
^o®1^i^ql(* 

Stellingen 

behorende bij het proefschrift "Tumour promotion by complex mixtures 
of polyhalogenated aromatic hydrocarbons (PHAHs) and the applicability 
of the toxic equivalency factor (TEF) concept" van Simone Antoinette 
van der Plas, te verdedigen op vrijdag 22 december 2000. 

1. De tumor-promoverende potentie van PCB's wordt in ruime mate onderschat door het 
TEF concept, dat wordt toegepast bij de risico-evaluatie van PHAH residuen en 
concentraties in respectievelijk voedingsmiddelen en milieucompartimenten. (dit 
proefschrift) 

2. De verstoring van vitamine A en schildklierhormoon niveau's door PHAH's met een 
lage dioxine-achtige activiteit kan aanzienlijk versterkt worden bij gelijktijdige 
blootstelling aan PHAH's met een hoge dioxine-achtige activiteit, hetgeen moet 
worden toegeschreven aan een verhoogde vorming van OH-PCB's. (ditproefschrift) 

3. Bij de toepassing van flavonoi'den in zogenaamde 'functional foods' wordt teveel 
nadruk gelegd op de anti-oxidant eigenschappen van deze stoffen. 

4. 'Moederlijk gedrag' wordt bei'nvloed door een veelheid van genen en lijkt te worden 
gestimuleerd door de endocriene veranderingen die optreden tijdens zwangerschap en 
geboorte. (Robert S. Bridges, Nature 20, p. 108-109, 1998) 

5. Het totale bestrijdingsmiddelen gebruik in de aardappelteelt in Nederland is eerder toe 
dan afgenomen met de opkomst van biologische aardappelteelt. 

6. Het stimuleren vanuit de overheid van nevenactiviteiten (boerencamping, 
zorgboederij, windmolens etc.) in de landbouw voor het verkrijgen van extra inkomen 
voor boeren, betekent feitelijk dat de landbouw in Nederland als volwaardige 
bedrijfstak geacht wordt te verdwijnen. 
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CHAPTER 1 

General introduction 

In the last half century several cases of accidental food and environmental contamination 
have occurred involving the notorious class of persistent and toxic polyhalogenated aromatic 
hydrocarbons (PHAHs). For example, large-scale food poisoning with polychlorinated 
biphenyls (PCBs) and polychlorinated dibenzofurans (PCDFs) due to contamination of 
cooking oil took place in Japan (1968) and in Taiwan (1979). Exposed individuals suffered 
from a large number of symptoms, including chloracne, reproductive and developmental 
disorders, and are still followed up epidemiologically to investigate possible increases in the 
incidence of several cancer types. In the Seveso accident (1976), an explosion of a reaction 
vessel in a factory producing organochlorine pesticides caused a massive environmental 
contamination with 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD) and a consequent syndrome 
of chloracne and related dioxin-like symptoms. In addition to these accidental contaminations, 
there have been many cases of environmental contamination with PHAHs, due to e.g., 
improper industrial processes, waste incineration, bleaching of pulp and paper and spills. In 
1989 the so-called "Lickebaert affair" took place in the Netherlands. Relatively high levels of 
PCDDs and PCDFs were found in milk of cows grazing in the surroundings of waste 
incinerators with relatively high emissions of PHAHs. During that period of time, farmers 
were not allowed to sell their dairy products. There was a high and acute demand for 
PCDD/PCDF analyses to be performed by high resolution-mass spectrometry (HR-MS), while 
the capacity to perform HR-MS analyses was absolutely insufficient for the demand and the 
costs were high. In this time period the project called 'Biological Effect Assays for 
Monitoring' (BEAM) was initiated1. The BEAM project was comprised of two main 
objectives: 

1) To study the predictive value of the toxic-equivalency-factor (TEF) concept for the toxicity 
of complex mixtures of PCBs, PCDFs and PCDDs and in this context, to reveal possible 
antagonistic or synergistic interactions between congeners; 2) To develop a fast and efficient 
bio-assay (Ah receptor-dependent luciferase reporter gene or DR-CALUX bio-assay) for the 
analysis of the toxic potential of complex mixtures of polyhalogenated aromatic hydrocarbons 
(PHAHs). The importance of such a method was only recently demonstrated (1999) when in 
Belgium on a large scale chicken meat appeared to be contaminated with high concentrations 
of PCBs and PCDDs. 

In this thesis the predictive value of the toxic equivalency factor (TEF) concept for the 
toxicity of complex environmental mixtures of PHAHs was studied. Special emphasis was put 
on the tumour promotion potential as a sub-chronic endpoint for the toxicity of PHAHs. 

1 Department of Toxicology, Wageningen University. In collaboration with RIKILT-DLO. 



Chapter 1 

General properties of PCBs, PCDDs and PCDFs 

Polychlorodibenzo-/>-dioxins (PCDDs), polychloro-dibenzofurans (PCDFs) and 
polychlorinated biphenyls (PCBs) are members of the group of polyhalogenated aromatic 
hydrocarbons (PHAHs) and consist of 75, 135 and 219 different isomers respectively. Their 
chemical structures are shown in figure 1.1. PCDDs and PCDFs are mainly formed as 
unwanted by-products during incomplete combustion processes in the presence of chlorine, 
such as municipal waste burning, and the synthesis of a wide range of organohalogens 
commercial chemicals, as herbicides, fungicides and PCBs (Safe, 1990,1994). Commercial 
polychlorinated biphenyls (PCBs) were widely used as industrial products with diverse 
applications, such as plasticizers, heat transfer fluids, cutting oils, wax extenders, adhesives, 
flame retardants and dielectric fluids for capacitors and transformers. PCBs were produced in 
large quantities since 1929 and their total production is estimated on 1.5 million metric tons 
(De Voogt and Brinkman, 1989; Silberhorn et al, 1990). PCDDs, PCDFs and PCBs are 
highly lipophilic and the degree of lipophilicity is increasing with increased chlorination. In 
addition, these compounds are biologically stable and resistant to breakdown by acids, bases 
and heat. As a result of their lipophilic and persistent nature, PCDDs, PCDFs and PCBs were 
shown to accumulate in the environment and were reported as contaminants in almost every 
component of the global ecosystem, including air, water, fish, wildlife and human adipose 
tissue, milk and serum. PCDDs, PCDFs and PCBs have been shown to elicit a broad spectrum 
of toxic effects and biochemical changes in both animals and human, e.g. body weight loss, 
thymic atrophy, impairment of immune responses, hepatotoxicity, teratogenicity, 
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Figure 1.1 The chemical structures of PCBs, PCDDs and PCDFs 
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General introduction 

carcinogenicity and induction of hepatic cytochrome P450 isoenzymes (reviewed by Safe, 
1989, 1990,1994). For this reason, much effort has been put on emission control and other 
measures to reduce the introduction of PCDDs and PCDFs into the environment. In addition, 
from the 1980s onwards PCBs were banned or the production, use and disposal was severely 
restricted in most industrialised countries (Silberhorn et al, 1990; Brouwer et al, 1998a). 
Since then, environmental and dietary levels of PCDDs, PCDFs and PCBs have been found to 
decline in all compartments (CCRX 1993; Liem and Theelen, 1997; Fiirst and Wilmers, 1999; 
Hori et al, 1999; Papke et al, 1999). 

The most toxic PCDDs, PCDFs and PCBs exhibit a planar molecular conformation and 
most if not all of their toxic responses are thought to be mediated by the aryl hydrocarbon 
(Ah) receptor (Safe, 1994). The Ah receptor is present in the cell cytosol as a complex with 
the 90 kDa heat-shock protein (hsp90) (Schmidt and Bradfield, 1996). After binding of TCDD 
or other congeners to the Ah receptor, hsp90 is dissociated from the Ah receptor-ligand 
complex, followed by translocation of the complex to the nucleus and dimerization of the Ah 
receptor with the Ah-receptor translocater (Arnt) protein. The ligand-AhR-Arnt complex 
binds selectively to dioxin-responsive elements (DRE) on the DNA, thereby inducing the 
expression of DRE-regulated genes, such as cytochrome P4501A1 and 1A2 (Schmidt and 
Bradfield 1996). The most potent ligand for Ah receptor binding is 2,3,7,8-TCDD. Binding 
competition studies with 3H-labeled 2,3,7,8-TCDD showed that the 2,3,7,8-substituted tetra-
to hexa CDDs and CDFs are the most competitive ligands for Ah receptor binding. The most 
competitive PCBs are substituted on both para and at least two meta positions, the so called 
non-ortho or planar PCBs. Mono-ortho substituted PCBs exhibit lower competitive binding 
affinities for the Ah receptor and they are considered as 'mixed-type inducers', because of 
their capability to mediate both dioxin-like and non-dioxin-like toxicity (Bandiera et al, 1982; 
Safe, 1990). 

Non-planar PHAH compounds, i.e. di-ortho substituted PCBs, exhibit a so called non-
dioxin-like toxicity. The toxicity of the non-planar PCBs resembles the toxicity of the 
barbiturate phenobarbital, characterised by the induction of cytochrome P4502B1 and 1B2 
(Safe, 1990,1994). The mechanism of cytochrome P4502B induction by di-ortho PCBs is 
unknown. 

The toxic equivalency factor concept 

In environmental matrices and biota PCDDs, PCDFs and PCBs are always present as 
complex mixtures. The complexity of these mixtures complicates the risk evaluation for 
humans as well as for fish and wildlife. The toxic equivalency factor (TEF) concept has been 
developed to aid the risk assessment of complex mixtures of PHAHs and enables the 
calculation of total toxic potencies, expressed as the toxic equivalent (TEQ), of the mixtures. 
The TEF approach is based on the assumptions that all toxic PHAH congeners act through the 
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Chapter 1 

same dioxin-like Ah receptor-based mechanism of action and that the effects of the individual 
compounds are additive (Safe, 1994; Ahlborg et al, 1994; Van den Berg et al, 1998). TEF 
values for the individual PHAH congeners are derived by calculating the relative toxicity of 
the concerning PHAH congener compared to the toxicity of 2,3,7,8-TCDD. Subsequently, the 
TEQ of a complex PHAH mixture is calculated using the following equation: 

TEQ= I([PCDD; x TEFJJ + I([PCDF, * TEFJJ + Z([PCB, * TEFJJ 

In order to harmonise the risk assessment of PHAHs, consensus TEF values for the dioxin-
like PHAHs were derived at international expert meetings organised by the World Health 
Organisation (WHO) (see Table 1.1). 

No TEF values are defined for the non-dioxin-like PHAHs. In the recent past TEF 
values were available for 2,2',3,3',4,4',5-HCB (PCB 170) and 2,2',3,3',4,4',5,5'-OCB (PCB 
180) (Ahlborg et al, 1994), but these values were withdrawn because an Ah receptor 
mediated response of these congeners could not be confirmed (Van den Berg et al, 1998). 
Although the Ai-ortho substituted PCBs are in general considered to be less toxic and possess 
no or a negligible Ah receptor mediated activity, i.e. a TEF value close to zero, their 
concentration in commercial mixtures, in food and environmental matrices is much higher 
compared to the planar PHAHs. However, till now there is no tool available for risk 
assessment of this class of PHAHs. 

Tolerable Daily Intake and background exposure 

At a WHO consultation in 1990, a tolerable daily intake (TDI) of 10 pg TEQ/kg bw/day 
was established for PCDDs, PCDFs and PCBs, on the basis of the no-observed-adverse-effect 
level (NOAEL) of 1 ng/kg/day for the carcinogenicity of 2,3,7,8-TCDD in rats (data obtained 
from Kociba et al, 1978). Because of new epidemiological and toxicological data a revised 
TDI of 1-4 pg TEQ/kg bw/day was deduced, taking the most sensitive adverse effects in 
consideration, i.e. hormonal and reproductive effects (Van Leeuwen and Younes, 1998). For 
the total PCB intake a TDI of 0.4 ug/kg bw/day was suggested, on the basis of the NOEL of 
40 ug/kg bw/day in monkeys (CCRX 1993). 

Information from food surveys in industrialised countries indicate a daily intake of 
PCDDs and PCDFs in the order of 1-3 pg TEQ kg/bw/day and if dioxin-like PCBs are also 
included, the daily TEQ intake will be a factor 2-3 higher (Van Leeuwen and Younes, 1998). 
In the Netherlands an intake of PCDDs, PCDFs and PCBs of 2.3 pg TEQ/ kg bw/day was 
reported for the early 1990s (Liem and Theelen, 1997). No information is available on the 
total intake of PCBs on a weight basis. Because of the complexity of PCB analysis in 
environmental samples, in most surveys only the so called indicator PCBs (IUPAC NR. 28, 
52,101, 118, 138, 153 and 180) are being analysed. An extensive survey was done in 1994 by 

12 



General introduction 

Liem and Theelen (1997), who measured 29 PCB congeners in different food items. They 
reported a total intake of 20 ng/kg bw/day (Liem and Theelen, 1997) and given the 
assumption that a level of 20 ng/kg/day in foodstuff covers approximately 20-30% of the total 
dietary intake, a total PCB intake of 60-100 ng/kg bw/day can be estimated. 

Carcinogenicity of PHAHs 

Carcinogenicity is one of the toxic endpoints in risk assessment of PHAHs (WHO 
1992). An extensive evaluation on the carcinogenic properties of PCDDs and PCDFs was 
done by the International Agency for Research on Cancer (IARC, 1997; McGregor et al, 
1998). They found that there is epidemiological evidence in human for an overall increase in 
mortality from all cancers combined in the most highly TCDD exposed industrial cohorts, 

Table 1.1 PCB TEFs for human intake 

Class 

Non-ortho 

Mono-ortho 

Di-ortho 

IUPAC No. 

77 

81 

126 

169 

105 

114 

118 

123 

156 

157 

167 

189 

170 

180 

Structure 

3,3',4,4'-TeCB 

3,4,4',5-TeCB 

3,3',4,4',5-PeCB 

3,3',4,4',5,5'-HxCB 

2,3,3',4,4'-PeCB 

2,3,4,4',5-PeCB 

2,3',4,4',5-PeCB 

2',3,4,4',5-PeCB 

2,3,3',4,4',5-HxCB 

2,3,3',4,4',5'-HxCB 

2,3',4,4',5,5'-HxCB 

2,3,3',4,4',5,5'-HpCB 

2,2',3,3',4,4',5-HpCB 

2,2',3,4,4',5,5'-HpCB 

old WHO 
TEFsa 

0.0005 

-

0.1 

0.01 

0.0001 

0.0005 

0.0001 

0.0001 

0.0005 

0.0005 

0.00001 

0.0001 

0.0001 

0.00001 

new WHO 
TEFs* 

0.0001 

0.0001 

0.1 

0.01 

0.0001 

0.0005 

0.0001 

0.0001 

0.0005 

0.0005 

0.00001 

0.0001 

-

-

"Ahlborg et al. (1994) 
'Van den Berg et al. (1998) 
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Chapter 1 

while there is less strong evidence of increased risks for cancers of particular sites (IARC, 
1997; McGregor et al, 1998). The conclusion of the IARC was that TCDD has to be 
classified as carcinogenic to humans, but for other PCDDs and PCDFs there is only limited or 
inadequate evidence (IARC, 1997; McGregor et al, 1998). 

PCDDs, PCDFs and PCBs are considered as tumour promoters rather than as initiators of 
carcinogenesis (Safe, 1989; Silberhorn et al, 1990; Whysner and Williams, 1996; IARC, 
1997). In rodents, individual congeners as well as mixtures of PCDDs, PCDFs and PCBs were 
found to exhibit a distinct rumour promotion activity in various two-stage skin- and 
hepatocarcinogenicity bioassays (Poland et al, 1982; Hebert et al, 1990; Table 1.2). 
Although PCDDs, PCDFs and PCBs are considered as non-genotoxic and non-mutagenic 
(Safe, 1989; Silberhorn et al, 1990; Huff ef al, 1994), they may also act as complete 
carcinogens. In several life time carcinogenicity studies in rats, treatment with TCDD or 
commercial PCB mixtures showed an increased incidence of neoplastic lesions in for example 
stomach, intestine, thyroid gland and liver, without prior exposure to an experimental initiator 
(Kimbrough et al, 1975; Kociba, 1978; Norback and Weltman, 1985; Ward, 1985; Mayes et 
al, 1998). Female rats appeared to be much more sensitive to the hepatocarcinogenic activity 
of PCDDs, PCDFs and PCBs than male rats (Kociba et al, 1978; Norback and Weltman, 
1985; Mayes et al, 1998;), which implies that the ovarian hormones, presumably estrogens, 
may influence the carcinogenic response (Lucier et al, 1991). 

Proposed mechanisms for the carcinogenic activity of PCDDs, PCDFs and PCBs include 
alteration of the DNA-damaging potential of endogenous compounds (including estrogens) by 
increased cytochrome P450-mediated metabolic activation, DNA single-strand breaks 
resulting from lipid peroxidation, alterations in cell proliferation and differentiation via 
modifications of growth factor and cytokine pathways, and inhibition of gap-junctional 
intercellular communication and apoptosis (Silberhorn et al, 1990; Huff et al, 1994; 
Grassman et al, 1998; Schwarz et al, 2000). It is assumed that the Ah receptor plays an 
important role in mediating the carcinogenic activity of PHAHs, which was supported by a 
positive correlation between tumour promotion activity of PHAH compounds and their 
affinity for the Ah receptor or Ah receptor mediated toxicological effects, such as CYP1 Al 
induction (Poland and Knutson 1982; IARC, 1997; Schwarz et al, 2000). 

Several non-dioxin-like di-ortho substituted PCBs were shown to possess a tumour 
promotion activity as well (for an overview see Table 1.2). However, it is unlikely that the Ah 
receptor is involved in the tumour promotion activity of di-ortho PCBs. Mechanisms possibly 
involved are for instance the inhibition of intercellular communication and stimulation of cell 
proliferation (Silberhorn et al, 1990). 

Intercellular communication plays an important role in cell growth, differentiation and 
maintenance of cell homeostasis (Loewenstein, 1990; Budunova, 1994). Inhibition of the gap 
junctional intercellular communication (GJIC) is suggested to be an important step in 
carcinogenesis and considered as an in vitro indicator of the tumour promotion capacity of 
chemicals (Mesnil et al, 1993). Both dioxin-like and non-dioxin-like PCBs have been 
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General introduction 

demonstrated to inhibit the intercellular communication in primary liver cells (Swierenga, et 
al, 1990) and hepatoma cells (De Haan et al, 1994b, 1996; Bager et al, 1997) in vitro. On 
the basis of both in vitro and in vivo studies on GJIC, it is hypothesised that different 
mechanisms are involved for the dioxin-like and the non dioxin-like PCBs (De Haan et al., 
1996; Bager et al, 1997). 

Interactions between PHAH compounds 

There is a growing number of experimental data suggesting non-additive interactions 
between PHAHs, mostly between planar and non-planar compounds, on several toxicity 
parameters. Interactive effects were reported on for instance immunotoxicity (Biegel et al, 
1989; Davis and Safe, 1989), teratogenicity (Zhao et al, 1994) hepatotoxicity (Yao and Safe, 
1989; Van Birgelen et al, 1996a) and tumour promotion (Sargent et al, 1991; Bager et al, 
1995, Haag-Gronlund et al, 1998). Only a few studies have shown synergistic interactions 
between PHAHs. Synergism is likely to occur when more than one pathway, i.e. Ah receptor 
independent, may be involved (Safe, 1997/98) like with liver porphyry (Van Birgelen et al, 
1996a) and the promotional effect on the formation of enzyme altered hepatic foci (Bager et 
al, 1995). A toxicokinetic basis was found for the synergistic effect on the ethoxyresorufin-O-
deethylase and aryl hydrocarbon hydroxylation activity in mice co-treated with TCDD and 
2,2',4,4',5,5'-HxCB (PCB 153) (De Jongh et al, 1993a,b, 1995). Antagonistic interactions 
between PHAHs are most frequently observed. Antagonists might be weaker Ah receptor 
agonists or full antagonists. A weaker agonist exhibits a partial agonistic and thus an 
inhibitory activity. Full antagonists on the other hand, might block the formation of the 
transcriptionally active nuclear Ah receptor complex when co-administered with a Ah 
receptor agonist (Aarts et al, 1995). Antagonistic interactions of PHAHs have all been 
observed at relatively high concentrations of both agonist and antagonist, and the importance 
of these interactions at lower, environmental levels is not known. 

Outline of the present study 

The major aim of this project consisted of two main objectives: 1) to examine the tumour 
promotion potential of complex, environmentally relevant mixtures of polyhalogenated 
aromatic hydrocarbons (PHAHs) and 2) to evaluate the applicability of the Toxic Equivalency 
Factor (TEF) concept for the tumour promotion potential of complex PHAH mixtures. In 
addition, the effect of sub-chronic exposure to these complex PHAH mixtures was determined 
on endocrine parameters, i.e. the vitamin A and thyroid hormone status, which play an 
essential role in normal tissue growth and foetal development and are possibly involved in the 
process of carcinogenesis. 
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Chapter 1 

Experimental approach 

The tumour promotion potential of PHAH mixtures was studied in young female Sprague 
Dawley rats, using a two-stage tumour promotion model introduced by Pitot et al. (1978). 
This model makes it possible to make a clear distinction between the initiation and the 
promotion event during carcinogenesis. The initiation step of the model consisted of a 
nitrosodiethylamine injection 24 hours after a partial hepatectomy, followed by a promotion 
treatment of 20 weeks starting 6 weeks after the initiation procedure. For the tumour 
promotion studies, two environmental relevant mixtures of PHAHs were designed. The first 
mixture was a synthetic mixture, which consisted mainly of dioxin-like PHAH compounds 
and covering over 90% of the TEQs present in Baltic herring. The di-ortho PCB 153 
(2,2',4,4',5,5-HxCB) was added to this mixture to study possible interactive effects with 
dioxin-like congeners. All PHAH compounds in the synthetic mixture were individually 
tested in a similar tumour promotion experimental set-up as used here, by Wasrn et al. (1991), 
Hemming et al. (1993), and Haag-Gronlund et al. (1997a,b). In order to study the contribution 
of non-dioxin-like PCBs to the tumour promotion potential of PHAH mixtures, a second 
mixture was designed in which the focus was on the 2-4 ortho substituted PCBs. For this 
purpose the commercial PCB mixture Aroclor 1260 was fractionated into a dioxin-like and a 
non-dioxin-like fraction. The PCB fractions were tested separately and as a reconstituted 
mixture. 

In chapter 2, the toxic potency of the complex PHAH mixtures and the possibility of 
interactions between PHAH congeners was studied in vitro, using the ethoxyresorufin-0-
deethylase (EROD) and the Ah receptor-dependent Luc-reporter gene (DR-CALUX) bio-
assay, both indicator assays for an Ah receptor mediated dioxin-like toxicity. Preliminary 
results are presented on the inhibition of GJIC by the PHAH mixtures. In chapter 3, the 
toxicokinetic behaviour of the compounds in the dioxin-like PHAH mixture was investigated 
in vivo, in order to get a better understanding of underlying mechanisms of possible 
interactive effects between PHAHs. In chapter 4 the tumour promotion study is described, 
aimed at the predictive value of the TEF concept for the tumour promotion potential of the 
synthetic dioxin-like PHAH mixture. Chapter 5 describes the study on the contribution of the 
non-dioxin-like PCBs to the tumour promotion potential of PHAH mixtures. In chapter 6 
endocrine effects were determined of sub chronic exposure to PHAH mixtures, i.e. effects on 
the thyroid hormone and vitamin A status. In chapter 7, the main conclusions and overall 
impact of the study results are discussed with respect to involved mechanisms, consequences 
for risk assessment and human and environmental relevance. 
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CHAPTER 2 

In vitro interactive effects between planar and non-planar 

polychlorinated aromatic hydrocarbons (PHAHs). 

Abstract 

The aim of this study was to investigate possible interactions between 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and several mono- or di-ortho polychlorinated biphenyls 
(PCBs) for the induction of the ethoxyresorufin-0-deethylase (EROD) and the Ah receptor 
dependent luciferase reporter gene (DR-CALUX) activity in vitro. In addition, the DR-
CALUX assay was performed to determine the relative toxic potential (REP) of PHAH 
mixtures designed for tumour promotion experiments in vivo. Preliminary results are also 
presented on the inhibition of gap-junctional intercellular communication (GJIC), which is 
seen as an in vitro parameter for tumour promotion, by the PHAH mixtures and combinations 
of TCDD with 2,2',5,5-tetrachlorobiphenyl or Aroclor 1254. Both the mono- and the di-ortho 
PCBs inhibited the EROD and CALUX activity induced by TCDD, possibly via competition 
for Ah receptor binding. No interactions between congeners were seen in a semi-synthetic 
dioxin-like PHAH mixture designed for in vivo tumour promotion studies. To determine the 
contribution of non-dioxin-like congeners to the tumour promotion activity of a complex 
mixture of PHAHs, Aroclor 1260 was fractionated into a 0-, 1- and 2-4 oriho PCB fraction. 
The CALUX activity induced by the 0-ortho fraction was strongly inhibited by its \-ortho but 
especially its 2-4 ortho substituted PCB fraction. For the inhibition of GJIC, combined 
exposure of PHAHs indicated that similar non-additive interactions occurred as observed in 
the EROD and CALUX assay. For the antagonistic interactions, high concentrations (near Ah 
receptor saturation) of the Ah receptor agonists and a large concentration difference between 
the agonists and partial- or non-agonists are required. It is concluded that in environmental 
exposure to PHAHs these conditions will be seldomly reached and therefore antagonistic 
interactions are not likely to play a role in vivo in real life situations. The dioxin-like PHAH 
mixtures were potent inhibitors of the GJIC. The 2-4 ortho fraction appeared to be the most 
potent inhibiting fraction of Aroclor 1260. The in vitro potency of PHAH mixtures to inhibit 
the GJIC was largely in agreement with the tumour promotion properties seen in vivo. Since 
this were preliminary results, more research is needed to elucidate the predictive value of 
GJIC inhibition as an early indicator for the tumour promotion potency in vivo. 

Van der Plas, S.A., Gibbs, CM., De Graaf, I.A.M., Sundberg, H., De Haan, L.H.J., and Brouwer A. 
(2000). Partly based on: Van der Plas, S.A., Gibbs, CM., and Brouwer A. (1998). Antagonistic effects 
of mono- and di-ortho substituted polychlorinated biphenyls in the ethoxyresorufin-O-deethylase 
activity and the luciferase reporter gene assay in vitro. Organohalogen Compounds 37, p. 183-186. 
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Chapter 2 

Introduction 

Polychlorinated biphenyls (PCBs), polychlorodibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs) and other polyhalogenated aromatic hydrocarbons 
(PHAHs) are ubiquitously present in the environment. They elicit a broad spectrum of 
toxicological and biochemical responses, including dermal toxicity, endocrine disruption, 
impairment of immune responses, adverse effects on reproduction and development, and 
carcinogenicity (Kimbrough, 1974; Safe, 1990; Van den Berg et al, 1998; Brouwer et al, 
1999). 

In environmental matrices and biota, PCBs, PCDDs and PCDFs are always present as 
complex mixtures. To enable risk assessment of complex mixtures of PHAHs the toxic 
equivalency factor (TEF) concept has been developed, where the toxicity of PHAHs is being 
expressed relative to the toxicity of the most toxic congener 2,3,7,8-TCDD. The TEF concept 
is based on the assumptions that 1) all dioxin-like congeners act through the same Ah receptor 
based mechanism, 2) that the effects of individual congeners are additive and 3) that the 
compounds are persistent and accumulate in the environment (Safe, 1990, 1994; Van den 
Berg et al, 1998). Although there is experimental evidence supporting these assumptions 
(Safe 1990, 1994), there is also a growing number of studies suggesting non-additive 
interactions between PHAHs on several toxicity parameters including immunotoxicity (Biegel 
et al, 1989; Davis and Safe, 1989), teratogenicity (Zhao et al, 1994), hepatotoxicity (Yao and 
Safe, 1989; Van Birgelen et al, 1996a) and tumour promotion (Sargent et al., 1991; Bager et 
al, 1995, Haag-Gr6nlund et al, 1998). Antagonistic interactions between PHAHs were most 
frequently observed. Antagonists might be weak partial or full Ah receptor antagonists. 
Synergism is likely to occur when more than one pathway, i.e. Ah receptor independent, may 
be involved in the development of the toxic response, like with liver porphyria and the 
promotional effect on the formation of enzyme altered hepatic foci (Bager et al, 1995; Van 
Birgelen et al, 1996a; Safe, 1997/98). 

Carcinogenicity is one of the key toxic endpoints in risk assessment of PHAHs. PHAHs 
may act as complete carcinogens (Kimbrough et al, 1975; Kociba et al, 1978; Mayes et al, 
1998) but are generally considered as tumour promoters (Silberhorn et al, 1990). Individual 
PHAH congeners as well as mixtures of PCDDs, PCDFs and PCBs were found to exhibit a 
distinct rumour promotion activity in various two-stage hepatocarcinogenicity bioassays (Pitot 
et al, 1980; Oesterle and Demi, 1983; Waern et al, 1991; Hemming et al, 1993; Bager et al, 
1995; Haag-Gronlund et al, 1997a,b, 1998). It is assumed that the Ah receptor pathway plays 
an important role in mediating the carcinogenic activity of PHAHs (Poland et al, 1982; 
Silberhorn et al, 1990; Schwarz et al, 2000). However, both in vitro and in vivo studies 
suggest also a tumour promotion capacity of several non-dioxin-like di-ortho substituted 
PCBs (Preston et al, 1985; Hemming et al, 1993; De Haan et al, 1996), where it is unlikely 
that the Ah receptor is involved. One of the mechanisms possibly involved in the 
carcinogenicity of both the dioxin-like and-non-dioxin-like PCBs is the inhibition of 
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intercellular communication (Silberhorn et ah, 1990). Intercellular communication plays an 
important role in cell growth, differentiation and maintenance of cell homeostasis 
(Loewenstein, 1990; Budunova, 1994). Therefore inhibition of the gap junctional intercellular 
communication (GJIC) is suggested to be an early step in the development of tumours. 

The aim of our project was to examine the tumour promotion potential of complex, 
environmentally relevant mixtures of PCBs, PCDDs and PCDFs containing both dioxin- and 
non dioxin-like congeners, and, to evaluate the applicability of the Toxic Equivalency Factor 
(TEF) concept for the tumour promotion potential of complex mixtures of PCBs, PCDDs and 
PCDFs. In this manuscript in vitro data are presented on the interactive effects between planar 
and non-planar PHAH congeners on the Ah receptor-dependent induction of ethoxyresorufin-
O-deethylase (EROD) and luciferase, in the EROD and reporter gene (DR-CALUX) bio-
assays. In addition, preliminary results are presented on the inhibition of GJIC by combined 
exposure of individual PHAHs as well as PHAH mixtures originally designed for rumour 
promotion experiments in vivo. 

Materials and Methods 

Chemicals 
Aroclor 1254 and 1260 were kindly provided by Dr. M. Van den Berg (Research 

Institute of Toxicology, University of Utrecht, The Netherlands). 2,3,7,8-TCDD was obtained 
from Radian CIL, Inc. (USA). 2,2',4,4'-TeCB (PCB 47), 2,2',5,5'-TeCB (PCB 52), 2,2',4,5,5'-
PeCB (PCB 101), 2,3,3',4,4'-PeCB (PCB 105), 2,3,4,4',5-PeCB (PCB 114), 2,3',4,4',5-PeCB 
(PCB 118), 2,2',3,3',4,4'-HxCB (PCB 128), 2,2',4,4',5,5'-HxCB (PCB 153), 2,3,3',4,4',5-HxCB 
(PCB 156), and 2,2',3,4,4',5,5'-HeCB (PCB 180) were from Schmidt B.V. (Amsterdam, The 
Netherlands) and Ultra Scientific (North Kingstown, Ireland). All PHAH stock solutions were 
dissolved in dimethyl sulfoxide (DMSO 99.9%; Janssen Chimica, Geel, Belgium). 

Minimal essential medium (alfa-MEM) and foetal calf serum for cell culture were 
obtained from Gibco (Rockville, Maryville, USA). Resorufin was obtained from Janssen 
Chimica (Geel, Belgium) and ethoxyresorufin and penthoxyresorufin were synthesised 
according to Mayer et al. (1977). NADPH (98%) was from Boehringer (Mannheim, 
Germany). A Bradford Protein Assay kit was obtained from Bio-rad (Hercules, California, 
USA). Phosphate buffered saline (Dulbecco's 'A', pH 7.3; PBS) was purchased from Oxoid 
(London, UK), NaCl and Tris were from Merck (Darmstadt, Germany). Luciferin assay mix 
was from Promega (Madison, Wisconsin, USA). Lucifer Yellow CH (98%) was purchased 
from Sigma Chemical Co. (St. Louis, MO, USA). All other compounds were of analytical 
grade. 

Ethoxyresorufin-O-deethylase assay 

The induction of ethoxyresorufin-O-deethylase (EROD) activity was analysed in the 
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wild type mouse hepatoma cell line Hepalclc7 as described by De Haan et al. (1996). Cells 
were seeded in 96-wells plates (Greiner) and grown in minimal essential medium (alfa-MEM) 
with 10% foetal calf serum. After culturing for 24 hours under standard conditions (37 °C, 5% 
C02), the cells were exposed to the test compounds during another 24 hours. Then the 
medium was removed from the cells, the cells were rinsed with 0.5><PBS buffer, lysed with 20 
ul distilled water and frozen at -80 °C for at least 10 minutes. For the analysis of the EROD 
activity cells were thawn at room temperature. Then cells were pre-incubated at 37 °C in the 
presence of 50 ul Tris-sucrose buffer (50 mM/0.1 M) with dicumarol (0.04 mM) and 25 ul 20 
uM 7-ethoxyresorufin solution. Subsequently the reaction was started after addition of 25 ul 
1.0 mM NADPH. After incubation at 37 °C for 1 hour, resorufin concentrations were 
measured with a fluoro spectrophotometric plate reader (CytoFluor 2530, Millipore). The 
protein content in the wells was analysed with a Bradford Protein Assay kit. 

Each concentration of a sample was tested at least in ten wells per experiment and each 
experiment was repeated twice. DMSO and TCDD were incorporated as a negative and a 
positive control respectively on each plate. The DMSO concentration in the cell medium did 
not exceed 0.1%. 

Ah receptor-dependent H4IIE-Luc reporter gene assay (DR-CALUX) 
To exclude the possibility of competitive inhibition of PHAH congeners with 

ethoxyresorufin in the EROD assay (as observed by Besselink et al, 1998), which would 
result in an underestimation of the Ah receptor-based potency of mixtures, combinations of 
PHAH congeners were also tested in the DR-CALUX assay. The DR-CALUX assay was 
performed according to Aarts et al. (1995) adapted for a 96-wells plate as described by Murk 
et al. (1998). Recombinant mouse hepatoma Hepalclc7 cells and rat H4IIE.pGudlucl.l cells 
were prepared as previously described (Aarts et al, 1995; Garrison et al, 1996). Cells were 
seeded in 96-wells plates (Packard, Meriden, CT, USA) and grown in minimal essential 
medium (alfa-MEM) with 10% heat inactivated foetal calf serum. After culturing for 24 hours 
under standard conditions (37 °C, 5% C02) the cells were exposed to the test compounds. 
After 24 hours incubation the medium was removed from the cells, the cells were rinsed with 
0.5xPBS buffer, treated with lysis buffer (10 mM Tris, 2 mM dithiolthreitol and 2 mM 1,2-
diaminocyclohexane-N,N,N',N'-tetra-acetic acid, pH 7.8) and after adding the luciferin assay 
mix the light signal was measured in a Luminometer plate reader (Luminometer, Labsystem). 
Each concentration of a sample was tested at least in triplicate and each experiment was 
repeated twice. DMSO and TCDD were incorporated as a negative and a positive control 
respectively on each plate. The DMSO concentration in the cell medium did not exceed 0.1%. 

Analysis of the gapjunctional intercellular communication 
The inhibition of gapjunctional intercellular communication (GJIC) was analysed in the 

wild type mouse hepatoma cell line Hepalclc7 as described by De Haan et al. (1996). Cells 
were seeded in petri dishes (3.5 cm2; Greiner) and grown in minimal essential medium (alfa-
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MEM) with 10% foetal calf serum. After culturing for 24 hours under standard conditions (37 
°C, 5% C02), culture medium was replaced by exposure medium. Cells were exposed to the 
test compounds for 24 hours. Micro-injection experiments were performed in confluent, or 
nearly confluent cell cultures by a dye transfer technique as described by De Haan et al. 
(1994b). In each petri dish at least 20 injections with a 10% lucifer yellow CH solution in 0.33 
M lithium chloride using a vertical injection system (Olympus IMT-2-SYF, PAES Ned.) were 
done. The injected cells were morphologically examined by phase contrast and fluorescence 
microscopy, directly after micro-injection. The number of fluorescent (communicating) cells 
was counted by eye using fluorescence microscopy, 10-15 minutes after lucifer yellow 
injection. Each individual exposure level was tested in duplicate or triplicate and at least two 
independent tests were done. The DMSO concentration in the cell medium never exceeded 
0.1%. 

Test compounds and mixtures 
Two sets of experiments were performed. In the first set of experiments the interaction 

between PCBs and 2,3,7,8-TCDD was analysed in the EROD and DR-CALUX assay. 
Individual PCB congeners and the commercial PCB mixture Aroclor 1254 in concentration 
ranges of 0-66 uM, were co-administered with 50 pM TCDD. A concentration of 50 pM 
TCDD was chosen, because at this concentration nearly 90% of the maximum EROD and 
CALUX induction by TCDD was achieved. The following mono- and di-ortho PCB 
congeners were tested: PCB 105, PCB 114, PCB 118, PCB 156, PCB 47, PCB 52, PCB 101, 
PCB 128, PCB 153 and PCB 180. In addition to the combination experiments with 50 pM 
TCDD, PCB 114 was tested also with 5, 10 and 27 pM TCDD in order to study the inhibitory 
behaviour of a mono-ortho PCB with lower concentrations of TCDD. To study the possibility 
of interactive effects on the inhibition of GJIC two experiments were performed: 50 pM 
TCDD was co-administred with increasing concentrations of PCB 52 or Aroclor 1254. 

In the second set of experiments induction of the CALUX activity and inhibition of 
GJIC by complex PHAH mixtures was tested. Because these mixtures were designed for rat 
experiments (Van der Plas et al, 1999 Chapter 4, 2000a Chapter 5), the rat hepatoma cell line 
H4IIE.luc was chosen to determine the toxic equivalency (TEQ) in the CALUX assay. All 
PHAH mixtures were tested in a concentration range of 0-250 uM. 

Two synthetic dioxin-like PHAH mixtures were studied, a PHAH+ and a PHAH-
mixture, covering >90% of the TEQ in Baltic herring. The PHAH- mixture contained six 
congeners; 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 2,3,4,7,8-PeCDF, PCB 126, PCB 118 and PCB 
156 in relative concentration ratios of 1, 3.3,17, 61, 12800 and 1888 respectively. The 
PHAH+ mixture consisted of the PHAH- mixture to which PCB 153 was added, in order to 
study possible interactive effects with a di-ortho, non-dioxin-like PCB congener. The relative 
ratio of PCB 153:2,3,7,8-TCDD was 20000:1. The PHAH mixtures are described in detail by 
Van der Plas et al. (1999 Chapter 4). 
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The other tested PHAH mixtures were the commercial PCB mixture Aroclor 1260 and 
fractions thereof. Aroclor 1260 was fractionated into three fractions according to a method 
described by Athanasiadou et al. (1991) with slight modifications as described by Van der 
Plas et al. (2000a Chapter 5). Three fractions were obtained; a 2-4 ortho non-dioxin-like 
fraction (-90.3% of the total mass), a 1- ortho fraction (-6.6% of the total mass) containing 
mono and a trace of Ai-ortho PCBs and a 0- ortho dioxin-like fraction (~3.1% of the total 
mass) containing mainly non-ortho PCBs with a trace of mono-ortho PCBs. 

Statistics 

To calculate EC50 and IC50 values, a dose-response curve was fitted to the data using a 
the 1 -site ligand binding equation y=a0x/(a,+x). For all curve fitting the program Slide Write 
4.0 was used. The calculation of relative potencies (REPs) for the PHAH mixtures was 
calculated on the basis of the CALUX data by interpolation of the dose-response curves of the 
mixtures on a standard curve of TCDD, according to Murk et al. (1996). 

Data were analysed with the statistical package SPSS-PC 7.5. A Student Newman Keuls 
(SNK) test was used to analyse statistical significant differences between dose levels. 

Results 

EROD assay 
In figure 2.1 the EROD dose-response curve for TCDD is presented. Data are expressed 

as percentage relative to the induction at 1 nM, which was 25.5 pmol resorufin/minxmg 
protein. On the basis of the dose-response curve a concentration of 50 pM was chosen for the 
combination experiments. A concentration of 1 nM was used as a positive control in the 
consecutive experiments. 

Mono-ortho PCBs 

All tested mono-ortho PCBs induced the EROD activity up to a plateau level of 
approximately 40-60% of the maximum induction reached by TCDD, with EC50 values 
ranging between 1 and 33 uM (Table 2.1). When the PCBs were co-administered with TCDD, 
the TCDD induced EROD activity was partially inhibited by the mono-ortho PCBs down to 
approximately the maximum induction level of the PCB itself. This is clearly illustrated in 
figure 2.2A, showing the dose-response curves of the EROD induction by PCB 118 alone and 
in the presence of TCDD. These 'mirror'-like curves as shown for PCB 118 were also 
observed for the other mono-ortho PCBs. IC50 values (Table 2.1) showed that PCB 105 and 
PCB 118 had the greatest inhibitory potency while PCB 156 was the least potent inhibitor of 
the mono-ortho PCBs tested. The order with which the tested mono-ortho PCBs were capable 
of inhibiting the TCDD induced EROD activity reflected their own potency to induce the 
EROD activity. 
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Figure 2.1 Dose effect 

curve of the EROD 

induction by 2,3,7,8-TCDD 

inhepalclc7 cells. 

Data are presented as mean 
±SE. 

In order to study interactive effects at lower concentrations of TCDD and thus at lower 

parts of the EROD dose-response curve, TCDD concentrations ranging from 5 to 50 pM were 

co-administered with increasing concentrations of PCB 114 (Figure 2.2B). At the lowest 

concentrations of both TCDD and PCB 114, the effects of the individual compounds appeared 

to be additive. However, when the concentration difference between PCB 114 and TCDD 

became larger, the shape of the curve became similar to the curve of individually dosed PCB 

114. From 27 pM TCDD onwards, the shape of the curve differed from the response curve of 

individually dosed PCB 114 and an antagonistic interactive effect was clearly visible. 

Di-ortho PCBs 

No EROD activity was found after exposure to any of the di-ortho PCBs (Table 2.1). 

However, all di-ortho PCBs antagonised the TCDD-induced EROD activity in a dose-

dependent manner and with different potencies (Figure 2.2C, Table 2.1). IC50 values (Table 

2.1) showed that the di-ortho substituted PCB 153 was the least potent inhibitor whereas PCB 

128 was the most potent inhibitor of TCDD mediated EROD induction. 

CALUX assay 

To exclude the possibility of competitive inhibition of PHAH congeners with 

ethoxyresorufin in the EROD assay (as observed by Besselink et ah, 1998) some of the 

combined exposures were also tested in the CALUX assay. In addition, the CALUX assay was 

used to determine the relative toxic potency of the PHAH mixtures, designed for in vivo 

testing. 
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Table 2.1 EC50 values of mono-ortho and di-ortho PCBs for the induction of EROD activity 
and IC50 values for the inhibition of the EROD activity induced by 50 pM TCDD 

PCB (IUPAC) 

2,3,3',4,4'-PeCB (105) 

2,3,4,4',5-PeCB(114) 

2,3',4,4,,5-PeCB(118) 

2,3,3',4,4',5-HxCB(156) 

2,2',4,4'-TeCB (47) 

2,2',5,5'-TeCB (52) 

2,2',4,5,5'-PeCB (101) 

2,2',3,3',4,4'-HxCB (128) 

2,2',4,4',5,5'-HxCB (153) 

2,2',3,4,4',5,5'-HeCB(180) 

Aroclor 1254 

bC 5 0 

(uM) 

3 

2 

2 

33 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

3 

EROD 

ic50, 
(uM) 

1 

4 

1 

22 

60 

12 

52 

2 

82 

45 

2 

[PCB]/[TCDD] 

2xl03 

4xl04 

4xl03 

4xl05 

6.3x10s 

2xl04 

2.5xl05 

6xl03 

6x10s 

1x10s 

2xl04 

n.d.=not detectable; n.a.=not analysed; IC50 is defined as the concentration inhibiting 50% 
of the EROD activity induced by 50 pM TCDD; [PCB]/[TCDD] is the concentration 
difference required for a significant inhibition of TCDD induced EROD activity. 

Mono- and di-ortho PCBs 

The tested mono-ortho PCBs all induced the CALUX activity (Figure 2.3A-C). 
Although the maximum induction of the CALUX activity reached by PCB 105 and PCB 118 
was lower as compared to the maximum EROD activity induced by these congeners, the same 
trend was observed for the inhibition of the CALUX activity induced by TCDD. 

The di-ortho PCB 180 induced the CALUX activity dose-dependent up to almost 16% 
of the maximum activity induced by TCDD, at the highest test dose of 40 uM (not shown). 
The other di-ortho PCBs tested did not show any activity for the CALUX induction. The 
CALUX activity induced by TCDD was antagonised by all di-ortho PCBs tested, with 
different potencies (Figure 2.3D). 

PHAH mixtures 

The CALUX activity of the dioxin-like PHAH mixtures (see 'Materials and methods' 
section for the composition) is shown in figure 2.4. Both the PHAH- mixture, without PCB 
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Table 2.2 EC50 values and relative potencies of the PHAH mixtures, Aroclor 1260 and its 
fractions for the CALUX activity. 

Mixture 

PHAH- mixture 

PHAH+ mixture 

Aroclor 1260 

0-4 ortho fraction 

0-1 ortho fraction 

0- ortho fraction 

1- ortho fraction 

2-4 ortho fraction 

LC50 

(ug/ml) 

9.3 x 10"3 

15.0 x 10"3 

0.9 

n.d. 

1.7 

0.8 

1 

n.d. 

CALUX REP 

3.3 x 10"4 

2.0 x 10"4 

1.7 x 10"7 

n.d. 

8.2 x 10"7 

2.5 x 10"6 

2.2 x 10-7 

n.d. 

Literature TEF 

value" 

9.7 x 10"4 

4.4 x 10"4 

4.6 x 10"6 

4.6 x 10"6 

4.6 x 10"6 

0.2 x 10-* 

4.4 x 10"6 

-

n.d. = not possible to determine." TEF values for the individual congeners are based on WHO-TEFs 
of 1997 (Van den Berg et al., 1998). PCB concentrations in Aroclor 1260 are when possible based on 
Van der Plas et al. (2000a Chapter 5) and otherwise on Leonards et al. (1995). 

153, and the PHAH+ mixture, with PCB 153, induced the CALUX activity up to the 
maximum inducible level by TCDD. The REPCALUX of the PHAH+ and PHAH- mixture was 
very close to the literature TEF value for these mixtures, within a factor of 3 (Table 2.2). 
Apparently, there were no interactive effects between the PHAH congeners in the synthetic 
PHAH mixtures. 

Aroclor 1260 induced the CALUX activity to a maximum level of approximately 10% 
of the maximum activity induced by TCDD (Figure 2.5). No plateau was reached since a 
further increase of the Aroclor 1260 concentration resulted in cell death. A completely 
different picture is demonstrated with the separate fractions of Aroclor 1260. The 0-ortho 
fraction showed the highest CALUX activity. At the highest concentration tested the 0-ortho 
fraction showed an activity of 40% of the maximum induced activity by TCDD. The 1-ortho 
fraction showed an induction of 8% at the highest dose tested, while the 2-4 ortho fraction did 
not show any activity at all. Reconstitution of the fractions to the 0-4 ortho fraction, resulted 
clearly in an inhibitory effect of the CALUX activity by both the 1- and 2-4 ortho fraction. 
The reconstituted 0-4 ortho fraction had a similar dose-response curve as compared to Aroclor 
1260, except that the induction of the 0-4 ortho fraction is a factor of 3 lower. The difference 
in induction between Aroclor 1260 and the 0-4 ortho fraction can possibly be explained by the 
absence of impurities such as PCDFs, which are lost during the fractionation of Aroclor 1260 
(Athanasiadou et al, 1991). Due to its low induction, no relative toxic potency (REPCALUX) 
could be calculated for the 0-4 ortho fraction. The REPCALUX for Aroclor 1260 and its fractions 
are shown in table 2.2. The REP values do not correspond with the literature TEF values, 
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which were based on GCMS-data (Van der Plas et al., 2000a Chapter 5). This may be partly 
explained by the interactions between congeners in the fractions. 

Micro-injection 
In the microinjection experiments 1 nM TCDD was incorporated as a positive control 

on the basis of experiments of De Haan et al. (1994b, 1996), which were also performed at 
our laboratory. A GJIC dose-response curve of TCDD is presented in figure 2.6. In our 
experiments inhibition of the GJIC by TCDD at a dose level of 1 nM, ranged from 37% to 
39% as compared to the vehicle control. An exception was the experiment with the 0-4 ortho 
fraction of Aroclor 1260, with an inhibition of the GJIC of only 27% (not shown). 

Combination experiments 
The inhibition of GJIC by individual PHAH congeners was determined by De Haan et 

al. (1994b, 1996), who observed GJIC inhibition by PCB 77 (3,3',4,4'-TeCB), 126, 169 
(3,3',4,4',5,5-HxCB), 105, 114, 118, 156, 52, 128 and 153 (Table 2.3). For the combination 
experiments 50 pM TCDD was co-administred with increasing concentrations PCB 52 or 
Aroclor 1254. PCB 52 was chosen because it was shown to be a potent inhibitor of GJIC (De 
Haan et al, 1996) and a strong antagonist of the EROD activity induced by TCDD. Aroclor 
1254 had a weak partial agonisitic activity in the EROD assay (maximum induction of 22% 
compared to TCDD) and a strong partial antagonistic effect on the EROD activity induced by 
TCDD. 

Individually dosed PCB 52 inhibited the GJIC down to 67% of the vehicle control 
(Figure 2.7A). Co-administration of PCB 52 and 50 pM TCDD resulted in a further reduction 
of the GJIC at the highest test concentrations of PCB 52, as compared to individually dosed 
PCB 52 or TCDD. However, the effect was not additive. Since the concentration difference 
between PCB 52 and TCDD was not high enough for antagonistic interactions (Table 2.1) 
between the congeners, it does not seem to be likely that the observed non-additivity is due to 
competition for Ah receptor binding. Aroclor 1254 appeared to be a weak inhibitor of GJIC 
(Figure 2.7B) with a maximum inhibition of approximately 20%. Co-administration of TCDD 
and Aroclor 1254 showed a reduction of the induced inhibition by TCDD, towards the 
maximum of Aroclor 1254. 

PHAH mixtures 
Both the synthetic PHAH mixtures were capable of inhibiting the GJIC (Figure 2.8). 

The PHAH- mixture showed a reduction of the GJIC of almost 40% at a dose level of 1000 
nM (-331 ug/ml). The PHAH+ mixture showed a stronger inhibitory effect on the GJIC as 
compared to the PHAH- mixture and even exceeded the maximum inhibition of the GJIC by 
TCDD. The PHAH+ mixture inhibited the GJIC down to 55% of the control at the highest test 
dose of 2000 nM. The IC50 values for the PHAH- and the PHAH+ mixture were difficult to 
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Table 2.3 EC50 values and relative potencies of inhibition of GJIC 

Congener 

3,3',4,4'-TeCB (77)* 

3,3',4,4',5-PeCB (126)' 

3,3',4,4',5,5'-HxCB (169)' 

2,3,3',4,4'-PeCB (105)c 

2,3,4,4',5-PeCB(114)e 

2,3',4,4',5-PeCB(118)c 

2,3,3',4,4',5-HxCB(156)c 

2,2',5,5'-TeCB (52)c 

2,2',3,3',4,4'-HxCB (128)c 

2,2',4,4',5,5'-HxCB(153)': 

PHAH- mixture 

PHAH+ mixture 

0-1 ortho fraction 

2-4 ortho fraction 

0-4 ortho fraction 

ic5 0 

(nM) 

5.5 

0.7 

11 

100 

117 

2.5 

28 

54 

2.5 

>104 

30 

30-95 

> l e 

2' 

>6e 

inhepalclc7 cells 

REPa 

0.25 

0.21 

0.013 

0.0014 

0.0011 

0.06 

0.005 

0.003 

0.06 

< 2 x 10"4 

0.0016-0.0047 d 

0.00055-0.0047 d 

< 1.6 x 10"5 

8x 10"6-24x l0-6rf 

< 2.7 x 10'6 

" Relative potency with regard to TCDD. EC50 values were used for the calculation.b Derived from 

De Haan et al. (1994b).c Derived from De Haan et al. (1996). a Based on an EC50 value for TCDD 

ranging from 0.05-0.15 nM (De Haan e? al, 1994b, 1996). fug/ml 

determine because no plateau was reached. The IC50 for the PHAH- was estimated on 30 nM. 

For the PHAH+ mixture the IC50 was estimated between 30 and 95 nM. Assuming an IC50 

ranging from 0.05-0.15 nM for TCDD (De Haan et al, 1994b; 1996), REP values can be 

estimated for the PHAH mixtures ranging from 1.6 x 10~3 to 4.7 x 10~3 for the PHAH- mixture 

and from 5.5 x 10" to 4.7 x 10"3 for the PHAH+ mixture (Table 2.3). 

The 0-1 ortho fraction (Figure 2.9) of Aroclor 1260 did not inhibit the GJIC at 

concentrations up to 906 ng/ml (equivalent to 25 uM Aroclor 1260), at which dose level only 

a marginal CALUX induction was observed (Figure 2.5). The 2-4 ortho fraction showed a 

reduction of the GJIC with 25% at the highest test dose of 17 ng/ml (equivalent to 50 uM 

Aroclor 1260) and the reconstituted 0-4 ortho fraction showed a slight inhibition of 15% as 

compared to the control at the highest test dose of 6.2 ug/ml (equivalent to 16 uM Aroclor 

1260). It is likely that a stronger inhibitory effect could have been found when higher test 
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doses were been used. However, it is noted that in the CALUX assay with the H4IIE cell line, 
cytotoxicity was observed > 5 ug/ml 0-4 ortho fraction. Although no morphological signs of 
cytotoxicity were observed in the micro-injection assay, it can not be excluded. 

Discussion 

The aim of the study presented here was to investigate the interactive effects between 
PHAHs in vitro on the EROD and CALUX activity, both based on an Ah receptor mediated 
mechanism of action, and on the GJIC, an in vitro parameter for tumour promotion. In 
addition, the relative toxic potency (REP) of complex PHAH mixtures originally designed for 
tumour promotion experiments (Chapter 4,5) was determined, as well as their ability to 
inhibit GJIC. 

Interactions between individual congeners 
Ah receptor based interactive effects between individual PHAH congeners were studied 

in the EROD and CALUX Ah-receptor reporter gene assay. For the interaction experiments 
50 pM TCDD was co-administered with different concentrations of individual mono- and di-
ortho PCBs. All tested mono- and di-ortho PCBs were found to inhibit the TCDD induced 
EROD and CALUX activity, with different potencies. The shape of the dose-response curves 
at different concentrations of TCDD suggests that antagonistic interactions observed between 
the mono-ortho PCBs and TCDD are based on competition at the Ah receptor level. The 
occurrence of antagonistic interactions between potent and less potent PHAH congeners was 
also found by others (Haake et al, 1987; Astroff and Safe, 1989) and is consistent with results 
obtained for other ligand-induced transcription factors such as the steroid hormone receptors 
(Safe 1997/1998). Antagonism may only occur under the condition that the receptor is almost 
saturated with the ligand. This is illustrated by the experiments where different concentrations 
of TCDD were co-administered with PCB 114. The antagonistic effect between PCB 114 and 
TCDD is only clearly visible at the highest test dose of 50 pM TCDD, which induces the 
EROD activity up to 90% of the maximum TCDD inducible activity. In vivo antagonistic 
interactions were also observed at high concentrations of both the agonist and the partial 
agonist (Bannister et al, 1987a; Haake et al, 1987; Davis and Safe, 1989; Biegel et al, 
1989). 

All tested di-ortho PCBs appeared to be capable of antagonising the EROD and 
CALUX activity induced by TCDD, despite the fact that they do not induce any activity by 
themselves. In agreement with our results, Aarts et al. (1995) demonstrated that PCB 52 
(2,2',5,5'-TeCB) antagonised the in vitro luciferase expression (CALUX) and EROD activity 
induced by PCB 77 (2,2',3,3',4,4'-HxCB). Their results suggest that the antagonist blocks 
formation of the transcriptionally active nuclear AhR complex (Aarts et al, 1995). Wolfle 
(1997/98) reported on antagonistic interactions between TCDD and PCB 153 for the 
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Figure 2.3A Dose effect 
curve of the CALUX 
induction by individually 
dosed PCB 105 and co­
administered with 50 pM 
TCDD in recombinant 
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Figure 2.3B Dose effect 
curve of the CALUX 
induction by individually 
dosed PCB 114 and co­
administered with 50 pM 
TCDD in recombinant 
hepalclc7 cells. 
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enhancement in vitro (promotion) of malignant transformation of carcinogen-initiated 

C3H/M2 mouse fibroblasts. In this tumour promotion assay individually dosed TCDD or PCB 

153 both induced a maximal effect, probably via Ah receptor dependent and independent 

mechanisms respectively (Wolfle, 1997/98). The antagonistic interaction between TCDD and 

PCB 153 in this tumour promotion assay is not understood. 

In the microinjection assay for analysing inhibition of GJIC, combined exposure was 

performed with TCDD and PCB 52. PCB 52 was demonstrated to be a potent inhibitor of the 

GJIC in vitro (De Haan et al, 1996) as well as a tumour promoter in vivo (Preston et ah, 

1985). Combined exposure of PCB 52 and TCDD did result in a further decrease of the GJIC 

rather than in inhibition of the effect induced by TCDD. Although in the microinjection assay 

the concentration difference between PCB 52 and TCDD is <2><104, which is probably to low 

for antagonistic interactions between these congeners (see EROD results), it does not seem to 

be likely that at higher concentrations of PCB 52 the inhibition of GJIC by TCDD will be 

antagonised. Even at concentration levels where there is competition between TCDD and 

PCB 52 for Ah receptor binding, the inhibition of GJIC will possibly be at a maximum due to 
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the GJIC inhibitory potential of PCB 52 itself. Co-administration of Aroclor 1254 and TCDD 

in the microinjection assay did show an antagonistic interactive effect, probably due to the 

low inhibitory potency of Aroclor 1254. Antagonising properties of Aroclor 1254 have been 

found before both in vitro and in vivo on several parameters, such as enzyme induction, 

immunotoxicity and teratogenicity (Bannister et ah, 1987a; Davis and Safe, 1989; Haake et 

al, 1987). 

Interactions between congeners in mixtures 

In the CALUX assay no interactive effects were observed between the compounds in the 

synthetic dioxin-like PHAH-mixture (for the composition see materials and methods), neither 

was there an effect of PCB 153 on the CALUX activity induced by the PHAH+ mixture. In 

addition, it can be calculated on the basis of the minimum concentration difference needed 

between TCDD and the mono- or di-ortho PCB to antagonise the EROD activity induced by 
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