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Chapter 1, Introduction

Introduction and history of the study

Polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxin (PCDDs), polychlorinated dibenzo- 
furans (PCDFs) and polychlorinated diphenylethers (PBDEs) are ubiquitous toxic environmental  
contaminants.
After several chemical accidents resulting in serious health effects, severe birth abnormalities and  
mortality, dioxins and PCBs have become notorious to the general public. As a result of their 
persistency in our environment they bioaccumulate and exert an ongoing influence on physiological 
processes in our body. In the following introduction more information about the properties and effects 
of these chemical substances is given, as well as background information of the study group and the aim 
of the current study.

Dioxins, polychlorinated dibenzo-p-dioxin (PCDDs) and polychlorinated dibenzofurans (PCDFs)  
belong to the group of Persistent Organic Compounds (POPs). A PCDD molecule (f igure 1.1) consists 
of two benzene rings connected by two oxygen atoms. In PCDFs (figure 1.2) the two benzene rings are 
connected to each other and by one oxygen atom. The carbon atoms may be attached to a chlorine 
atom in positions 1-4 and 6-9. There are 75 possible PCDD and 135 possible PCDF congeners, or 
structurally similar molecules. PCDD/Fs containing one to three chlorine atoms are thought to have 
no significant toxicological significance. The most toxic dioxin is 2,3,7,8-TCDD, this compound is the 
reference for the development of the toxic equivalency factors (TEFs).

Figure 1.1:  Figure 1.2:
Polychlorinated dibenzo-p-dioxin (PCDDs) Polychlorinated dibenzofurans (PCDFs)

PCDDs and PCDFs can be formed during chemical, thermal, photochemical and enzymatic reactions. 
Several thermal processes leading to the formation of PCDDs and PCDFs have been identif ied. Sources 
of emission of PCDD/Fs are among others (1,2,3):

- The incineration of municipal solid waste, sewage sludge, coal, peat, wood, hospital waste and
 hazardous waste
- Bleaching of wood, paper and pulp
- Cement kilns
- Production of metals such as steel and copper.
- Contaminated commercial products such as chlorinated phenols and PCBs
- Wire reclamation
- Fossil fuel combustion, diesel, heavy-duty trucks, cigarette smoke
- Backyard barrel burning
- Accidents with PCB-filled electrical equipment

One of the main sources of these compounds in the Netherlands is the incineration of waste (1). 
Once released into the environment the fate and behaviour of individual congeners depends on their 
physical chemical properties, higher chlorinated compounds are more lipophilic. As a result of this  
lipophilicity these compounds are easily absorbed by organic matter, only small amounts dissolve in 
water.
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Figure 1.3: Polychlorinated biphenyl (PCB) Figure 1.4: Polybrominated diphenylether (PBDE)

Polychlorinated biphenyls (PCBs) are a group of 209 compounds congeners (f igure 1.3). In PCBs the  
position of the chlorine atoms on the PCB molecule can be divided in the ortho, meta and para position. 
The non-ortho substituted congeners and some mono-ortho congeners may possess a planar structure 
and are therefore also referred to as dioxin-like (dl) PCBs. PCBs are mainly used as dielectric isolators 
in electrical equipment because of their f ire resistance, low electrical conductivity, high thermal  
conductivity and high resistance to thermal degradation From the 1930’s the production of PCBs  
drastically increased world-wide, reaching a maximum in the 1970-80’s (4). Since the 1930’s large amounts 
of dioxins and PCBs have been released into the environment. Organisms, and ultimately humans, are 
exposed via ingestion (food, drinking water), via inhalation, and via dermal contact.
Ingestion is the main route (90%) of exposure to dioxins and PCBs in Europe, primarily through meat 
and meat products (23-27%), dairy products (17-27%) and fish (16-26%) (5). Due to the accumulating 
properties of these compounds, each step higher in the food chain increases the concentration of dioxins 
in an organism (bioaccumulation). Once ingested, dioxins and PCBs are primarily stored in adipose  
tissue and liver, the result of their lipophilic/hydrophobic nature. 
The first measurement of dioxins in humans was carried out in 1956, when a chemist contaminated 
himself with tetrachlorodibenzo-p-dioxin (TCDD) and tetrabromodibenzo-p-dioxin (6). Currently, 
background levels of these compounds are found throughout the industrialised world. How long they 
remain in the human body is measured using half life, which is defined as the time it takes before 
the amount of a material is decreased by 50%. The half life of each PCB and dioxin congener varies. 
The mean half-life of dioxins and PCBs in the human body is assumed to be 7 to 9 years (7), but may be 
shorter (8,9).

PCDDs/PCDFs and planar (dioxin-like) PCBs are usually grouped together because of their similar  
toxicity. They have the ability to bind to the Aromatic Hydrocarbon Receptor (AhR). The AhR is a multi- 
protein complex and a cytosolic transcription factor, normally inactive, and bind to other proteins 
called co-shaperones. The AhR is present in a wide range of cell types and species. Bonding of these 
receptors is known to induce expression of cytochrome P450s by induction of the CYP1A1 gene.  
However, other xenobiotic metabolising enzymes may also be induced, since numerous genes are  
regulated by the AhR (10,11).
The Ah-receptor can bind to ligands such as dioxin-like compounds and PAHs (benzopyrene), however 
there are also naturally occurring ligands, e.g . derivatives of tryptophan and bilirubin. Yet, the latter 
have a lower affinity for the receptor than TCDD, and rapidly degradate (12,13). Dioxin-like compounds 
(PCDDs/Fs and planar PCBs) are able to bind to the Ah-receptor and are thereby considered to  
behave as anti-estrogens. However, a recent study showed that some dioxin-like compounds can  
have estrogenic properties as well (14). To predict the health effects of PCDD, PCDFs and dioxin-like-
PCBs, a toxic equivalency score (TEQ) was developed. Using this method the various congeners are given 
a toxicity value relative to TCDD, the most toxic compound, having a Toxic Equivalency Factor (TEF) 
value of 1 (15,16).

The dose which causes 50% mortality, is called the (lethal dose) LD50. This dose is different for several 
species. For example, LD50 values vary up to 5000-fold between guinea pig and hamster. The LD50 for 
TCDD in f ish is species dependent, and ranges from 3000-16,000 pg/TCDD/g fish (17).
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Despite the 5000-fold difference in LD50 between guinea pig and hamster, TCDD-induces aryl hydrocar-
bon hydroxylase (AHH) and ethoxyresorufin-O-deethylase (EROD) enzymes, and causes reproductive 
toxicity at similar ranges in both species (18).
Dioxins and PCBs are able to cross the placenta. In addition, they are excreted in breast milk and thereby 
cause significant exposure to nursing offspring (19). Exposure during the foetal and nursing period 
of a child, are considered to be the most sensitive exposure windows in terms of reproductive effects 
(20,21,22,23). Adolescents, undergoing hormonal changes during puberty, are probably also at greater 
risk of susceptibility, and therefore at higher risk, with regards to environmental exposure health effects 
(24).
The non-dioxin-like congeners of PCBs may exert different effects. Phenobarbital-like, estrogenic and 
neurotoxic effects have been described (25,26). However, the in vitro estrogen receptor (ER) bond  
appears weak in some studies (27). PCBs and their hydroxylated metabolites are also known for their 
effects on the thyroid regulatory pathway, both reducing and increasing serum thyroid hormone (T4) 
levels (28).

Chemical accidents and observed health effects:
Aside from lethality, high dose exposure in animals has resulted in effects such as wasting syndrome, 
haemorrhaging and anaemia, atrophy of the thymus, spleen and gonads (29).
Various studies have looked at the effects of childhood (perinatal) dioxin/PCB exposure in humans.  
A number of these study cohorts were exposed to high concentrations as a result of chemical accidents, 
the most important accidents being the Yusho, Seveso, Yucheng and Agent Orange incidents. 
More information on these incidents is given in chapter 5.
Following the 1968 Japanese Yusho incident (leakage of PCBs/PCDFs into rice oil), a new disease  
appeared, characterised by acne-like eruptions, hyperpigmentation of the skin, and eye discharge.  
The disease was named Yusho (Oil Disease). More than 1800 patients have been registered as having 
Yusho, of which around 300 are deceased (30,31).
Similar to Yusho, about 2000 people on Taiwan Island ingested rice oil contaminated with PCBs and 
PCDFs, in 1978. The exposed population developed chloracne, hyper-pigmentation, peripheral  
neuropathy and other symptoms, which were later termed Yucheng Disease (32,33).

Figure 1.5: Children and congenitally deformed fetuses exposed in utero to Agent Orange.
©  Photo: alexisduclos.com

In 1976, in Seveso, Italy, an explosion occurred at a herbicide manufacturing plant. This resulted in major 
health consequences, including malformations, miscarriages, respiratory problems, cancer and death, for 
the exposed adults and their children (34,35).
During the Vietnam War, the US military sprayed 54 million litres of a herbicide (Agent Orange) contami-
nated with TCDD, during the period 1962-1972. Significant dose-response effects were seen: a history of 
benign fatty tumours, chloracne, skin rashes with blisters and photophobia, amongst others (36).
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More recently, Ukrainian politician, Victor Yushchenko, was reportedly poisoned with dioxin in Kiev in 
2004. He had symptoms of acute pancreatitis, followed by facial disfiguration, the result of chloracne 
(37). His blood serum levels (108 000 pg/g lipid weight) were more than 50 000 times higher than those 
in the general population (38).

PBDEs:
Polybrominated diphenylethers (PBDEs) are well known brominated f lame retardants (BFRs). These  
compounds are commonly used as f lame retardants in textiles, carpets, plastics and electrical equipment.  
When a f ire develops, bromine radicals in this molecule are released as a result of thermal energy. These 
radicals decrease f lame and reduce heat and carbon monoxide production (39). PBDEs are seeded, but 
not covalently bound, into polymer matrices. As a result of this, they diffuse out of the polymer matrix 
and become airborne, resulting in their wide dispersion (40,41). PBDEs have structural similarities to 
PCBs and PCDD/Fs (see f igure 1.5) and also have 209 possible congeners. PBDEs are already forbidden 
in Europe. However not all congeners are forbidden in the United States, and deca-BDE is currently still 
under discussion.
Currently, PBDEs are widespread in our environment. Levels of PBDEs in serum have been measurable since 
1990. An almost four-fold increase of 4 serum PBDE levels has been reported for the 15 years from 1980 
until the mid 1990’s (42). The increasing body burden of these compounds in humans is disconcerting.  
Although health effects of these compounds have not been studied as intensively as dioxins and PCBs, 
negative health effects through endocrine disruption have been reported (43). Effects on androgen, 
progesterone and oestrogen receptors have been seen (44,45,46,47).
Additionally, effects have been seen on thyroid hormone homeostasis (48,49,50,51,52,53), neurotoxic 
effects have been described (54,55,56,57,58), as well as effects on the immune system (59,60).

History of the study and previous findings:
The Amsterdam/Zaandam study cohort was initiated in 1987 by professor Koppe, to study the effects 
of dioxin exposure in the perinatal period and during lactation (61,62). In 1990 the study was  
extended with 120 mother-baby pairs. Of the total of 136, sixty-one mother-baby pairs, breastfed for at 
least 11 weeks, were included. All the included babies were born at term, with a normal birth weight and 
an optimal pregnancy. Levels of PCDDs/Fs were measured in the mother’s breast milk 3-4 weeks after 
birth, giving a good indication of the prenatal exposure levels.

In the Perinatal Period:
Effects on thyroid homeostasis were found in relation to prenatal exposure levels in the infants.  
There was a tendency to an increased T4 level in cord blood, which attained significance at 7 days and 
11 weeks after birth. At 11 weeks postpartum the thyroid stimulating hormone (TSH) level was also 
significantly increased (63,64).
A significant lowering in polynuclear white blood cells and monocytes were found in the first weeks  
after birth. After 11 weeks a significant lowering of thrombocytes was found in relation to the cumulative  
exposure through breast milk. An increase in the liver enzymes, aspartate aminotransferase (ASAT) and 
alanine aminotransferase (ALAT), was seen in relation to lactational exposure. A significant negative  
relationship was seen between the congener 2,3,7,8-TCDF and the vitamin K1 levels at the age of 11 
weeks postpartum (62,66).
Mothers following a one week special either carbohydrate-rich or fat-rich diet, both low in dioxin, had 
no influence on breast milk dioxin levels (65,67). 
No effect was seen on growth or development of the baby at the age of 6 months. There was a significant 
negative effect of postnatal (lactational) exposure to dioxins and levels of serum retinol binding protein 
(RBP) levels in the infants at 11 weeks of age, with a trend at 1 week (62,67,68).

At the age of 2 years and 7 months:
Follow-up of the Amsterdam-Zaandam cohort was performed once the children reached the age of 



12

Chapter 1, Introduction

two and a half years. Signs of enhanced neuromotor maturation were seen. The effects on the thyroid  
homeostasis, immune system and liver transaminases were no longer visible (69).

At the age of 7-12 years:
The 41 children consenting to further follow-up underwent brain function evaluation using electro- 
encephalography (EEG) and magnetoencephalography (MEG). Psychological and neuromotor tests were 
performed. MEG and EEG measurements showed retardation in brain development. Psychological tests 
(WISC-R, TRF and CBCL) showed no effect on I.Q, but the behavioural tests showed an increase in social 
problems, problematic thoughts and social problems (57).
Cytochrome P-450 activity was measured using a paraxanthine/caffeine molar ratio in venous blood, 
after a caffeine loading test. In addition, serum levels of thyroid hormones and liver transaminases were 
determined. No correlations were seen. In contrast, evaluation of haematological and immuno-logical 
parameters, showed an increase in CD4+ T-helper and CD4RA cells with increasing lactational dioxin 
exposure, as well as a persistent decrease in thrombocytes (70,71,72,73).
Lung function testing revealed a decrease in lung function with both prenatal and lactational dioxin 
exposure (74).
Dental examination was performed but no correlation was seen with dental problems (57).

Aims of the present study
Yet, to date, very little is known about the effects of background dioxin and PCB exposure on the long-
term health of children in adolescence. Even less is known about the health effects of background PBDE 
exposure. A further follow-up study in the Amsterdam/Zaandam group was therefore initiated, to assess 
the influence of background environmental exposure to toxic chemicals, on health during the sensitive 
period of adolescence. In this study we evaluated the effects of perinatal PCDD/Fs, current serum PCDD/
Fs, dl-PCBs and PBDEs on:

- Pubertal development and growth: dioxins are known as endocrine disruptors. They decrease 
oestrogens, glucocorticoids, and insulin-receptors (72,75). Bearing in mind the relatively high 
background exposures of the cohort, investigating pubertal effects was warranted.

- Immunology and haematology: effects on these cell types have been seen in earlier studies  
of the same cohort. The Amsterdam/Zaandam group exhibited a lowering of blood platelet  
counts in relation to lactational dioxin exposure (62). Eight years later these children still showed 
decreasing platelet counts with increasing postnatal dioxin concentrations (71). Decreasing  
platelet counts was associated with increasing thrombopoeitin levels, the latter increasing 
in relation to increasing postnatal dioxin exposure. We posed the question is this effect still  
persistent and whether current levels of PCDD/Fs, dl-PCBs and PBDEs also influence these  
parameters. Lowering of blood platelet counts was also seen in Japanese workers with increased 
dioxin levels (76) and in two Austrian women accidentally intoxicated with high concentrations 
of dioxins (77).

- Thyroid hormone metabolism: during the neonatal period of the Amsterdam-Zaandam  
cohort, Pluim detected a trend towards a higher T4 and T4/TBG ratio (as indicator of the FT4  
concentration) in the cord blood of the higher dioxin exposure group. The hypothesis was that 
dioxins ultimately decrease the nuclear occupancy of T3 receptors, leading to a stimulation of TSH 
secretion, and a higher thyroxin synthesis. In this manner the FT4 set-point, or optimal FT4 level, 
is increased. From a physiological point of view, for optimal metabolisation in children, a certain 
level of occupation of T3 receptors is needed. In general, the set-point is the optimal thyroid  
hormone concentration, being a characteristic of the whole body, with the hypophysis as  
custodian. While the set-point certainly has a genetic basis, it is also susceptible to (transient)  
external inf luences, such as is seen in non-thyroidal illnesses, or shortly after birth when there 
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is an increased need. Effects on thyroid hormones were seen in the neonatal period (63,64),  
however seemed not to be persistent. Since puberty is a very sensitive period, a new evaluation 
of these parameters was performed.

- Energy metabolism: dioxins and related environmental contaminants are known, in high  
concentrations, to cause wasting syndrome. The underlying cause is unknown. We hypoth-
esise that this may be due to an influence on the leptin homeostasis. We therefore also deter-
mined the serum leptin levels in our cohort. In an adult cohort study, health effects after dioxin  
exposure included an increased risk of developing diabetes mellitus (78). We hypothesised that 
life-long exposure to background levels of dioxins will also lead to an increased risk of developing 
diabetes mellitus. In order to test this hypothesis we evaluated the glucose metabolism of our 
cohort.

- Lung function: respiratory system effects of high dioxin and PCB exposures have regularly been 
documented. Coughing, as an immediate consequence, has been described. Of the intra-uterine 
exposed children of the Yucheng population, 25 % of the highly exposed children died during their 
f irst four years of life due to respiratory problems. Respiratory distress and pneumonia during  
the f irst six months of life were common amongst the children born after the Yucheng incident 
(33). The incidence of broncho-obstructive disease has dramatically increased over the last  
twenty years. While a number of hypotheses have been postulated, no conclusive reason for this 
rise has been found. The lung function was assessed in an earlier study of our cohort. A significant  
decrease in lung function in relation to both prenatal and postnatal dioxin exposure was seen 
(74). A clinical association between chest congestion and perinatal dioxin exposure was seen. 
Perinatal background dioxin exposure may be inversely associated with the FEV1/FVC ratio 
(33,74). We thus re-assessed the lung function of the cohort during adolescence, in order to  
evaluate if the effects on lung function are persistent.

- Behaviour: in the previous follow-up of our cohort, an increase in social problems, thought 
problems and aggressive behaviour, as reported by the teachers, was seen in relation to increasing 
postnatal dioxin exposure in the children. An increase in anxious/depressed feelings, as reported by 
the parents, was seen in relation to increasing prenatal exposure, and increase in social problems  
was seen in relation to both prenatal and postnatal dioxin exposure. In this study, negative effects 
in brain functioning were visualised using MEG and EEG. Further development of behavioural 
problems in adolescence and beyond are unknown (57). In order to evaluate the persistence of 
these problems, this endpoint was included in the current follow up.

- Current serum levels of PCDD/Fs, dl-PCBs and PBDEs were measured in this study round 
and prenatal and lactational PCDD/Fs levels were compared with the current PCDD/F levels. 
Levels of these compounds in children/adolescents are rather unknown, the reporting of half-
lives is insufficient, and current levels of these compounds in the Netherlands are not well  
documented.
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