. De 
hoogte en dieptepunten van mijn studie en onderzoek heb je meegemaakt. 
Daarom hoar je deze dag mee te genieten van het behaalde succes. 

- lieve Saeske, heel vertrouwd om iemand al zo lang te kennen. 
- lieve niet bij naam genoemde familie en vrienden die het leven buiten het werk 

zo aangenaam maken. 
- lieve Jurremans en Annemarijne, om mij te laten inzien dat het leven om veel 

meer gaat dan deze behaalde successen en de relativiteit van alles. Ik wens jullie 
een geweldige toekomst. 

- lieve Donald en Marijke, voor jullie steun om alle ambities mogelijk te maken 
- en zeker niet in de laatste plaats mijn lieve ouders. Wat ontzettend bijzonder dat 

ik deze dag op 15 december mag beleven, en wat ben ik ontzettend dankbaar 
voor jullie steun en alle mogelijkheden die jullie mij geboden hebben. 
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