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ATHON – final report (month 1-48)
ATHON is an acronym for “Assessing the Toxicity and Hazard of Non-dioxin-like PCBs Present in Food”. ATHON was started in April 2006 and addressed the question whether health problems in humans may occur through exposure to NDL-PCBs via common food items. Results generated in ATHON will be of importance to regulatory authorities within the EU in their work to protect the public health and improve the quality of life of European citizens. 

The overall aims of ATHON have been to provide missing critical health hazard information, to clarify biological mechanisms underlying the various types of toxicity of NDL-PCBs and to evaluate these data from a regulatory toxicology point-of-view.

To this end ATHON set up four specific objectives:

1. to establish quality-controlled experimental in vivo and in vitro models for studies of NDL-PCBs

2. to provide toxicokinetic data for NDL-PCBs and to provide quantitative and qualitative toxicity profiles for NDL-PCBs

3. to provide a new classification strategy for NDL-PCB congeners based on effect biomarker information

4. to provide an up-to-date compilation and evaluation of toxicological effect and exposure data on NDL-PCBs and PCB metabolites.

To meet the first specific objective of ATHON, joint study protocols for the experimental work was established already from the beginning of the project. Study protocols and study summary tables were regularly updated and are posted on the ATHON internal website. The selected NDL-PCB congeners and metabolites used within the project were purchased in batches, quality controlled and, when needed, further purified from dioxin-like contaminants to a purity >99.9999%. After the quality control, PCBs were distributed in documented concentrations and amounts to partners carrying out experimental work in vivo and in vitro.

Work to meet objective 2 on providing toxicokinetic data includes tissue level analysis and half-life calculation as well as placental transfer studies. In vitro studies on congener half-lives using liver microsomes from CYP2B-induced rats showed that the 24 tested PCBs could be divided into subgroups based on their chemical structure and biotransformation rates, i.e. non, slow, moderate or fast biotransformation half-lives ranging from 0.2 – 120 minutes. The only congener not obeying the proposed classification scheme was PCB100. Biotransformation rates in non-induced human liver microsomes were much slower than observed for CYP2B induced rat microsomes and the structure-activity relationships were also different. Fastest biotransformation by human microsomes was observed for PCB congeners 19, 51, 53, 104, 122, and 125 while PCBs 52, 95, 100, 101, and 136 were metabolised at significantly lower rates.

When comparing the adipose and liver tissue concentrations in rats after 28-day exposure to PCB52 and PCB180, a clear difference in distribution kinetics was observed. Lipid based adipose tissue and liver concentrations of PCB180 were similar and increased with increasing total dose. PCB52 concentrations, however, increased in adipose tissue with increasing dose whereas in the liver, and especially in males, the concentration stayed quite similar throughout the whole dose range. The faster elimination half-life for PCB52 may enable the induced xenobiotic metabolism in liver to cope with the increasing chemical load, this would be in accordance with the observed higher activities of drug metabolizing enzymes in male livers, while for the more slowly metabolised and eliminated PCB180, this type of difference between liver and adipose tissue was not seen.

PCBs 52 and 180 were also found to be transferred rapidly across the placental barrier by passive diffusion, both in an in vitro model and in human placentas ex vivo. PCB52 was found to have a higher association to the placental tissue and the transport rates were higher for PCB180 than PCB52.
Furthermore, under objective 2, qualitative and quantitative toxicity data for NDL-PCBs has been produced within the project. The performed studies include both perinatal exposure and acute and subacute adult exposure in rats and mice. In parallel to the in vivo studies, in vitro experiments have been performed in order to link mechanistic information to the in vivo findings. The studies were designed to include classical toxicity endpoints as well as additional end-points tailored to address also endocrine and neurotoxic modes of action. The inclusion of both perinatal and adult exposure studies allowed a comparative evaluation of e.g. endocrine disruptive properties and developmental toxicity endpoints.
Studies after developmental and adult exposure in vivo collectively indicated that one of the characteristic effects of NDL-PCBs is disruption of thyroid hormone homeostasis; both dams after gestation and the offspring seem to be sensitive to triiodothyronine (T3) and thyroxine (T4) hypothyroidism. After adult exposure the decrease in circulating T4 was more sensitive than decrease in T3, whereas after perinatal exposure the decrease in T3 was more sensitive. Hypothyroidism is known to interfere with the development of CNS and is associated with thyroid follicle depletion and activation of hepatic clearance of thyroid hormones as indicated by induction of uridine diphosphoglucuronosyl transferases (UGTs) in liver. NDL-PCBs can induce thyroid hormone metabolism via up-regulation of the constitutive active (androstane) receptor (CAR) dependant enzymes UGT1A1 and UGT1A6, thus enhancing the elimination of thyroid hormones from the circulation. The potency of different congeners for UGT induction in liver therefore most likely reflects their ability to cause hypothyroidism in rats. For the human situation, however, it is not clear whether PCB exposure leads to similar effects.
An increased thyroid gland weight was observed in adult male rats after a 28-day subacute exposure to high purity PCB 180 and histopathology examination revealed increased thyroid follicle cell vacuolization, suggestive of thyroid activation. The histological findings are, as well as the observed decreases in circulating thyroid hormone levels, most likely due to increased elimination of thyroid hormones. A decreased ratio of large thyroid follicles was also observed in histopathology samples, from males in particular, after subacute exposure to PCB52. The decreased thyroid follicle ratio was not accompanied with follicle cell activation.

NDL-PCBs and hydroxyl (OH)-PCBs are able to affect thyroid hormone status through different mechanisms. In vitro experiments indicated that especially OH-metabolites of NDL-PCBs inhibit the binding of T4 to transthyretine (TTR), which is an important transport protein for both T4 and T3 mainly in rats. Formation of hydroxyl-metabolites is therefore suggested to be a key factor in determining the significance of TTR displacement in vivo. The higher binding affinity of PCB metabolites for TTR than for thyroxine-binding globulin (TBG, the main T4-carrying protein in humans) may explain why thyroid hormone levels in PCB-exposed rats are more extensively disturbed than in humans. Nevertheless, T4-displacement from TTR by OH-PCBs is considered to have human relevance especially for the developing fetal brain, since TTR is involved in T4 transport across the placenta and the blood-brain barrier. The PCBs may also interfere with thyroid hormone signalling by binding to the thyroid hormone receptor. The CAR dependant enzyme induction could not be demonstrated in vitro, most likely due to the shortcoming of the test system using cell lines lacking CAR activity. 
Decreases in testosterone and increases in luteinising hormone and follicle stimulating hormone levels were observed in PCB180-treated male offspring together with decreased prostate weight and decreased epididymal sperm counts at the high exposure level. These changes are suggestive of testicular damage and consistent with the observed antiandrogenic activity observed for all tested PCBs in vitro. There were also minor changes in aromatase activity of several organs at high exposure levels, and at high test concentrations OH-PCBs had androgenic effects via aromatase inhibition in vitro. In addition, in vitro tests showed that lower-chlorinated NDL-PCBs can activate the estrogen receptor (ER), while higher chlorinated NDL-PCBs were antiestrogenic. OH-PCBs can exert estrogenic activities via ER activation and via inhibition of estradiol sulfonation. Similar to TTR-binding, inhibition of estradiol-sulfotransferase occurs at (sub)nanomolar OH-PCB concentrations, making these two modes of action the most potent in vitro effects described to date regarding endocrine disrupting activity of PCBs or their metabolites. An analysis of protein expression in livers from adult female rats suggested an estrogenic effect of NDL-PCB180 also in vivo. In contrast, serum steroid hormone and gonadotropin levels were not affected in adult rats following subacute exposure to PCB52 or PCB180. Nor was there an effect on these hormone levels in offspring following in utero/lactational exposure to PCB52.
Retinoid levels were altered in livers from male and female rats after both perinatal and adult exposure to PCB180 while kidney retinoid levels were altered after perinatal exposure alone. Liver retinoid alterations were also observed after perinatal exposure to PCB52 in male and female offspring. In adult male and female mice exposed to PCBs 28, 52, 101, 138, 153, and 180 for 5 days, alterations in liver retinoids were observed for some of the congeners in a sex-specific way. The livers were analysed for changes in gene expression patterns focusing on the retinoid system since alterations of metabolic and/or signalling events in the retinoid system could disturb the establishment and maintenance of retinoid system-related gene expression profiles with consequences for developmental programming as well as for adult life. An altered retinoic acid homeostasis with significant changes in the genes responsible for retinoic acid synthesis and metabolism was observed in a sex and congener-specific way. Moreover, proteomic analysis revealed that 28 days of PCB180 exposure significantly decreased the hepatic expression level of retinal dehydrogenase 1 involved in the metabolism of retinoic acid.

In rats exposed to PCB180 a variety of cytochrome P450-related changes were observed in liver within 28 days. A significant increase in liver pentoxyresorufin O-dealkylase (PROD), CYP2B1, CYP3A1 mRNA and CYP2B1/2, CYP3A1 protein was found in both males and females but at a lower dose levels in males. These increases were histopathologically translated as centrilobular hepatocellular hypertrophy, which was also observed with higher sensitivity in males. A significant induction of hepatic 7-ethoxyresorufin O-deethylase (EROD) activity was also observed. However, CYP1A1 mRNA and protein were unchanged while CYP1B1 and CYP1A2 showed slight induction in females only. The pattern of CYP induction indicates that PCB 180 acts as an agonist of CAR, but does not show typical characteristics of an aryl hydrocarbon (AhR) agonist. Findings related to gene expression in rats confirm the finding that PCB180 acts as a CAR and pregnane X receptor (PXR) agonist but not as a typical inducer of AhR-dependent changes. The gene expression analysis showed an up-regulation of induction of CAR-dependant CYP 2B1 and UGTs 1A1 and 1A6 among other genes.

In PCB52-treated adult rats CYP1A1, CYP1A2 and CYP1B1 mRNA and protein levels remained unchanged after 28 days. CYP2B1/2 mRNA was significantly induced at high dose in both males and females and the corresponding protein levels were also highly induced especially in males. CYP3A1 and UGT1A1 mRNA and protein level were not affected by the treatment while UGT1A6 mRNA and protein levels were induced. PROD activity was significantly induced in both males and females while EROD activity was significantly induced in males only. The associated hepatocellular hypertrophy was particularly observed in males.
Gene expression was also studied using microarray analysis of livers from in vivo exposed mice. The studied NDL-PCBs 28, 52, 101, 138, 153, and 180 caused a broad spectrum of changes in gene expression with gender playing a crucial role in the response. Multivariate analyses also revealed different clustering patterns for the six PCBs. The analyses of changes in cytochrome P450 mRNAs suggest that most congeners tested are agonists of the transcription factors and xenobiotic receptors PXR and CAR whereas PCB52 was found to be an agonist of CAR only. Besides being a CAR agonist, PCB138 seemed to exert some minor effects on AhR-regulated genes. The highly chlorinated NDL-PCBs 138, 153 and 180 induced hepatic PROD activity significantly in both genders, but at a lower dose in females, consistent with a CAR dependant induction pattern also on protein level. The lower chlorinated NDL-PCBs induced hepatic PROD activity in a sex-specific way. The studied PCBs were classified according to CYP induction pattern into CAR inducers such as PCB52, CAR/PXR mixed type inducers such as PCBs 101, 153 and 180 and CAR/PXR plus weak AhR inducers such as PCB 138. PCB 28 did not induce any CYP genes. For parallel histopathological ranking of the same set of exposed mouse livers, the binucleation index appeared the most informative parameter. Thus, the six NDL-PCBs could be ranked as PCB 52 < PCB 138 < PCBs 180, 153, 101 < PCB 28 according to a decreasing index. The unexposed control samples clustered with PCB 52, and the DL-PCB 126 with PCB 28.
Evaluation of the in vivo and in vitro neurotoxicity studies within ATHON increased the knowledge on underlying mechanisms that may contribute towards the epidemiology reports of cognitive impairment and motor disorders in children exposed to PCBs during pregnancy and lactation.
Impaired function of the glutamate-nitric oxide-cGMP pathway by PCBs may contribute to the cognitive alterations induced by perinatal exposure to PCBs in humans. Chronic exposure to the NDL-PCBs PCB138, or PCB180, during rat development (in vivo) and in rat cerebellar neurons (in vitro) revealed that NDL-PCBs impair the function of the glutamate-NO-cGMP pathway by different mechanisms and with different potencies. PCBs 138 or 180 reduced the amount of NMDA receptors in the cerebellum in rat offspring, which reduced the function of the glutamate-NO-cGMP pathway. This in turn, may contribute to the impairment in the learning ability of these rats. Exposure to PCBs 138 or 180 during pregnancy and lactation also alters the modulation of dopaminergic neurotransmission by glutamate in nucleus accumbens in vivo and this could give an altered locomotor activity.
Developmental exposure to PCB52 increased extracellular GABA in the cerebellum which may contribute to motor coordination impairment observed in the rat offspring. In vitro analysis revealed that activation of human GABAA receptors by NDL-PCBs is a new mode of action that could (partly) underlie the previously recognized NDL-PCB-induced effects on motor coordination observed in vivo. So far, this is the only type of neurotransmitter receptor known to be directly activated or potentiated by NDL-PCBs.
Cataleptic behaviour was less expressed in male offspring exposed to PCB180 during development, than females, with significant dose-dependent reduction in latencies to movement onset. This effect is most likely due to enhanced metabolism of haloperidol in males compared to females, since males also exhibited a stronger induction of enzymes of the CYP3A family in the liver known to be involved in the metabolism of haloperidol. On the other hand, maternal exposure to PCB52 caused increased latencies to movement onset in female offspring, most likely due to reduced dopamine levels in the striatum induced by this NDL-PCB. PCB74 reduced latencies to movement onset in females, whereas PCB95 did not significantly alter this dopamine-dependent behaviour in either sex.
Results of a sweet preference test indicated a feminization of behaviour in adult male offspring by maternal PCB74 and PCB95 exposure, with PCB95 being somewhat more effective than PCB74. Developmental exposure to PCB52 caused a slight effect only at the highest dose-level, whereas exposure to PCB180 only induced some signs of supernormality of the sexually dimorphic behaviour in exposed females.
Developmental exposure to NDL-PCBs affected auditory function in adult offspring as demonstrated by elevated thresholds of brainstem auditory evoked potentials (BAEP) and, to a lesser extent, prolonged latencies. PCB74 was the most potent congener of the NDL-PCBs tested to induce threshold increases, followed by PCB95 and PCB52 which were similar in their effects. In contrast, increases by PCB180 were smaller.  Effects of PCB74 and PCB52 were more expressed in male compared to female offspring, whereas PCB95 elevated thresholds only in males. The modest effects of PCB180 on BAEP thresholds were found only in females. Since all congeners resulted in rather similar reduction in circulating thyroid hormones, other factors involved in the development of cochlear and neural structures of the auditory system are likely to contribute to the observed effects.
Gene expression changes were observed in different brain areas in rats that were perinatally exposed to PCB52, PCB138 or PCB180. Some of these gene expression changes were even reflected in peripheral blood. The results indicate that the changes induced by PCB138 exposure were more pronounced than in the case of PCB52 or PCB180. Detailed proteomics analysis of brain tissue after exposure to PCB138 revealed that calcium signalling was significantly perturbed. Generally, transcriptomics and proteomics revealed a gender-specific reaction to the PCB exposure. Expression levels of androgen receptor (AR) mRNA was down-regulated in female but not male brain after exposure to PCB 180, suggesting that in utero and lactational exposure to PCB180 may affect the female neuroendocrine system at gene expression level.
In addition, in vitro studies of ortho-chlorinated PCBs have pointed out several factors which are important for effects of NDL-PCBs in vivo. These include: transport mechanisms for neurotransmitters particularly of dopamine, factors changing the homeostasis of calcium and the formation of reactive oxygen species. The importance of transport mechanism may be observed both in vitro and by microdialysis in vivo. The effect of calcium is observed in several cell systems and the binding of calcium to calmodulin activates NO synthetase which in due course produces NO and cGMP both in vitro and in vivo. For developmental exposure in vivo, additional factors involved in the regulation of the development of the nervous system, like retinoids and thyroid and steroid hormones, are likely to contribute to alterations found in adult offspring.
A thorough evaluation was also performed on body and organ related toxicity endpoints as well as endpoints related to development and reproduction. In a perinatal toxicity study with PCB 180, maternal body weight development was slightly decreased at the highest dose level. Similarly, the body weight development of the offspring was decreased during the first weeks of life after high dose exposure, but recovered thereafter. Neonatal mortality was slightly and dose-dependently increased at the two highest dose levels. Analysis of developmental milestones revealed slight delays in balano-preputial separation and vaginal opening while tooth eruption, eye opening or ano-genital distance were not affected. Offspring liver weights were dose-dependently increased on PND 7, 35 and 84, but not yet on PND 1. The likely explanation for this finding is hypertrophy of hepatocytes due to increased activity of several hepatic enzymes, and it emphasizes the importance of lactational transfer in exposure of offspring to PCB180. Also a trend for decreased cortical bone mineral density was observed in female offspring on PND 35 and in male offspring on PND 84 after perinatal exposure to PCB180. In female offspring on PND 84, the area and thickness of cortical bone were increased, while no effects were seen on the bone mineral density. For PCB 52, an increased liver weight was observed while the body weight development, mortality and developmental milestones (eye opening, tooth eruption) of the offspring after perinatal exposure was not affected. A zebrafish embryotoxicity test was used to rank the NDL PCBs 28, 52, 101, 138, 153 and 180 for their potency to induce developmental toxicity and compare that with the DL PCB 126. In the test, freshly fertilized eggs were dechorionatized to enhance transfer of the PCBs to the embryo and monitored during 72 hours. In this design, the following potency ranking could be made on the basis of the fraction of embryos that showed teratogenic effects: PCB126 >> PCB101, PCB28 > PCB52, PCB153 > PCB138 > PCB180.
NDL-PCBs have previously been shown to have tumour promotive activity in mice and co-carcinogenic effects in rats. In female but not in male rats treated with PCB 180 for 28 days a dose-dependent increase was observed for p53 levels. The elevation of p53 was correlated with PARP cleavage, but not with Mdm2 phosphorylation. Similar observations were seen in vitro when HepG2 cells were exposed to PCBs 180. In total twenty NDL-PCBs were investigated for tumour-promoting activity in vitro and 6 of the congeners lowered the basal levels of the tumour suppressor p53, as well as attenuated the p53 response after treatment with inducers. Similar effects were induced by the DL-PCB 126 and it was concluded that both NDL-PCBs and DL-PCBs in low concentrations can induce alterations in p53 signalling, an effects that can be correlated to rat liver carcinogenesis. The inhibition of gap junction intercellular communication (GJIC) was studied in vitro for the extended set of 24 highly purified NDL-PCBs. The quantitative dose-response relationship reported for this endpoint might represent an AhR-independent tumour promoting mode of action since DL-PCBs were found to have no acute GJIC inhibitory effects. Furthermore, the adverse effects of PCB 153, selected as a model NDL-PCB congener, included a disruption of cell-to-cell communication and suppression of gap junction and adherens junction proteins in liver epithelial cells as well as other effects on plasma membrane. Global gene expression studies revealed additional targets of PCB 153 in liver cellular models at the transcriptional level including induction of cellular stress factors and major angiogenesis factors. A series of NDL-PCBs also partially inhibited the AhR-dependent gene expression.
Towards objective 3, the work in the project has focused on the development of Quantitative Structure Activity Relationship (QSAR) models for NDL-PCBs following the OECD validation procedure. The approach has been to classify congeners based on both in vivo and in vitro data. Experiments performed in vivo enabling classification include a zebrafish studies and a mouse differential gene expression study where a preliminary classification based on enzyme induction pattern has been performed for the six included congeners. The models for in vitro classification were established based on a careful selection of a training set of 24 NDL-PCBs, rendering a wide representation of the chemical structures and a defined applicability domain, and the biological responses derived from in vitro assays within the project. The models for antagonistic effects on the estrogen receptor (ER), inhibition of the dopamine active transporter (DAT) in striatum, inhibition of GJIC, and induction of formation of reactive oxygen species (ROS) reached the set statistical quality limit of a cross-validated explained variance above 0.5. Examples of non-tested PCBs found in food or human tissues with high predicted activity in the DAT, ROS, and GJIC models are PCBs 44 and 49 while PCBs 157 and 189 are environmentally relevant PCBs with relatively high predicted activity in the ER antagonistic assay. 

A multivariate classification analysis showed that the NDL-PCBs can be divided into at least two groups based on their different activity in the in vitro assays. NDL-PCB congeners with 4-5 chlorine substituents, with high proportion of ortho-chlorines, and few para substituents, have a higher level of activity in bioassays describing e.g. inhibited uptake of various neurotransmitters and GJIC. NDL-PCB congeners with six to seven chlorine atoms and a substitution pattern evenly distributed over the phenyl group do not show activity in these bioassays. Environmental abundant congeners, such as PCBs 18, 25, 26, 44, 47, 49, and 52 were predicted into the biologically most active group of NDL-PCBs. Classification of congeners was also based on biotransformation rates, rendering a classification into four groups depending on structure and non, slow, moderate or fast biotransformation half-lives. Relative in vitro toxic potencies of NDL-PCBs were developed as well.

The fourth specific objective of ATHON was to provide an up-to-date compilation and evaluation of toxicological effect and exposure data on NDL-PCBs and PCB metabolites. ATHON has established an NDL-PCB literature database and an effect database which continuously has been updated with new quality controlled information. An NDL-PCB monograph based on new data generated within ATHON and on a compilation of data available in the open literature has been produced. The monograph contains a thorough toxicological evaluation of NDL-PCBs including threshold levels for toxicological effects but also an evaluation of effect biomarkers for NDL-PCB toxicity and a novel classification system. 
In conclusion, following the EFSA recommendation of generating more information on toxicological effects of NDL-PCBs with regard to human health, the qualitative findings of ATHON, in summary, show that NDL-PCBs of high purity cause a partly different pattern of effects as compared to the effects observed for DL PCBs. Studies in ATHON have clearly shown that NDL-PCBs have endocrine system modulating properties with effects on several hormonal systems including the thyroid, steroid and retinoid systems. Several neurotoxicity modes of action influencing cognitive impairment and motor disorders have been confirmed both in vivo and in vitro. Exposure to NDL-PCBs during development induced long-lasting behavioural alterations. The findings in vivo that NDL-PCBs perturb neurotransmitter transport and signalling pathways essential for neuronal differentiation, growth and function are also supported by in vitro studies. Sex differences in effects after exposure to NDL-PCBs have been observed for multiple end-points including endocrine disruption, gene expression profiles, induction of hepatic enzyme activities, and changes in bone geometry. The results also indicate that specific aspects of NDL-PCB toxicity can be assigned to the in vivo formation of PCB-metabolites. The results generated within the project clearly show that NDL-PCBs are not a homogenous group of compounds and several classification approaches have been applied including in vitro based QSAR models, toxicokinetics and differential gene expression in vivo. Access to ATHON tissue level and toxicokinetic data will allow for further detailed quantitative estimations e.g. margin of exposure data, for multiple effect parameters and multiple NDL PCB congeners. Thus, taken together qualitative as well as quantitative results from ATHON will be of direct importance for regulatory agencies in their health risk and safety assessment work. 
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